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Preface

This report contains material held in a course in Model Predictive Control (MPC)
at former Telemark University College. The first ten chapters, in Part I, are written
for the course and the rest of the report is collected from earlier lecture notes and
published work of the author, Parts II and III.
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Chapter 1

Introduction

The material which is presented in this report is a collection of earlier lecture notes
and published work on Model Predictive Control (MPC) presented by the author.
The focus is on discrete time linear systems and predictive control based on state
space models. However, the theory which is presented is general in the sense that it
is able to handle MPC based on any linear dynamic model. The main MPC algo-
rithm and the notation which is presented is derived from the subspace identification
method DSR, Di Ruscio (1994), (1995). This algorithm is denoted Extended Model
based Predictive Control (EMPC). The name comes from the fact that the method
can be derived from the Extended State Space Model (ESSM) which is one of the
basic matrix equations for deriving the DSR method. An interesting link is that
the subspace matrices from the DSR method also can be used directly in the MPC
method. The EMPC method can off-course also be based on a general linear state
space model.

One of the advantages of the EMPC method is that important MPC methods such as
the Generalized Predictive Control (GPC) algorithm and Dynamic Matrix Control
(DMC) pull out as special cases. The GPC algorithm is based on an input-output
CARIMA model, which is an ARMAX model in terms of control deviation variables.
The DMC method is based on Finite Impulse Response (FIR) and step response
models. The theory presented is meant to be general enough in order to make the
reader able to understand MPC methods which is based on linear models, e.g., state
space models. Another variant is the MPC method presented by Rawlings.

The main advantage constraining the description to linear models is that it results
in a linear prediction model. The common control objective used in MPC is the
Linear Quadratic (LQ) objective (cost function). An LQ objective, a linear predic-
tion model and linear constraints gives rise to a so called Quadratic Programming
(QP) optimization problem. A QP problem can be solved within a finite number
of numerical operations. A QP problem is a convex optimization problem with a
unique minimum, if the problem is feasible. The QP problem makes the resulting
MPC algorithm robust for process control.

On the other side, if the process model is allowed to be non-linear then in general
also the prediction model will be non-linear. This leads to a non-linear optimiza-
tion method which usually is solved by a Sequential Quadratic Programming (SQP)
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method. A non-linear MPC is not guaranteed to converge within reasonable com-
puting time. Furthermore, a non-linear optimization problem often has problems
with local minima and convergence problems. Hence, a non-linear MPC method
may not be robust for on-line process control.



Chapter 2

Model predictive control

2.1 Introduction

Model Predictive Control (MPC) is a control strategy which is a special case of
the optimal control theory developed in the 1960 and lather. MPC consists of an
optimization problem at each time instants, k. The main point of this optimization
problem is to compute a new control input vector, uy, to be feed to the system,
and at the same time take process constraints into consideration (e.g. constraints
on process variables). An MPC algorithm consists of

e Cost function

A control objective, Ji, (or cost function) which is a scalar criterion measuring
e.g., the difference between future outputs, yj 1|1, and some specified (future)
reference, 7y 1), and at the same time recognizing that the control, uy, is
costly. The price on control is therefore also usually measured in, Ji. Hence,
the objective is a measure of the process behaviour over the prediction horizon,
L. This objective is minimized with respect to the future control vectors,
Up41|r, and only the first control vector, ug, is actually used for control. This
optimization process is solved again at the next time instant, i.e, at k := k+1.
This is sometimes called an receding horizon control problem.

e Constraints
One of the main motivation behind MPC is that constraints on process vari-
ables simply can be treated. Common constraints as input amplitude con-
straints and input rate of change constraints can be treated far more efficient
than in conventional control systems (PID-control). This usually leads to a
simple inequality constraint, Auy i, < b, which is added to the optimization
problem.

e Prediction model
The main drawback with MPC is that a model for the process, i.e., a model
which describes the input to output behaviour of the process, is needed. Mech-
anistic models derived from conservation laws can be used. Usually, however
in practice simply data-driven linear models are used. A promising choice
which has got great attention is to use the models identified by the subspace
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identification methods, e.g., the state space model (A, B, D, E) or even the
subspace matrices, (AL,B 1), from the DSR method can with advantage be
used for MPC. This may be referred to as model free MPC. The use of DSR
leads to a fast implementation of MPC. The model is primarily used to predict
the outputs, y41|z, (and the states) over the prediction horizon. The process
model is usually used to construct a PM. The purpose of the PM is to describe
the relationship between the future outputs and the future control inputs to
be computed. The PM is a part of the optimization problem and is needed for
this reason.

Another advantage of MPC is that cross coupling in multiple input and multiple
output (MIMO) systems are taken into consideration in an optimal way. MPC is a
simple method for controlling MIMO systems.

It is also important to note that the MPC method with advantage can be used for
operator support. In some cases we are only interested in obtaining suggestions for
the control action, and not to feed back the computed control, uy, to the process.
The MPC method can be used to (at each time instant) compute the future optimal
controls, uy . Hence, we have a methodology to compute control suggestions which
may be a valuable tool for the process operators. Note that a conventional control
system can not be used for this purpose.

2.2 The control objective

The common control objective used in connection with MPC is given by the scalar
function

L
Jp = Z((yk—l—i — 1hti) Qi(Yhri — Thi) + Upysq Prttgerio1 + Aui i Rilugri—1),
=1
(2.1)

where L is defined as the prediction horizon, Q; € R™*™ P, € R™" and R; € R™*"
are symmetric and positive semi-definite weighting matrices specified by the user.
In some cases and for some MPC methods we simply chose Q; = ¢l,,, P; = pl, and
R; = rol, for some positive parameters g, p and rg. The more general choice is to
specify @;, P; and R; as diagonal weighting matrices. Often, P is chosen as zero
in order to obtain MPC with offset-free control, i.e., y = r in steady state. The
weighting matrices are almost always chosen as time invariant matrices, i.e., the
weighting matrices are constant over the prediction horizon L so that )1 = Q2 =
...:QL, P1:P2:...:PL andezRgz...:RL.

The problem of choosing the weighting matrices are usually process dependent and
must usually be chosen by trial and error. However, if (), P and R are chosen as
diagonal positive definite matrices and if the prediction horizon L is large (infinite)
then it can be proved some remarkable properties of the closed loop (controlled)
system. The closed loop system with the optimal control is guaranteed to be stable
even if the open loop system is unstable. Furthermore, for SISO systems we are
guaranteed a phase margin of 60° or more and an infinite gain margin (i.e. the gain
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in the loop can be increased by a factor 0.5 < k < oco. For details we refer to a
course in advanced optimal control.

The control objective, Jg, is also often denoted a cost function. Note also that an-
other common symbol for it simply is J := Ji. The control objective can be written
on matrix form. The main point of doing this is to remove the summation sign from
the problem and the solution. This will simplify the discussion considerably and lead
to a Quadratic Programming (QP) problem. A matrix formulation of the objective
Ji. will be used throughout this report. The matrix equivalent to (2.3) is given by

Jie = Wer1p — Trarn) QWrsa L — Thran) + uaLPuk\L + AuaLRAUMLv (2.2)

where Q € REmxIm p ¢ RETXLr and R € RYXLT are symmetric and positive
semi-definite block diagonal weighting matrices. The control problem is

Uy, = argmin Ji (ug 1) (2.3)
Uk|L

subject to a prediction model and process variable constraints if specified.

The control objective is motivated from the requirement to hold the process outputs
Yrt1/L as close as possible to some specified references 1)z, but at the same time
minimize the control (energy) uyr, recognizing that the control is costly.

A promising choice is to put P = 0. The reason for this is that the MPC control
will give offset-free control (if the constraints are not active), and that the problem
is independent of target values and non-zero offset on the control inputs. Note that
P = 0 is the default choice in the GPC and DMC methods. This is also usually
used in the EMPC method. By simply choosing P = 0 a lot of practical problems
regarding non-zero mean process variables are avoided.

2.3 Prediction models for use in MPC

A strictly proper linear dynamic process model can always be written as a prediction
model (PM) which takes the standard form

Yet1)L = Frug + pr, (2.4)

where L is the prediction horizon, Fj, € RE™XL7 is a (constant) matrix derived from
the process model, p;, € RL™ is a vector which in general is dependent of a number
of inputs and outputs older than time k as well as the model parameters. Note that
in some cases that F and py, may be identified directly. The PM (2.4) can be used
directly in MPC algorithms which are computing the actual control input vectors,
uk‘ L

Some algorithms for MPC are computing process deviation variables, i.e., computing
the vector of Auy,y, of future control deviation variables. Then uy = Auy + ug—1 is
used as the actual control vector. For this case it is convenient with a PM on the
form

Yk = FL Dugyp, + p7 - (2.5)
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The main point of writing the PM in a form as (2.4) or (2.5) is that the future
predictions is directly expressed as a function of the unknown future control vectors
which are to be computed by the MPC algorithm. We will in the following sections
illustrate how a PM can be build from different linear models.

Most MPC algorithms and applications are based on a linear dynamic model of the
process. A state space model yields a general description of a linear dynamic system.
However, many of the MPC applications are based on special case input and output
models such as Finite Impulse Response (FIR) and step response models, e.g. the
Matrix Algorithm Control (MAC) algorithm and Dynamic Matrix Control (DMC)
algorithm. These algorithms are not general because they realize upon models which
only can approximately describe some special case linear dynamic systems, e.g., sta-
ble systems and systems without integrators. Another method which has got great
attention is the Generalized Predictive Control (GPC) method, which is based upon
a Auto Regression Moving Average with eXogenous/extra inputs (ARMAX) model
on deviation form, i.e., a so called CARIMA model. One pont of this report is that
all these methods can simply be described within the same framework. This leads
to the Extended Model Predictive Control (EMPC) algorithm, Di Ruscio (1997).
See also the paper Di Ruscio and Foss (1998) and Chapter 10. The EMPC method
can be based on any linear model. The theory is derived from the theory of sub-
space identification and in particular the DSR algorithm, Di Ruscio (1995), (1996).
Another point of using the state space approach or the extended state space model
approach is that the state space model or the subspace matrices from DSR can be
used directly in the MPC algorithm. The MAC, DMC and GPC methods pulls out
as special cases of the EMPC algorithm.

2.3.1 Prediction models from state space models (EMPC;)

Any strictly proper deterministic linear dynamic system can be written as a state
space model

Tr+1 = Az + Bug, (2.6)
Yk = Dy (2.7)

The only proper case when the output equation is of the form yi = Dz + Fuy is
treated in Chapter 13. Hence, it is important to now how a prediction model (PM)
for the use in MPC simply can be build from the state space model (2.6) and (2.7).
The PM is simply

Yrs1)L = Frugr +pr, (2.8)

where
F, =[0.B H{], (2.9)
PL = OLAa:k. (2.10)

Note that if the states is not measured, then, z; may be computed from the knowl-
edge of a number of past inputs and outputs over the past horizon, J. This is one
of the options in the EMPC algorithm. See below for details. The states can also
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be estimated in a state observer, e.g. using the Kalman filter (gain) estimated from
the DSR algorithm.

Equations (2.9) and (2.10) can be proved as follows. One of the basic matrix equa-
tions for strictly proper systems in the subspace identification theory is

Yk = Orwy, + Hiug ;. (2.11)
Putting k := k4 1 in (2.11) gives
Yrr1)r = Or(Azk + Bug) + Hiwg 101 (2.12)

This can be written in matrix form identical to (2.8) with F7, and py, given in (2.9)
and (2.10)

Notice that the term pz, in (2.10) is dependent upon the present state, xj, and the
resulting MPC algorithm will be of state feedback type. Hence, we also usually
need an observer for estimating the present state xp. A particular simple way of
computing an estimate of the present state is presented in the next section.

2.3.2 Computing the present state from known input-output data

The term py, in (2.10) is dependent upon the present state, xx. An especially simple
way of computing an estimate for the present state, x, is as presented in Di Ruscio
(1997), i.e.,

wp = AT Oy g+ (Comy — AP0 H w11, (2.13)
where Cj_1 is the reversed extended controllability matrix
Cj-1=[A’"2B ... AB B]. (2.14)

Furthermore, uy_y4117—1 and yg_y4q)s is defined from the known past inputs and
outputs, respectively.

_yka+1_
Uk —J+1

Yk—J+2 T

. J - J—1

Yk—d+1ls = | € R™, up_gyrpg-1 = | e RV (2.15)

Yk—1 ’
Uk—1

L Yk i

Here, J is a user specified horizon into the past. We may simply chose the minimum
J to ensure existence of the solution (2.19), i.e. chose J so that rank(O;) = n. We
can simply chose J = n —rank(D) + 1 when m < n and J =1 when m > n.

Proof 2.1 (Proof of Equation (2.19) (and (2.19)))
We have from the state space model that

o= AT + O g1 (2.16)
The state, Ti—j+1, in the past may be computed from

Yklg = Ogxk + Hﬁuku_y (2.17)
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Putting k :==k — J + 1 in (2.17) and solving for xy := xi_j11 gives

Th—J+1 = OT](yk—J-i-l\J - Hf]luk—J-&-llJ—l)- (2.18)
where Oyt = (O?O])_IO§ is the pseudo inverse of the extended observability matriz
Oj.

Substituting (2.16) gives Equation (2.19).

Finally, note that the above state estimate may be written as

T = Kyyp—gy11g + Euug—gy1-1, (2.19)

where the gain matrices K, and K, are given as

K, = A’7101, (2.20)
K, =Cj_— A0V HY. (2.21)

Any linear dynamic model has a state space equivalent. A simple method of building
a state space model from a known input and output model is to generate data (Y, U)
from the known input-output model and then identify the state space model by using
the DSR method. Real process data is however to be preferred. The PM is then
constructed as above.

Note that a FIR model with M terms can be expressed as a state space model of
order M. The system matrix A in the corresponding state space model can be build
in MATLAB by the command

>> A=diag(ones(M-1,1),1)
>> B=[h1;h2;...;hM]
>> D=eye(1,M)

The system matrix B consists of the impulse responses. See Example 2.1 and 2.2
for illustrations of building a state space model from FIR and step response models.
Furthermore one should note that more general ARMAX and CARIMA models also
have a state space equivalent. See Chapter 14 for some examples.

2.3.3 Prediction models from state space models (EMPC,)

A prediction model in terms of process deviation variables can be derived from (2.8)
by using the relationship uy;, = SAuyr, + cug—1. The matrices S and c¢ consists of
ones and zeroes, see Section 10 for the definitions. Hence, we have

Yk = FE Dugy, + p7 (2.22)
where
F& = F1S, (2.23)
A

pL = prL + Freug—, (2.24)
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where py, is given by (2.10) and with advantage (2.19) if the states is not available.
For further details concerning the problem of building a PM from a states space
model (A, B, D) and/or the subspace matrices Ay, By, we refer to Section 10. See
also Di Ruscio and Foss (1998).

The term p% is not unique. We will in the following present an alternative formula-
tion which have some important advantages. The presentation is in the same spirit
as the alternative presented in Section 10.3.2. Taking the difference of (2.8) gives

Yr+1L = Yz + OLAATg + FrAuy . (2.25)
Using (2.25) recursively gives

J J
k1)L = Yh—griz + OLAY  Axp_ip1 + FL Y Ay (2.26)
i—1 i—1

2.3.4 Prediction models from FIR and step response models

Consider the state space model in (2.6) and (2.7). An expression for y, = Dxj can
be expressed as

yr = DA'xp_; + DCyuy,_y;, (2.27)

where C; is the reversed extended controllability matrix, i.e., Cy = 0, C1 = B,
Cy = [AB B ] and so on. Assume now that the process is stable, i.e., A has all
eigenvalues inside the unit circle in the complex plane. In this case we have that
AM ~ 0 when M =i > 1 is large. Hence,

Yk = DCnug_ s (2.28)

AM ~ 0. for some model horizon, M,
where
Cy=[AM"'B ... AB B]. (2.29)
and
DCy = [Hy ... Hy H| = [ DAM™'B ... DAB DB], (2.30)

is a matrix of impulse response matrices. The input output model (2.28) is called a
FIR model and M is defined as the model horizon. Using (2.28) in order to express
yr+1 and subtracting y gives

Yk+1 = Yk + CvrDup 1 nrur- (2.31)
Augp1-M{M = Uk1- MM — Uk—M|M 2.32)
The input output model (2.31) is called a step response model.

The model horizon is typically reported to be in the range 20 < M < 70, Seborg
et al (1989). As illustrated above, the parameters in the FIR and the step response
model are related to the impulse response matrices of the state space model. The
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parameters in C; is often obtained directly by system identification. However,
there may be a huge number of parameters to be estimated and this problem may
be ill-conditioned compared to only identifying the model matrices (A, B, D).

A PM can be build from (2.28) and (2.31) in different ways:

1. Via the state space model matrices (A4, B, D). See Section 2.3.1.

2. Via the subspace matrices (i.e., the extended state space model matrices)
(AL, Br). See Chapter 10 for details.

3. Direct derivation as illustrated in Examples 2.4 and 2.5.

See Examples 2.4, 2.5 and 2.6 for illustrations of building a PM from FIR and step
response models. The FIR and step response models can also be converted to a state

space model and then constructing the PM as in Section 2.3.1. See also Examples
2.1 and 2.2.

2.3.5 Prediction models from models with non zero mean values

We have so far and in Section 2.3.1 based our discussion of how to make a prediction
model from state space models of the form

Tht1 = Az, + Buy, (233)
Yk = Dxy. (2.34)

However, in many practical cases the model is obtained by linearizing a physical
model as described in Appendix B, or even more important, the model is identified
from centered data or data where some constant values are removed. Hence, we may
have a model of the form

Tyl = Az, + Bduy,, (235)
dyr, = Dxy, (2.36)
where
duy, = up — u®, (2.37)
dyr, = yr — v, (2.38)

and u’ € R" and 3° € R™ are constant vectors.

A simple solution to the problem of making a prediction model is to first transform
the model in (2.35) and (2.36) to a model of the form (2.33) and (2.34). This is
presented in detail in Section 13. One (insignificant) drawback with this is that
the transformed model will have one additional state. This additional state is an
integrator (i.e., there is an eigenvalue equal to one in the A matrix in the transformed
model), which take care of the non-zero constant trends. Hence, all the theory which
is developed from state space models of the form (2.33) and (2.34) can be used
without modifications.
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However, the presented theory on MPC algorithms may be modified to take properly
consideration to possible nonzero vectors u’ and y°. Using (2.8) we have that

dypy1)L = Frdugp +pr, (2.39)

where
Fr, =[OLB H{], (2.40)
pr = OLAzy. (2.41)

Noticing that dyy1)z and duy, g, are deviation variables, we have that the PM of the
actual future outputs can be expressed by

Yk1)r, = Frugr +p, (2.42)
where

I, I,
W=pr+| | —Fp| | (2.43)
I, I,

where py is as before and given in (2.41). Note that the indicated matrices with
identity matrices I,,, and I, are of dimensions R¥™ and RE", respectively.

If not the state, z, in (2.41) can be measured, then a state observer (e.g., Kalman
filter) kan be constructed from the state space model (2.35)-(2.38). The Kalman
filter identified by using the DSR method, Di Ruscio (1996), can with advantage be
used. However, the state estimate in (2.19) can be modified similarly as we modified
the PM above. We have

z = AT OV dy,_yyg + (Cooy — AT OSH)dug gy, (2.44)

where duy,_ 741)7-1 and dyj_ j1 17 is defined from the known past inputs and outputs,
and the known constant vectors u” and y°, as follows

0
AYp—g+117 = Yk—g41]g — | : e RM™, (2.45)
0
Yy
40
dug_jy117-1 = Ug—J411J-1— | ° e RU-Dr, (2.46)
0
u

The extended output and input vectors yp_ sy 17 and ug_y17-1, respectively, are
as defined in (2.15). Furthermore, J is a user specified horizon into the past. See
further comments in Section 2.3.1.

One should note that the methods which are computing control deviation variables,
Auy, = up —up_1, and based upon the PM formulation in Section 10, are insensitive
to non-zero mean values on uj (when P = 0 in the objective 2.3).
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2.3.6 Prediction model by solving a Diophantine equation

The original GPC algorithm is based on an input-output model of the form

C -1
(ZA )%

Az Yy = 279B(z Yy + (2.47)
where 0 < d is a specified delay, e;, are white noise and A = 1 — 27! is the dif-
ferentiating operator. This is a so called Controller Auto-Regressive Integrated
Moving-Average (CARIMA) model. Another frequently used name for it is an Auto-
Regressive Integrated Moving-Average with eXtra inputs (ARIMAX). CARIMA is
motivated from the fact that uy is a control variable. The main point of the differ-
entiator A = 1 — 27! is to obtain an PM in terms of control deviation variables, i.e.
to obtain a PM of the form (2.22). Another advantage is that integral action in the
controller is obtained, i.e., resulting in zero steady state offset between y; and the
reference rp. The resulting controller is insensitive to non-zero mean control vari-
ables and constant disturbance values. Most important, it leads to an MPC which
are computing control deviation variables Auy,p,.

In the following we will discuss the SISO case. The theory can be extended to MIMO
systems, as described lather in this section. However this is not so numerically
practical compared to the state space approach. For SISO systems we have that the
polynomials in (2.47) are given by

A =14az7 Faz 2 + .. Fanez ™, (2.48)
B(z') =bo+biz ' +boz 2+ bz ™, (2.49)
C(z_l) =1+4cz  Fez 24 Feper " (2.50)

where na, nb and nc are the order of the A(z~1), B(z~!) and C(2~!) polynomials,
respectively.

The prediction of the jth output y4; V 1 < j < L is given by
Ykt = Gz ) Aupja1 + Fj(z~ )y (2.51)

In the following we will discuss the SISO case where the noise polynomial is equal
to C(z7!) = 1. The theory can simply be extended to the colored noise case. The
polynomials G;j(271) and F;(z~!) are obtained as described in the following. First
solve the Diophantine equation

1= Ej(z DA +27F;(z7h, (2.52)

Az = AA(TY), (2.53)

A=1-2z1 (2.54)

where (A(z7') is obtained by multiplying the two polynomials A and A(z~1), i.e.,)
Az =ao+arz  +ane 2+ ...+ pagrz "t (2.55)

for the unknown coefficients in the polynomials F;j(2~1) and Fj(z~!). These poly-
nomials is of the form

-2

Ej(z_l) = €50 + ejlz_l + ez T4+ Ejjjflz_(j_l), (2.56)
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Note that we when C(2~') = 1 have that ejo = 1. Since A(z7!) = AA(z™!) is
of order na + 1, then the product of the polynomials Ej(z~*)AA(27!) must be of
order j 4+ na. Requiring that the two terms on the left hand side of the Diophantine
Equation (2.52) are of the same order, then we have that Fj(z~!) must be of order
na, i.e.,

Fj(Z_l) = ij + fjlz_l + fj22_2 + ...+ fj’naz—na. (257)

The role of the Fj (271) polynomial is very important since it decides how many old
outputs which are to be used in order to predict the future outputs. Hence, remark
that for a single output system a number of na + 1 old outputs are used. Hence, the
future predictions will be a function of the known outputs in the vector yr_pajnat1-

Once, E;(z71) is known, then we compute the coefficients in the G;(2~1) polynomials
from the equations

GizY=Ejz"HYBzYHVj=1,...,L (2.58)

Hence, the Gj polynomials are found by multiplying two known polynomials. Note
that the coefficients in the polynomials F;(z~1), G;(27!) and Fj(z™1) are different
for different numbers j. Hence, we have to solve j = L Diophantine equations, i.e.
for 1 < j < L, in order to obtain the PM. The resulting PM can be written in the
standard prediction model form

Ye+1|L = FEPCAUML + pgpc. (259)

It is important to note that the matrices in the PM (2.59) is related to the PM
obtained in Section 2.3.1 as

FEPC — A = F1S. (2.60)

where F7, is related to the equivalent state space model matrices (A, B, D) as given
by (2.9). The term pfp C can be obtained directly from the state space model as
described in Di Ruscio (1997), see also Chapter 10 and Proposition 3.4.

The coefficients in the polynomials E;(271) and Fj(271) can be obtained recursively.
The simplicity of this process is the same for the MIMO and SISO cases. Hence,
the following procedure can also be used to define the PM for MIMO systems. First
define initial polynomials for the recursion directly as

Ey(27") = Lnxm, (2.61)

Fi(z7Y) = 2(Inxm — A(z71). (2.62)

Then for j = 1,...,L — 1, the coefficients/matrices, fj+14, in the remaining F)
polynomials are computed as follws. For each j do

Rj = fjo, (2.63)

fj+17i = fj7i+1 — Rjgblurl Vi= 0,1,...,na—1 (2.64)

fj+1,i == —Rjglzqu 1 =na (265)

See Example 2.7 for a demonstration of this recursion scheme for obtaining the
polynomials. Furthermore, this recursion scheme is implemented in the MATLAB
function poly2gpcpm.m.
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2.3.7 On Finite Impulse Response (FIR) models

Consider a standard discrete time linear state space model as follows

Tht1 = Az, + Buy, (266)
Yx = Day, (2.67)

and the discrete transfer function model equivalent

qry = Axy, + Buy, (2.68)
Yk = ka, (2.69)

i.e., such that ¢ is the shift operator such that gxy = zr41 and q 'z, = z4_1. Hence,
we have the transfer function input-output polynomial model

yr = H(q)ug, (2.70)

where the transfer matrix can be expressed as
H(q) = D(¢I — A)"'B
oo
=Y DA"™'Bq'=DBq '+ DABq >+ DA’Bg +---  (271)
i=1
This gives rise to a truncated input and output FIR model as follows

Yk = hiug—1 + houg_o + haug_3 + - + hparup—nr
= DCpug_n|u, (2.72)

where
hi=DA™'BVYi=1,2....M (2.73)
are the impulse responses of the system and M is the number of terms in the FIR

model. M is also defined as the model horizon.

Se also details about building a Prediction Model (PM) from FIR models in Section
2.3.4.

2.3.8 On step response models

Consider a more general discrete time linear state space model where we allow
influence of slowly varying disturbances, as follows

Tpy1 = Axg + Bug + v, (2.74)
yr = Dzy + w, (2.75)

where v and w are slowly varying process and measurements disturbances, respec-
tively. The state space model Egs. (2.74) and (2.75) are more realistic than the state
space model (2.66) and (2.67) because of the influence of the constant or slowly vary-
ing disturbances. Notice also that when linearizing non-linear models, then, models
of the form Eqgs. (2.74) and (2.75) are the result.
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From Eqgs (2.74) and (2.75) we obtain the state space model in terms of difference
input variables, Auy = up — up_1, i.e.

Azxp1 = AAzy, + BAuy, (2.76)

Yk = Yr_1 + DAxy. (2.77)

Using the same theory as in Eqgs. (2.68)-(2.73) we find the truncated input and
output step response model

Yk = Yk—1 + hiAug_1 + hoAug_o + h3aAup_z + - + hyrAug_pr.,  (2.78)

where h; = DA™ 'B V i =1,2,..., M are the impulse responses of the system and
M is the number of terms in the step response model.

Se also details about building a Prediction Model (PM) from step response models
in Section 2.3.4. Notice also that step response models of the type Eq. (2.78) is
attractive when one wants integral action in the resulting MPC algorithm.

2.3.9 Examples

Example 2.1 (From FIR to state space model)
A FIR model

Yk = hiug_1 + houg_o + hauy_3, (2.79)

can be simply written as a state space model

T4 0107 [at h
2 | =001 (a7 | + |he | up, (2.80)
Ty 000] [« hs
7}
ye=1[100] | 27 | . (2.81)
1’3
k

Note that the order of this state space model, which is M = 3, in general is different
from the order of the underlying system. The theory in Section 2.3.1 can then be
used to construct a prediction model.

Example 2.2 (From step response to state space model)
A step response model can be derived from the FIR model in (2.79), i.e.,

Yk+1 = aoYr + h1Aug + haAug_1 + hsAug_o, (2.82)
with ag = 1. This can simply be written as a state space model
Th o 0107 [ hi

k
xgﬂ =001 xé + | he | ug, (2.83)
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ye=[100] |2} ]| . (2.84)
3
k
Note that the order of this state space model, which is M = 3, in general is different
from the order of the underlying system. The theory in Section 2.3.1 can then be
used to construct a prediction model.

The state space model Eqs. (2.83) and (2.84) can e.g. be found by simulating the
input output model Eq. (2.85) and use the subspace system identification method
DSR and transforming the model to observability canonical form by the ss2cf.m
function.

Example 2.3 (From step response to state space model)
A step response model can be derived from the FIR model in (2.79), i.e.,

Yka1 = aoYk + h1Aug + haAup_1 + hsAug_o, (2.85)
with ag = 1. This can simply be written as a state space model
T4 0107 [ hi
224 | =001 (a7 |+ [hi+he Auy, (2.86)
.%'24_1 001 172 hi+ ho + hs
T,
ye=1[100] |27 |. (2.87)
23
k

Example 2.4 (Prediction model from FIR model)

Assume that the process can be described by the following finite impulse response
(FIR) model

Y = hiugp_1 + houg_o + haup_3. (2.88)

Consider a prediction horizon, L = 4. The future predictions is then

Yk+1 = hiug + houg—1 + haug—2, (2.89)
Ykt+2 = haugi1 + houg + haug—1, (2.90)
Yk+3 = hiugi2 + hougy1 + haug, (2.91)
Yk+a = hitgqs + hougyo + haugir. (2.92)
This can be written in matriz form as follows
Yk+1)4 Fy Uk|4 2
—_—t— —
Yk+1 hi0 0 0 Ug, hs hs
ho h1 0 0 U 0 h Up—
el BT I et B | e B
Ykt4 0 hg ho hy | | upys3 00

Which can be expressed in standard (prediction model) form as

Yrt1j4 = Faugs + pa. (2.94)
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Example 2.5 (Step response prediction model)
Consider the FIR model in (2.4), i.e.,

Yky1ja = Faugg + pa. (2.95)

where Fy, and py are as in (2.93). A step response model is a function of the control
deviation variables (control rate of change) Aup = up — ug—1, Apr1 = Uk — Ug
and so on. This means that a step response model is a function of the vector Ay p,
where the prediction horizon is L = 4 in this example. An important relationship
between uygy and Ay can be written in matriz form as follows

Uk|4 S Auk|4 c
— % —

W1 ,0 007 [Auk I,

Uk+2 I. 1, 0 0 AUk+1 I
_ e 2.96
Uk+3 I I, 1, 0 Auk-{-? I k=1 ( )

Uk+4 Ir Ir Ir Ir Auk+3 Ir

i.e.,

Uglg = SAuk|4 + CUg—1. (2.97)

Substituting (2.97) into (2.95) gives the PM based on a step response model.

Ykt = Fi Dugys + 7, (2.98)
where
hy 0 0 0
FA—pS = |Mthe y 0 (2.99)

hi1+ ho + hs h1 + ho h1 0 ’
hi+ ho+hs hi+ha+ hs hy + ha by

h3 ha hi
0 h Up— hi+h
A _ _ 3 k-2 1 2
pr =pa+ Facup—q = 00 [Uk1]+ hy + ho + ha U1
0 0 hi + ho + h3
hs h1 + he
0 hi+he+hs Uk_2
. 2.100
0 hi+ho+hs |:Uk—1:| ( )
0 hi+ ho+ hs

The PM (2.98) is in so called standard form for use in MPC. One should note that
the term pf 18 known at each time instant k, i.e., pf 18 a function of past and known
control inputs, urp_1 and up_o.

Example 2.6 (Alternative step response PM)
Consider the finite impulse response (FIR) model in (2.88) for k:=k+ 1, i.e.

Yk+1 = hiug + houg_1 + haug_s. (2.101)
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Subtracting (2.101) from (2.88) gives the step response model
Yk+1 = Yk + h1Auy + hoAug_1 + h3Aug_o. (2.102)

We can write a PM in standard form by writing up the expressions for yrio and
Yp+s by using (2.102). This can be written in matriz form. Note that the term pf
takes a slightly different form in this case.

I, h3 ho
A I " hs ho + hg Aup_9
Pa I, Yk hs ho + hg Aup_q |’
I, hs ho + hg

3

(2.103)

We can now show that (2.103) is identical to the expression in (2.100), by using
that yi, is given by the FIR model (2.88). Note however that the last alternative,
Equation (2.108), may be preferred because the MPC' controller will be off feedback
type. To prove equality put (2.103) equal to (2.100) and solve for the yy, term, i.e.,
show that

I, hs h1 4+ ho hs ho
I, 0 hy+he+hs Uk—2 hs hg + hg Auy_o
= — . (2.104
I | ¥ 0 hy+ho+hg |:uk—1:| hs ho + h3 [Auk—l ( )
I, 0 hi+he+hs hs hg + hg
Example 2.7 (PM by solving a Diophantine equation)
Consider the model
Yk = —a1Yk—1 + bour—1 + brug_o. (2.105)

where the coefficients are a; = —0.8, by = 0.4 and by = 0.6. Hence the A(z~') and
B(z71) polynomials in the CARIMA/ARIMAX model (2.47) with delay d = 0, are
given by

A D =1+a2 ' =1-082"" (2.106)
B(z"Y) =bg+ b1zt =04+06271. (2.107)

Hence, the A(z~1) polynomial is of order na = 1 and the B(z~') polynomial is of
order nb = 1. The noise term in (2.47) is omitted. This will not influence upon the
resulting PM when C' = 1, which is assumed in this example. A prediction horizon
L = 4 is specified. We now want to solve the Diophantine Equation (2.52) for the
unknown polynomials F;(271), Ej(z7Y) and G;(271) where j = 1,2,3,4. This can
be done recursively starting with By = 1 and Fy = 2(1 — A). We have included a
MATLAB script, demo_gpcpm.m and demo_gpcpm2.m, for a demonstration of
how the coefficients are computed. This gives

(z) = fio+ fuz ' =1.8- 082", (2.108)
(z71) = fao + forz ' =244 — 1.4427", (2.109)
(z71) = fao + farz " = 2.952 — 1.952027, (2.110)
(=71 = fao + funz"! = 3.3616 — 236162, (2.111)

ISEGIG R
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Ei(z7Y) = e =1, (2.112)
Bzl =exptenzt=1+18"1 (2.113)
Bs(z7Y) =eg0+esiz ttespz 2 =1+182"1 +244272 (2.114)
Ey(z7Y) = eqo+ ezt +ez T +egzr?
= 1+1.8271 4244272 4 2.952273, (2.115)
Gl(zfl) = g0+ g1z ' =0440.62"1, (2.116)
Go(z™Y) = goo+ go12 L + g2 2 =04+ 1.32271 +1.08272, (2.117)
Gs3(z™1) = gso +g312 4+ g3z 2 + g3z
= 0.4+ 1.32271 +2.056272 + 1.464273, (2.118)

Ga(z7Y) = guo+ gzt + gaoz? + gazz ™ 4 guaz™?

= 0.4+1.32271 +2.056272 4+ 2.6448273 + 17712274, (2.119)

Only the F; and G polynomials are used to form the PM. The F; polynomials are
used in the vector pf. The G polynomials are used in both p4A and FLA The PM is
given by

Yrr1ja = Fi Augyy + pf, (2.120)
where
Yk+1 Auy, 04 0 0 0
| Yk+2 | Augy A 132 04 0 0
Ittd = |y o Ay = Ao FE=105056 132 04 0 | 312D
Yt Augys 2.6448 2.056 1.32 0.4
and
0.6 1.8 0.8
A |1.08 2.44 —1.44
Pr = 1464 | D1 | 9950 | VT | 1950 | V-1 (2.122)
1.7712 3.3616 —92.3616

This can also be written as, i.e. by using that Aug_1 = Up_1 — Uk_2

-0.8 1.8 —0.6 0.6 Yk—1
—1.44 244 —-1.08 1.08
A Yk
P =1 _1952 2952 —1.464 1.464 Ug_o | (2.123)
—2.3616 3.3616 —1.7712 1.7712 U1
Example 2.8 (PM by using Proposition 3.4 in Chapter 10)
Consider the state space model matrices
|01 | bo _
A_[Oal]’ B_[blalbo]’ D=[10], (2.124)
where the coefficients are a1 = —0.8, by = 0.4 and by = 0.6. This is the state

space equivalent to the polynomial model (2.105). A PM is now constructed by first
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obtaining the ESSM matrices flL and BL with L = 4 and J = 2 as described in
Chapter 10. The PM is then constructed by using Proposition 3.4. The results are

Yrr1ja = Fi Augyy + pf, (2.125)
where
Yk+1 Awuy, 0.4 0 0 O
. Yk+2 _ Auk_H A 1.32 04 0 0
e R Aty = Augss | F7 = | 2,056 132 04 0 (2.126)
Yisd A 2.6448 2.056 1.32 0.4
and
0111.8 000.6
A 001244 00 1.08
PE=Yhsu T | 0000952 | DUt | 0o raps | Dt-ss (2127)
000 2.3616 00 1.7712

The term pf 1s identical to those obtained by solving the Diophantine equation as in
the GPC method, i.e., as given in Example 2.8 and equations (2.122) and (2.123).
To see this we write Equation (2.127) as

Ayk—z\s
1118 fy—"y—\ 0.6
01244 k=27 Jk=3 1.08
Py = Ye-314 T | 9 0 2.952 Ye—1 = Uk-2 | T | | 464 Aug_q.  (2.128)
0023616 | LYk~ Ykl 1.7712

which is identical to (2.122). Note that by choosing 2 < J < 4 gives a different ex-
pression for the term pf, i-e., the parameters in (2.127) may be different. However,
the structure is the same. Note that the formulation of py as in (2.127) is attractive
for steady state amalysis, where we must have that p4A = Yr—3j4- This exzample is
implemented in the MATLAB script demo_gpcpm2.m.

2.4 Computing the MPC control

We will in this section derive the unconstrained MPC control. This is with the
presented notation sometimes referred to as unconstrained EMPC control.

2.4.1 Computing actual control variables

In order to compute the MPC control for FIR models we can consider the Prediction
model (PM) in Example (2.4) with the following control objective

Tk = Wiz = Thr1z) T QWriain — Thsan) + whyp Pz (2.129)
Substituting the PM (2.94) into (2.129) gives

0J
auk|L

= 2F} QW11 — ki) + 2Pugy, = 0. (2.130)
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This gives the future optimal controls
upr = (FLQFL + P) ' FLQ(reqaL — pr)- (2.131)
Only the first control vector, ug, in the vector u",;| 1 is used for control.

Note that the control objective (2.129) can be written in the convenient standard
form

Jr = u;ﬁLHUk\L + 2wy, + Jo, (2.132)
where
H = FIQF, + P, (2.133)
f=FQpL - Thi1|L)s (2.134)
Jo = (L = Th412)" Q(PL — Thi1|L)- (2.135)

Note that the term py is known, and for state space models given as in (2.10).
Hence, (2.130) and (2.131)) can simply be expressed as

Ok _ 2Huy +2f =0, (2.136)
8uk‘L
upp = —H'f. (2.137)

This algorithm in connection with the state estimate (2.19) and the use of the
common constraints is sometimes referred to as the EMPC; algorithm. Constraints
are discussed later in this report.

2.4.2 Computing control deviation variables

In order to e.g., compute the MPC control for step response models we can consider
the Prediction model (PM) in Example (2.5) or (2.6) with the following control
objective

T = Wkt — Th410)T QWasaiz — Thinn) + U%\LPUML + AuaLRAUk\L(ZlS&

The problem is to minimize (2.138) with respect to Auyz. Recall that the PM is
given as, and that uy; and Auyy, are related as

Yp1(n = FLAuyp, + p2, (2.139)
ug, = SAuy g, + cug_1. (2.140)
Substituting the PM (2.98) into (2.138) gives

0Jy
8uk|L

= 2Fp T Q(FPT Mgy, + 7 — rpsnin) + ST P(SAuyp + cup—1) + 2R, = 0.
(2.141)

This gives the future optimal controls

Aupyp = (FRTQFR + R+ STPS) [FRTQrpgar — p) + 57 Peug—1](2.142)
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Only the first control change, Auyg, in the vector Auz| ;, is used for control. The
actual control to the process is taken as uy = Auy + up_1.

Note that the control objective (2.138) can be written in the convenient standard
form

T = Augy H Ay, + 217 Augy + Jo, (2.143)
where
H = FATQFP + R+ STPS, (2.144)
f=FTQWe — riyyyr) + ST Peuy 1, (2.145)
_ A T A T T
Jo = (pL — rkv1yn)” QWL — Tey1in) + up—1¢” Peug—1. (2.146)

Note that the term p% is known, and for state space models given as in (2.24).
Hence, (2.141) and (2.142)) can simply be expressed as

0y
= 2HAuy, +2f =0, 2.147
9Auyy KL+ 2f ( )
Auyy, = —H'f. (2.148)

One motivation of computing control deviation variables Auy,r, is to obtain offset-
free control in a simple manner, i.e., to obtain integral action such that y = r in
steady state. The control uy = Aug + ug_1 with Awug computed as in (2.142))
gives offset-free control if the control weighting matrix P = 0. Another important
advantage of computing Auy;, and choosing P = 0 is to avoid practical problems
with non-zero mean variables. This algorithm in connection with the state estimate
(2.19) and the use of the common constraints is sometimes referred to as the EMPCy
algorithm. Constraints are discussed later in this report.

2.5 Discussion

There exist a large number of MPC algorithms. However, as far as we now, all MPC
methods which are based on linear models and linear quadratic objectives fit into
the EMPC framework as special cases. We will give a discussion of some differences
and properties with MPC algorithms below.

e MPC methods may be different because different linear models are used to
compute the predictions of the future outputs. Some algorithms are using
FIR models. Other algorithms are using step response models, ARMAX mod-
els, CARIMA models and so on. The more general approach is to use state
space models, as in the EMPC method. Any linear dynamic model can be
transformed to a state space model.

e Most algorithms are using quadratic control objective functions, J;. However,
different methods may be different because they are using different quadratic
functions with different weights.
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e All MPC methods are in one or another way dependent upon the present state,
k. MPC methods are usually different because different state observers are
used. The default choice in the EMPC algorithm is the state estimate given
in (2.19). It is interesting to note that the prediction model used by the GPC
method is obtained by putting J equal to the minimum value. Some algorithms
are using very simple observers as in the DMC method which is based upon
step response models. See Example 2.6 and the PM (2.103). Other algorithms
are based upon a Kalman filter for estimating the state, e.g., the method by
Muske and Rawlings (1993). Note that these MPC algorithms are equivalent
to LQ/LQG control in the unconstrained case. A promising choice is to use
the Kalman filter identified by the DSR method.

e Some MPC methods are computing the actual control variables, ug, and other
are computing control deviation variables, Aug. A lot of practical problems
due to non-zero offset values on the variables may be avoided by computing
deviation variables, Auyg. This is also a simple way of obtaining offset-free
control, i.e., so that y = r in steady state and where r is a specified reference.

e Some algorithms can not be used to control unstable systems or systems which
contains integrators. This is the case for the algorithms which are based on
FIR and step response models. The reason for this is because FIR models
cannot represent unstable systems. An algorithm which is based on a state
space model can be used to control unstable systems. The EMPC algorithm
works similarly on stable as well as on unstable systems. However, it may be
important to tune the prediction horizon and the weighting matrices properly.

e Like it or not. We have that the MPC controller in the unconstrained case
are identical to the classical LQ and LQG controllers. The only difference is
in the way the controller ”gain” are computed. Like MPC, the LQ and LQG
controllers are perfect to control multivariable systems with cross-couplings.

e There are however some differences between MPC and LQ/LQG controllers.
There is one difference between the MPC method and the LQ/LQG method in
the way the computations are done. Furthermore, in the unconstrained case,
the LQ/LQG method is more efficient when the prediction horizon is large,
e.g., infinite. An infinite horizon MPC problem may however be formulated
as a finite horizon problem, by using a special weighting matrix for the fi-
nal deviation yg4+14+1 — rg+14+1. However, this weighting matrix is a solution
to an infinite horizon LQ problem. Infinite prediction horizon problems are
important in order to control unstable processes.

e The main advantage and the motivation of using an MPC controller is the
ability to cope with constraints on the process variables in a simple and efficient
way. Linear models, linear constraints an a linear quadratic objective results
in a QP-problem, which can be efficiently solved. See Section 3 for details.

e Another application of the MPC algorithm is to use it for operator support.
The MPC algorithms can be used to only compute and to propose the future
process controls. The operators can then use the control, uj, which is proposed
by the MPC algorithm, as valuable information for operating the process. This
is not possible by conventional controllers, e.g., like the PID-controller.
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e The DSR algorithm in Di Ruscio (1996), (1997f) and older work, is available
for building both the prediction model and the state observer to be used in
MPC algorithms. The DSR algorithm are in use with some commercial MPC
controllers. The use of the DSR method for MPC will improve effectiveness
considerably. First of all due to the time which is spend on model building
may be reduced considerably.

e Furthermore, the DSR theory and notation is valuable in its own right in order
to formulate the solution to a relatively general MPC problem.

e Furthermore, the subspace matrices A; and By identified by DSR can be
used directly to construct a PM as presented in Section 10. Hence, the model
(A, B, D) is not necessarily needed. However, we recommend to use the model
(A, B, D).

e The unconstrained MPC technique results in general in a control, ug, which
consists of a feedback from the present state vector, x, and feed-forward from
the specified future references, rp q 7. This is exactly the same properties
which results from the Linear Quadratic (LQ) tracking regulator. It can be
shown that they indeed are equivalent in the unconstrained case. The feed-
forward properties of the control means that the actual control can start to
move before actual changes in the reference find place.
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Chapter 3

Unconstrained and constrained
optimization

3.1 Unconstrained optimization

3.1.1 Basic unconstrained MPC solution

The prediction models which are used in connection with linear MPC can be written
in a so called standard form. Consider this standard prediction model formulation,
ie.,

y=Fu+np. (3.1)

Similarly, the control objective which is used in linear MPC can be written in matrix
form. Consider here the following control objective

J=(y— r)TQ(y —7r)+ u” Pu. (3.2)

The derivative of J with respect to u is given by

g—i = 2FTQ(Fu+p—r)+2Pu

= 2(FTQF + P)u+2FTQ(p—r). (3.3)
Solving % = 0 gives the solution
u* = —(FTQF + P)'FTQ(p — 7). (3.4)

The weighting matrices @@ and P must be chosen to ensure a positive definite Hessian
matrix. The Hessian is given from the second derivative of the control objective, J,
with respect to u, i.e.,

B 0%J B 0%J
ouTou  Ou?
in order to ensure a unique minimum. Note that the second derivative (3.5) is

defined as the Hessian matrix, which is symmetric. The Hessian matrix should be a
positive definite matrix in order for (3.4) to be a minimum.

=2(FTQF + P) > 0, (3.5)
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3.1.2 Line search and conjugate gradient methods

Consider the general unconstrained optimization problem

x* = arg min f(x). (3.6)
TzER™

This is the same problem one deals with in system identification and in particular
the prediction error methods. Textbooks on the topic often describing a Newton
method for searching for the minimum, in order to give valuable insight into the
problem. The Newton’s method for solving the general non-linear unconstrained
optimization problem (3.6) is discussed in Section 14, and is not reviewed in detail
here.

We will in this section concentrate on a method which only is dependent on func-
tional evaluations f = f(x). A very basic iterative process for solving (3.6) which
includes many methods as special cases are

Ti4+1 = Tj — aH{lgi, (37)

where g; = %Ef) |z, € R™ is the gradient and « is a line search parameter chosen

to minimize f(x;4+1) with respect to a. If Hy = % |z; is the Hessian then we
obtain Newton’s method, which have 2nd order convergence properties near the
minimum. If also @ = 1 then we have the Newton-Raphson’s method. The problem
of computing the Hessian and the inverse at each iteration is time consuming and
may be ineffective when only functional evaluations f = f(x) is available in order
to obtain numerical approximations to the Hessian. A simple choice is to put H; =
I. This is equivalent to the steepest descent method, which (only) have 1st order
convergence near a minimum. Hence, it would be of interests to obtain a method
whit approximately the same convergence properties as Newton’s method but which
at the same time does not depend upon the inverse of the Hessian. Consider the
iterative process

Tit1 =T + ad;, (3.8)

where d; is the search direction. Hence, for the steepest descent method we have
d; = —g; and for Newtons method we have d; = —H;lgl-.

A very promising method for choosing the search direction,d;, is the Conjugate Gra-
dient Method (CGM). This method is discussed in detail Section 15 for quadratic
problems and linear least squares problems. The CGM can be used for non-quadratic
NP problems. The key is to use a line search strategy for ay instead of the ”an-
alytical” expression which is used for quadratic and least squares problems. The
quadratic case is discussed in detail in Section 15. See also Luenberger (1984) Ch.
8.6.

3.2 Constrained optimization

Details regarding optimization of general non-linear functions subject to general
possibly non-linear inequality and equality constraints are not the scope of this
report. However, some definitions are useful in connection with linear MPC which
leads to QP problems. For this reason, these definitions have to be pointed out.
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3.2.1 Basic definitions

Consider the optimization (Nonlinear Programming (NP)) problem

min, J(z),

subject to h(z) =0,
g(z) <0
x € Q,

(3.9)

9

where J(x) is a scalar objective, g(z) < 0 € RP is the inequality constraint and
h(z) = 0 € R™ is the equality constraint, and in general x € R™. The constraints
g(z) < 0 and h(x) = 0 are referred to as functional constraints while the con-
straint x € () is a set constraint. The set constraint is used to restrict the solution,
x, to be in the interior of €2, which is a part of R”. In practice, usually this is equiv-
alent to specifying lower and upper bounds on x, i.e.,

xrow < x < zyp. (3.10)

Lower and upper bounds as in (3.10) can be treated as linear inequality constraints
and written in the standard form, Az < b.

Definition 3.1 (Feasible (mulig) solution)
A point/vector x € Q which satisfies all the functional constraints g(z) < 0 and
h(z) = 0 is said to be a feasible solution.

Definition 3.2 (Active and inactive constraints)
An inequality constraint g;(x) < 0 is said to be active at a feasibile point x if g;(z) =
0, and inactive at x if g;(z) <O0.

Note that in studying the optimization problem (3.9) and the properties of a (local)
minimum point = we only have to take attention to the active constraints. This is
important in connection with inequality functional constraints.

There exist several reliable software algorithms for solving the constrained NP prob-
lem (3.9). We will here especially mention the nlpqg FORTRAN subroutine by
Schittkowski (1984) which is found to work on a wide range of problems. This is
a so called Sequential Quadratic Programming (SQP) algorithm. At each iteration
(or some of the iterations), the function, f(z), is approximated by a quadratic func-
tion and the constraints, h(z) and g(z), are approximated with linearized functions.
Hence, a Quadratic Programming (QP) problem is solved at each step. This is re-
ferred to as recursive quadratic programming or to as an SQP method. QP problems
is not only importaint for solving NP problems, but most practical MPC methods
are using a QP method. The QP solver (subroutine ql0001) in nlpq is found very
promising compared to the MATLAB function quadprog. Hence, the QP method
needs a closer discussion. This is the topic of the next chapter.

3.2.2 Lagrange problem and first order necessary conditions

We start this section with a definition.
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Definition 3.3 (regular point) Let x be a feasibile solution, i.e., a point such
that all the constraints is satisfied, i.e.,

h(z) =0 and g(x) <O0. (3.11)

Furthermore let J be the set of active conditions in g(x) < 0, i.e., J is the set
of indices j such that gj(x) = 0. Then x is said to be a regular point of the
constraints (3.11) if all the gradients aha#g(f) Vi=1,...,m and 89575(;6) YV jedJ are

linearly independent.

This means that a regular point, x, is a point such that all the gradients of the active
constraints are linearly independent. We does not concentrate on inactive inequality
constraints.

Corresponding to the NP problem (3.9) we have the so called lagrange function
L(z) = J(z) + M 'h(z) + pTg(z), (3.12)
where A € RP, and pu € R™ are denoted Lagrange vectors. First order necessary

conditions (Kuhn-Tucker conditions) for a minimum is given in the following lemma.

Lemma 3.1 (Kuhn-Tucker conditions for optimality) Assume thatx is a (lo-
cal) minimum point for the NP problem (3.9), and that x is a regular point for
the constraints. Then there exists vectors A € R™, and p > 0 € RP such that

82;.%) _ &g;x) n (Gh;gx)))\ (8g;(cx))u

_0J(x) =, Oh(x) dg(x),

=5, Tl A= u=0, (3.13)
OL(z) B
o h(z) =0, (3.14)
833) = ulg(z)=0. (3.15)

Since p > 0 only active constraints, g; = 0 for some indices ¢, will influence on the
conditions. Remark that the Lagrange multipliers, p;, V¢ = 1,...,p in pu should
be constructed/computed such that p; = 0 if g;(x) < 0 (inactive constraint) and
w; > 0if g;(z) = 0 (active constraint). In other words, (3.13) holds if px; = 0 when

gi(x) # 0.

Example 3.1 (Kuhn-Tucker conditions for QP problem)
Consider the QP problem, i.e., minimize

J(z) = 2T Hx + 2fTx, (3.16)
with respect to x, and subject to the equality and inequality constraints
h(z) = A1z — b1 =0 and g(z) = Asx — by < 0. (3.17)
The Lagrange function is

L(x) = T He +2fTx + )\T(Alzn —by)+ ,uT(Agx — by). (3.18)
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The 1st order (Kuhn-Tucker) conditions for a minimum is

OL(x)

oo = 2Hz+2f+ ATAN+ AT =0, (3.19)

OL
8(;3) = Az — by =0, (3.20)

oL
“Taf) = pT(Agx — by) = 0. (3.21)

Here  is (as usual) constructed to only affect constraints in g(x) = Asx — by <0
which are active.

3.3 Quadratic programming

Quadratic Programming (QP) problems usually assumes that the objective to be
minimized is written in a standard form (for QP). The control objective (3.2) with
the PM (3.1) can be written in this standard form as follows

J=u'Hu+2fTu+ Jo, (3.22)
where
H = FTQF + P, (3.23)
f=FQp-r), (3.24)
Jo=(p—r)"Q(p—r) (3.25)

One advantage of (3.22) is that it is very simple to derive the gradient (3.3) and the
solution (3.4). We have

oJ
— =2H 2 2
and the solution
u = —H'f. (3.27)

Note that the constant term, Jy, in (3.25) is not needed in the solution.

One of the main advantages and motivation behind MPC is to treat process con-
straints in a simple and efficient way. The common constraints as control amplitude
constraints, control rate of change constraints and process output constraints can
all be represented with a single linear inequality, i.e.,

Au < b, (3.28)

where A and b are matrices derived from the process constraints. The problem
of minimizing a quadratic objective (3.22) with respect to u subject to inequality
constraints as in (3.28) is a QP problem.

The QP problem can be solved in MATLAB by using the quadprog.m function in
the optimization toolbox. The syntax is as follows

>> u=quadprog(H,f,A,b);
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3.3.1 Equality constraints

We will in this section study the QP problem with equality constraints in general.
Given the objective

J=uTHu +2fTu, (3.29)
where H € R™*" f € R™ and v € R™. Consider the QP problem

min,, J(u),

subject to Au = b, (3.30)

where A € R™*™ and b € R™. This problem can be formulated as an equivalent
optimization problem without constraints by the method of Lagrange multipliers.
Consider the Lagrange function

L(u) = vl Hu 4 2fTu + N\ (Au — b). (3.31)

The problem (3.29) is now equivalent to minimize (3.31) with respect to u and
A. The vector A is a vector with Lagrange multipliers. The first order necessary
conditions for this problem is given by putting the gradients of the problem equal
to zero, i.e.,

aJ

e = 2Hu+2f + ATX =0, (3.32)

aJ

— =Au—-b=0. 3.33

oy = Au (3.33)
Note that this can be written as a system of linear equations in the unknown vectors
wand A\ = %)\. We have

H AT u —f

o] 3= 1] 639

It can be proved, Luenberger (1984), that the matrix
H AT
M = [A Ome] , (3.35)

is non-singular if A € R™*™ has rank m and H € R™*"™ is positive definite. Hence,
(3.34) has a unique solution in this case. An efficient factorization method (such as
LU decomposition which utilize the structure of M) is recommended to solve the set
of linear equations. Another promising technique is the Conjugate Gradient Method
(CGM). Note that the system of linear equations (3.34) simply can be solved by the
CGM (PLS1) algorithm in Chapter 15. However, for theorectical considerations
note that (3.34) can be solved analytically. We have,

A= —(AH'ATY"YAH f + 1), (3.36)
uw=—HY(f+ATN). (3.37)
This can be proved by first solving (3.32) for u, which gives (3.37). Second substitute

u given by (3.37) into (3.33) and solve this equation for A. the resulting equation
for the Lagrange multipliers is then given in (3.36).

Note that the number of equality constraints, m, must be less or equal to the number
of parameters, n, in u. Hence, we restrict the discussion to equality constraints where
m < n. If m > n then we can work with the normal equations, i.e., AT Au < ATb
instead of Au < b.
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3.3.2 Inequality constraints

Most linear MPC methods leads to a QP (or LP) problem with inequality con-
straints. The QP problem with inequality constraints Au < b is solved iteratively.
However, one should note that the number of iterations are finite and that the solu-
tion is guaranteed to converge if the QP problem is well formulated and a solution
is feasible.

Consider the QP problem with inequality constraints

min,, J(u),

subject to Au < b, (3.38)

where A € R™*™ and b € R™. Note that we in this case can allow the number of
inequality constraints, m, to be greater than the number of parameters, n, in z.

The QP problem (3.38) is usually always solved by an active set method. The
procedure is described in the following. Define

a? b1
al by

A=|21,b=|."|. (3.39)
al bm

Hence, we have m inequalities of the form

alu<b; ¥Vi=1,...,m. (3.40)
The inequality (3.40) is treated as active and the corresponding QP problem with an
equality constraint is solved by e.g., the Lagrange method. Consider the Lagrange
function

L(u, \;) = v Hu + 2fTu + X (aTu — b;). (3.41)

Notice that \; is a scalar. The 1st order conditions for a minimum is

N a; u—b; =0, (3.43)

Solving (3.42) for u gives u = —H '(f + a;3);). Substituting this into (3.43) and
solving this for the Lagrange multiplier, \;, gives

T -1
— a; H f—|—bi
Nt T 3.44
’ al H 1a; (344)

where \; = %)\i. Assume that the Lagrange multiplier of this problem is computed
to be negative, i.e., \; < 0. It can then be shown that the inequality must be inactive
and aiTu < b can be dropped from the set of m inequalities. We are therefore putting
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A; = 0 for this inactive constraints. If the Lagrange multiplier is found to be positive,
A; > 0, then the inequality is active. This procedure leads to the vector
Fa T
A=\ |, (3.45)
- Am -

which corresponds to the Lagrange problem
L(u) = u" Hu+ 2fTu + X\ (Au — b). (3.46)

The point is now that the vector, A, of Lagrange multipliers in (3.46) is known.
Hence, positive Lagrange multipliers (elements) in A* corresponds to active inequal-
ity constraints and Lagrange multipliers which are zero corresponds to inactive in-
equality constraints. We have in (3.46) treated all the inequality constraints as
active, but, note that A* = X is known at this stage, and that inequalities which are
inactive (and treated as active) does not influence upon the problem because the
corresponding Lagrange multiplier is zero. Hence, the solution is given by

wt = —H\(f+ AT%)\*) — _H(f 4 AT (3.47)

where the Lagrange multipliers in \* = %)\* is computed by an active set procedure
as described above. Hence, each element A; in the vector \* € R” is found by solving
a QP problem with one equality constraint (a]u = b;). The reason for which the
Lagrange multipliers of the inequalities must be positive, i.e., \* = %)\* > 0, follows
from the Kuhn-Tucker optimality conditions in Lemma 3.1. The above active set
procedure is illustrated in the MATLAB function gqpsoll.m.

A more reliable routine is the FORTRAN ql0001 subroutine which is a part of the
nlpq sowtware by Schittkowski (19984). A C-language function, gpsol, is build on
this and is found very promising in connection with MPC.

3.3.3 Examples

Example 3.2 (Scalar QP problem)
Consider the objective

1 1 1
Jzi(u—1)2:§u2—u+§, (3.48)

and the inequality constraint

u< 2. (3.49)

>

This problem is a standard QP problem with Jy = %, H = %, f= —%, A=1 and
b= %. The minimum of the unconstrained problem is clearly u = 1. The minimum
3

of J with respect to u subject to the constraint is therefore simply u* = 3.
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As an illustration, let us now solve the problem with the active set procedure. Treating
the inequality as an equality condition we obtain the Lagrange function

L(u, A) = %uQ Cut Au— z). (3.50)

The 1st order necessary conditions for a minimum are

OL(u,\) -
OL(u,\) 3
g =u— =0 (3.52)

Solving (3.52) gives u = %. Substituting this into (3.51) gives A\ =1—u = %. Since
the Lagrange multiplier is positive (A > 0), we conclude that the minimum in fact is
* 3
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Chapter 4

Reducing the number of
unknown future controls

4.1 Prediction and control horizon

let us modify the MPC objective as

L

Te = > (Wrri = i) QilYnts — o) + Whpiog Prkyi1)
=1
Ly
+ Z Auiy; Rildugyio, (4.1)

=1

where we define L, as the control horizon. Usually we have 1 < L, < L and most
often it make sense to choose L, = L.

Notice that we must have
Auk+i_1 =0V N, <i1<L,
Ukti—1 = Uk+1-1 VN, <i<L, (4.2)
for eq. (4.1) to be consistent.

The extreme and simple case in which N, = 1 is discussed in the following

4.2 Constant future controls

Consider the case in which all the future unknown controls, ugy;—1 Vi =1,...L,
over the prediction horizon L are constant and equal to ug. In this case the MPC
optimization problem is simplified considerably. This means that
Uk+1 ug
Uk+2 ug,
Uk = =1 .| eRY” (4.3)

Uk+L Uf;
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Hence the optimization problem solved at each time instants is to minimize the
function

Ik = Ji(ugr) = Jr(ur) (4.4)

with respect to the present control, ug, only, or if deviation variables are preferred
we are minimizing

Ik = Ji(Aug) = Jr(Auyg) (4.5)

with respect to the control deviation variable Auy = up — ug_1.

In the standard MPC problem we are solving the problem
Uy, = argmin Ji (ug 1) (4.6)

while we in the reduced MPC problem we simply solve directly for the control to be
used, i.e.,

uy, = arg min Jg (uy) (4.7)

One should note that the complexity of the computation problem is reduced con-
siderably, especially when the prediction horizon L is large. In the standard MPC
problem we have a number of Lr unknown control variables but in the reduced MPC
problem we have only r control inputs.

4.2.1 Reduced MPC problem in terms of u,

We have the MPC objective

L

T = > (ks = rrti) " Qilhss — rrys) + uf Pruy,) (4.8)
=1

= Wrr1p — Trr1L) QWrtryr — Trtar) + Luj Puy. (4.9)

where @) is a block diagonal matrix with matrices @1, @2, etc. and Qr on the
diagonal, and we have assumed for simplicity that P=P =P, Vi=1,...,L.

The prediction model (PM) may be written as
Yk = L+ Frugp = pr + Flug (4.10)
where py, is a function of the present state, g, i.e.,
pr = OpAxy, (4.11)

and F} matrix in terms of sums of impulse responses DA e,

DB
DB+ DAB
Fi _ | DB+ DAB + DA2%B c RLmXT (4'12)

L 25:1 DA™'B
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The criterion (4.9) with the PM (4.9) may be written as

Ji = Jk(uk) = ufHuk + QfEUk + Jo (4.13)

where
H = (F;))TQF; + LP, (4.14)
fe = (FH)TQpr — i) (4.15)

Hence, the minimizing (optimal) reduced MPC control is
up, = —H ' fy = —H 1 (F})TQ(OrAzy — 4111 (4.16)

This means that the optimal MPC control is of the form
up = f(wg, riq10, 4, B, D, Q, P) (4.17)

This means that we have feed-back from the state vector, xj, feed-forward from
the future references in r4447,. The MPC control is also model based since it is a
function of the model matrices A, B, D (ore the impulse response matrices DA™ B).
Finally, the optimal MPC control is a function of the weighting matrices @) and P.
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Chapter 5

Introductory examples

Example 5.1 (EMPC;: A simple example)
Consider the SISO 1st order process given by

Yk+1 = ayk + buy, (5.1)

and the control problem
min J; = (Y1 — o) QWk+1 — Tha) + uf Puy. (5.2)

The process model can in this case be used directly as prediction model. The optimal
control input is

qb
up = —m(ayk — Thyl)- (5.3)

The closed loop system is described by

qb*

=a + ———5Tk+1, 5.4
Ykt = Gal oo sk (5.4)
where the closed loop pole is given by
2
qb 1
=a(l — = ) 5.5
“a=ell =) T e (5:5)
In steady state we have
1
1+ nga
Hence we have zero steady state offset only in certain circumstances
a =1 (integrator)
b — oo (infinite gain)
y=r when < p=0 (free control) (5.7)

q— 0
r=20
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Note that the ratio % can be "tuned” by specifying the closed loop pole a ;. From
(5.5) we have

T 2, (5.8)
p acl
O

Example 5.2 (EMPC;: A simple example)
Consider the SISO 1st order process given by

Ye+1 = Y + bug + v, (5.9)
where v is an unknown constant disturbance, and the control problem

H&in Jo = (Ykt1 — Th1) T QWk+1 — Thi1) + Auf PAuy,

= q(ykt1 — re1)” + pAuf. (5.10)
where Aup = up — ugp_1. A prediction model in terms of process input change
variables is given by

Yk+1 = p1(k) + bAuy, (5.11)
p1(k) = yx + aly, (5.12)

where Ayr = yr — yp—1. Note that the PM is independent of the unknown constant
disturbance, v, in the state equation. The optimal control input change is given by

Auj, = —pfl;bg(yk + alAy — Tk+1)- (5.13)
In this case we have zero steady state offset. An argumentation is as follows. As-
sume that the closed loop system is stable and that both the reference and possibly
disturbances are stationary variables. Then, the change variables Auy and Ay are
zero in steady state. Then we also have from the above that y = r. It is assumed
that —L20y # 0.

The closed loop system is described by

qb? b? b2
Ayprr = a(l — —2 Ay, — + hi, 5.14
Yk+1 = a( p—l—qb2) Uk e T e (5.14)
which can be written as the following difference equation
Yk+1 = C1Yk + C2Yk—1 + C3Tk+1, (5.15)
qb* qb*
=1 1— — =(1 _ 5.16
“ +al p+qb2) P+ qb? ( +a)l—i-%bz (5.16)
qb? 1
= —a(l — =— 0.17
2= —all= ST = o (517
qb*
3 = — 5.18
3 p+ qb2 ( )
or as the state space model
Yk 01| vk~ 0 ]
= + That- 5.19
[:wm] [cz CJ {yk } [Cs e (5.19)

A stability analysis of the closed loop system is given in Example 5.3. O
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Example 5.3 (Stability analysis)
Consider the control in Example 5.2. The closed loop system is stable if the roots of
the characteristic polynomial

'ZI—|:O 1”222—612—02:0, (5.20)
Cy C1

are located inside the unit circle in the complex plane. The bi-linear transformation

_1+8
C1-—s’

z (5.21)

will map the interior of the unit circle into the left complex plane. The stability
analysis is now equivalent to check whether the polynomial

(I1+c —c)s® +2(1+c2)s+1—¢1 —ca =0, (5.22)
or equivalently
(2+2a(1 —c3) —e3)s® +2(1 —a(l —c3))s +c3 =0, (5.23)

has all roots in the left hand side of the complex plane. It can be shown, e.g. by
Routh’s stability criterion, that the system is stable if the polynomial coefficients are
positive. The coefficient c3 = % is always positive when ¢ > 0 and p > 0. Hence,
we have to ensure that the two other coefficients to be positive.

g +2(1 +a)p

=24 2a(1 —¢c3) — c3 =
ag +2a(l—c3)—cs3 e

> 0. (5.24)

Hence, ag > 0 when a > 0, which is the case for real physical systems. Furthermore,
we must ensure that

2 _
:2qb +2(1 a)p:2_2 P

—2(1—a(l— _P
al ( a/( 03)) qb2+p aqb2 +p

>0.  (5.25)

After some algebraic manipulation we find that the closed loop system is stable if

a—1 qb? 2(1+a)
< < .
a P + qb? 2a + 1

(5.26)

Note that the lower bound is found from (5.25) and that it is only active when the
system is unstable (i.e. when a > 1). Furthermore we have from (5.25) that the
system is stable if

a—1 ¢

< - 5.27
Finally we present the eigenvalues of the closed loop system
a+1j:\/a2—2a+1—4ab2%
A= (5.28)

24
2(1+021)
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Example 5.4 (Unconstrained MPC leads to P-control)
Given a system described by

Yk+1 = Yk + Uk- (5.29)

Such a model frequently arise in angular positioning control systems where yy, is the
angle of a positioning system. Consider the cost function (control objective)

2

Ji = Z((?Jkﬂ' — i)+ U ) (5.30)
i1

This cost function represents a compromise between a desire to have yy close to the
reference i, but at the same time a desire to have uy close to zero, i.e. recognizing
that the control uy is costly.

This problem is equivalent to an unconstrained optimization problem in the unknown
controls uy and ugy1. We can express (5.30) as

Je = (s +uk — rh41) + (U + g + ups1 — rhe2)? +up +upy. (5.31)

The first order necessary conditions for a minimum is

0J,
a—u: = 2(yk + up — Tr41) + 2(Yr + up + Upy1 — Try2) + 2up = 0. (5.32)

0Jy,

5 = 2(yx + ug + U1 — Try2) + 2upg1 = 0. (5.33)
Uk+1
Condition (5.33) gives
1
e+ = 5 (M2 = Yk + up)- (5.34)

Substituting (5.34) into condition (5.32) and solving for uy, gives

. 3 2 1
U = —gyk + gT’k+1 + g?"k.ﬂ,_g. (535)
Substituting (5.35) into (5.34) gives
. 11
Uk+1 = Yk = gTht1 T Th42: (5.36)

Hence the optimal (MPC) control, uy, consist of a constant feedback from the output
yr and feed-forward from the specified future reference signals. O

Example 5.5 (Unconstrained MPC leads to P-control)
Consider the same problem as in Example 5.4. We will here derive the solution by
using the EMPC (matriz) theory. Given

Yk+1 = Yk + Uk- (5.37)
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The cost function (control objective) (5.30) can be written in matriz form, i.e.,

2
T =Y (Wi = rrai)” + uppi 1)

i=1
= (yk+1|2 - Tk+1|2)TQ(yk+1|2 — Thy12) T ngpuk;u,
= upgHugjy +2f ugp + Jo (5.38)
where
H = FIQF, + P, (5.39)
f=F Qp2 — rit1), (5.40)
p2 = O2Axy. (5.41)

where the weighting matrices are specified as Q = Iy and P = I5. Iy is the 2 X 2
identity matriz. The PM is of the form Y112 = Fauyja + p2 where

10 1
Note that xp =y in this example. The EMPC control is obtained from

Upjy = —H'f = —(F QR+ P)"'F Q(p2 — rit1j2)

L2 1| [y~ 7“k:+1]
- _ = . 5.43
5 [—1 2} [yk_rk+2 (543)
This gives
.2 1 3 2 1

up, = —g(yk — Th41) — 5(% —Tpy2) = YR T TR 2Tk (5.44)

. 1 2 11 2
Uppr = g (U = Thet) = 2 (Uh = Tha2) = =Yk = TR £ The (5.45)

Hence, the result is the same as in Exzample (5.4). Note that the computed control
Uy, o 5 not used for control purposes. However, the future controls may be used
in order to support the process operators. Note that the control uj gives off-set
free control, i.e., y = r in steady state because the process (5.37) consists of an
integrator. Show this by analyzing the closed loop system, ypi1 = yr + ug. This
example is implemented in the MATLAB script main_ex45.m. See also Figure 5.1
for simulation results.

O

Example 5.6 (Constrained EMPC control)

Consider the same problem as in Example 5.4. The system is described by the state
space model "matrices”, A=1, B=1 and D = 1. In order to compute the EMPC
(actual) control variables we need the matrices Fr, Q, P and Or. With prediction
horizon, L = 2, we have

e (5] - (1] o= (2] =[] 0= 7= [11] o



46 Introductory examples

Simulation of the MPC system in Example 4.5
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Figure 5.1: Simulation of the MPC system in Example 5.5. This figure was generated
with the MATLAB file main_ex45.m.

The basic EMPC control are then using the matrices H = FQTQFg—i—P, f= FQTQ(pg—
Tht1j2 where po = O2Axzy as well as an inequality describing constaints. This is
specified in the following. We will here add an inequality constraint (lower and
upper bound) on the control, i.e.,

0<up<0.2. (5.47)
Hence, we can write (5.47) as the standard form inequality constraint
Auk|2 < b, (5.48)

where

A= [_i 8] b= [Og] (5.49)

This is a QP problem. The example is implemented in the MATLAB script main_ex46.m.
See Figure 5.2 for simulation results. As we see from the figure there exist a feasible
control satisfying the constraints. Compare with the uncinstrained MPC control in
Ezxample 5.5 and Figure 5.2.

O

Example 5.7 (EMPC control of unstable process)
Some methods for MPC' can not be used on unstable processes, usually due to limi-
tations in the process model used. We will therefore illustrate MPC of an unstable



Introductory examples 47

Simulation of the MPC system in Example 4.6
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Figure 5.2: Simulation of the EMPC system in Example 5.6. This figure was gener-
ated with the MATLAB file main_ex46.m.

process. Consider an inverted pendulum on a cart. The equation of motion (model)
of the process is

q 2
= . , 5.50
|:QQ ] [am sin(q1) + ba1 cos(q1)u (5.50)
where q1 [rad] is the angle from the vertical line, g2 = ¢ [@] is the angular velocity
and u is the velocity of the cart assumed here to be a control variable. The model
parameters are asy = 14.493 and byy = —1.4774. The coefficients are related to

physical parameters as by = 7% and as1 = —gbo1, where m = 0.244 is the
G

mass of the pendulum, lg = 0.6369 is the length from the cart to the center of gravity
of the pendulum, J; = 0.0062 is the moment of inertia about the center of gravity
and g = 9.81. Linearizing (5.50) around q1 = 0 and g2 = 0 gives the linearized

continuous time model
(jl 0 1 q1 0 :|
| = + . 5.51
[%] |:a21 0] [(D] |:b21 " (5:51)

A discrete time model (A, B) is obtained by using the zero order hold method with
sampling interval At = ﬁ = 0.025 [sec|. The control problem is to stabilize the
system, i.e., to control both states, x1 = q1 and o = qo, to zero for non-zero
initial values on the angle qi1(t = 0) and the angular velocity q2(t = 0). Hence, the
reference signals for the EMPC control is simply ry1q1;, = 0. The oulput equation
for this system is yp = Dxy with

D= [éﬂ (5.52)
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An LQ) objective

L

T = > (Wrri = i) T Qs — ha) + sy Ptk ri), (5.53)
i=1

with the weighting matrices
50

are used in the EMPC method. Unconstrained MPC is identical to LQ and/or LQG
control. An infinite horizon LQ and/or LQG controller will stabilize any linear
process. Hence, it make sense to chose a large prediction horizon in the EMPC
algorithm in order to ensure stability. Trial and error shows that 20 < L results in
stabilizing EMPC' control. Choosing a prediction horizon, L = 100, gives the EMPC
unconstrained control

ufMPC — [18.8745 5.3254 ] [gl] . (5.55)
21k

In order to compare, we present the simple infinite horizon LQ controller which is

upQ = [18.8747 5.3254] [gl] . (5.56)
21k

As we see, the EMPC and the LQ) controllers are (almost) identical. The EMPC
controller will converge to the LQ controller when L increases towards infinity. There
s a slow convergence for this example because the system is open loop unstable,
and because the sampling interval is relatively small (At = 0.025). The smaller
the sampling interval is, the larger must the prediction horizon, L, (in number of
samples) be chosen. If the states, xy, is not measured, then, an an state observer for
estimating xj, can be used instead. The result is then an LQG controller. A demo
of this pendulum example is given in the MATLAB file main_empc_pendel.m.
See Figure 5.3 for simulation results. The initial value for the angle between the
pendulum and the upright position was q1(t = 0) = 0.2618 [rad], which is equivalent
to q1(t = 0) = 15°. The initial value for the angular velocity is, g2(t = 0) = 0. As
we see, the EMPC/LQ controller stabilizes the pendulum within a few seconds. We
have used the linear and unconstrained EMPC' algorithm to control the nonlinear
pendulum model (5.50).

Dear reader ! Try to stabilize the pendulum with a PD-controller.

O
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Inverted pendulum on cart controlled with EMPC
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Figure 5.3: Simulation of the EMPC pendulum control problem in Example 5.7.
This figure was generated with the MATLAB file main_empc_pendel.m.

Example 5.8 (Stable EMPCy)
Consider the process

Tpy1 = Axg + Bug + v, (5.57)
yr = Dy +1°, (5.58)

where v and y° are constant and unknown disturbances. Consider the control objec-
tive

Je = Axl  SAz1 + (Ykt1 — 1) QW1 — Thr) + Auf PAuy,  (5.59)

where S is a weighting for the final state deviation, Axxi1 = xpr1 — x. The idea
with this is to obtain an MPC/LQ controller with guaranteed stability for all choices
Q >0 and P > 0 if S is chosen properly. In order to ensure stability we chose
S = R where R is the solution to the discrete time algebraic Riccati equation. In
order to minimize (5.59) we need an PM for yp+1 and an expression for Axyy1 in
terms of the unknown Aug. We have

p1 = Yk + AAzy, = yp + AD 7 Ay, (5.60)
Yk+1 = p1 + DBAuy, (5.61)
Azxp1 = AAz, + BAuy, = AD_IAyk + BAuy, (5.62)

where D is non-singular in order to illustrate how Axy can be computed. Assume that
D is non-singular, then, without loss of generality we can work with a transformed
state space model in which D = I. Note, this can be generalized to observable
systems. Remark that the PM (5.61) and (5.62) are independent of the constant
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disturbances v and y°. This is one advantage of working with deviation control
variables. Substituting into (5.59) gives

Jr = (AAxy + BAuk)TS(AAxk + BAuy) + AufPAuk
+(p1 + DBAuy — 1141)TQ(p1 + DBAuy, — 1p41) = AuZHAuk + 2f,?Au;€5.63)

where

H = BTSB + (DB)'QDB + P, (5.64)
fre = BTSAAz, + (DB)TQ(p1 — 7ps1). (5.65)

This can be proved by expanding (5.63) or from the first order necessary condition
for a minimum, i.e.,

0Jy
0Auy

= 2BTS(AAzy, + BAug) + 2(DB) ' Q(p1 + DBAug — 7y1) + 2P Auwy,

= 2(BTSB + (DB)'QDB + P)Auy, + 2(BT SAAz;, + (DB)TQ(p1 — r441)) = 0.
Solving with respect to Auy, gives

Auj = —H 'fy = —(BTSB+ (DB)TQDB + P) "' (BTSAAz + (DB)' Q(p1 — 7341))-

Consider now a scalar system in which A =a, B=b, D =d, Q =q, P=p and
S = s. This gives

_sabAxy, + qdb(p1 — rir1) _ sabd ' Ayy + qdb(pr — Ti41)
sb2 + q(db)2 + p B sb2 + q(db)2 + p

Aul = (5.66)

It is important to note that the control uy = Auj +up_1 is independent of v and Y.
This means that the control also is independent of constant terms z®,u®,y*,v° in a
model

Tpy1 — 2° = Az — 2°) + B(ug — u®) + Cv®, (5.67)
Yk = D(z) —2°) +y°, (5.68)

because (5.67) and (5.68) can be written in a form similar to (5.57) and (5.58) with
constant disturbances

v = z° — (Az® + Bu®) + Cv®, (5.69)
y° =y — Da?. (5.70)

O

Example 5.9 (Stability analysis EMPC,)
Consider the process in FExample 5.8 and a scalar system where d = 1. The control,
Equation (5.66), is

B sabAzy, + qb(yr + aAxg — ri41)
(s+q)b>+p

Aul = . (5.71)
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The closed loop system, recognizing that Axpy1 = aAxy + bAuy, is

(s + q)b? qb? 0
Axpi1 =a(l — ———5—)Axp — ———————p — c3y° + C3Tky1, (5.72
k1 = a( (s+q)b2+p) ET Gttt Ty e (5.72)
where
qb?
3= —5—. 5.73
3 (s+q)b*+p (5:73)
This can be written as a difference equation
Tyl = 12k + 21 — c3y° + C3Th1, (5.74)
where
g =1+4a(l- s—i—ch) —c3, (5.75)
co = —a(l— i q03). (5.76)
Hence, the closed loop system is described by
01 00
] Rt 1 A B PO 1 o g
k42 C2 C1 Try1 C3 —C3 Y
Tk Tk+2
=110 +101 . 5.78
w=[10] [ 2 |+ (0] ] 05] 579

In order to analyze the stability of the closed loop system we can put all external
signals equal to zero, i.c., rpy1 = 0 and y° = 0. We can now analyze the stability
similarly as in Example 5.53. Using z = %f—zwv in the characteristic polynomial 2% —

c1z — cg = 0 gives the polynomial
(1+c1—e)w? +2(1 +cx)w+c3 =0. (5.79)

The polynomial coefficients must be positive in order for the closed loop system to
be stable. We must ensure that

s+q (25 + q)b* +2(1 + a)p
ag=14+c1—co =24 2a(l — c3) —c3 = > (,5.80
0 1 2 ( 3) 3 (8+q)b2+p % )

s+gq 2(s +q)b* +2(1 —a)p

ag =2(1+4¢1)=2—-2a(l — —¢3) = >0, (5.81)
q

(s+q)b% +p

since c3 > 0. Hence, ag ts always positive when a > 0. Requiring a; > 0 gives the
stmple expression

a—1 s+gq

< ) (5.82)

This expression is valid for physical systems in which a > 0. Letting s = 0 gives the
same result as in FBxample 5.5.

O
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Chapter 6

Extension of the control
objective

6.1 Linear model predictive control

We will in this section simply discuss an extension of the MPC theory presented so
far. The main point is to extend the control objective with so called target variables.
Instead of weighting the controls uy,7, in the objective we often want to weight the
difference uy|;, — uo where ug is a vector of specified target variables for the control.

Given a linear process model

Tpyr1 = Axg + Bug + Cug, (6.1)
yr = Dz + Flug,
2z = Hxp + Moy,

where zj is a vector of property variables.

A relatively general objective function for MPC is the following LQ index.

L

Te =Y L(wkrio), (6.4)

i=1
where
T T
L(ugri1) = WUkri — Thti)” Qrri (Ukri — Ths) + Auk+i_1Rk+z’—1AUk+i—1
T 0 T p2 0
F g Primrthrio1 + (wrgio1r — Wy )" Py (Whkricn — Wiy q)

+(2k+i — ZJ(C)H)TQiH(ZkH - Zl(c)+i) + (Thti — x%ﬂ')T@%H(%H - $2+i)'
(6.5)

This can for simplicity of notation be written in matrix form. Note that we are using
the vector and matrix notation which are common in subspace system identification.

T = L(ugL), (6.6)
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where

L(ugir) = Yrarjr = Th110)T QWsriz — rranin) + Augf RAuy
+U£|LPUI<;\L + (g, — o) P (g, — uo)
(211 — 20)7 Q2 (zik41y — 20) + (Thy1)r — 20)T Qu(Tptayp — o). (6.7)
The time dependence of the weighting matrices and the target vectors are omitted

for simplicity of notation. The performance index can be written in terms of the
unknown control deviation variables as follows

T = Aujy HAuyp + 21 Augy, + To(k), (6.8)

where H € RL™XL" is a constant matrix, f, € R is a time varying vector but
independent of the unknown control deviation variables, Jp(k) € R is time varying
but independent of the optimization problem. Note that it will be assumed that H
is non-singular. Furthermore, we have

H=FIQF, + R+ S"PS + STP,S + FTQ.F, + FI Q. F,, (6.9)

fr = FLQ(pr — riynn) + STPeur 1
+ST7D2(CUk—1 - UO) + FzTQz(pz - ZO) + Fng(pm - 1'0)7 (6'10)
where Fr, F, and F, are lower triangular toepliz matrices of the form Fj; =
FL(A7B7D)a FZ = FL(AvaH)a Fx = FL(A,B,Ian).

Furthermore, pr, p, and p, represents the autonomeous system responses for y, z
and x, respectively.

pL = OL(D,A)Axk—i—FL(A,B,D)Cuk,l, (6.11)
Py = OL(H, A)A.%'k + FL(A, B,H)Cuk,l, (6.12)
Py = OL([, A)Axk + FL(A, B, I)C’U,kfl. (6.13)

If x5 is not measured, then, x; can be taken from a traditional state estimator
(e.g. Kalman filter) or computed from the model and a sequence of old inputs and
outputs. If only the measured output variables are used for identification of x; we
have (for the EMPC algorithm)

i = AT 0Ny g+ (Coor — ATTPOVHD w51, (6.14)

where Oy = O;(D, A), C; = Cj(A, B,D), H: = H4 (A, B, D). J is the identification
horizon, i.e. the number of past outputs used to compute xy.



Chapter 7

Constraints for Model
Predictive Control

7.1 Constraints of the type Auy; <0

Common types of constraints are

1. System input amplitude constraints.
2. System input rate constraints.

3. System output constraints.

These constraints can be written as the following linear inequality
Auyp <, (7.1)

where the matrix A and the vector b are discussed below.

7.1.1 System Input Amplitude Constraints

It is common with amplitude constraints on the input signal to almost any practical
control system. Such constraints can be formulated as

Umin < Uk|L < Umax- (72)

These linear constraints can be formulated more convenient (standard form con-
straints for QP problems) as

I Umax
7.1.2 System Input Rate Constraints

Atupmin < Augp, < Atpax. (7.4)
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Note that Auyr, = ugr — ug—1jz- This relationship is not sufficient to formulate a
matrix inequality describing the constraints, because the term wuy_yz, on the right
hand side, consists of dependent variables when L > 1. This is however solved by
introducing the relationship

ug, = SAup + cup_1, (7.5)
which gives
Auyp, = S_luk|L — S euy_y. (7.6)

Substituting (7.6) into the linear constraints (7.5) can then be formulated as the
following matrix inequality

S—1 Atmax + S Leup_1
[_Sl} “hIL = [_Aumin - Silcukfl ' (7'7)

7.1.3 System Output Amplitude Constraints
System output constraints are defined as follows

Ymin < Ye+1|L < Ymax- (78)

Combination with the prediction model in terms of control change variables

Yer1iz = pr(k) + FrAuyp, (7.9)
or simply
Yes1iz = pr(k) + Frugp, (7.10)
gives
Fy, Ymax _pL(k):|
upr, < . 7.11
[_FL] RIL = [—ymin +pr(k) (7.11)

7.1.4 Input Amplitude, Input Change and Output Constraints

The three types of constraints in (7.3), (7.7) and (7.11) can be combined and de-
scribed by the following linear inequality

A b

I Umax
-1 —Umin

I Atgax + S eug_1

< .
1| FE = - A, — S~ teup (7.12)
FL Ymax — PL(k)
| — I ] L —Ymin +2r(k)

One should note that state constraints can be included similarly.
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7.2 Solution by Quadratic Programming
Given the control objective criterion
Jo = (W1 — Te1in) T QWinn — Thiyn) + AUaLPAUML (7.13)
and the prediction model
Yer1 = pr(k) + FLAuyg (7.14)
Substituting the prediction model into Jo gives
Jo = Augyp HAuy, + 23 Augyp + Ja0 (7.15)
where
H =P+ FlQF, (7.16)
fo = FLQ(pr(k) — reqr) (7.17)
J20 = (pr(k) = i) " QpL(k) — rpyr) (7.18)

This objective functional is expressed in terms of input change variables. The re-
lationship between Auy;, and uy can be used in order to express Jp in terms of

actual input variables.

Substituting the vector of control change variables

Augp, = up)p, — Up_1|L
into the control objective criterion Jo gives
Jo = uaLHuHL + 2fTuk.|L + Jo

where

H =P+ FQF;,

f=FQpr(k) — ry1r) — Hup_yr

Jo = (pr(k) = rprin) QpL(k) = rrprin) + wf gy Hug_yr

— 2F Q(pL(k) — Trajp)ur—1ir
or equivalently
H =P+ FlQF;

f=fo—Hu._
Jo = Jo0 +up_ g Hup_yr — 2f3 we_ar

We have the following QP problem
znin(u;‘gLHuML + 2fTuk,‘L)
k|L

subject to:
Auk|L <b

(7.24)
(7.25)
(7.26)

(7.27)

(7.28)
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which e.g. can be solved in MATLAB by the Optimization toolbox function QP, i.e.

In order to compute uyz, from the QP problem wuj_;; must be known. Initially
up_1jz, must be specified in order to start the control strategy. This means that the
QP problem must be initialized with unknown future control input signals. The
simplest solution is to initially putting uy_q; = [uz_l . -u{_l]T. However, this can

be a drawback with this strategy.

The above QP problem can be reformulated in order to overcome this drawback.
The relationship between Auy ;, and uy;, can be written as

Aukw = SQUk|L — CUE—1 (730)

So and co ar matrices with ones and zeroes. Substituting into the objective functional
Equation (7.15) gives

Jo = ugILHu’ﬂL + 2fTuk|L + Jo (7.31)
where
H = STHS, (7.32)
f = f2 - S;FHCQ’U,k,1 (7.33)
Jo = JQ,O + (CQU}C,]_)THCQ'U/]ff]_ — 2f2TCguk,1 (7.34)

At time instant k£ the vector f and the scalar Jy are determined in terms of known
process variables.



Chapter 8

More on constraints and Model
Predictive Control

8.1 The Control Problem

Consider a linear quadratic (LQ) objective functional

J = (e = hs1ie) QWi — Thayn) + Au;ﬁLRAUML + Uz\LRwML (8.1)

We will study the problem of minimizing J with respect to the future control inputs,
subject to input and output constraints.

This problem can be formulated as follows:

min J (8.2)
Aug|r,
subject to:
Ug‘le < ugyp < u}gllLaX (input amplitude constraints)
Aug‘le < Auyp, < Augﬂgx (input change constraints) (8.3)
yﬁlﬁL < Y1 < y,ﬂ%}‘i (output constraints)

8.2 Prediction Model

The prediction model is assumed to be of the form

Yer1iz = pr(k) + FrAuy (8.4)

where pr,(k) is defined in terms of known past inputs and outputs. FJ, is a constant
lower triangular matrix.

8.3 Constraints

The constraints (8.3) can be written as an equivalent linear inequality:

ADuyy, <b (8.5)
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where
TG ugﬁx —cup_q |
-S —ukmlan + cug_1
I Aumax
A= ;b= Ak‘n[{in (8.6)
Fy ypes s — pe(h)
L~ ] |~y L+ e (k) |

This will be proved in the next subsections.

8.3.1 Relationship between Auy; and wuyy,

It is convenient to find the relationship between Awy,;, and uyy, in order to formulate
the constraints (8.3) in terms of future deviation variables Auy,r,.

We have

Ug|L = SAU}C‘L + cup—1 (8.7)
where
[700---0] [ 1]
I70---0 I
S=|111---0} =|I (8.8)
0 :
I 11---1] | 1
The following alternative relation is also useful:
Auk|L = SQUle — CUE—1 (89)
where
I 00---0] [ 1]
—I IT0---0 0
Sy = O0—IT---0f =10 (8.10)
S :
| 0 00---1] | 0 |

Note that S = S~1 and ¢o = S~ 1e.
Note also that:

Ug—1|L = (I — SQ)UML + coup—1. (8.11)
8.3.2 Input amplitude constraints

The constraints

uﬁLm < upp < ug‘lLaX (8.12)
is equivalent to
SAuy, < ug‘lLaX — CUp_1 (8.13)
—SAuk|L < —Ug‘l[l/n + cug_1 '
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8.3.3 Input change constraints

The constraints

Aqu?Lin <y < Au?‘lgx (8.14)
is equivalent to
Auyp, < Auglgx (8.15)
—Aule S —Auirllin

8.3.4 Output constraints

The constraints

Yirlr < Yrr1n < Yigan (8.16)
By using the prediction model, Equation (8.4), we have the equivalent constraints:

FrAuy, < y,?fﬁi —pr(k)

B 8.17
—FLA'LLle < _yﬁlll'llL +PL(/<:) ( )

8.4 Solution by Quadratic Programming

The LQ objective functional Equation (8.1) can be written as:
J = Auy H Ay, + 2f T Augy, + Jo (8.18)

where

H = R+ FFQF, + STR,S (8.19)
f = FLQpr(k) = ryyn) + ST Rocup (8.20)
Jo = (pr(k) — i) " QpL(k) — regayr) + up_y ¢’ Rocug_y (8.21)

H is a constant matrix which is referred to as the Hessian matrix.. It is assumed
that H is positive definit (i.e. H > 0). f is a vector which is independent of the
unknown present and future inputs. f is defined by the model, a sequence of known
past inputs and outputs (inkluding yx). Similarly Jy is a known scalar.

The problem can be solved by the following QP problem

Arnin (Aug‘LHAuML + 2fTAuk|L) (8.22)
Ur|L

subject to:

AAuyp < b (8.23)

The QP problem can e.g. be solved in MATLAB by the Optimization toolbox
function QP, i.e.
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Chapter 9

How to handle time delay

9.1 Modeling of time delay

We will in this section discuss systems with possibly time delay. Assume that the
system without time delay is given by a proper state space model as follows

Tr+1 = Axy + Bug, (9.1)
Y = Dxp + Fuy,

and that the output of the system, yy, is identical to, y, , but delayed a delay 7
samples. The time delay may then be exact expressed as

Yhtr =Yy, - (9.3)

Discrete time systems with time delay may be modeled by including a number of
fictive dummy states for describing the time delay. Some alternative methods are
described in the following.

9.1.1 Transport delay and controllability canonical form
Formulation 1: State space model for time delay

We will include a positive integer number 7 fictive dummy state vectors of dimension
m in order for describing the time delay, i.e.,

w,lﬁl = Dux. —|1Euk
Lhy1 = L, (9.4)

T _ T—1
Liy1 = Ly,

The output of the process is then given by
Yk = T}, (9.5)

We se by comparing the defined equations (9.4) and (9.5) is an identical description
as the original state space model given by (9.1), (9.2 and (9.3). Note that we in
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(9.4) have defined a number 7m fictive dummy state variables for describing the
time delay.

Augmenting the model (9.1) and (9.2) with the state space model for the delay gives
a complete model for the system with delay.

Tt A Zy, B
— ~—" /=
z A00---00 z B
z! D0OO0---00] |2t E
z? —|0T0---00]| |2*| £]0 |y, (9.6)
_xT_kH | 000---10] _:rT_k 10 ]
T
,_—/%
X
D a!
e N :L'2
ye=[000---01]]. (9.7)
&771
_xT Jd g
hence we have
Fpy1 = AZy, + Buy, (9.8)
yr = Dy, (9.9)

where the state vector Zp € R"T™™ contains n states for the process (9.1) without
delay and a number 7m states for describing the time delay (9.3).

With the basis in this state space model, Equations (9.8) and (9.9), we may use all
our theory for analyse and design of linear dynamic control systems.

Formulation 2: State space model for time delay

The formulation of the time delay in Equations (9.6) and (9.7) is not very com-
pacter. We will in this section present a different more compact formulation. In
some circumstances the model from g, to yx will be of interest in itself. We start
by isolating this model. Consider the following state space model where y— € R™
s delayed an integer number 7 time instants.

Ty AT x BT
x! 000---007 [z I
x? I00---00] |2 0
3 —|0I0---00]| |2*]| 4|0 vp (9.10)
—xT—k+1 (000 --- 10| _xT_k 1 0 ]
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T
,——/%
T
1
. x
ye=[000---01]]. (9.11)
%771
_‘TT dr
which may be written as
Try = ATap + BTy, (9.12)
yr = D7z, (9.13)

where 27 € R™. the initial state for the delay state is put to x5 = 0. Note here
that the state space model (9.10) and (9.11) is on so called controllability canonical
form.

Combining (9.12) and (9.13) with the state space model equations (9.1) and (9.2),
gives an compact model for the entire system, i.e., the system without delay from
uy, to y,. , and for the delay from y,~ to the output yy.

T A T
< /iz—-“-———\f—'f—\
: ][] e
T = T T T + T Uf (914)
[x],m [BDA |, |BE
bt
—N— T

yp = [0 D] [ﬂ] (9.15)

k

Note that the state space model given by Equations (9.14) and (9.15), is identical
with the state space model in (9.6) and (9.7).

9.1.2 Time delay and observability canonical form

A simple method for modeling the time delay may be obtained by directly taking
Equation (9.3) as the starting point. Combining yz4, = v, with a number 7 — 1
fictive dummy states, yx+1 = Yk+1s -5 Yktr—1 = Yk+r—1 We may write down the
following state space model

TEq AT Ty BT
—— ~ -~ ~~ ~ =~/

Yk+1 0I0---00 Yk 0

Yk+2 007---00/| | yg+1 0

Yks | = |00 o Yk+2 + | e (9.16)
: 000---011|: 0

| Yk | 1000---00] [Ypar—1] |1
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zy,
—~
o =
b Yk+1
Ye=[100---0] | Yrt2 (9.17)
| Yk+7-1 |

where 27 € R™™.

The initial state for the time delay is put to x5 = 0. Note that the state space model
(9.16) and (9.17) is on observability canonical form.

9.2 Implementation of time delay

The state space model for the delay contains a huge number of zeroes and ones when
the time delay is large, ie when the delay state space model dimension mr is large.

In the continuous time we have that a delay is described exact by yrpir =y, . It
can be shown that instead of simulating the state space model for the delay we can
obtain the same by using a matrix (array or shift register) of size n, x m where we
use n, = T as an integer number of delay samples.

The above state space model for the delay contains n, = 7 state equations which
may be expressed as

Y

T = Ty
(9.18)

7—1 T—2

Ly = xk—%

Rz

Ye = T

where we have used y, = x7. This may be implemented efficiently by using a matrix
(or vector x. The following algorithm (or variants of it) may be used:

Algorithm 9.2.1 (Implementing time delay of a signal)
Given a vector y,, € R™. A time delay of the elements in the vector y, of n, time
instants (samples) may simply be implemented by using a matriz x of size ny X m.

At each sample, k, (each call of the algorithm) do the following:
1. Put y, in the first row (at the top) of the matriz x.
2. Interchange each row (elements) in matriz one position down in the matriz.

3. The delayed output yy is taken from the bottom element (last row) in the matrix
x.
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yr = o(1,1:m)T

fori=71:-1:2
z(i,1:m)=z(—1,1:m)

end

2(1,1:m) = ()7

Note that this algorithm should be evaluated at each time instant k.
A

9.3 Examples

Example 9.1 Delay 7 = 2 samplews

Given a system where the undelayed output y, is delayed 7 = 2 samples. The model

for the undelayed part from input uy, to output y, is given by

Try1 = Axy + Buy,
Yr = Dzg.

For the delay we define T = 2 dummy states

1 R
Trt1 = Y

2 1
Tet1 = Tk

2

(9.20)

(9.21)
(9.22)
(9.23)
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Chapter 10

DYCOPS5 paper: On model
based predictive control

An input and output model is used for the development of a model based predictive
control framework for linear model structures. Different MPC algorithms which
are based on linear state space models or linear polynomial models fit into this
framework. A new identification horizon is introduced in order to represent the
past.

10.1 Introduction

A method and framework for linear Model Predictive Control (MPC) is presented.
The method is based on a linear state space model or a linear polynomial model.
There are two time horizons in the method: one horizon L for prediction of future
outputs (prediction horizon) and a second horizon J into the past (identification
horizon). The new horizon J defines one sequence of past outputs and one sequence
of past inputs, which may be used to estimate the model or only the present state
of the process. This eliminates the need for an observer. This method is refereed to
as Extended state space Model Predictive Control (EMPC). A second idea of this
method is to obtain a framework to incorporate different linear MPC algorithms.

The EMPC method can be shown to give identical results as the Generalized Pre-
dictive Control (GPC) algorithm (see Ordys and Clarke (1994) and the references
therein) provided the minimal identification horizon J is chosen. A larger identifica-
tion horizon is found from experiments to have a positive effect upon noise filtering.
Note that the EMPC method may be defined in terms of some
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matrices to be defined lather. This can simplify the computations compared to the
traditional formulation of the GPC which is based on the solution of a polynomial
matrix Diophantine equation. The EMPC algorithm is a simple alternative approach
which avoids explicit state reconstruction. The EMPC algorithm does not require
solutions of Diophantine equations (as in GPC) or non linear matrix Riccati equa-
tions (as in Linear Quadratic (LQ) optimal control). The EMPC method is based
on results from a Subspace IDentification (SID) method for linear systems presented
in, e.g. Di Ruscio (1997a). Other SID methods are presented in Van Overschee and
De Moor (1996). An SID method can with advantage be used as a modeling tool
for MPC.

The contributions herein are: The inclusion of a new identification horizon for MPC.
The derivation of a new input and output relationship between the past and the
future data which e.g. generalizes Proposition 3.1 in Albertos and Ortega (1989).
The framework for the derivation of prediction models from any linear model. The
main results in this paper are organized as follows. A matrix equation is presented
in Section 10.2. Two prediction models are proposed in Sections 10.3.1 and 10.3.2.
The prediction model is analyzed in Section 10.3.3. The MPC strategy is discussed
in Section 10.4.

10.2 Preliminaries

10.2.1 System description

Consider a process described by a linear, discrete time invariant state space model
(SSM)

Thyl = Azxy, + Buy + Cuy, (10.1)
yr = Dxp + Eu + Fog, (10.2)

where k is discrete time, z;, € R” is the state, u; € R” is the control input, v, € R is
an external input and y; € R™ is the output. (A, B,C, D, E, F) are of appropriate
dimensions. In continuous time systems E is usually zero. This is not the case in
discrete time due to sampling. However, for the sake of simplicity in notation, only
strictly proper systems with £ = 0 are discussed. The only proper case in which
FE # 0 is straightforward because we will treat the case with external inputs vy and
F #£ 0. There is structurally no difference between inputs wu; or external inputs v
in the SSM, (10.1) and (10.2). It is assumed that (D, A) is observable and (A, B) is
controllable.

An alternative is to use a polynomial model (e.g. ARMAX, CARIMA, FIR, step
response models etc.), which in discrete time can be written as

Yk+1 = Ayk—na-l—l\na + Buk—nb—i-l\nb =+ Cvk—nc+l|nca
(10.3)

where we have used the definition

def T .
vig = [ vha vl € R™ (10.4)
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which is refereed to as an extended (output) vector. A € R"™*Mam B ¢ R™XMr
and C € R™* "l are constant matrices. Note that all linear polynomial models,
represented by the difference model (10.3), can be transferred to (10.1) and (10.2).
Only deterministic systems are considered in this paper.

10.2.2 Definitions

Given the SSM, (10.1) and (10.2). The extended observability matrix O; for the
pair (D, A) is defined as

0= . e R (10.5)
pai-!
where 7 denotes the number of block rows.
The reversed extended controllability matrix C¢ for the pair (A, B) is defined as

cl [ A-1B A2 ... B] e R™T, (10.6)

where ¢ denotes the number of block columns.
A matrix C; for the pair (A4, C) is defined similar, i.e., with C' substituted for B in
(10.6).

The lower block triangular Toeplitz matrix H¢ € R™* (=17 for the triple (D, A, B)

DB 0 0
i | DAB DB 00 (10.7)

DA"2B DA**B --- DB

A lower block triangular Toeplitz matrix H{ € R™* for the quadruple (D, A, C, F)
is defined similarly. See e.g., Di Ruscio (1997a).

Define Auy = u, — ug—1. Using (10.4) we have
Ug|L = SAU}C‘L + cup—1 (10.8)

where S € REXL™ and ¢ € RE"™%T are given by

]7' 0107 I’r
I’r I’r"'or I’r

S=1. . Cse=| .|, (10.9)
I’r I’r"'-[r I’r

where I, is the r x r identity matrix and 0, is the r x r matrix of zeroes.

10.2.3 Extended state space model

Proposition 2.1 A linear model ((10.1) and (10.2), or (10.3)) can be described with
an equivalent extended state space model (ESSM)

Ye+1|L = ALylﬂL + BLUML + éka|L+1. (10.10)
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L is defined as the prediction horizon such that L > Ly, where Lj,;,, sufficient for
the ESSM to exist, is in case of (10.1) and (10.2) defined by

g def = rank(D) + 1 when rank(D) < n
w1 when rank(D) >n

The extended output or state vector yy 1, the extended input vectors uyz, and vy 41,
follows from the definition in (10.4). The matrices in (10.10) are in case of an SSM
((10.1) and (10.2)) given as

A, ¥ o, A0T0,) 10T, (10.11)
By, ¥ [0LBHE] — AL [HY Opmsr |, (10.12)
Cr Y [0LC H3 ) — AL [H5 Opmxi ] (10.13)

where A; € RImxLm B, ¢ RLmxLr and ¢ € RImx(L+1)I
The polynomial model (10.3), can be formulated directly as (10.10) for L > max(ng, np, nc)
by the use of (10.14)-(10.17).

Proof. See Di Ruscio (1997a). O

The importance of the ESSM for model predictive control is that it facilitates a
simple and general method for building a prediction model from a linear process
model. Note, it is in general not sufficient to choose L ;, as the ceiling function
[2]. The ESSM transition matrix Ay has the same n eigenvalues as the matrix A
and Lm — n eigenvalues equal to zero. This follows from similarity transformation

on (10.11).

In the SID algorithm, Di Ruscio (1997a), it is shown that the ESSM can be identified
from a sliding window of known data. However, when the inputs used for identi-
fication are poor from a persistent excitation point of view, it is better to identify
only the minimal order ESSM. Note also that L, coincides with the demand for
persistent excitation, i.e., the inputs must at least be persistently exciting of order
Lin in order to identify the SSM from known input and output data.

Consider an ESSM of order J defined as follows

Y1) = Asyrs + Boug s + Crvgpin (10.14)
Then, an ESSM of order L is constructed as

A, = O(L—1ymxm IgL—J)mx(L—l)m]’ (10.15)
_OJmX(LfJ)m Ay

- o
B, — | Ow—smxir ] 10.16
k _OJmX(LfJ)r By ( )

o O(L—Jymx(L+1)1

) 10.17
L Ogmx(z—ay Cy } ( )

where L,,;, < J < L. Jis defined as the identification horizon. This last formulation
of the ESSM matrices is attractive from an identification point of view. It will also
have some advantages with respect to noise retention compared to using the matrices
defined by (10.11) to (10.13) directly (i.e. putting J = L) in the MPC method which
will be presented in Sections 10.3 and 10.4.



10.3 Prediction models 75

10.3 Prediction models

10.3.1 Prediction model in terms of process variables

Define the following Prediction Model (PM)

Yes1iz = pr(k) + Frugz. (10.18)
Proposition 3.1 Consider the SSM, (10.1) and (10.2). The term py, (k) is given by

pr(k) = OL AT Oy si1
+BL V= g+1)04L T Prug—gq115-15 (10.19)

where OTJ = (0T0;)71OT is the Moore-Penrose pseudo-inverse of Oy, (10.5). The
term pr, (k) is completely known, i.e., it depends upon the process model, known past
and present process output variables, known past process control input variables and
past, present and future external input variables (assumed to be known). pr (k) can

be interpreted as the autonomous process response, i.e. putting future inputs equal
to zero in (10.18).

Given the quintuple matrices (A, B,C, D, F'). The matrices in (10.18) and (10.19)
can be computed as follows. We have one matrix P, which is related to past control
inputs and one matrix F7, which is related to present and future control inputs.

F,=[0.B #H{] € RImxlr

10.2
PL=0LACY , — OLAOTHE € REm<(-Dr, (10-20)
The matrix g5 € RE™*/FL in (10.19) is given by
Bi = | ow(cy - AT0hmHs) 3 |- (10.21)

If desired, we can write 3] = [Pf Fi] where the sub-matrix P; € REmx(J=1I ig
related to past external inputs and the sub-matrix F} € REm* (LD g related to
current and future external inputs.

F; = 0,0~ 0,470} B3 13 |

P; = OpACS | — OpAYOMA5 (5,12 (T = 1)1)
and where EY is the last J-th block column of matrix H%. Note that £ = 0 when
F=0in (10.2).
Proof. See Section 10.3.3. O

Proposition 3.2 Consider the ESSM, (10.10), (10.14)- (10.17). The term p (k) is
given by

(10.22)

pr(k) = Aby 1
+BL k4120 + PLug—rp41jn-1- (10.23)

Given the ESSM double matrices (Ar, Br). A procedure for defining the prediction
model matrices Fr, and Pj, from the ESSM matrices is given as follows. Define the
impulse response matrices

H < A, e REmxIr, (10.24)
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The prediction of future outputs can be expressed in terms of sub-matrices of the
impulse response matrices (10.24). Define a (one block column) Hankel matrix from

the impulse response matrices H; in (10.24) for i = 1,..., L as follows
H, Hyy Hyp -+ Hyp
Ho Hs1 Hy -+ Hoyp,
e (10.25)
Hiy, Hry Hro -+ Hrp

where the sub-matrices H;; € REmXT  Matrix Fy, is computed from the upper right
part of (10.25), including the main block diagonal, of the Hankel matrix. The first
block column (sub-matrix) in F7, is equal to the sum of the sub-matrices on the
main block diagonal of the Hankel matrix. The second block column (sub-matrix)
is equal to the sum of the sub-matrices on the block diagonal above the main block
diagonal, and so on. That is, the i-th block column in matrix Fy, is given by
L—it+1
Fiy= Y Hjjpia Vi=1--,L (10.26)
j=1

The block columns in P;, are given from the lower left part of the Hankel matrix
(10.25). The first block column is given by the lower left sub-matrix in (10.25), i.e.,
Hp,. The i-th block column is given by

A
Piy=> Hjipi; Vi=1,---,L-1. (10.27)
j=1

Given the ESSM matrices (Ar, Cr). The matrix 85 in (10.23) is computed as follows.
Define
A A, e REmXEADL (10.28)

and the following (one block column) Hankel matrix by using A; (10.28) for i =
1,.... L,

Ay Mg Ao - Mip Ar
Ao Ao Agg -+ Agp, Aoy
= S . : (10.29)
A Api Ao - App Ap
Then we have
B = [Pi Fi] , (10.30)
Fp = [Fy - Fi Fip Floa ], (10.31)
Pp =[P}y - Pfy - Pip ], (10.32)
where the i-th block columns in F} and P} are given by
L—it+1
Fiy= Y Ajjyicn Vi=1,---,L+1, (10.33)
j=1

7
Ppi= Ajpiy Yi=1--,L-1 (10.34)
j=1
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Proof (outline). In order to express the right hand side of (10.10) in terms of future
control inputs we write (10.10) as an L-step ahead predictor.
Ye+1|1L = Afyk—L+1|L
+30 Ao —ip1jp1 + S Hiug 110 (10.35)

where we have used (10.24) and (10.28). The first term on the right hand side of
(10.35) depends on known past and present output data (yx—r41,---,yr). The sec-

ond term depends on known past, present and future external inputs (vg_r41, -, Uk, - -

e.g. measured noise variables, reference variables etc. The third term depends on
past, present and future control input variables, i.e. (ug_r11, -, Uk, ", UptL—1)-
The right hand side of (10.35) can be separated into two terms, one term which is
completely described by the model and the known process variables and one term
which depends on the, at this stage, unknown future control input variables, Hence,
the PM follows. O

We have illustrated a method for extracting the impulse response matrices DA'B
for the system from the ESSM matrices A Ly B 1. Hence, this side result can be used
to compute a minimal SSM realization for e.g. a polynomial model.

10.3.2 Prediction model in terms of process deviation variables

Define the following prediction model
Yk1L = Pr (k) + FE Auyy, (10.36)

where F LA is lower triangular. pf(k) can be interpreted as the autonomous process
response, i.e. putting future input deviation variables equal to zero in (10.36).

Proposition 3.3 Given the SSM (10.1) and (10.2), then, p2 (k) = pr.(k) + Frcug_;
and FLA =FLS.

Proof. Substitute (10.8) into (10.18). O
Proposition 3.4 Consider the ESSM, (10.10), (10.14)- (10.17). Define

pr(k) = Yk—L41L T (2521 AiL>Ayk7L+1\L
+BL AV 1120 + PLAug 1101 (10.37)

Given the ESSM matrices (AL, BL). Define

defZAJ 1B, e REmxIr, (10.38)
7j=1

The procedure for computing FLA and Py, is the same as that presented in Proposition
3.2, (10.25)-(10.27), but with H; in (10.25) as defined in (10.38). Hence, the i-th
block column in F2 is given by (10.26).

Given the ESSM matrices (Ar, C7). Define

defZAﬂ 16, € REmx@LH1L (10.39)
7=1

)Uk—i—L)a
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The matrix 37 in (10.37) is computed from (10.29)-(10.34) but with A; as defined
in (10.39).

Proof (outline). The ESSM (10.10) can be written in terms of control changes as
follows

Ukiln = Y1z + (i AD Ay, par
3 N A+ Hidwy (10.40)

where we have used (10.39) and (10.38). The PM (10.36) and the algorithm follows.
O

The PM (10.36) is attractive in order to give offset free MPC. The PM used by GPC
can be derived from Proposition 3.4 with J = L and ESSM matrices (10.15),
(10.16) and (10.17).

min

10.3.3 Analyzing the predictor

Consider in the following the SSM in (10.1) and (10.2). There is no explicit expres-
sion for the present state estimate Zj in the predictor (10.18), (10.19) and (10.20).
As an alternative the predictions can be computed by the SSM provided an esti-
mate of the present state is available. In the following we will show that these two

prediction strategies are equal provided that the current state equals a least squares
estimate. This also illustrates the proof of the PM in (10.18), (10.19) and (10.20).

For simplification purposes we omit the external input v in the following derivations.
Further, we only consider the case in 10.3.1. Including the external input v and
deviation variables, respectively, can be done in a straightforward manner.

Proposition 3.5 The predictions yj 7, using (10.1) and (10.2) equal the predic-
tions using (10.18), (10.19) and (10.20) if the current state estimate is computed
by

Zp = argmin'V, (10.41)
Tk
where

1 X
V=5 | w1y = Girsnys I (10.42)

and where J > Ly s, and gy y,1|7 denotes the past and current model output data.
Proof. The proof is divided into 3 parts.

Part 1: Deriving an equivalence condition
We first derive an expression for the predictor yjir. From (10.1) we have the
M-step ahead predictor

ThaM = AM gy + Cﬁ/[uk‘M. (10.43)
Using (10.2), (10.5), (10.20) and (10.43) for M =1,..., L we have

Yer1L = OrAzy + Frug. (10.44)
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By (10.44) and (10.18) the predictions y;, 1z, are equal if and only if OpAzy, =
pr(k). Inserting for pr, (10.19) and (10.20), we obtain the following condition for
equivalence of the two predictors.

OpAxy, = OLAJOEyk—J+1|J
HOLACE_, — OLATOT H Y uy_ g i1y (10.45)

Part 2: Computing the least squares estimate
By (10.1), (10.2), (10.5) and (10.7), we obtain

Yh—g11g = Ouzp—yi1 + Hue_ yi115-1- (10.46)

Putting yx_ s41|7 = Yx—s4+1)s defines the least squares problem and objective (10.42).
The least squares estimate of xp_jy1 is given by

Th—gt1 = Ojr}(ykaHu — HGup_g115-1)- (10.47)

The estimate Zx_jy1 can be transferred to the current estimate Zj by the SSM.
First, similar to (10.43) we have

Bp = AT g1 + CF g gyt
Using (10.47) gives

Ty = AJ*lOT]ykaHu

d J—-1 d
+ (€51 — A OT]HJ)uk—J—i—llJ—l' (10.48)
The least squares estimate is clearly a minimum since dzngV = (9?(9 7 is a positive
k—J+1

matrix.

Part 3: Using the least squares estimate for Zy, i.e. (10.48), guarantees that (10.45)
hold. O

10.4 Basic MPC algorithm

10.4.1 The control objective

A discrete time LQ objective can be written in matrix form as follows

Tk = Wiz — h110) T QWr1)L — Tht i)
—i—Auf‘LRAuk‘L + uaLPuk‘L, (10.49)

where 73,117, is a vector of future references, yy1)7 is a vector of future outputs,
Awuy,p, is a vector of future input changes, and uyy, is a vector of future inputs. @,
R and P are (usually) block diagonal, time varying, weighting matrices.
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10.4.2 Computing optimal control variables

Consider the problem of minimizing the objective (10.49) with respect to the future
control variables uyr,, subject to a linear model and linear output/state and input
constraints. The objective Jj may be written in terms of uy . The future outputs
Yr+1|z, can be eliminated from the objective by using the PM (10.18). The deviation
variables Auy 7, may be eliminated from Jj by using

Auk‘L = S_luk|L — S_ICUk_l, (1050)

where S and ¢ are given in (10.9. Substituting (10.50) and the PM (10.18) into the
objective (10.49) gives a QP problem with solution

where Zy = ZS™1, b% = by + ZS teup_1, Z and by, as in (10.53). For unconstrained
control a closed form solution exists. A control horizon N, can be included by the
use of selection matrix in the PM and a modified J;. The optimal control uz| N, is

obtained similarly as (10.51) but with a truncated matrix FJ.

10.4.3 Computing optimal control deviation variables

Consider the problem of minimizing (10.49) with respect to the future control devi-
ation variables Auy,r, subject to a linear model and linear constraints. The future
outputs yj41;, may be eliminated from J by using the PM (10.36). ) may be
eliminated from (10.49) by using (10.8). The minimizing solution to the linear MPC
problem is

Au’,;'L = arg miﬂZAuk‘Lgbk /S (10.52)

where the matrices Z and by may be defined as

S UR|T — CUk—1
-5 —up|L + cur—1
_| e _ Augir
7 = g | b = " Auitin (10.53)
FLA ygffw - pf(k)
—F7 —ylrgnfiw +pz (k)
For unconstrained optimal control we have
AT A T -1
Auz|L:—(R+FL QFf +S'PS)
[FETQ(pT (k) — riyn) + ST Peug_1], (10.54)

where usually FLA = FpS. Assume P = 0. The optimal control Auj gives offset
free control in steady state. This can be argued as follows: assume that the closed
loop system is stable. In steady state we have from (10.37) that p? (k) = y and
Auy;, = 0. From the expression for the optimal control change Auz‘ 1, = 0 we must

have that y = r, i.e. zero steady state offset. It is assumed that (R+ FLTQFL)*lFLTQ
is of full column rank, and that r; and v are bounded as k — oo. If r and v are
not bounded, they should be modeled and the model included in the process model.
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10.5 Conclusions

A framework for computing MPC controllers is presented. The algorithm in this pa-
per (EMPC), the GPC algorithm and the predictive dynamic matrix control (DMC)
algorithm, etc., fit into this framework. Different linear MPC algorithms are based
on different linear process models. However, these algorithms are using a predic-
tion model (PM) with the same structure. The only difference in the PM used by
the different algorithms is the autonomous response term py (k) in (10.18) or p5 in
(10.36).

An algorithm for computing a PM from different linear models is presented. The
EMPC algorithm can be derived directly from the SSM or from any linear model
via the ESSM matrices A L, B 1, and C 1. These matrices can be constructed directly
from an linear SSM or an input and output polynomial model. Hence, the ESSM
can be viewed as a unifying model for linear model based predictive control.

A new identification horizon is introduced in the MPC concept. The input and out-
put relationship between the past and the future (10.18)-(10.21) which is introduced
for MPC in this paper is an improvement with respect to existing literature.
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Chapter 11

Extended state space model
based predictive control

Abstract

An extended state space (ESS) model, familiar in subspace identification theory, is
used for the development of a model based predictive control algorithm for linear
model structures. In the ESS model, the state vector consists of system outputs,
which eliminates the need for a state estimator. A framework for model based
predictive control is presented. Both general linear state space model structures
and finite impulse response models fit into this framework.

11.1 Introduction

Two extended state space model predictive control (EMPC) algorithms are proposed
in Sections 11.3 and 11.4. The first one, EMPCj, is presented in Sections 11.3.1 and
11.4.1. The second one, EMPCs, is presented in Sections 11.3.2 and 11.4.2.

There are basically two time horizons involved in the EMPC algorithms: one horizon
for prediction of future outputs (prediction horizon) and a second horizon into the
past (identification horizon). The horizon into the past defines one sequence of past
outputs and one sequence of past inputs. The sequences of known past inputs and
outputs are used to reconstruct (identify) the present state of the process. This
eliminates the need for an observer (e.g. Kalman filter). Due to observability there
is a minimal identification horizon which is necessary to reconstruct (observe) the
present state of the plant.

The EMPCs algorithm has some similarities with the Generalized Predictive Con-
trol (GPC) algorithm presented in Clarke, Mohtadi and Tuffs (1987). See also
Albertos and Ortega (1987). The GPC is derived from an input-output transfer
matrix representation of the plant. A recursion of Diophantine equations is carried
out. Similarities between GPC and LQ/LQG control are discussed in e.g. Bitmead,
Gevers and Wertz (1990).
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The EMPC algorithms are based on a state space model of the plant. The EMPC,
algorithm can be shown to give identical results as the GPC algorithm when the
minimal identification horizon is used. A larger identification horizon is found from
experiments to have effect upon noise filtering. Note that the EMPC algorithms are
exactly defined in terms of the ESS model matrices, something which can simplify
the computations compared to the traditional formulation of the GPC which is based
on the solution of a polynomial matrix Diophantine equation. The EMPC algorithm
is a simple alternative approach which avoid explicit state reconstruction.

The EMPC algorithms do not require iterations and recursions of Diophantine equa-
tions (as in GPC) or non linear matrix Riccati equations (as in traditional linear
quadratic optimal control).

The EMPC method is based on results from a subspace identification method pre-
sented in Di Ruscio (1994), (1995) and (1997). Other subspace methods are pre-
sented in Larimore (1983), (1990), Verhagen (1994), Van Overschee and De Moor
(1994), (1995) and Van Overschee (1995). See also Viberg (1995) for a survy.

One example that highlights the differences and similarities between thje EMPC and
GPC algorithms is presented. We have also investigated how the EMPC algorithms
can be used for operator support. Known closed loop input and output time series
from a real world industrial process are given. These time series are given as inputs
to the EMPC algorithm and the control-inputs are predicted. The idea is that the
predicted control-inputs are usful, not only for control but also for operator support.

11.2 Preliminaries

11.2.1 State space model

Consider a process which can be described by the following linear, discrete time
invariant state space model (SSM)

Tht1 = Azxy + Bug + Cug, (11.1)
yr = Dxp + Eug + Fug (11.2)

where k is discrete time, x; € R" is the state vector, up € R" is the control input
vector, v, € R! is an external input vector and y, € R™ is the output vector. The
constant matrices in the SSM are of appropriate dimensions. A is the state transition
matrix, B is the control input matrix, C is the external input matrix, D is the output
matrix, F is the direct control input to output matrix, and F' is the direct external
input to output matrix.

Define the integer parameter g as

def [ 1 when E # Opxr (proper system)
~ 1 0 when E = 0y, (strictly proper system)

In continuous time systems the matrix F is usually zero. This is not the case in
discrete time systems due to sampling. The following assumptions are made:

e The pair (D, A) is observable.
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e The pair (A, B) is controllable.

11.2.2 Definitions

Associated with the SSM, Equations (11.1) and (11.2), we make the following defi-
nitions:

e The extended observability matrix (O;) for the pair (D, A) is defined as

0;,=|. € Rimxn (11.3)
DAZ'—I
where subscript ¢ denotes the number of block rows.

e The reversed extended controllability matrix (C¢) for the pair (A, B) is defined
as

ci[A-1B A2B ... B] € R™" (11.4)

where subscript ¢ denotes the number of block columns.

A matrix C; for the pair (A4, C) is defined similar to Equation (11.4), i.e., with
C substituted for B in the above definition.

e The lower block triangular Toeplitz matrix (H¢) € R™ (=" for the triple

(D, A, B)
[0 0 e 0]
DB 0 -0

| DA"2B DA"™3B --- DB

where subscript i denotes the number of block rows and the number of block
columns is 7 — 1.

A lower block triangular Toeplitz matrix H; € R™¥i for the quadruple
(D, A,C, F) is defined as

[ F 0 -0 0
DC F -0 0

| DA™2C DA"3C --- DC F |
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11.2.3 Extended state space model

An extended state space model (ESSM) will be defined in this section. The impor-
tance of the ESSM for model predictive control is that it facilitates a simple and
general method for building a prediction model.

Theorem 11.2.1 The SSM, Equations (11.1) and (11.2), can be described with an
equivalent extended state space model (ESSM)

Yrinr = ALy + Brugp + Crogr (11.7)

where L is the number of block rows in the extended state vector yyiq 1. L is defined
as the prediction horizon chosen such that L > Lpi, where the minimal number
Lyin, sufficient for the ESSM to exist, is defined by

g def J— rank(D) + 1 when rank(D) < n (11.8)
mne when rank(D) > n '
The extended output or state vector is defined as,
def T
YL = [k Yier " Yot ] (11.9)
The extended input vectors are defined similarly, i.e.,
U Uk
def | Uk+1 def o
€ .
upr = | Vi = | (11.10)
' VUt [—
WhrD—1 k+L—1
| Vk+L
The matrices in the ESSM are given as
A, Yo A0T0) L0 e REmxLm (11.11)
By © (0B HL] — AL [HE Opmxr] € REMXDT (11.12)
Cr € [0LC H ) = AL [HS Opma] € REMXEHDE (11.13)

where A;, € RImxLm B c RLmxLr gnqg 0 e REm*(LA1L
A

Proof: See Di Ruscio (1994,1996). Equation (11.12) is presented for g = 0 for the
sake of simplicity. The reason is definition (11.5) which should be defined similarly
to Equation (11.6) when g = 1.

The ESSM has some properties:

1. Minimal ESSM order. Ly, defined in Equation (11.8), defines the minimal
prediction horizon. However the minimal L is the ceiling function [*].
Proof: Same as for proving observability, in this case ((’)zmm Or,...) ! is non-
singular and the existence of the ESSM can be proved.
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2. Uniqueness. Define M as a non-singular matrix which transforms the state
vector x to a new coordinate system. Given two system realizations, (4, B,C, D, F)
and (M~ *AM ,M~'B,M~'C,DM,F). The two realizations give the same
ESSM matrices for all L > Lyin.

Proof: The ESSM matrices are invariant under state (coordinate) transfor-
mations in the SSM.

3. Eigenvalues. The ESSM transition matrix Ay, has the same n eigenvalues as
the SSM transition matrix A and Lm — n eigenvalues equal to zero.
Proof: From similarity, Equation 11.11.

In the subspace identification algorithm, Di Ruscio (1995,1996), it is shown that the
ESSM can be identified directly from a sliding window of known data. However,
when the inputs used for identification are poor from a persistent excitation point of
view, it is better to identify only the minimal order ESSM as explained in Di Ruscio
(1996). Note also that Ly, coincides with the demand for persistent excitation of
the inputs, i.e., the inputs must at least be persistently exciting of order Ly, in
order to recover the SSM from known input and output data.

Assume that an ESSM of order J is given and defined as follows

Yk+117 = AJyk:U + BJ“k|J+g + CN’JUk‘J+1 (11.14)

If the prediction horizon L is chosen greater than J it is simple to construct the
following ESSM from (11.14).

A, — [0(L—Tymxm {(L—J)mx(L—l)m} (11.15)
0rmx(L—gym AJ
~ K
B, — | Ow-nmxor ] 11.16
B 0Jmx(L—J)r By ( )
~ K
& — [Ow—nmxin } 11.17
b L Ogmx (-1 Cy ( )

where L., < J < L. J is defined as the identification horizon. This last formulation
of the ESSM matrices is attractive from an identification point of view. It will also
have some advantages with respect to noise retention compared to using the matrices
defined by Equations (11.11) to (11.13) directly (i.e. putting J = L) in the model
predictive control algorithms which will be presented in Sections 11.3 and 11.4. Note
also that a polynomial model, e.g., an ARMAX model, can be formulated directly
as an ESSM.

11.2.4 A usefull identity
The following identity will be usefull througout the paper

Yk
Yriyr = | | —TAyg_pyp € RY” (11.18)
Yk
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where

AYg—r4+1)L = Yk—L+1|L — Yk-L|L (11.19)

and the matrix T has zeroes on and below the main diagonal and otherwise ones,
ie.,

011 1
00 1 1

T=|::. - :| e RbmxIm (11.20)
00 1
(00 - -+ 0]

11.3 Basic model based predictive control algorithm

11.3.1 Computing optimal control variables

Prediction model for the future outputs

Yer1L = Pr(k) + FLug g (11.21)

Scalar control objective criterion

Ji = Wes1r — Tes1yn) T QWrtai — Th41)L)
+uaL+gRuk‘L+g (11.22)

where 71|, is a stacked vector of (L) future references. @ and R are (usually)
block diagonal weighting matrices.

This is an optimization problem in case of constraints on the control variables. In
the case of unconstrained control a closed form solution exists. The (present and
future) optimal controls which minimize the control objective are given by

Uk|Ltg = —(R+ FLTQFL)_IFLTQ(pL(k:) — rk+1\L) (11.23)

Note that usually only the first control signal vector uj (in the optimal control
vector ug I+g) is computed and used for control, i.e., receding horizon control. It is
also possible to include a control horizon by including a selection matrix. A similar
expression for the optimal control is obtained but with a truncated matrix F7p,.

The problem is to find a prediction model of the form specified by Equation 11.21).
One of our points is that the term pr (k) representing the past can be computed
directly from known past inputs and outputs. This will be shown in Section 11.4.1.

11.3.2 Computing optimal control deviation variables

Prediction model for the future outputs

Ykt1|z = PL(K) + FLAU 144 (11.24)
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Control objective criterion

J2 = Wrs1r — Tes1in)T QWrtai — Th41)L)
+Aufkf| LagBRAUK L (11.25)

The unconstrained (present and future) optimal control changes which minimize the
control objective are given by

Auk|L+g = —(R + FLTQFL)_lFLTQ(pL(/{) — rk-{—l\L) (11.26)

Note that the optimal control deviation (Awuy) gives offset free control in steady
state. This can be argued as follows: assume that the closed loop system is stable.
In steady state we have pr(k) = y and Auy = 0. From the expression for the
optimal control change (Auy;, = 0) we must have that y = 7, i.e. zero steady state
offset. (The matrix (R + FIQF.)"*FI'Q should be of full row rank, rj and vy are
assumed to be bounded as k — c0.)

11.4 Extended state space modeling for predictive con-
trol

Two prediction models are proposed. Both models are dependent upon a known
extended state space vector. Hence, there is no need for a state estimator. The first
model, presented in Section (11.4.1), is in addition dependent on actual control input
variables. This model has the same form as (11.21). The second model, presented
in Section (11.4.2), is in addition dependent on control input deviation variables.
This model has the same form as (11.24).

For the simplicity of notation we will assume that g = 0 in this section, i.e. a strictly
proper system. The only proper case in which g = 1 will be evident because we will
treat the case with external inputs v, see the SSM Equations (11.1) and (11.2).
There is notationally no difference between inputs u; or external inputs vy.

11.4.1 Prediction model in terms of process variables

In order to express the right hand side of Equation (11.7) in terms of future inputs
(control variables) we write

L L
Ye+11L = ALykaJrl\L + Z Aivg—itaip41 + Z Hiug—i 1 (11.27)
i=1 i=1

where

AZ‘ déf AZ'L_léL and HZ‘ déf AiL_léL (11.28)
The first term on the right hand side of Equation (11.27) depends on known past

and present output data vectors (yx—r+1,---,Yk). The second term depends on
known past, present and future external input variables (vg_r11, ", Uk, ", UktL),



920 Extended state space model based predictive control

e.g. measured noise variables, reference variables etc. The third term depends on
past, present and future control input variables, i.e. (ug_r41, ", Uk, Ug+L—1)-

We can separate the right hand side of Equation (11.27) into two terms, one term
which is completely described by the model and the known process variables and one
term which depends on the, at this stage, unknown future control input variables,
i.e., we can define the following prediction model

Yes1L = pr(k) + Frugr (11.29)

where the known vector pr,(k) is given by

pr(k) = ALy 1 + Bivr—r4120 + PLug—r 1)1 (11.30)

The term pyr,(k) is completely known, e.g., it depends upon the process model, known
past and present process output variables, known past process control input variables
and past, present and future external input variables (assumed to be known). pr, (k)
can be interpreted as the autonomous process response, i.e. putting future inputs
equal to zero in (11.30).

Given the quintuple matrices (A, B,C, D, F). The prediction model matrices can
be computed as follows. We have one matrix which is proportional to past control
inputs (Pr) and one matrix which is proportional to present and future control
inputs (Fp).

Fr,=[0rB H!] € RImxLr

P, = OLACg_l — AL’HdL c RLmx(L-1)r (11.31)

The prediction model matrix ;7 can be divided into two sub-matrices, one sub-
matrix which is related to past external inputs (P;) and one related to present and
future external inputs (F7}).

ﬂz — [PIS, Fi] c RLmx2LI
Ff = [0LC — AYE; 3 ] € REmx(L+DI
Pj =0LAC; | — AP (5,11 (L — 1)]) € REmx(L=D)

where E7 is the last L-th block column of matrix Hj .

Given the ESSM double matrices (fl ., B ). A procedure for defining the prediction
model matrices F, and Pr, from the ESSM matrices is given in the following. The
matrix 3] is computed by a similar procedure. The prediction of future outputs
can be expressed in terms of sub-matrices of the impulse response matrices for the
extended state space model, Equation (11.28). First, define

Hy=[Hp Hyg - Hy] YV i=1,---,L (11.32)

Then, make a (one block column) Hankel matrix from the impulse response matrices
for the ESSM.

Hy Hy1 Hyp - Hyp
Hy Hy1 Hoy --- Hoyp,

(11.33)

Hp, Hpy Hpo -+ Hpp
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Matrix Fp, is computed from the upper right part, including the main block diagonal,
of the Hankel matrix. The first block column (sub-matrix) in F7, is equal to the sum
of the sub-matrices on the main block diagonal of the Hankel matrix. The second
block column (sub-matrix) is equal to the sum of the sub-matrices on the block
diagonal above the main block diagonal, and so on. That is, the i-th block column
in matrix Fp, is given by
L—it1
Fii= Y Hjjyi1 Vi=1--,L (11.34)
j=1

The block columns in Py, are given from the lower left part of the Hankel matrix.
The first block column is given by the lower left sub-matrix in the Hankel matrix,
i.e., Hrq1. The i-th block column is given by

i
Pii=)Y Hjp; Vi=1-- L1 (11.35)
j=1
We have illustrated a method for extracting the characteristic matrices of the system,
e.g., impulse response matrices, from the ESSM matrices. The ESSM matrices can
be identified directly from known input and output data vectors by a subspace

identification method for combined deterministic and stochastic systems, see Di
Ruscio (1995).

The prediction model, given by Equations (11.29) and (11.30), depends upon the
known extended state space vector and actual process input variables. This predic-
tion model used for model predictive control (MPC) is referred to as the extended
state space model predictive control algorithm number one, i.e., (EMPCy).

The process variables which are necessary for defining the prediction model can be
pointed out as follows. The prediction model in Section (11.4.1) depends upon both
past controls and present and past outputs. The L unknown future output vectors
Yr+1)L can be expressed in terms of the L unknown present and future control vectors
ur, the L known past and present output vectors y;_r 1) and the L — 1 known
past control vectors Uk—L+1|L—1-

11.4.2 Prediction model in terms of process deviation variables

The extended state space model can be written in terms of control changes as follows
ksl = Ykp + ALAYy L + BrAuy + CrAuvy
Aypy1r = ALAyyr + BrAuyp + CrLAvy (11.36)
which can be written
L
Yk L = Yo+ + (Qil1 AL AYk—_r411L
L L
+ >0 MDA g1 + Doy Hidug i) (11.37)
where

A def Zj'=1 Ai—léL c RLmx(L+1)l

def

=1L o (11.38)
H S Y A B, e RP
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We have the following prediction model
Yer1iz = pr(k) + FrAuyg (11.39)

where

pL(k) = Yp_r1r + (Zf:l AiL)Ayk—L—f—HL
+B8F Avg_p41)2n + PLAug_ 1101 (11.40)

pr(k) can be interpreted as the autonomous process response, i.e. putting future
input deviation variables equal to zero.

In the following a procedure for computing the matrix 87 is given. The procedure
for computing Fr, and Pp is the same as that presented in Section 11.4.1. Define
the (one block column) Hankel matrix

Ay Ay Az - Mg Mo
Ag A1 Aoy -+ Aop, Ao rq
| = . . . (11.41)
A Api Ao - App Ap
then we have
By = [P} F}] (11.42)
Ff - [Fls,l Fls,i Ff,L FIS,L-H] (1143)
P = [pil e PR p1'87L_1] (11.44)
where the i-th block columns in I} and P; are given by
L—it+1
Fiy= > Ajjyicn Vi=1,---,L+1 (11.45)
j=1
i
Piy=> Mjypi; Vi=1,-,L-1 (11.46)
j=1

The first term on the right hand side of pr(k), Equation (11.40), is equal to the
extended state space vector yj,_r 1|7, and the other terms are functions of deviation
variables. This observation is useful for analyzing the steady state behavior of the
final controlled system, i.e., we can prove zero steady state off-set in the final EMPC,
algorithm, provided the disturbances and set-points are bounded as time approaches
infinity. If the disturbances are not bounded, they should be modeled and the model
included in the SSM.

11.4.3 Prediction model in terms of the present state vector

The predictions generated from a general linear state space model can be written as

Y1 = OpAzg + [OLC H3 | w41
+[OLB HE | ugr (11.47)
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which fits into the standard prediction model form when xj is known or computed
by a state estimator. This is referred to as state space model predictive control
(SSMPC).

Note that the state vector x; can be expressed in terms of past and present process
outputs and past process inputs. We have then

L—1 d
zp=A"""p-r+1 +Cl1Vk—ry1p-1 + CL1Uk—L11)L—1 (11.48)
The state vector in the past, zx_r+1, can be computed from
d
Yr—r11L = Or%k—r4+1 + Hivg_py1r + Hiue—r110-1 (11.49)

when observability is assumed. This gives the same result as in Section 11.4.1, and
illustrates the proof of the prediction model matrices given in (11.31) and (11.32).

11.5 Comparison and connection with existing algorithms

11.5.1 Generalized predictive control

The EMPC; algorithm presented in Sections 11.4.2 and 11.3.2 has a strong con-
nection to the generalized predictive control algorithm proposed by Clarke et al.
(1987). The past identification horizon J was included in in the EMPC strategy
in order to estimate the present state. If J is chosen equal to the minimal horizon
Lpin then the EMPC strategy becomes similar to the GPC strategy. By choosing
Lnin < J < L we have more degrees in freedom for tuning the final controller.

11.5.2 Finite impulse response modeling for predictive control

The prediction models discussed in this section have their origin from the following
formulation of the SSM, Equations (11.1) and (11.2).

i1 = DAYz priy + DCYpvp— v v
+DCS rug—nr1im (11.50)
For the sake of simplicity, assume in the following next two sections that the external

inputs are zero.

Modeling in terms of process variables

Assume that the transition matrix A has all eigenvalues strictly inside the unit circle
in the complex plane. In this case it makes sense to assume that AM ~ 0 for some
scalar M > 1. Hence, neglecting the first term in Equation (11.50) gives

Yk+1 ~ DClyue_pri1 v (11.51)
where M is defined as the model horizon. The prediction model is then given by

Yk+1L = Prug_nrpn—1 + Frug (11.52)
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where
Fr, = [OB H{ ] (11.53)
DAM-1B DAM-2B ... DAB
0 DAM-1B ... DA%B
P, =
0 0 ... DAM-1p

where F; € REMXLr and pp € REmx(M-1)r,

Modeling in terms of process deviation variables

Neglecting the first term on the right hand side of Equation (11.50) and taking the
difference between yi1 and y; gives the finite impulse response model in terms of
process control deviation variables

Yk+1 = Yg + DC?\l/[Auka+1|M (11.54)

where M is defined as the model horizon. The L step ahead predictor is given by

L
YkrL = Yk + DCR D> At niu (11.55)
i—1

It is in this case straightforward to put the predictions into standard form
Yer1iz =~ pr(k) + FrAuy (11.56)
where

T
pr(k) = [y;f ?J;{] + PLAUR 1) —1 (11.57)

The matrices F;, and Pr can be computed from a strategy similar to the one in
Section 11.4.2. This type of prediction model is used in the DMC strategy.

11.6 Constraints, stability and time delay

Constraints are included in the EMPC strategy in the traditional way, e.g. by solving
a QP problem. This is an appealing and practical strategy because the number of
flops is bounded (this may not be the case for non-linear MPC when using SQP).

Stability of the receding horizon strategy is not adressed in this section. However,
by using classical stability results from the infinite horizon linear quadratic optimal
control theory, it is expected that closed loop stability is ensured by chosing the
prediction horizon large. Stability of MPC is adressed in e.g., Clarke and Scattolini
(1991) and Mosca and Zhang (1992).

In the case of time delay an SSM for the delay can be augmented into the process
model and the resulting SSM used directly in the EMPC strategy.
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11.7 Conclusions

The EMPC algorithm depends on the ESSM matrices flL and B 1. These matrices
can be computed directly from the model, either a state space model or a polynomial
model. Both the state space model and the extended state space model can be
identified directly from a sliding window of past input and output data vectors,

e.g., by the subspace algorithm for combined Deterministic and Stochastic system
Realization and identification (DSR), Di Ruscio (1995).

The size of the prediction horizon L must be greater than or equal to the minimal
observability index L, in order to construct the ESSM. It is also a lower bound
for the prediction horizon in order to ensure stability of the unconstrained EMPC
algorithms. L.y, is equal to the necessary number of block rows in the observability
matrix Oy, in order to ensure that O Oy, is non-singular.

A framework for computing model based predictive control is presented. The EMPC
algorithms, the generalized predictive control (GPC) algorithm and the predictive
dynamic matrix control (DMC) algorithm fit into this framework. Different predic-
tion models give different methods for model based predictive control.

The DMC algorithm depends on past inputs and the present output. The EMPC
algorithms depend on both past inputs and past and present outputs.
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11.8 Numerical examples

11.8.1 Example 1

Given a SSM. The first step in the GPC algorithm is to transform the SSM to a
polynomial model. There are no reasons for doing this when the EMPC algorithms
are applied. However, if (one does, or) a Polynomial Model (PM) is given, we have
the following solution

Given the polynomial model, Camacho and Bordons (1995), p. 27:
Yk = a1Yk—1 + boup—1 + brug_o (11.58)
Model parameters a; = 0.8, by = 0.4 and by = 0.6.

A prediction horizon of L = 3 is chosen. The transformation from the PM to the
ESSM is simple, first make

Yk+1 = Yk+1 (11.59)
Yk+2 = Yk+2 (11.60)
Yk+3 = aoYk+2 + boug+a + bruk1 (11.61)

which gives the ESSM

Yk+1|3 As Yk|3
—_—— ———

Yk+1 010 Yk
Y2 | = |00 1 Yk+1
Yk+3 00 a Yk+2
Bg, Ug|3
————
00O U

1100 0l |upp
001 b | | ugy2

Using the algorithm in Section 11.4.2 we get the following prediction model

Yr+1|3
—_—

Yk+1
Yk+2 | = p3(k)
Yk+3
F3 Auk\:s
0.4 0 0 Uk — Uk—1

+ 1132 04 0 Uyt — Uk (11.62)
2.056 1.32 0.4 | | w0 — s

The vector p3 which is dependent upon the prediction model and known past and
present process variables is given by

Yk—2|3 Az+A3+A3 Ayp_o)3
——
Yk—2 01138 Yk—2 — Yk—3

p3(k) = |yr_1 | +]00 244 Yk—1 — Yk—2
Yk 001952 [yr — Yk—1
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,_1/); Aup_sjo
006 ]——
+ 10108 [““ B “’“3] (11.63)
01.464 | L"h—1 7 Uk-2

This prediction model is identical to the prediction model obtained when applying
the GPC algorithm, see Camacho and Bordon (1995), pp. 28. A critical step in the
GPC algorithm is the solution of a Diophantine equation. The EMPC algorithm
proposes an alternative and direct derivation of the prediction model, either from a
SSM or a polynomial model.

11.8.2 Example 2

The polynomial model, Equation (11.58), has the following SSM equivalent

o1 b
4= [0 al} b= |:b1+a1b0:| (11.64)
D=[10] E=0

Model parameters a; = 0.8, by = 0.4 and by = 0.6.

If the ESSM matrices given by Equations (11.15) and (11.16) with L = 3 and J = 2
are used to formulate the prediction model in Section 11.4.2, then we get identical
results as with the GPC algorithm.

Equations (11.11) and (11.12) with L = 3 give the following ESSM

Yk+1|3 As Yk|3
——— ~ ——
Y1 0 0.6098 0.48787 [yx
Yo | = | 00.4878 0.3902 | | ypis
Yht3 0 0.3902 0.3122 | | o
Bg Uk|3
—
—0.2927 —0.1951 O U,
+ 0.3659 0.2439 O Ukt
0.2927 0.7951 0.4 | [ ug42

Using the algorithm in Section 11.4.2 we get the following prediction model

Yk+1|3
—

Yk+1
Yk+2 | = p3(k)
Yk+3
F3 Auk\S
04 0 0 Uk — Uk—1

+ (132 04 0 Uk4+1 — Uk (11.65)
2.056 1.32 0.4 | | wpso — wpsr

The vector ps which is dependent upon the prediction model and known past and
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present process variables is given by
Yk—2|3
—_——
Yk—2
p3(k) = | Yp—1
Yk
Ag+AZ+A3 Ayg_2|3
0 1.4878 1.19027 [yk_2 — Yr_3
+ 10 1.1902 0.9522 | | ys_1 — Yo
0 0.9522 0.7618 Yk — Yk_1
B Auk—2|2
0.3659 0.8439 | 4 o n
+ | 0.8927 1.6751 [u“ - u’”’] (11.66)
0.7141 1.9401 | L7A=1 7 Th2

ps(k) is defined from known past variables. Putting (11.65) into (11.26) gives the
optimal unconstrained control deviations Auys.
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11.8.3 Example 3

This example shows how a finite impulse response model fits into the theory pre-
sented in this paper. This also illustrate the fact that the DMC strategy is a special
case of the theory which are presented in the paper.

Considder the following truncated impulse response model

M
Ykl = Z hiug—iy1 = hiug + houg_1 + haug_o (11.67)
i1

with M = 3, hy = 0.4, hy = 0.92 and hs = 0.416.
The prediction horizon is specified to be L = 5. Using (11.67) with L — 1 artifical

states Yp+1 = Yk+1 - - - Yk+d = Ykra We have the following ESSM model
Yk+1]5 As Yk|5 Bs Ug|5
—_—— —— & —_——
Yk+1 01000 Yk 000 0 O U,
Yk+2 00100 |yrs1 000 0 O Ug41
Ykes | = 100010 Y2 |+ 100 0 0 O Uk+2 (11.68)
Yk+4 00001 | |Ykes 000 0O Uk+3
Yk+5 00000] [Yrta 00 hy ho ha | | Ukta

Using the algorithm presented in Section 11.4.2 with L = 5 and As and Bs as
specified above, then we get the following prediction model

Fs5 Auk\5

04 0 0 0 0 Auy,
132 04 0 0 0| |Aupq
Yrpis = ps(k) + | 1736 1.32 04 0 0 | | Augeo (11.69)
1.736 1.736 1.32 0.4 0 | | Augys
1.736 1.736 1.736 1.32 0.4 | | Aupis

where the vector ps(k) is given by

Py

e N ——
Yk 0.416 0.920 | Aug_pr411m-1
Yk 0.416 1.336 E‘—\
ps(k) = | yx | + | 0.416 1.336 {A “] (11.70)
" 0.416 1.336 k=1
n 0.416 1.336

Finaly, it should be noted that if a control horizon C < L, say C = 2, is specified,
then the above prediction model reduces to

F5

— N
0.4 0 Augg
1.32 04 f—A“‘—\
Yr+1)s = ps(k) + | 1.736 1.32 [A i ] (11.71)
1.736 1.736 Uke+1

1.736 1.736
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However, note that the prediction horizon L must be choosen such that L > M.
The control horizon is then bounded by 1 > C < L. Note also that Cutler (1982)
suggest setting L = M + C for the DMC strategy. Note also that the truncated
impulse response model horizon M usually must be choosen large, typically in the
range of 20 to 70.
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Chapter 12

MODEL PREDICTIVE
CONTROL AND
IDENTIFICATION: A Linear
State Space Model Approach

12.1 Introduction

A recursive subspace algorithm (RDSR) for the identification of state space model
matrices are presented in [2]. The state space model matrices which are identified by
the RDSR algorithm can be used for model based predictive control. A state space
Model based Predictive Control (MPC) algorithm which is based on the DSR sub-
space identification algorithm is presented in [1]. However, due to space limitations
in this paper, only unconstrained predictive control is considered.

In this work we will show that input and output constraints can be incorporated
into the state space model based control algorithm.

The properties of the MPC algorithm as well as comparisons with other MPC al-
gorithms are presented in the paper, [1]. A short review of the predictive control
algorithm which is extended to handle constraints, is presented in this paper.

The MPC algorithm will be demonstrated on a three input, two output MIMO
process. The process is a Thermo Mechanical Pulping (TMP) refiner.

12.2 Model Predictive Control

12.2.1 State space process model

Consider a process which can be described by the following linear, discrete time
invariant state space model (SSM)

Tr4+1 = Axg + Bug + Cuy, (12.1)
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yr = Dxp + FEup + Fog (12.2)

where the integer k£ > 0 is discrete time, x; € R" is the state vector, up € R" is
the control input vector, vy, € R! is an external input vector and y, € R™ is the
output vector. The constant matrices in the SSM are of appropriate dimensions. A
is the state transition matrix, B is the control input matrix, C' is the external input
matrix, D is the output matrix, E is the direct control input to output (feed-through)
matrix, and F' is the direct external input to output matrix.

In continuous time systems the matrix F is usually zero. This is not the case in
discrete time systems due to sampling.

The following assumptions are made: The pair (D, A) is observable. The pair (A, B)
is controllable. When deling with the MPC algorithm we will assume that the vector
of external input signals is known.

12.2.2 The control objective:

A standard discrete time Linear Quadratic (LQ) objective functional is used. The
LQ objective can for convenience be written in compact matrix form as follows:

Te = Wisyr — Tinn) T Q@Wrsa — Tegain) + AUaLRAUmL + U%}LPUMD (12.3)

where 73,117, is a vector of future references, yy1)7, is a vector of future outputs,
Awuy,p, is a vector of future input changes, and wuy,, is a vector of future inputs.

T
Pt = [Ty Thao o Thyr ] € R"™, (12.4)
—_[.T T ...7 1T RLm 19.5
YkitlL = (Vi1 Yive o Yier] € ) (12.5)
Aug|, = [ Aug AU;EFH A“£+L—1]T € R, (12.6)
T
upr = [uf wiy uf ] € RY (12.7)
The weighting matrices are defined as follows:
0 Qk 1 0
Q=1 . "7 e RLmxIm (12.8)
0 0 - Qrrr—1
R, 0 --- 0 T
0 Ry41 0
= X '+ . c RL’FXLT'? (129)
0 0 - Rgyr—1]
P O 0 ]
0 Pk 0
p=| . """ . e RIrxir (12.10)
0 0 -+ Pryr—1|
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Note that both the actual control input vector uy; and the control input change
vector Auyr, can be weighted in the control objective. Note also that the objective-
weighting matrices @, P and R can in general be time varying.

We will study the problem of minimizing J with respect to the future control input
change vector (Auy,r,), subject to linear constraints on the input change, the input
amplitude and the output.

Problem 12.1 (MPC problem)

min Jj (12.11)

Uk |L

with respect to linear constraints on ug, Aug and y.

To solve this problem we
e need a prediction model for (prediction of) Ykt1|L:

Yrt1r = pr(k) + FLAug (12.12)

e need a relationship between uy;, and Auyp:

Ug|L = SAUHL + cug—1 (12.13)
where
[, 0, 0, -+~ 0, ] [ I, ]
L 1,0, - 0, I,
S = I, I, I --- 0, S RLTXLT, C= 1, € RLTXT (1214)
. E ." 07,_ .
_Ir Ir I'r Ir_ _I"“_

where I, is the r X r identity matrix and 0, is the r x r matrix of zeroes.
e need a linear inequality of the form
AAuy g, < by (12.15)

describing the linear constraints.
When Auwy,j, is computed we can

e apply up = ux_1 + Auy as the control input to the process (Note that only the
first change in Auy,z, is used, i.e., a receding horizon strategy).

e or use ur = up_1 + Auy for operating support.
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12.2.3 Prediction Model:

The MPC algorithm is based on the observation that the general linear state space
model, Equations (12.1) and (12.2), can be transformed into a model which is con-
venient for prediction and predictive control. This prediction model is independent
of the state vector x;. Hence, there is no need for a state observer.

There are two horizons involved in the MPC algorithm.

Identification horizon: J

Horizons in the MPC algorithm { Prediction horizon: I,

An identification horizon J into the past is defined in order to construct an estimate
of the state vector. Known past input and output vectors defined over the identifi-
cation horizon is used to eliminate the state vector from the state space model. The
resulting model (prediction model) can be written as

Yrr1)n = pr(k) + FrAuyy (12.16)

where L is the prediction horizon, y;, |z, is a vector of future output predictions,
Awuy,p, is a vector of future input change vectors.

T
YktllL = (Y1 Yiyo - Vb € R (12.17)
Ay, = [ Aug Augy,y - A“;}[’+L71]T € RY (12.18)

Note that Aup = up — ugp_1. Fp is a constant lower triangular matrix which is a
function of the known state space model matrices. pr (k) represents the information
of the past which is used to predict the future. pr (k) is a known vector. This vector
is a function of a number J known past input and output vectors, and the state
space model matrices. A simple algorithm for constructing Fy, and pr (k) from the
known state space model matrices and the past inputs and outputs are proposed.

e A simple algorithm to compute pr,(k) from the SSM matrices (A, B,C, D, E, F)
and known past inputs and outputs is presented in [1].

12.2.4 Constraints:

The following constraints are considered,

min

up < ugr < uiﬁlLaX (input amplitude constraints)
Aug‘le < Auy, < Aug'lLaX (input change constraints) (12.19)
Ui < Uksir < gy, (output constraints)

The constraints (12.19) can be written as an equivalent linear inequality:
ADuyy, < by (12.20)

where A is a constant matrix and by is a vector which is defined in terms of the
specified constraints. See Appendix D for details.
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12.2.5 Solution by Quadratic Programming:

The control problem is to minimize the control objective given by Equation (12.3)
subject to the constraints given by the linear inequality, Equation (12.20). Substi-
tuting the prediction model, Equation (12.16), into the control objective, Equation
(12.3), we have the following alternative formulation of the control objective

T = Aujy HAwyy, + 2 Augy, + T (12.21)

which is on a form suitable for computing the future control input change vectors
Auyr. See Appendix D1 and E for details.

The control problem can now be formulated as follows:

min Jj (12.22)
Aug|r,
subject to constraints:

where Jj is given by (12.21), A and by is defined in the appendix.

This can be solved as a Quadratic Programming (QP) problem. The QP problem
can be solved in MATLAB by the Optimization toolbox function qp. We have

Auyr, = ap(H, fi, A, bk) (12.24)

Remark 12.1 The MPC algorithm is based on a general linear state space model.
However, there is no need for a state observer (e.g. Kalman filter).

An estimate of the state vector is constructed from a number of past inputs and
outputs. This state estimate is used to eliminate the state vector from the model.

Remark 12.2 The predictive control algorithm can be shown to give offset free
control in the unconstrained case, when P in the control objective (12.3).

Remark 12.3 Usually a receding horizon strategy is used, i.e. only the first control
change Aup = up — ug—1 in Auyr, is used (and computed). The control at time
instant k is then uy = Auy, + up_1 where u,_q is known from the previous iteration.

Remark 12.4 The MPC algorithm can be formulated so that the actual future
control input variables uy,;, are directly computed, instead of computing the control
change variables Auy;, as shown in this work.

Remark 12.5 Unconstrained control is given by
Augp =—H ' fy (12.25)
Equivalently
Auy, = —(R+ FLQFL + STPS) M FL Q(pr(k) — riqain) + ST Peug—1)12.26)

See the appendix for details.
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12.3 MPC of a thermo mechanical pulping plant

The process considered in this section is a Thermo Mechanical Pulping (TMP) plant
at Union Co, Skien, Norway. A key part in this process is a Sunds Defibrator double
(rotating) disk RGP 68 refiner.

Identification and model predictive control of a TMP refiner are addressed. The
process variables considered for identification and control is the refiner specific energy
and the refiner consistency.

In TMP plants both the specific energy and the consistency are usually subject to
setpoint control. It is common to use two single PI control loops. The process input
used to control the specific energy is the plate gap. The process input used to control
the consistency is the dilution water.

In this section, the MPC algorithm will be demonstrated on the TMP refiner (sim-
ulation results only). The refiner is modeled by a MIMO ( 3-input, 2-output and
6-state) state space model. Model predictive control of a TMP refiner has to our
knowledge not yet been demonstrated.

12.3.1 Description of the process variables

Input and output time series from a TMP refiner are presented in Figures 12.1 and
12.2. The time series is the result of a statistical experimental design .

The manipulable input variables

up : Plug screw speed, [rpm)]
Refiner input variables ¢ ws : Flow of dilution water, [%g]
us : Plate gap, [mm)]

The following vector of input variables is defined
U1

up = |ug | € R (12.27)

U3k

The output variables

The process outputs used for identification is defined as follows
y1 : Refiner specific energy, [%]

Refiner output variables
P {yz : Refiner consistency, [%]

The following vector of process output variables is defined

Yk = {yl] 3.3 (12.28)
Y2 |,

12.3.2 Subspace identification

Input and output time series from a TMP refiner are presented in Figures 12.1 and
12.2. The time series is the result of a statistical experimental design .
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The problem is to identify a state space model, including the system order (n), for
both the deterministic part and the stochastic part of the system, i.e., the quadruple
matrices (A, B, D, E) and the double matrices (C, F), respectively, directly from
known system input and output data vectors (or time series). The SSM is assumed
to be on innovations form (Kalman filter).

The known process input and output data vectors from the TMP process can be
defined as follows

u, Vk=1,...,N

Ui vkzl’.“’N}Known data

For the TMP refiner example we have used:

N = 1500 [samples| for model identification
860 [samples| for model validation

Given sequences with process input and output raw data. The first step in a data
modeling procedure is usually to analyze the data for trends and time delays. Trends
should preferably be removed from the data and the time series should be adjusted
for time delays. The trend of a time series can often be estimated as the sample
mean which represents some working point. Data preprocessing is not necessary but
it often increase the accuracy of the estimated model.

The following constant trends (working points) are removed from the refiner input
and output data.

52.3
u=1| 70/, yoz[;fg] (12.29)
0.58 ‘

The simplicity of the subspace method [6] will be illustrated in the following. Assume
that the data is adjusted for trends and time delays. Organize the process output
and input data vectors y; and wuy as follows

Known data matrix of output variables

y{
s

Y = € RVxm (12.30)

Yk

Known data matrix of input variables

T
Uy

T
Ug

U=1|. e RV (12.31)
uy

The problem of identifying a complete (usually) dynamic model for the process can
be illustrated by the following function (similar to a matlab function).

[A,B,C, D, E, F| =DSR(Y,U, L) (12.32)
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where the sixfold matrices (A, B,C, D, E, F') are the state space model matrices in
Equations (12.1) and (12.2). The algorithm name DSR stands for Deterministic
and Stochastic model Realization and identification, see [1]- [7] for details. L is a
positive integer parameter which should be specified by the user. The parameter £
defines an upper limit for the unknown system order n. The user must chose the
system order by inspection of a plot with Singular Values (SV) or Principal Angles
(PA). The system order n is identified as the number of “non-zero” SV’s or “non-
zero” PA’s. Note that the Kalman filter gain is given by K = CF~! and that the
covariance matrix of the noise innovation process is given by E(viv]) = FFT,

L = 3 and n = 6 where chosen in this example.

12.3.3 Model predictive control

The following weighting matrices are used in the control objective, Equation (12.3):

05 0 0
Qi:[lgolgo], Ri=|0010|,P=0,Vi=1,---,L. (12.33)
0 0 100

The following horizons are used

L = 6, the prediction horizon

Horizons in MPC algorlthm{ J = 6, the identification horizon

The following constraints are specified

. 50.0 54.0
up™ =1 60|, u®* =] 80| YE>0 (12.34)
0.5 0.7
. -0.5 0.5
Ay = | 015 |, Aup™®* = [015| VE>0 (12.35)
—0.05 0.05
min _ [ 1.5 max | 1.7

Simulation results are illustrated in Figures 12.3 and 12.4.
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12.4 Appendix: Some details of the MPC algorithm

12.5 The Control Problem

Consider a linear quadratic (LQ) objective functional

Tk = Weraie = Thr1z) T QWasain — ) + Augy RAwg L, + gy Pugy(12.37)

We will study the problem of minimizing Jj with respect to the future control inputs,
subject to input and output constraints.

This problem can be formulated as follows:

min Jj (12.38)
Auk\L
subject to:
Ug‘le < ugyp < u}gllLaX (input amplitude constraints)
Aug‘le < Auyp, < Augﬂgx (input change constraints) (12.39)
Ui < Yksir < gy, (output constraints)

12.6 Prediction Model

The prediction model is assumed to be of the form
Yer1iz = pr(k) + FrAuyg (12.40)

where py (k) is defined in terms of the known state space model matrices (A, B,C, D, F))
and known past inputs (both control inputs and external inputs) and outputs. Fp,
is a constant lower triangular matrix.

12.7 Constraints

The constraints (12.39) can be written as an equivalent linear inequality:

AAuy g, < by (12.41)
where
_ 97 [ ugllix —cup_1 |
_g —uﬁf + cug—1
_ ILT‘ _ Augﬁx
A= | b = _AurkﬂiLn (12.42)
F, y]rgnfﬁL —pr(k)
L~ |~y 4 (k) |

This will be proved in the next subsections.
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12.7.1 Relationship between Auy;, and uy

It is convenient to find the relationship between Awy,r, and uyy, in order to formulate
the constraints (12.39) in terms of future deviation variables Auy, .

We have

uk’|L = SAUML + cug_1 (1243)
where
1. 0, 0y -+ 0, ] 1, ]
I I, 0y - 0, I
S = I I I, - 0, S RLTXLra c= Iy € REm<r (1244)
. E ..' OT .
_IT Ir Ir -[7”_ _Ir_

where L, is the r x 7 identity matrix and 0, is the » X r matrix of zeroes.

The following alternative relation is also useful:

Auy g, = Saugr — coug—1 (12.45)
where
I 00---0] [ 1]
—I I0---0 0
So=| O—LT--0)  ¢=|0 (12.46)
o0 :
0 00T 0]

Note that So = S~ and ¢s = S~ e
Note also that:

up—1yr, = (I — S2)up L + coup—1. (12.47)

12.7.2 Input amplitude constraints

The constraints

uglj{n Sy < ug‘lLaX (12.48)
is equivalent to
SAuy, < ug‘lLaX — CUp_1
min (12.49)
—SAuk|L < _uk\L + cug_1
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12.7.3 Input change constraints

The constraints

AuI < gy < Aulax (12.50)
is equivalent to
Auyp, < Au}g'lgx (1251)
*AUHL S *Auirllllln

12.7.4 Output constraints

The constraints

y]E;I—l"—l]ﬂlL < Ye+1|L < y}?.ﬁﬁ (12'52)
By using the prediction model, Equation (12.40), we have the equivalent constraints:

FrAuy, < y};ﬂ?}ﬁ —pr(k)

12.53
—FrAuyy, < -y +po(k) ( )
12.8 Solution by Quadratic Programming
The LQ objective functional Equation (12.37) can be written as:
T = Augyp HAuyy, + 23 Augy + Jy) (12.54)
where
H = R+ FFQF, + STPs (12.55)
fr = FEQpr(k) — risayn) + ST Peu— (12.56)

TR = (pr(k) — rp1n) " Qoo (k) — riepnn) + ui_ " Peug—y (12.57)

H is a constant matrix which is referred to as the Hessian matrix. It is assumed
that H is positive definite (i.e. H > 0). fi is a vector which is independent of
the unknown present and future control inputs. fi is defined by the SSM model
matrices, a sequence of known past inputs and outputs (including y). Similarly j,?
is a known scalar.

The problem can be solved by the following QP problem

min (Augy HAuy , + 2 Auyp) (12.58)
Ur|L
subject to:
12.
ABuy, < b (12.59)

The QP problem can e.g. be solved in MATLAB by the Optimization toolbox
function QP, i.e.

Auyr, = ap(H, fx, A, by) (12.60)
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Actual dosage screw speed.

u_1: dosage screw speed setpoint [rpm.

60 60
>
o &
195 \-||55
n}
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uz2 d(l)lution we(&er se?poin%ﬂg/s]. /Qctue]ﬂ <9|R1tion water.
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2
N <
75 N|7.5
n}
7 7
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u_3:

platé gap sétpoint [mmy. Actual plate gap.

08— 08

™

il

04— 04—
0 500 1000 1500 2000 0 500 1000 1500 2000

Time [samples] Time [samples]

Figure 12.1: Input time series from a TMP plant at Union Bruk. The inputs are

from an experimental design. The manipulable input variables are w1, us and us

These inputs are setpoints to local input controllers. The outputs from the local

controllers (controlled variables) are shown to the left and denoted u?v, ugv and
pv

Uz .
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Spec. energy: Actual and model output #1: First 1500 samples used by DSR.
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Figure 12.2: Actual and model output time series. The actual output time series is
from a TMP plant at Union Bruk. The corresponding input variables are shown in
Figure 12.1.
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Figure 12.3: Simulation results of the MPC algorithm applied on a TMP refiner.
The known references and process outputs are shown.
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Dosage screw speed [rpm]: u_1
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Figure 12.4: Simulation results of the MPC algorithm applied on a TMP refiner.
The optimal control inputs are shown.
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Figure 12.5: Simulation results of the MPC algorithm applied on a TMP refiner.
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Chapter 13

EMPC: The case with a direct
feed trough term in the output
equation

13.1 Introduction

The MPC algorithms presented in the literature are as far as we know, usually
only considering the case with a strictly proper state space model (SSM), i.e., an
SSM with output equation yr = Dxj. In this note we describe how strictly proper
systems, i.e., an SSM with output equations yi = Dz + Fug, are implemented in
the EMPC algorithm. This problem has many solutions and it is not self-evident
which of these are the best.

This paper is organized as follows: The Linear Quadratic (LQ) objective in case
of a direct feed through term in the output equation is discussed in Section 13.3.
The EMPC algorithm in case of only proper systems is presented in Section 13.4.
The equivalence between the solution to the unconstrained MPC problem and the
solution to the Linear Quadratic (LQ) optimal control problem and the correspond-
ing Riccati equation is presented in Section 13.5. Furthermore, the possibility of
incorporating a final state weighting in the objective is presented. This can be used
to ensure nominal stability of the controlled system. Finally, a new and explicit
non-iterative solution to the discrete time Riccati equation is presented. Finally
some concluding remarks follows in Section 13.7.

13.2 Problem and basic definitions

We assume a linear discrete time invariant process model of the form

Trr1 = Axg + Bug + Cry, (13.1)
Yr = Dxg + Buy, (13.2)

where x, € R" is the state vector, up € R" and y, € R™ are the control input and
output vectors, respectively. r, € R™ is a known reference vector. The quintuple
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matrices (A, B,C, D, FE) are of appropriate dimensions. The reason for the reference
term in the state equation is that this is the result if an integrator zx11 = 2+ 7 — Yk
is augmented into a standard state equation zy11 = Azxp + Buyg, in order to have
offset-free steady state output control. The traditional case is obtained by putting
C=0.

Definition 13.1 (basic matrix definitions)
The extended observability matriz, O;, for the pair (D, A) is defined as

0, = |. € Rmxn (13.3)
'DAi_l

where the subscript i denotes the number of block rows.

The reversed extended controllability matriz, Cg, for the pair (A, B) is defined as
cl Y [4i-1B A2B ... B] e R™, (13.4)

where the subscript i denotes the number of block columns. The lower block trian-
gular Toeplitz matriz, HY, for the quadruple matrices (D, A, B, E)

E Omxr 0m><'r e 0m><'r
DB E 0m><r e 0m><r
sz déf DAB DB FE . Oer c RimX(i—i—g—l)T, (135)

| DA2B DA™3B DA™B ... E

where the subscript i denotes the number of block rows and i + g — 1 is the number
of block columns. Where O, «, denotes the m X r matrix with zeroes.

The following extended L-block diagonal weighting matrices are defined for later use:

Qk Omxm te 0m><m

Q _ mem Qk+1 e mem c RmeLm’ (136)
Omxm Omxm * - Qrtr—1
Rk O'r><r T 0r><r 1

o (')7"><7‘ Rk'—i-l . Or'xr c RLTXLT‘7 (137)
Orxr Opxcr v+ Rk+L_1_
Pk 0r><r te Or><r 1

b 9r><r Pk‘+1 Or.xr c RLrxLr ) (13.8)
Orxr Opxp -+ Prgr—1 .
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Gien a number j of m-dimensional vectors, say, Vi, Yi+1, --., Yivj—1- Then the

extended vector y; ; are defined as

Yi

Yi+1 )
Yilj = :Z e RI™. (13.9)

Yit+ji—1

13.3 The EMPC objective function

Consider the following LQ objective

Jp = (yk+g—l|L+g - rk+g—l|L+g)TQ(yk+g—1|L+g — rk+g_1|L+g)
+AU£IL+9RA“ML+9 + (uk|L+9 - UO)TP(UIC\LJrg — ), (13.10)

where the parameter g is either g = 0 or ¢ = 1. The strictly proper case where £ = 0
is parameterized with ¢ = 0. The possibly non-zero nominal values for the inputs,
ug, will for the sake of simplicity be set to zero in the following discussion. Hence,
we have the LQ objective on matrix form which was used in Di Ruscio (1997¢)

Jio = Wrsir — meryr) QWryr — Teaz) + AUﬁLRAuML + UaLPUkuﬂl?’-ll)

The term y; is not weighted in the objective because y;. is not influenced by uy for
strictly proper systems.

Consider now the only proper case where E # 0. This is parameterized with g = 1.
Hence, we have the modified LQ objective

Je1 = (yk|L+1 - 7“k\L-irl)TQ(Z//Y<;\L-|-1 - Tk|L+1) + A1L£|L_|-1RAW€|L+1 + U;}F|L+1PU1£|L342)

It is important to note that the prediction horizon has increased by one, i.e., from
L to L+ 1 and that the output y; is weighted in the objective since y is influenced
by uy for proper systems. Let us illustrate this with a simple example.

Example 13.1 The standard control objective which is used in connection with
models xi11 = Axp + Bug and yr = Dz can be illustrated with the following
LQ objective with prediction horizon L =1

Jro = q(yrr1 — Th1)” + pui. (13.13)

Note that this objective is consistent with the model. Ie., the model states that uy
influences upon yri1, and both uy and yiy1 are weighted in the objective.

Assume now that we instead have an output equation yr = Dz + Euy. The above
objective is in this case not general enough and usually not sufficient, because uy
will influence upon yi and yr+1 is dependent of upy1. Both yi and ug4q1 are not
weighted in the objective (13.13). A more general objective is therefore

Jea = qi1(Ye — m6)* + @22 (U1 — Thr1)? + Pr1ug + poouiy . (13.14)

Hence, the prediction horizon in this case is L +1 = 2.
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13.4 EMPC with direct feed through term in SS model

We will in this section illustrate how the MPC problem for the strictly proper case,
i.e., with a direct feed through term in the output equation, can be properly solved.
We will focus on the EMPC method in Di Ruscio (1997b), (1997¢) and Di Ruscio
and Foss (1998). This is a variant of the traditional MPC in witch the present state
is expressed in terms of past inputs and outputs as well as extended matrices witch
results from the subspace identification algorithm, Di Ruscio (1996) and (1997d).

13.4.1 The LQ and QP objective

In the following we are putting L =: L + 1 for simplicity of notation. Hence, we
consider the following LQ objective

Tk = (Wrie — L) QuriL — Triz) + Aug RAuwg L + ufyp Pugyp.  (13.15)
The prediction of ygr, is given by

Ykl = Orak + Hiuyp, (13.16)
uy), = SAupp, + cup—1, (13.17)
which gives
ykir = FL Auyp + pF, (13.18)
e = Opay + Hécup 1, (13.19)
Fp = H{S. (13.20)

x) is taken as a state estimate based on J past inputs and outputs. J is defined
as the past identification horizon The L(Q objective can then be written in a form
suited for Quadratic Programming (QP), i.e.,

T = Aujy H Ay, + 2 Auy (13.21)

where
H = FATQFP + R+ STPS, (13.22)
fo = FETQWE — ryyr) + 8T Peug—y. (13.23)

13.4.2 The EMPC control

The EMPC control is given by the following QP problem:

A“Z|L =arg min Jp =arg min (Auf‘LHAuHL + kaTAuHL). (13.24)

Aug, 1, <by ZAuy 1 <bg

The matrices in the inequality for the constraints, ZAuy,;, < by, is presented in Di
Ruscio (1997c). If the problem is unconstrained, then we have the explicit solution

Auyy, = —H fi (13.25)
= (FRTQFP + R+ STPS) " FRTQ(pT — ryr) + ST Peug—1),  (13.26)

if the inverse exists.
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13.4.3 Computing the state estimate when g =1

The state can be expressed in terms of the known past inputs and outputs as follows
zp = ATOby g+ (Cy — AVOVH Uy 5, (13.27)

where uy,_ 77 and yy_ 5 is defined from the known past inputs and outputs, respec-
tively.

Yk—J Up—J
Yr—J+1 Uk— J+1

Yr—ais = |. € R wy_gy=1|. e R, (13.28)
Yk—1 Uk—1

One should in this case note that y;_1 only is influenced by u;_1. However, the most
important remark is that y; is not used in order to compute the state estimate. The
reason for this is that y; is influenced by the present input w; which is not known.
Note that ug is to be computed by the control algorithm. If y; is available before
uy, then, then it make sense to use an approach with £ = 0.

13.4.4 Computing the state estimate when g =0

In order to compare with the strictly proper case, the when g = 0, we present how
the state is computed in this case:

o = AT 0Ny gy + (Cror = ATTTON H w151, (13.29)
where ug_jyq)7-1 and yg_s41)s is defined from the known past inputs and outputs,
respectively.

Yk—J+1 We g i1
Yk—J+2 W g 12
Yk—J+1)0 = | € R, wy_yiqgo1 = : e RVY77(13.30)
Yk—1 U1
L Yk i

One should in this case note that y; only is influenced by ug_1, and hence, y; can
be used for the state computation.

13.5 EMPC with final state weighting and the Riccati
equation

Consider for simplicity the case where we do not have external signals. The LQ
objective is given by

-1
Ti = Thy pSkarThir + O WhsiQrritihri + Uh i Pogitihri), (13.31)
i=0

where Sy is a final state weighting matrix. The weighting of the final state is
incorporated in order to obtain nominal stability of the controlled system, even for
finite prediction horizons L. This will be discussed later.
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13.5.1 EMPC with final state weighting

The objective can be written in matrix form as follows
Tk = Thy STy L+ YR L QUi + ik Pun L, (13.32)

where we for simplicity of notation have defined S = Sy .

Lemma 13.1 The future optimal controls which minimizes the LQ objective (13.32)
can be computed as

upy, = —(P+ H'QH{ + Cf'SCH ™ (H{TQOL + CfT'SA )z, (13.33)

if the inverse exists.

Proof 13.1 The future oulputs, yyr, and the final state, Ty, can be expressed in
terms of the unknown inputs, uyr, as:

Yk = Oray + Hiuyy, (13.34)
ahyr = Alag 4+ Cluyr. (13.35)
Substituting into the LQ) objective (15.32) gives
J = (Alzy, + C’gumL)TS(Aka + Czukw)
+(Opz + ngk‘L)TQ(Oka + Hup) + u;‘g'LPu;ﬂL. (13.36)
The gradient with respect to uy g, is

dJy,
auk\L
=2(P + H{'QH} + CFT SCHuy ., + 2H{T QO ), + CFH S A 2y, (13.38)

= 2097 S(Alzy, + Cluy) + 2HFT Q(Opay, + Hiwg ) + 2Puy, (13.37)

Solving 8%121 =0 gives (13.33). O

It is worth to note that when the prediction horizon, L, is large (or infinity) and
A is stable, then the final state weighting have small influence upon the optimal
control since the term A =~ 0 in (13.33), in this case. This is also a well known
property for the classical infinite horizon LQ solution which is independent of the
final state weighting. The connection and equivalence between the explicit MPC
solution (13.33) and the classical LQ solution is presented in the following section.

13.5.2 Connection to the Riccati equation

The optimal control can also be computed in the traditional way, i.e., by solving
a Riccati equation. However, traditionally the solution to the LQ problem is in
the classical literature, as far as we now, usually only presented for strictly proper
systems. Here we will present the solution for only proper systems, i.e., with an
output equation y; = Dzy + Fuy and the LQ objective in (13.32). Furthermore, we
will present a new and non-iterative solution to the Riccati equation.
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Lemma 13.2 The LQ optimal control for the system xpy1 = Axp + Buyg and
yr = Dz + Euy, subject to the LQ) objective (13.31) or equivalently (15.32), can
be computed as

uj = —(Py + BTRy 1B + ETQLE) Y (BT Ry 1A+ ETQpD)xy,  (13.39)
where Ry1 1S a solution to the Riccati equation

Ri = DTQyD + ATRy 41 A
—(BTRp11A+ ETQyD)! (P, + BT Ry11 B + ETQrE) Y (BT Ry1 A + ET Qi D),
(13.40)

with final value condition
Ry = Sk+r- (13.41)

Finally, the LQ objective (13.31) is equivalent with the following standard LQ ob-
Jective

e = x;}FJrLSkJrL«TkJrL
+ 5 YT DTQ, Dy + 22T DTQ; By + ul (P + ETQiE)uy),  (13.42)

with cross-term weightings between xi and uy.
Proof 13.2 See Appendiz 13.9. O

Note that the only proper case gives rise to cross-terms in the LQ objective. The
solution to this is of course well known. The Riccati equation is iterated backwards
from the final time, k 4+ L, to obtain the solution Rj,1 which is used in order to
define the optimal control (13.39). Note that Ry is constant for unconstrained
receding horizon control, provided the weighting matrices Siyr, (2 and P are time
invariant weighting matrices.

We will now show that the solution to the Riccati equation can be expressed directly
in terms of the extended observability matrix, Oy, and the Toepliz matrix, H¢, of
impulse response matrices.

Lemma 13.3 Consider for simplicity the two cases where the final state weighting
is either Spop, = 0 or Sgyr, = S. An explicit and non-iterative solution to the Riccati
equation 1S given as:

Case with Sk =0

Ry = (0O + HgGOL)TQ(OL + HgGOL) + (GOL)TPGOL
= OF[(ILm + HIG)TQ(Im + HIG) + GTPG)Oy, (13.43)

where

G=—(P+HTQHYHTHITQ. (13.44)
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Case with Sk, = S

R, = OE(ILm + HgG)TQ(ILm + HgG) + GTPG]OL
+OT[(ALOT + C4a)TS(ALOT + C4@)Oy, (13.45)

where
G =—(P+HTQH} + C{TschH " (HITQ + C{SALOL),  (13.46)

and O} = (0,0T)~10T .

This result was proved in Di Ruscio (1997a). However, for completeness, the prof is
presented below.

Proof 13.3 Substituting the optimal control (13.33) into the objective (13.36) gives
the minimum objective
Ry,

Ji =2l [(Op + HIGOL)TQ(Or + HIGO.) + (GOL)T PGOL) xy,.  (13.47)

From the classical theory of LQ optimal control we know that the minimum objective
corresponding to the LQ) solution in Lemma 13.2 is given by

Jt =zl Ryay. (13.48)

Comparing (153.47) and (13.48) proves the lemma. O

Proposition 13.1 Since the EMPC' control given by Lemma 13.1 and the LQ opti-
mal control given by Lemma 13.2 gives the same minimum for the objective function,
they are equivalent.

Proof 13.4 The prof follows from the proof of Lemma 13.39. O

It is of interest to note that the solution to the discrete Riccati equation is defined
in terms of the extended observability matrix Oy, and the Toepliz matrix H g. These
matrices can be computed directly by the subspace identification algorithms, e.g., the
DSR algorithm, provided the identification signal wuy, is rich enough, i.e. persistently
exciting of sufficiently high order. However, in many cases it may be better to
redefine O, and H}f from the system matrices D, A, B.

13.5.3 Final state weighting to ensure nominal stability

It is well known from classical LQ theory that,under some detectability and stabi-
lizability conditions, the solution to the infinite time L problem results in a stable
closed loop system.
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Lemma 13.4 Consider the problem of minimizing the LQ objective (18.31) and
(13.32) subject to xyy1 = Axp + Bup and y, = Dz + Eug. The LQ optimal
solution yields a stable nominal system if the final state weighting matrix is chosen
as

Se+r = R, (13.49)

where R is the positive definite solution to the discrete algebraic Riccati equation
(13.40), where we have assumed that the pair (A,\/DTQD) is detectable and the
pair (A, B) is stabilizable.

Proof 13.5 The infinite objective

o0
Tk = )Wk iQrrithsi + Wy Pryitie i) (13.50)
i=0

can be splitted into two parts

-1
Te = Jr+ > W iQurivkri + i Peritig)- (13.51)
=0
where
o0
Jp = Z(yg+iQk+iyk+i + Uy i Pt itliyi)- (13.52)
=L

Using the principle of optimality and that the minimum of the term Jy with infinite
horizon is

Ji, =2}, Repyr, (13.53)
where R is a solution to the DARE. O
One point with all this is that we can re-formulate the infinite LQ objective into a

finite programming problem with nominal stability for all choices of the prediction
horizon, L.

T = up Hugyp + 2 gy (13.54)
where
H =P+ HTQH! + ciTscy, (13.55)
fr = (HE'QOL + C{T'SA )y, (13.56)
S = R. (13.57)

Hence, we have the QP problem

up, =arg min Ji (13.58)

Zug [, <bg

With nominal stability we mean stability for the case where there are no modeling
errors and that the inputs are not constrained.
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Example 13.2 Consider the L(Q) objective with the shortest possible prediction hori-
zon, t.e., L = 1.

Jp, = x{HkaH + y,iFka + ufPuk, (13.59)

where R is the positive solution to the Discrete time Algebraic Riccati Equation
(DARE). The control input which minimizes the LQ objective is obtained from

gi’“ = 2BTR(Ax), + Buy) + 2ETQ(Dxy, 4+ Euy,) + 2Pup =0,  (13.60)
k

where we have used that xy+1 = Az + Buyg and yx, = Dxy + FEuy in (13.59). This
gives
uj = —(P+ BTRB+ ETQE)"Y(BTRA+ ETQD)x;,, (13.61)

which is exactly (13.39) with Rxy1 = R. Hence, the closed loop system is stable
since (15.61) is the solution to the infinite horizon L@ problem.

A promising and simple infinite horizon LQ controller (LQ regulator) with con-
straints is then given by the QP problem with inequality constraints

: _ T T T
min,,, Jp = 7 Ry + g, Que + uy, Puy,

subject to Zuy < b. (13.62)

Using the process model we write this in standard QP form as follows

Lemma 13.5 (Infinite horizon LQ controller with constraints)
Given a discrete time linear model with matrices (A, B, D, E), and weighting matri-
ces @ and P for the LQ objective

D
Jp = Z(yl{+ika+i + iy i Pugsi)- (13.63)
=0

A solution to the infinite horizon LQ problem with constraints is simply given by the
QP problem (here) with inequality constraints

min,, J = u;‘gHuk + 2fguk,

subject to Zug < b. (13.64)

where
H = P+ BTRB + ETQE, (13.65)
f = (BTRA+ ETQD)x, (13.66)

and R is the solution to the discrete time algebraic (form of the) Riccati equation

(13.40).

Proof 13.6 Consider the case where the constraints are not active, i.e., consider
first the unconstrained case. The solution is then

up = —H'f, (13.67)

which is identical to the LQ solution as presented in (13.61).
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13.6 Linear models with non-zero offset

A linear model are often valid around some steady state values, x*, for the states
and u® for the inputs. This is usually the case when the linear model is obtained
by linearizing a non-linear model and when a linear model is identified from data
which are adjusted for constant trends. Hence,

ahy —a° = Ap(a} —2°) + By(ug — u), (13.68)
Y = Dp.’I}Z + yo
= Dp(z} —2%) + ", (13.69)

where y° = y*— Dx* and the initial state is zh. If the model is obtained by linearizing
a non-linear model, then we usually have that ¢° = y* — D2® = 0. However, this is
usually not the case when the model is obtained from identification and when the
identification input and output data is adjusted for some constant trends u* and y?*,
e.g. the sample mean. In order to directly use this model, many of the algorithms
which are presented in the literature, has to be modified in order to properly handle
the offset values. Instead on should note that there exists an equivalent state space
model of the form

Lemma 13.6 (Linear model without constant terms) The linear model (15.68)
and (13.69) is equivalent with

Tht1 = Azy, + Buy, (13.70)
Yk = Dy, (13.71)

where A, B and D are given by

— A;D On><1 o Bp .
A= |:01><n 1 ’ B= 01 xr ’ D= [Dp Dz]a (1372)

and where the vector D, and the initial state, xg, are given by

D. = Dy(x® — (In — Ap)_pruS) +y' = —Dp(In — Ap)_pruS +y°, (13.73)

P __ .S _ -1 s
o = [51”0 27+ (In = Ap) = Byu } . (13.74)
Proof 13.7 The model (13.68) and (13.69) can be separated into
T = Apz) + Bpuy, (13.75)
z® = Az® + Bu’, (13.76)
yr = Dy} — Dpa® +y°. (13.77)

The states in (13.76) are time-invariant. Hence, we can solve for x*, i.e.,

2® = (I, — Ay) "' Byu®. (13.78)
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Substituting (13.78) into (13.77) gives

yr = Dpa? +1/°, (13.79)
Y’ = —Dpa® +y°. (13.80)

Using (13.75), (13.79) and an integrator zx,1 = z in order to handle the off-set y°
in (13.79), gives

P D
Te1 | = | Ap Onxa xk} {Bp } 13.81
[Zk+1:| |:01><n 1 ] [Zk: + Opser | F (13:81)
D 0 mi
yr = [ Dp y°] Lk] (13.82)

The initial states can be found by comparing (13.69) with (15.82) at time k = 0,
i.€.,

Dpxh 4+ y 20 = D(ah — 2%) + y*. (13.83)
Choosing zg = 1 gives
zh = (af — 2%) + 2°. (13.84)

O

The number of states in the model (13.70) and (13.71) has increased by one compared
to the number of states in the model (13.68) and (13.69), in order to handle the
non-zero offset. Moreover, the matrix A will have a unit eigenvalue representing
an uncontrollable integrator, which is used to handle the offset. Lemma 13.7 is
important because it implies that theory which is based on a linear state space
models without non-zero mean constant values still can be used. However, the
theory must be able to handle the integrator. This is not always the case.

In practice we could very well work with non-zero mean values on the output. Hence,
we have the following lemma

Lemma 13.7 (Linear model without constant state and input terms) The
linear model (13.68) and (13.69) is equivalent with

T = Apz) + Bpuy, (13.85)
yr = Dpa? +1°, (13.86)
where the initial state is
zh = (af — 2°) + 2°, (13.87)
i = (I - Ay 'Byu’, (13.88)

end where the off-set y° is given by

Y0 = y® — Dy7°. (13.89)
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Proof 13.8 The proof follows from the proof of Lemma 15.6, and in particular
Equations (13.75), (13.79), (13.80), (13.78) and (15.84).

Hence, one only need to take properly care of non-zero mean constant values on the
output.

Another simple method for constructing a model without offset variables is to first
simulate the model (13.68) and (13.69) in order to generate identification data and
then to use a subspace identification algorithm, e.g. the DSR-method. The cor-
rect order for the state in the equivalent model is then identified by the subspace
algorithm.

13.7 Conclusion

The problem of MPC of systems which is only proper, i.e., systems with a direct feed
through term in the output equation, is addressed and a direct matrix based solution
is proposed. The solution can be expressed in terms of some extended matrices from
subspace identification. These matrices may be identified directly or formed from
any linear model.

A final state weighting is incorporated in the objective in order to ensure stability
of the nominal and unconstrained closed loop system.

The equivalence between the solution to the classical discrete time LQ optimal con-
trol problem and the solution to the unconstrained MPC problem is proved.

Furthermore, a new explicit and non-iterative solution to the discrete Riccati equa-
tion is presented. This solution is a function of two matrices which can be computed
directly from the DSR subspace identification method.
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13.9 Appendix: Proof of Lemma 13.2

We are going to use the Maximum principle for the proof. The Hamilton function
is

1
H, = 5((D5L’k + Buy,) " Qr(Dxy, + Eug) + uj Pruy) +P£+1((A — Dy, + Budl3.90)

where p;. is the co-state vector.

13.9.1 The LQ optimal control

An expression for the optimal control is found from the gradient

OH,
W: = ETQu(Dxy, + Euy) + Pyug + B piq =0, (13.91)
which gives
(Py + ETQE)uy, = —BTpj 1 — ET Qi Dy, (13.92)

It can be shown from the state and co-state equations that
pr = Rixy. (13.93)
See Section 13.9.3 for a proof. Using this in (13.92) gives
(Py + ETQrE)up = —BT Ry 1 (Axy, + Buy) — ET Qi Dy (13.94)
Hence, we have the following expression for the optimal control
up = (Py + ETQvE + BTR 1 B) " Y(BT Ry 1 A+ ETQD)xy,  (13.95)

which is the same as in Lemma 13.2. O

13.9.2 The Riccati equation

An expression for the co-state vector are determined from

OH,
Dk+1 — Pk = —W: = —(DTQu(Dxy + Eup) + (A — ) 1), (13.96)

which gives

pr = DTQDxy + DT QrEug + Al py, (13.97)
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Using (13.93) and the state equation gives
Rz, = DT QypDxy, + DT QpEuy, + AT Ry 1 (Axy, + Buy,). (13.98)
This can be simplified to
Ryzy = DTQpDxy + (BTRpp A+ ETQiD) T uy, + AT Ry Ay, (13.99)
Substituting the optimal control (13.95) into (13.99)gives

Ryxyp = DTQkD.’L‘k + ATR]H_IA:E]C
(BTRp 1 A+ ETQpD)T (P, + ETQwE + BT Ry 1 B) Y (BT Ry 1 A+ ETQp D)y,
(13.100)

This equation must hold for all z; # 0, and the Riccati Equation (13.40) follows. O

13.9.3 The state and co-state equations

Substituting the optimal control given by (13.92), which we have written as uy =
Gixk + Gopg1, into the co-state equation (13.97) and the state equation gives the
state and co-state system

Tyl = (A + BGl)Jﬁk + BGapia1, (13.101)
pe = (DTQuD + DTQLEGY)xy + (ATp + DTQLEG:)pryr.  (13.102)

Starting with the final condition for the co-state, i.e., px1r = SkirTrir, and using
induction shows the linear relationship

pr = Rpxr, (13.103)

between the co-state and the state. O

13.10 Appendix: On the EMPC objective with final
state weighting

In the general case we have to incorporate external signals into the problem. For
the sake of completeness, this is discussed in this section

Jo = @rsr — 20) Skrr (@hrr — ) + Wiy — )T QWi — Tri)
A Ry + (ugyr, — wo) TP (g, — uo), (13.104)

where x, is a reference for the final state weighting and wg is a target vector for the
future control inputs
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Chapter 14

Prediction error methods

14.1 Overview of the prediction error methods

Given the state space model on innovations form.

Tht1 = ATy, + Buy + Key, (14.1)
yr = DTy + Buy +ey, (14.2)
—
Yk

where A = E(ekeg) is the covariance matrix of the innovations process and Zq is
the initial predicted state. Suppose now that the model is parameterized, i.e. so
that the free parameters in the model matrices (A, B, K, D, F,x1) are organized
into a parameter vector 6. The problem is to identify the "best” parameter vector
from known output and input data matrices (Y,U). The optimal predictor, i.e. the
optimal prediction, ¥, for the output y, is then of the form

Tp+r1 = (A= KD)zp + (B — KE)u + Kyy, (14.3)
yk(0) = Dzy, + Euy, (14.4)

with initial predicted state Z1. gx(6) is the prediction of the output yj given inputs
u up to time k, outputs y up to time £ — 1 and the parameter vector #. Note that
if E = 0,,x, then inputs u only up to k£ — 1 are needed. The free parameters in
the system matrices are mapped into the parameter vector (or visa versa). Note
that the predictor g () is (only) optimal for the parameter vector # which minimize
some specified criterion. This criterion is usually a function of the prediction errors.
Note also that it is common to use the notation gy for the prediction. Hence,

Yrjo = Jr(0).
Define the Prediction Error (PE)

ex(0) = yr — y(0). (14.5)

A good model is a model for which the model parameters 6 results in a ”small” PE.
Hence, it make sense to use a PE criterion which measure the size of the PE. A PE
criterion is usually always in one ore another way defined as a scalar function of the
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following important expression and definition

N

R.(0) = en(0)er ()T € R™™, (14.6)

1

N
k=1

which is the sample covariance matrix of the PE. This means that we want to find

the parameter vector which make R, as small as possible. Hence, it make sense to

use a PE criterion which measure the size of the sample covariance matrix of the

PE. A common scalar PE criterion for multivariable output systems is thus

N N

1
ex(0)er(0)7) = -
k=1 k=1

Vn(0) = tr( en(0) e (6). (14.7)

1
N
Note that the trace of a matrix is equal to the sum of its diagonal elements and
that tr(AB) = tr(BA) of two matrices A and B of appropriate dimensions. We will

in the following give a discussion of the PE criterion as well as some variants of it.
Define a PE criterion as follows

Mz

1
N 2 Ek» (148)

where /() is a scalar valued function, e.g. the Euclidean ls norm, i.e.
Ue(9)) =l er(0) 3= ex(8)" e (0), (14.9)
or a quadratic function
U(ex(0)) = ex(0)" Aex(0) = tr(Aer(0)ex(0)), (14.10)

for some weighting matrix A. A common criterion for multiple output systems (with
weights) is thus also

Mz

N
1
T E
k_ A€k N - Ek , (1411)

where we usually simply are using A = I. The weighting matrix A is usually a
diagonal and positive matrix.

One should note that there exist an optimal weighting matrix A, but that this
matrix is difficult to define a-priori. The optimal weighting (when the number of
observations N is large) is defined from the knowledge of the innovations noise
covariance matrix of the system, i.e., A = A™! where A = E(egel). An interesting
solution to this would be to define the weighting matrix from the subspace system
identification method DSR or DSR_e and use A = FFT where F is computed by
the DSR algorithm.

The sample covariance matrix of the PE is positive semi-definite, i.e. R > 0.
The PE may be zero for deterministic systems however for combined deterministic
and stochastic systems we usually have that R. > 0, i.e. positive definite. This
means off-course in any case that R, is a symmetric matrix. The eigenvalues of a
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symmetric matrix are all real. Define A1, ..., \;, as the eigenvalues of R.(6) for use
in the following discussion.

Hence, a good parameter vector, 6, is such that the sample covariance matrix R is
small. The trace operator in (14.11), i.e. the PE criterion

Vv (0) = tr(Re(6)) = A + - . + Am, (14.12)

is a measure of the size of the matrix R.(f). Hence, the trace of a matrix is equal
to the sum of the diagonal elements of the matrix, but the trace is also equal to the
sum of the eigenvalues of a symmetric matrix.

An alternative PE criterion which often is used is the determinant, i.e.,
Vn(0) = det(Re(0)) = AiAg... A\, (14.13)

Hence, the determinant of the matrix is equal to the product of its eigenvalues. This
lead us to a third alternative, which is to use the maximum eigenvalue of R(0) as
a measure of its size, i.e., we may use the following PE criterion

VN (0) = Amax(Re(6)), (14.14)

where Apax(-) denotes the maximum eigenvalue of a symmetric matrix.

Note the special case for a single output system, then we have

1 1

Vv(0) = 5 2 er(0)* = 5 (v — 5r(0))*. (14.15)
k=1 k=1

The minimizing parameter vector is defined by

Oy = arg 9211171}4 VN (0) (14.16)

where arg min denotes the operator which returns the argument that minimizes the
function. The subscript N is often omitted, hence § = 0y and V(0) = Vy(0).
The definition (14.16) is a standard optimization problem. A simple solution is
then to use a software optimization algorithm which is dependent only on function
evaluations, i.e., where the user only have to define the PE criterion V (6).

We will in the followmg give a discussion of how this may be done. The minimizing
parameter vector 6 = O € RP has to be searched for in the parameter space D g by
some iterative non-linear optimization method. Optimization methods are usually
constructed as variations of the Gauss-Newton method and the Newton-Raphson
method, i.e.,

Oiv1 = 60; — aH; ' (6:)9:(6) (14.17)

where « is defined as a line search (ore step length) scalar parameter chosen to ensure
convergence (i.e. chosen to ensure that V(0;11 < V(6;)), and where the gradient,

9i(0:), is
dv(6;)
do;

gi(0;) = e R?, (14.18)
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and

. ng(HZ) . d dV(QZ)

42V (6;)
Hi:) = doT _dHiT( ag; '~

=t € BT (14.19)

)

is the Hessian matrix. Remark that the Hessian is a symmetric matrix and that it
is positive definite in the minimum, i.e.,

d*V (0)
T dh

H() = 0, (14.20)
where 6 = Oy is the minimizing parameter vector. Note that the iteration scheme
(14.17) is identical to the Newton-Raphson method when o = 1. In practice one
often have to use a variable step length parameter o, both in order to stabilize the
algorithm and to improve the rate of convergence far from the minimum. Once the
gradient, g;(0;) and the Hessian matrix H;(6;) (or an approximation of the Hessian)
have been computed, we can chose the line search parameter, o, as

o = argmin Vi (0;41()) = arg min(6; — aH; *(6;)gi(6;)). (14.21)
« «

Equation (14.21) is an optimization problem for the line search parameter «. Once
a have been determined from the scalar optimization problem (14.21), the new
parameter vector 6,11 is determined from (14.17).

The iteration process (14.17) must be initialized with an initial parameter vector,
01. This was earlier (before the subspace methods) a problem. However, a good
solution is to use the parameters from a subspace identification method. Equation
(14.17) can then be implemented in a while or for loop. That is to iterate Equation
(14.17) for i = 1,..., until convergence, i.e., until the gradient is sufficiently zero,
i.e., until ¢;(0;) ~ 0 for some i > 1. This, and only such a parameter vector is our
estimate, i.e. 0 = 0y = 6; when g(6;) ~ 0.
The iteration equation (14.17) can be deduced from the fact that in the minimum
we have that the gradient, g, is zero, i.e.,
~dV (0
g(0) = (A ) =0. (14.22)
dé
We can now use the Newton-Raphson method, which can be deduced as follows. An
expression of g(#) can be defined from a Taylor series expansion of g(#) around 6,
ie.,

0=g(0) ~ g(6) + %) ,(0-0). (14.23)
Using this and that g(f) = 0 gives
6=0— (%) 9)*19(9). (14.24)

This equation is the background for the iteration scheme (14.17), i.e., putting 6 := 6
and 6 := ;1. Hence,

Oi1 = 0; — (2910

92 ) g(0)). (14.25)

0;
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Note that we in (14.17) has used the shorthand notation

dg(bs) _ ag0)

dor AT g,

(14.26)

Note that the parameter vector, 6, the gradient, g, and the Hessian matrix have
structures as follows

01
919
a1 i
dv (6 '
g(0) = dé ) =|:|=1": € RP, (14.28)
av
9p 40,
do, " do, o "7 1
gode®) vy |0 T € RP*P(14.29)
d0T ~ deTde T PO
m PEY E deldep PR @

The gradient and the Hessian can be computed numerically. However, it is usually
more efficient by an analytically computation if possible. Remark that a common
notation of the Hessian matrix is

d*V (6)
H=—F7—+ 14.30
and that the elements in the Hessian is given by
0V (0)
hij = ——=—, 14.31
7= 96,06, (14.31)

where 6; and 6; are parameter number ¢ and j, respectively, in the parameter vector

6.

The iteration process (14.17) is guaranteed to converge to a local minimum, at least
theoretically. There may exist many local minima. However, our experience is that
the parameters from an estimated model from a subspace method is very close to
the minimum. Hence, this initial choice for #; should always be considered first.
For systems with many outputs, many inputs and many states there may be a huge
number of parameters. The optimization problem may in some circumstances be
so complicated that the process (14.17) diverges even when the initial parameter
f1 is close to minimum, due to numerical problems. Another problem with PEM
is the model parameterization (canonical form) for systems with many outputs.
One need to specify a canonical form of the state space model, i.e. a state space
realization where there are as few free parameters as possibile in the model matrices
(A,B,D,E ,K,x1). A problem for multiple output systems is that there may not
even exist such a canonical form. Another problem is that the PE criterion, Vy(6),
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may be almost in-sensitive to perturbations in the parameter vector, 8, for the
specified canonical form. Hence, the optimization problem may be ill-conditioned.

An advantage of the PE methods is that it does not matter if the data (Y, U) is
collected from closed loop or open loop process operation. It is however necessary
that for open loop experiments, that the inputs, uy, are rich enough for the specified
model structure (usually the model order, n). For closed loop experiments we must
typically require that the feedback is not to simple, e.g. not a simple proportional
controller uy = Kpy,. However, feedback of the type uy = K,(rr — yr) where the
reference, 1y, is perturbed gives data which are informative enough.

14.1.1 Further remarks on the PEM

Note also that in the multivariable case we have that the parameter estimate

Oy = arg min tr(ARe(0)), (14.32)

with A = A~! where A = (E(egel)), has the same asymptotic covariance matrix as
the parameter estimate

Oy = arg mein det(R(9)). (14.33)

It can also be shown that the PEM parameter estimate for Gaussian distributed
disturbances, ey, (14.33), or equivalently the PEM estimate (14.32) with the optimal
weighting, is identical to the Maximum Likelihood (ML) parameter estimate. The
PEM estimates (14.32) or (14.33) are both statistically optimal. The only drawback
by using (14.33), i.e., minimizing the determinant PE criterion Vy(0) = det(R.(0)),
is that it requires more numerical calculations than the trace criterion. However, on
the other side the evaluation of the PE criterion (14.32) with the optimal weighting
matrix A = A~ is not (directly) realistic since the exact covariance matrix A is not
known in advance. However, note that an estimate of A can be built up during the
iteration (optimization) process.

The parameter estimate 0y is a random vector, i.e., Gaussian distributed when ey,
is Gaussian. This means that éN has a mean and a variance. We want the mean to
be as close to the true parameter vector as possibile and the variance to be as small
as possible. We can show that the PEM estimate 6 N is consistent, i.e., the mean of
the parameter estimate, éN, converges to the true parameter vector, 6y, as N tends
to infinity. In other words we have that E(6y) = 6p. Consider g(Ax) = 0 expressed
as a Taylor series expansion of g(6y) around the true parameter vector 6y, i.e.

0=g(On) =~ g(60) + H(00)(On — 6p). (14.34)
where the Hessian matrix

H(fp) = 99 . (14.35)

is a deterministic (constant) matrix. However, the gradient, g(6p), is a random vector
with zero mean and covariance matrix Py. From this we have that the difference
between our estimate, 8y and the true vector 6 is given by

On — 0o = —H " (60)g(0). (14.36)
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Hence,
E(Oy — 60) = —H*(60)E(g(6p)) = 0. (14.37)
This shows consistency of the parameter estimate, i.e.
E(Ay) = 6o, (14.38)
because 6 is deterministic.

The parameter estimates (14.33) and (14.32) with optimal weighting are efficient,
i.e., they ensures that the parameter covariance matrix

P =E((9n — 00)(On — 00)") = H™"(60)E(g(60)9(00) ") H ' (6p)  (14.39)

is minimized. The covariance matrix P may be estimated from the data by evalu-
ating (14.39) numerically by using the approximation 6y =~ 0.

For single output systems (m = 1) we have that the parameter covariance matrix,
P, can be expressed as

P = E((6y — 60)(Ox —00)") = AEW(00)1 (60)) ", (14.40)
where A = E(egel) = E(e?) in the single output case, and with
dy (0
V(o) = y;g ) lop € RP™ (14.41)

Loosely spoken, Equation (14.40) states that the variance, P, of the parameter
estimate, éN, is ”small” if the covariance matrix of ¥ (6p) is large. This covariance
matrix is large if the predictor g (6) is "very” sensitive to (perturbations in) the
parameter vector 6.

14.1.2 Derivatives of the prediction error criterion

Consider the PE criterion (14.8) with (14.10), i.e

N )
/—/h

N
= % > ter(®) Z 0)Aey (0 (14.42)
k=1 k:

The derivative of the scalar valued function ¢ = ¢(e,(0)) with respect to the param-
eter vector 6 can be expressed from the chain rule

20 00 e op hw (14.43)

Define the gradient matrix of the predictor g, € R*™ with respect to the parameter
vector 6 € R*P as

Oy (6
wr(0) = 2O g (14.44)
00
This gives the following general expression for the gradient, i.e.,
VN (0) 86(%
90) = =5~ =+ Z oe¥) _ o1 Zwk )Aey, (14.45)

k=1
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14.1.3 Least Squares and the prediction error method

The optimal predictor, yx(#), is generally a non-linear function of of the unknown
parameter vector, §. The PEM estimate can in this case in generally not be solved
analytically. However, in some simple and special cases we have that the predictor is
a linear function of the parameter vector. This problem have an analytical solution
and the corresponding PEM is known as the Least Squares (LS) method. we will in
this section give a short description of the solution to this problem.

Linear regression models

Consider the simple special case of the general linear system (14.1) and (14.2) de-
scribed by

yr = Fuy + e, (14.46)

where y, € R™, E € R™", u, € R" and e;, € R™ is white with covariance matrix
A = E(egel). The model (14.46) can be written as a linear regression

yr = 00+ ey, (14.47)
where
ol =ul @I, € R™™ (14.48)
and the true parameters in the system, 6, is related to those in F as
0 =vec(E) € R™. (14.49)

Note that the number of parameters in this case is p = mr. Furthermore, note that
(14.47) is a standard notation of a linear regression equation used in the identification
literature. In order to deduce (14.47) from (14.46) we have used that vec(AXB) =
(BT ® A)vec(X). Using this and the fact that Euy = I,, Euy gives (14.47).

Also note that dynamic systems described by ARX models can be written as a linear
regression of the form (14.47).

The least squares method

Given a linear regression of the form
Y = 91 0o + ex, (14.50)

where yx € R™, ¢ € RP*™ ¢, € R™ is white with covariance matrix A = E(egel)
€ R™*™ and where 6y € RP is the true parameter vector.

Here ¢y is a vector of known variables (or quantities) and these variables is often
called regression variables or regressors. The output variables y; is also called the
regressed variables.

A natural predictor is as usual

7k (0) = ¢ 6. (14.51)
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We will in the following find the parameter estimate, éN, which minimizes the PE
criterion

Mz

1

-~ 0) Aey (0 (14.52)
k=1

where €, = yr — 16 is the Prediction Error (PE). The gradient matrix, ¢y (6),

defined in (14.44) is in this case given by

Oyr(0)

Vi (0) = 20

= € RPX™, (14.53)

Using this and the expression (14.45) for the gradient, g(f), of the PE criterion,
VN (0), gives

N

N

1

_ ol Z ou\(yr — ©F 0) —2% Z orAyr — orApi 0))14.54)
k 1 k=1

oVn(6)

g(0) = 20

The OLS and the PEM estimate is here simply given by solving g(#) = 0, i.e.,
N N
On = Qo)™ oy (14.55)
k=1 =

if the indicated inverse (of the Hessian) exists. Note that the Hessian matrix in this
case is simply given by

N
H(e)—a = iz ApT (14.56)
T T TN & PR3Pk - ‘

The Hessian (symmetric) matrix should be positive definite, H(6) > 0, for Eq.
(14.55) to be a minimum. This indicates a positive weighting matrix A > 0.

The gradient vector in Eq. (14.54) may also be derived using the chain rule as
follows

OVN() 1 <n Oep O(en(0)TAen(0)) —2

_oWn0)) _ 1 o6 _ -2 g
9(6) = a0 N &= 90 der N Z@A(yk ©" 0)(14.57)

Putting ¢(f) = 0 gives the optimal solution in Eq. (14.55).

Matrix derivation of the least squares method

For practical reasons when computing the least squares solution as well as for the
purpose of analyzing the statistical properties of the estimate it may be convenient
to write the linear regression (14.47) in vector/matrix form as follows

Y = &b + e, (14.58)
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where Y € R™N, & € R™N*P_ ¢, € RP, p = mr and e € R™V and given by

T
Y1 #1 €1
T
¥2 €2
. € R™VXP ¢ =

Y =|. e R™, o= e R™. (14.59)

YN 90% EN

Furthermore, e, is zero mean with covariance matrix A = E(ee”). This covariance
matrix will be discussed later in this section.. Define

€1

e= e | =Y — @0, (14.60)

€N

as the matrix of prediction errors. Hence we have that the PE criterion is given by

=

Vn(0) = — 3" el (0)Aen(0) = SeThe, (14.61)

where A is a block diagonal matrix with A on the block diagonals, i.e.,

AO ...0

~ |0A...0

A=|. . .| € RoNxmV, (14.62)
00...A

The nice thing about (14.61) is that the summation is not present in the last ex-

pression of the PE criterion. Hence we can obtain a more direct derivation of the

parameter estimate. The gradient in (14.54) can in this case simply be expressed as
_OVN(0)  0edVn(0) 1

g(6) 59 R N(—qﬂ“)z]\(y — ®0). (14.63)

The Hessian is given by

N
= =20 ke, (14.64)

Solving ¢(#) = 0 gives the following expression for the estimate

Oy = (TAD)'dTAY, (14.65)

which is identical to (14.55). It can be shown that the optimal weighting is given
by A = A7l The solution (14.55) or (14.65) with the optimal weighting matrix
A = A~!is known in the literature as the Best Linear Unbiased Estimate (BLUE).
Choosing A = I, in (14.55) or (14.65) gives the OLS solution.

A short analysis of the parameter estimate is given in the following. Substituting
(14.58) into (14.65) gives an expression of the difference between the parameter
estimate and the true parameter vector, i.e.,

On — 00 = (PTAD)'dT Ae. (14.66)
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The parameter estimate (14.65) is an unbiased estimate since
E(Oy) = 0y + (DTA®)1®TAE(e) = 6. (14.67)
The covariance matrix of the parameter estimate is given by
P =E((On —00)(On — 00)T) = (3TA®) ' ®TAE(ee”)AD(®TAD) L. (14.68)

Suppose first that we are choosing the weighting matrix A = A~ where A = E(ee™).
It should be noted that A also is a block diagonal matrix with A = E(e;el) on the
block diagonals. Then we have

N

PRrug = E((Oy —00)(Ox —60)") =D ouA "o = (@TAT'2) ™" (14.69)
k=1

The Ordinary Least squares (OLS) estimate is obtained by choosing A = I,,, i.e.,
no weighting. For the OLS estimate we have that

Pors = E((Bn — 60)(On — 60)") = (7®) ' ®"E(ec”)@(@" @)~ (14.70)

In the single output case we have that A = E(ee”) = dyIy. Using this in (14.70)
gives the standard result for univariate (m = 1) data which is presented in the
literature, i.e.,

PorLs = E((Ox — 0)(Ox — 60)7) = do(@”®) . (14.71)
An important result is that

PBLUE < POLS‘ (14.72)

In fact, all other symmetric and positive definite weighting matrices gives a larger
parameter covariance matrix than the covariance matrix of the BLUE estimate.

Alternative matrix derivation of the least squares method

Another linear regression model formulation which is frequently used, e.g., in the
Chemometrics literature, is given by

Y = XB+E, (14.73)

where Y € RVX™ is a matrix of dependent variables (outputs), X € RNY*" is a
matrix of the independent variables (regressors or inputs), B € R™*" is a matrix of
system parameters (regression coefficients). E € RY*™ is a matrix of white noise.

The OLS solution is simply obtained by solving the normal equations XY =
XTXB for B, i.e,

Bors = (XTX)1Xx1y, (14.74)

it X7 X is non-singular.
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14.2 Input and output model structures

Input and output discrete time model structures are frequently used in connection
with the prediction error methods and software. We will in this section give a
description of these model structures and the connection with the general state
space model structure.

14.2.1 ARMAX model structure
An ARMAX model structure is defined by the (polynomial) model

A(Q)yr = Bq)ur + C(q)ex- (14.75)

The acronym ARMAX comes from the fact that the term A(q)yy is defined as an
Auto Regressive (AR) part, the term C(q)ey is defined as an Moving Average (MA)
part and that the part B(q)uy represents eXogenous (X) inputs. Note in connection
with this that an Auto Regressive (AR) model is of the form A(q)yr = e, i.e.
with additive equation noise. The noise term, C(q)eg, in a so called ARMA model
A(q)yr = C(q)ex, represents a moving average of the white noise e.

In general we have that the polynomials in Eq. (14.75) may be expressed as

Alg) =1+ a1g™" + ..+ anag™ "™, (14.76)
B(g) = big™" + ...+ bug ™, (14.77)
Clg) =14c1q "+ ...+ caeg ™, (14.78)

when yi, ur and e are scalar signals and where na, nb and nc are the order of the
A(q), B(q) and the C(q) polynomials, respectively. Note also that the polynomials
also may be written as A(q) = A(¢™1), B(q) = B(qg™!) and C(q) = C(q¢~!) where
g~ ! is the shift operator such that

q Yk = Yr-1- (14.79)

The ARMAX model structure can be deduced from a general linear SISO state space
model. MIMO systems is not considered in this Section. This will be illustrated in
the following example.

Example 14.1 (Estimator canonical form to polynomial form) Consider the
following single input and single output discrete time state space model on estimator
canonical form

I 1 b1 C1
Tht1 = [—ao 0} T + [bo] ug + [Co] Vg (14.80)
ye = [10] @k + eup + fuop (14.81)

where uy, is a known deterministic input signal, vy is an unknown white noise process
T _ .1 2 :
and x; = [xk;+1 xkﬂ} 1s the state vector.
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An input output model formulation can be derived as follows

Tpp1 = —a1xy + 2} + brug + crvg (14.82)
i1 = —aoy, + bouk + Covy (14.83)
yr = ), + euy, + foy (14.84)

Express Equation (14.82) with k =: k+1 and substitute for x%_H defined by Equation

14.83). This gives an equation in terms of the Ist state x}. Finaly, eliminate x}
k k

by using Equation (14.84). This gives

Yk
[Layao] | ye—
Yk—2
Uk Vg
= [e b1 + aie by + aoe] Uk—1 | + [f c1+arf co+ a()f] vg—1 | (14.85)
Uk —2 VE—2

Let us introduce the backward shift operator ¢~* such that ¢~ 'uy, = up_1. This gives
the following polynomial (or transfer function) model

A(q)
(1+a1qg + aog™?) yi
B(q) C(q)
= (e+ (b1 +are)qg” " + (bo + age)qg 3 ug + (f + (c1 + a1 f)g " + (co + aof)g2) vk

(14.86)

which is equal to an ARMAX model structure.

Example 14.2 (Observability canonical form to polynomial form)
Consider the following single input and single output discrete time state space model
on observability canonical form

o 0 1 b() Co
Tp1 = [_al —ao} Tk + [51} ug + [01] Uk, (14.87)
ye = [1 0] g + eu + foy, (14.88)

where uy is a known deterministic input signal, vy is an unknown white noise process
and xfkr = [‘T’lﬁ_l :lziJrl ] 18 the state vector. An input and output model can be derived
by eliminating the states in (14.87) and (14.88). We have

Th1 = 4F + boug, + covg, (14.89)
Ty = —a1z), — agxi + biuy + c1vg, (14.90)
Yk = Tp + euk + for. (14.91)

Solve (14.89) for x2 and substitute into (14.90). This gives an equation in T3, i.e.,

1 1 1
Thyg — boUps1 — CQUE1 = —a1y, — ao(Tp g — bour — couk) + brug + cvi(14.92)
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Solve (14.91) for x}. and substitute into (14.92). This gives

Yk42 — €Ukt2 — fUpqo — boups1 — covkg1 = —a1(yr — eur, — for)
—ao (Y1 — €uk+1 — fors1) + aobouy + apcovy, + bruy + crvg. (14.93)

This gives the input and output equation

Yk+2 Uk+2
[1 ao al] Ypt1 | = [e by + ape b1+aobo+a16] Ukl
Yk Uk
Vk+2
+ [f co+ aof ¢1 + apco + alf] Vka1 | - (14.94)
Vg

Hence, we can write (14.94) as an ARMAX polynomial model

A(Q)yr = B(q)uk +C( )k, (14.95)
Alg) = 1+ aog™" + alq”, (14.96)
B(q) = bo + age)q~ " + (b1 + agbo + are)q 2, (14.97)
C(q) = (co + aOf)q + (1 + apco + a1f)q_2 (14.98)

14.2.2 ARX model structure

An Auto Regression (AR) model A(q)yr = er with eXtra (or eXogenous) inputs
(ARX) model can be expressed as follows

A(q)yr = B(q)uy + ek (14.99)

where the term A(q)yy is the Auto Regressive (AR) part and the term B(q)ug
represents the part with the eXtra (X) inputs. The eXtra variables uy are called
eXogenous in econometrics. Note also that the ARX model also is known as an
equation error model because of the additive error or white noise term ey,.

It is important to note that the parameters in an ARX model, e.g. as defined in
Equation (14.99) where ej, is a white noise process, can be identified directly by the
Ordinary Least Squares (OLS) method, if the inputs, uy, are informative enough. A
problem with the ARX structure is off-course that the noise model (additive noise)
is to simple in many practical cases.

Example 14.3 (ARX and State Space model structure) Comparing the ARX
model structure (14.99) with the more general model structure given by (14.86) we
find that the state space model (14.80) and (14.81) is equivalent to an ARX model

if
c1 = —alf, co = —a()f, €L — f’l)k (14.100)
This gives the following ARX model

A(q) B(q)

A

(14 a1g7t +aog 2 yp = (e + (by + are)gt + (bo + age)q™2) up, + fvi(14.101)
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which, from the above discussion, have the following state space model equivalent

—a7 1 b —a
Thy1 = {_a(l) 0] Ty + [bﬂ uy + [_a(ﬂ fo (14.102)

Yk = [1 0] zp + eup, + for (14.103)

It is at first sight not easy to see that this state space model is equivalent to an
ARX model. It is also important to note that the ARX model has a state space
model equivalent. The noise term e, = fuvy is white noise if vy is withe noise. The
noise ey, appears as both process (state equation) noise and measurements (output
equation) noise. The noise is therefore filtred throug the process dynamics.

14.2.3 OE model structure

An Output Error (OE) model structure can be represented as the following polyno-
mial model

A(Qyr = B(q)ur + A(q)ex (14.104)
or equivalently for single output plants

Yk = ﬁég;uk +ep (14.105)

Example 14.4 (OE and State Space model structure) From (14.86) we find
that the state space model (14.80) and (14.81) is equivalent to an OE model if

c1=0,¢c0=0, f=1, vp = ¢ (14.106)

Hence, the following OF model

Afg) B(q)
(I4+a1q7" +aoqg )y = (e+ (b1 +are)g " + (bo + age)q™2) uy,
A(q)
+ (14 a1q7 + aog™?) ex (14.107)

have the following state space model equivalent

—ay 1 b
Tt = [_a(l) 0] Ty + {b;] i (14.108)
Yk = [1 0]z + eup, + ey, (14.109)

Note that the noise term ep appears in the state space model as an equivalent mea-
surements noise term or output error term.
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14.2.4 BJ model structure

In an ARMAX model structure the dynamics in the path from the inputs wu; to
the output y is the same as the dynamics in the path from the process noise e to
the output. In practice it is quite realistic that some or all of the dynamics in the
two paths are different. This can be represented by the Box Jenkins (BJ) model
structure

F(q)D(q)yr = D(q)B(q)ur + F(q)C(q)e (14.110)
or for single output systems

B(q) C(q)
Yk = Uk T+ ek
F(q) D(q)
In the BJ model the moving average noise (coloured noise) term C(q)ey, is filtred
throug the dynamics represented by the polynomial D(g). Similarly, the dynamics
in the path from the inputs wuy are represented by the polynomial A(q).

(14.111)

However, it is important to note that the BJ model structure can be represented by
an equivalent state space model structure.

14.2.5 Summary

The family of polynomial model structures

BJ : Box Jenkins
ARMAX : Auto Regressive Moving Average with eXtra inputs
ARX : Auto Regressive with eXtra inputs (14.112)

ARIMAX : Auto Regressive Integrating Moving Average with eXtra inputs
OF : Output Error

can all be represented by a state space model of the form

yr = Dz + Fup + Fey, (14.113)
Try1 = Axg + Bug + Ceg. (14.114)

When using the prediction error methods for system identification the model struc-
ture and the order of the polynomial need to be specified. It is important that the
prediction error which is to be minimized is a function of as few unknown parameters
as possible. Note also that all of the model structures discussed above are linear
models. However, the optimization problem of computing the unknown parameters
are highly non-linear. Hence, we can run into numerical problems. This is especially
the case for multiple output and MIMO systems.

The subspace identification methods, e.g. DSR, is based on the general state space
model defined by (14.113) and (14.114. The subspace identification methods is
therefore flexibile enough to identify systems described by all the polynomial model
structures (14.112). Note also that not even the system order n need to be specified
beforehand when using the subspace identification method.
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Remark 14.1 (Other notations frequently used)

Another notation for the backward shift operator ¢~ (defined such that ¢~y =
Yr_1) is the z— operator, (2% such that z~lyx = yx_1. The notation A(q), B(q)
and so on are used by Ljung (1999). In Séderstrém and Stoica (1989) the notation
A(qg™Y), B(q™") are used for the same polynomials.

14.3 Optimal one-step-ahead predictions

14.3.1 State Space Model

Consider the innovations model

Tra1 = AZy + Bug + Keg, (14.115)
yr = Dxp + Fur + e, (14.116)

where K is the Kalman filter gain matrix. A predictor g, for y; can be defined as
the two first terms on the right hand side of (14.116), i.e.

U = Dxp + Fug. (14.117)

The equations for the (optimal) predictor (Kalman filter) is therefore given by

Tp41 = AZg + Bug + K(yr — U), (14.118)
Yk = DTy + Euy, (14.119)
which can be written as
Tht1 = (A - KD)fk + (B - KE)uk + Ky, (14.120)
Y = DZp + Fug. (14.121)

Hence, the optimal prediction, %, of the output y; can simply be obtained by simu-
lating (14.120) and (14.121) with a specified initial predicted state Z;. The results is
known as the one-step ahead predictions. The name one-step ahead predictor comes
from the fact that the prediction of y;y1 is based upon all outputs up to time k as
well as all relevant inputs. This can be seen by writing (14.120) and (14.121) as

Yk+1 = D(A — KD)zy, + D(B — KE)u + Eugy1 + DKyy, (14.122)
which is the one-step ahead prediction.

Note that the optimal prediction (14.120) and (14.121) can be written as the follow-
ing transfer function model

k(0) = H(q)ur + HZ(q)yr, (14.123)

where
H%(q) = D(¢qI — (A— KD))"Y(B—- KE) + E, (14.124)
H(q) = D(¢f — (A— KD))"'K. (14.125)

The derivation of the one-step-ahead predictor for polynomial models is further
discussed in the next section.
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14.3.2 Input-output model

The linear system can be expressed as the following input and output polynomial
model

yr = G(qQ)ur + H(q)ex. (14.126)
The noise term e can be expressed as
H N (q)yr = H ()G (q)ur, + ex (14.127)
Adding y; on both sides gives
ye = (I = H M (q))ye + H (@)G(q)uy, + ey (14.128)

The prediction of the output is given by the first two terms on the right hand side
of (14.128) since ey is white and therefore cannot be predicted, i.e.,

ge(0) = (I = H™'(a))yr + H ()G (q)up. (14.129)

Loosely spoken, the optimal prediction of y; is given by the predictor, 7, so that a
measure of the difference e, = yr—yr(0), e.g., the variance, is minimized with respect
to the parameter vector 6, over the data horizon. We also assume that a sufficient
model structure is used, and that the unknown parameters is parameterized in 6.
Ideally, the prediction error e; will be white.

14.4 Optimal M-step-ahead prediction

14.4.1 State space models

The aim of this section is to develop the optimal j-step-ahead predictions yp4; V j =
1,..., M. The optimal one-steap-ahead predictor, i.e., for j = 1, is defined in (14.122).
We will in the following derivation assume that only outputs up to time k is available.
Furthermore, it is assumed that all inputs which are needed in the derivation are
available. This is realistic in practice. Only, past outputs ..., Yyx_2,Yr_1,Yr are
known. Note that we can assume values for the future inputs, or the future inputs
can be computed in an optimization strategy as in Model Predictive Control (MPC).
The Kalman filter on innovations form is

Tht1 = ATy, + Buy, + Key, (14.130)
yr = Dxp + Euy + ey. (14.131)

The prediction for j = 1, i.e., the one-step-ahead prediction, is given in (14.122).
The other predictions are derived as follows. The output at time k := k + 2 is then
defined by

Tpyo = ATy + Bupgr + Kegyt, (14.132)
Ykt2 = DTpyo + Bupgo + o (14.133)
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The (white) noise vectors, egy1 and ejyo are all in the future, and they can not be
predicted because they are white. The best prediction of y;s must then be to put
ex+1 = 0 and eg42 = 0. Hence, the predictor for j = 2 is

Tyl = Th41, (14.134)
Tpyo = ATpyy + Bugya, (14.135)
Uk+2 = Dapyo + Eugo. (14.136)

This can simply be generalized for j > 2 as presented in the following lemma.

Lemma 14.1 (Optimal j-step-ahead predictions)

The optimal j-step-ahead predictions, j = 1,2,..., M, can be obtained by a pure
simulation of the system (A, B, D, E) with the optimal predicted Kalman filter state
ZTr41 6 the initial state.

Thtjr1 = Aprj + Bugyg, (14.137)

where the initial state xpy1 = Tpy1 is given from the Kalman filter state equation

where the initial state Ty is known and specified. This means that all outputs up to
time, k, and all relevant inputs, are used to predict the output at time k + 1, ...,
k+ M.

Example 14.5 (Prediction model on matrix form (proper system))

Given the Kalman filter matrices (A, B, D, E, K ) of an only proper process, and the
initial predicted state Ty. The predictions Yi+1, Yp+2 and Yr+3 can be written in
compact form as follows

Uk+1 D D
Yk+2 | = DA (A — KD)J_}k + | DA | Ky
Yk+3 | DA? DA?
D(B—-KE) E 0 07|
+ |DAB-KE) DB E 0 | | %], (14.140)
DA?(B— KE) DAB DB E | | “*+?
- Uk+3

This formulation may be useful in e.g., model predictive control.

Example 14.6 (Prediction model on matrix form (strictly proper system))

Given the Kalman filter matrices (A,B,D,K) of an strictly proper system, and
the initial predicted state Ty. The predictions Ygi1, Yp+2 and Yirs can be written in
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compact form as follows

Uk+1 D D
Ukao | = | DA (A — KD)SEk + | DA | Ky
Uk+3 | DA? DA?
(DB 0 0 i
+ | DAB DB 0 U1 | - (14.141)
| DA’B DAB DB | | uji2

This formulation is more realistic for control considerations, where we almost always
have a delay of one sample between the input and the output.

14.5 Matlab implementation

We will in this section illustrate a simple but general MATLAB implementation of
a Prediction Error Method (PEM).

14.5.1 Tutorial: SS-PEM Toolbox for MATLAB

The MATLAB files in this work is built up as a small toolbox, i.e., the SS-PEM
toolbox for MATLAB. This toolbox should be used in connection with the D-SR
Toolbox for MATLAB. An overview of the functions in the toolbox is given by the
command

>> help ss-pem

The main prediction error method is implemented in the function sspem.m. An
initial parameter vector, 01, is computed by first using the DSR algorithm to com-
pute an initial state space Kalman filter model, i.e. the corresponding matrices
(A,B,D,E, K,z1). This model is then transformed to observability canonical form
by the D-SR Toolbox function ss2cf.m. The initial parameter vector, 61, is then
taken as the free parameters in these canonical state space model matrices. The min-
imizing parameter vector, 0, is then computed by the Optimization toolbox function
fminunc.m. Other optimization algorithms can off-course be used.

A tutorial and overview is given in the following. Assume that output and input data
matrices, Y € RV*™ and U € RV*" are given. A state space model (Kalman filter)
can then simply be identified by the PEM function sspem.m, in the MATLAB
command window as follows.

>> [A,B,D,E,K,x1]=sspem(Y,U,n);

A typical drawback with PEMs is that the system order, n, has to be specified
beforehand. A good solution is to analyze and identify the system order, n, by
the subspace algorithm DSR. The identified model is represented in observability
canonical form. That is a state space realization with as few free parameters as
possibile. This realization can be illustrated as follows. Consider a system with
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m = 2 outputs, r = 2 inputs and n = 3 states, which can be represented by a linear
model. The resulting model from sspem.m will be on Kalman filter innovations
form, i.e.,

Tra1 = Az + Bug + Keg, (14.142)
yr = Dxp + Eug + e, (14.143)

with initial predicted state x1 given, or on prediction form, i.e.,

Tr1 = Azg + Buy, + K(ye — 91, (14.144)
gk(e) = Dxj + Euy, (14.145)

and where the model matrices (A, B, D, E, K) and the initial predicted state x; are
given by

001 07 010 013 016
A=16010305|, B=|60g611|, K= |64 017 |, (14.146)
02 04 Os Oy 012 015 O1s
023
~J100 _ | bho O
D= |:0 1 O:| 5 E = |:020 022:| , I 224 . (14147)
25

This model is on a so called observability canonical form, i.e. the third order model
has as few free parameters as possibile. The number of free parameters are in this
example 25. The observability canonical form is such that the D matrix is filled
with ones and zeros. We have that D = ones(m,n). Furthermore, we have that a
concatenation of the D matrix and the first n—m rows of the A matrix is the identity

= I,. This may be used as a rule when writing up the

D
A(l:n—m,:) }
n — m first rows of the A matrix. The rest of the A matrix as well as the matrices
B, K, E and z; is filled with parameters. However, the user does not have to deal
with the construction of the canonical form, when using the SSPEM toolbox.

matrix, i.e. [

The total number of free parameters in a linear state space model and in the pa-
rameter vector 6 € RP are in general

p=mn+nr+nm+mr+n=2m+r+1)n+mr (14.148)

An existing DSR model can also be refined as follows. Suppose now that a state space
model, i.e. the matrices (A, B, D, FE, K, x1) are identified by the DSR algorithm as
follows

>> [A,B,D,E,C,F,x1]=dsr(Y,U,L);
>> K=Cx*inv(F);

This model can be transformed to observability canonical form and the free param-
eters in this model can be mapped into the parameter vector #; by the function
ss2thp.m, as follows
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>> th_1=ss2thp(A,B,D,E,K,x1);

The model parameter vector #; can be further refined by using these parameters as
initial values to the PEM method sspem.m. E.g. as follows

>> [A,B,D,E,K,x1,V,th]=sspem(Y,U,n,th_1);

The value of the prediction error criterion, V(0), is returned in V. The new and
possibly better (more optimal) parameter vector is returned in th.

Note that for a given parameter vector, then the state space model matrices can be
constructed by

>> (A,B,D,E,K,x1)=thp2ss(th,n,m,r);

It is also worth to note that the value, V(0), of the prediction error criterion is
evaluated by the MATLAB function vfun_mo.m. The data matrices Y and U and
the system order, n, must first be defined as global variables, i.e.

>> global Y Un

The PE criterion is then evaluated as

>> V=vfun_mo(th);

where th is the parameter vector. Note that the parameter vector must be of length
p as explained above.

See also the function ss2cf.m in the D-SR Toolbox for MATLAB which returns an
observability form state space realization from a state space model.
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14.6 Recursive ordinary least squares method

We start this section by a simple example of how the mean of a variable, say yg,
may be recursively estimated.

Example 14.7
The mean of a variable y, at present time t may be expressed as

T==> Un (14.149)

In recursive identification we want to use new information at present time, i.e., Yz,
to update an estimate at the previous time instant. The sum in Eq. (14.149) may
be divided into two parts and expressed as follows

Yt—1
t—1
t—1 1 « 1
Zyk+yt T et (14.150)
This may be written as
o 1 _
Yt =Yt-1+ g(yt — Y1), (14.151)
where
i1 = — > (14.152)
ytfl—t_l _yk‘a :

18 the mean at the previous time instant.

Eq. (14.151) is quite appealing since the mean is estimated very similarly as a
Kalman filter estimate, i.e., the new estimate is obtained as the sum of the previous
estimate plus a correction term.

The OLS estimate (14.55) can be written as
t t
0= erhol) > orAyi. (14.153)

We have simply replaced N in (14.55) by t in order to stress the dependence of 6 on
time, t. Let us define the indicated inverse in (14.153) by

t
P= (3 o) (14.154)

From this definition we have that

t—1

P = () erhof + @bl )" (14.155)
k=1
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which gives.

Pt_l = Pt:ll + SOtASOtT

(14.156)

P, can be viewed as a covariance matrix which can be recursively computed at each

time step by (14.156).
The idea is now to write (14.153) as

t

ét =B Z orAyg
k=1
t—1

= Pt(z KAy + orAy)
k=1

From (14.153) we have that 6;_; is given by

t—1

i1 = Py Z orAyg
k=1

Substituting this into (14.157) gives
0; = Pt(lDt__llét—l + ©iAy:)
From (14.156) we have that
Pt_—ll = Pt_1 - SOtASOtT
Substituting this into (14.159) gives
0y = Pi((P7 " — orlp] )0s—1 + orAyy)

Rearranging this we get

Oy = 011 + PioeM(ye — o7 01-1)
We then have the following ROLS algorithm

Algorithm 14.6.1 (Recursive OLS algorithm)
The algorithm is summarized as follows:

(14.157)

(14.158)

(14.159)

(14.160)

(14.161)

(14.162)

Step 1 Initial values for Pi—g and étzo. It is common practice to take Pi—g = pl,

with p a "large” constant and 0,—o = 0 without any a-priort information.

Step 2 Updating the covariance matrixz, P;, and the parameter estimate, 0;, as

follows

Pl = PCL + e,
K; = PipiA,

and

0 =0; 1 + Ki(y: — %Tétfl)-

(14.163)
(14.164)

(14.165)
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At each time step we need to compute the inverse
P = (P + @) )7 (14.166)
Using the following matrix inversion lemma
(A+BCD) ' =A"1 - A'B(C™'+ DA'B)"'DA™Y, (14.167)
we have that (14.166) can be written as

Pi=P1—Poaoi A 4+ 9] P e P (14.168)

Example 14.8 (Recursive OLS algorithm)
Given a system described by a state space model

Tyl = Axy + Buyg + Cey, (14.169)
yr = Dy, (14.170)
where
A:[O 1],3:[1’1],0:[61},1):[10] (14.171)
a1 as b Co

This gives the input and output (ARMAX) model

Yk+2 = 02Yk+1 + G1Yk
+ brugs1 + (b2 — agby)uy
+ epyo + (1 — a2)egs1 + (c2 — ager — a)eg, (14.172)

Putting ¢; = az and cg = a3 + a1 and changeing the time index with ¢t = k + 2 gives
the ARX model

Yr = agye—1 + a1yi—2 + brug—1 + (ba — agbi)us—o + € (14.173)

This can be written as a linear regression model

0
d az
e = {11 Yo w1 w2 le +er. (14.174)
by — agby

An ROLS algorithm for the estimation of the parameter vector is implemented in
the following MATLAB script.

% File name: main_rols_ex.m

% Example:

% Implementation of a Reqursive Ordinary Least Squares (ROLS) algorithm
% for ARX model parameter estimation.

al=-0.7; a2=1.5; b1=0.25; b2=0.625;



164

Prediction error methods

A=[0 1;al a2]; B=[bl;b2]; D=[1,0];

N=200;

rand(’state’,0), randn(’seed’,0)
u=randn(N, 1) ;

u=prbs1(N,10,40);

randn(’seed’,0)
for i=1:5
y=dlsim(A,B,D,0,u);

y=y+randn(N,1)*0.01;

Th=zeros(N,4) ;

h

P=10000*eye(4); th=[0;0;0;0]; Lam=0.998;

%Lam=1;

1f=1;

for t=3:N
Phi=[y(t-1);y(t-2);u(t-1);u(t-2)1;
ybar=Phi’*th;

Pi=inv(P);
Pi=1f*Pi+Phi*Lam#*Phi’; P=inv(Pi);

K=P*Phi*Lam;

th=th+K* (y(t)-Phi’*th) ;

Th(t,:)=th’;
end
Tm(i,:)=th’;
end
th

thO=[a2;al;bl;b2-a2*b1l]

figure(1)

h

b

h

h

h
h

% Simulate M=5 different data set..

Array to hold parameter estimates
% Initial values

Varphi_t matrix at time t.
Predikted output at time t.

Updating the covariance matrix, P_t.

Kalman gain, K_t.

Parameter estimates at time, t.
Store the parameter estimates.

subplot(411), plot(Th(:,1)), ylabel(’a_2’), title(’ROLS example’)
subplot(412), plot(Th(:,2)), ylabel(’a_1’)

subplot (413), plot(Th(:,3)), ylabel(’b_1’)

subplot(414), plot(Th(:,4)), ylabel(’b_2-a_2b_1’)

xlabel (’Diskret tid: t’)

figure(2)

subplot (211), plot(u), ylabel(’u_k’), title(’ROLS_example’)

subplot(212), plot(y), ylabel(’y_k’)
xlabel (’Diskret tid: t’)
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14.6.1 Comparing ROLS and the Kalman filter

Let us compare the ROLS algorithm with the Kalman filter on the following model.

001 = 0y, (14.175)
ye = @l 0; + wy, (14.176)

with given noise covariance matrix W = E(wqw] ).

The kalman filter gives

Ut = Db, (14.177)
K, = X,D{W~' = X,D] (D, X, D} + W)™ (14.178)
ét = H_t + Kt(yt — :ljt) (14179)
0,1 = 0, (14.180)
X, = X, - X,DI(W + D,X,DI'"'D, X, (14.181)
X1 = X, (14.182)
From this we have that X; = X;_; which gives with Dy = ¢] that
Xt = Xt—l — Xt—l(Pt(W + thXt_lwt)_lgptTf(t_l (14183)
Comparing this with the ROLS algorithm, Equation (14.168) shows that
P =X, =E((6; — 0,)(0, — 6,)T) (14.184)
Using (14.180) in (14.179) gives
0r = 011 + Ki(yr — 08 01-1). (14.185)

Hence, f; = 6;_;. Finally, the comparisons with ROLS and the Kalman filter also
shows that

A=W (14.186)

Hence, the optimal weighting matrix in the OLS algorithm is the inverse of the
measurements noise covariance matrix.

The formulation of the Kalman filter gain presented in (14.178) is slightly different
from the more common formulation, viz.

K, =X, D] (W + D,XD])~". (14.187)

In order to prove that (14.178) are equivalent we substititute X, into the first ex-
pression in (14.178), i.e.,

K, = X;DI'w~1
= (X; — X;:DI (W + DX, DI "'D, X, ) DI w—!
= (X, DIw= - x,pf (W + D, X, DI') "' D, X, DI w~1)
= X, DI (W~ — (W + D; X, D}') "' D, X, DI w~1)
= X, D] (W + D, XD "' (W + D, XD YW~ — D, X, Df w~1)
= X;D} (W + D;XD{)~". (14.188)
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14.6.2 ROLS with forgetting factor

Consider the following modification of the objective in (14.52), i.e.,

Vi(0) = N Rl (0)Aer(9). (14.189)
k=1

where we simply have set N =t and omitted the mean % and included a forgetting

factor A in order to be able to weighting the newest data more than old data. We
have typically that 0 < A <1, often A = 0.99.

The least squares estimate is given by

t
Or =P N FopAyy. (14.190)
k=1
where
t
Pr= () N o)t (14.191)
k=1

A recursive formulation is deduced as follows.

Recursive computation of P;

Let us derive a recursive formulation for the covariance matrix P;. We have from
the definition of P; that

t
Po= () XN FopApl)!

k=1
t—1
= O N Popnpf + o))
k=1
t—1
= (A AT ol o)) (14.192)
k=1
P
Using that
t—1
Py=(Q XN FgAgl) ! (14.193)
k=1
gives
Py = (AP} + Al )t (14.194)

Using the matrix inversion lemma (14.167) we have the more common covariance
update equation

)\Pt = Pt,1 — Ptflgﬁt()\A_l + @?Pt,1¢t)_lwfpt,1 (14195)
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Recursive computation of 6,

From the OLS parameter estimate (14.190) we have that

t
b = P Z N oAy,
k=1
t—1
= PO N FopAyr + oiAy)
k=1
t—1
= PN X R op Ay oAy, (14.196)
k=1

P60,

From the OLS parameter estimate (14.190) we also have that

t—1

b1 =P 1Yy N R Ay (14.197)
k=1
Substituting (14.197) into (14.196) gives
0 = PA(AP 10,1 + i Ayy). (14.198)
From (14.194) we have that
AP =Pt —pAp] (14.199)

Substituting this into (14.198) gives

0; = P((P7 - oAl )01 + i Ayy)
= 01 + PupAyr — Prpi Ao} 0,1 (14.200)

hence,

ét = ét—l + PthtA(yt - @zét—l) (14.201)

14.7 Higher order ARX modeling

It is well known that general linear dynamic systems, in state space form, or input
output ARMAX formulations, may be approximated by higher order ARX systems.
We will in this section discuss this and use it for subspace system identification. One
advantage of this approach is that the theory is applicable for both open as well as
closed loop systems. A drawback is that it requires that the input experiment is rich
enough with perturbations in order to estimate the higher order ARX model, and
this usually limit the approach for practical reasons. The variance of the resulting
model parameters will also usually be larger than a direct prediction error approach.
The discussion gives also some relationships to the subspace system identification
algorithm DSR_e.

A system identification algorithm based on the identification of a higher order ARX
(OLS) model may be described in the following items:
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Algorithm 14.7.1 (HARX algorithm)

1. Identify a higher order ARX model using the OLS approach. The order of the
ARX model should be chosen large enough, and such that the residual is ap-
proximately white noise. One have to ensure that the input or reference signal
experiment is rich enough with perturbations in order for the OLS problem to

be well defined.

2. Form a higher order state space model from the ARX model parameters and
then form the necessary number of impulse response matrices. the impulse
response matrices may also be formed directly from the ARX model parameters.

3. Use Hankel matrixz realization theory to compute a reduced order state space
model of correct order.

14.7.1 Miscellaneous examples

Example 14.9 (Higher order ARX model)
Given a 1st order state space model in the form

Tpy1 = axy + bug + ceg, (14.202)
Y = Tk + €g. (14.203)
This can be written as the following ARMAX model
Y + a1yp—1 = biug_1 + ex + creg_1, (14.204)
where a1 = —a, by =b and ¢y = c — a.

Let us mow investigate how well the parameters can be estimated by a third order
ARX model.

Putting k == k + 1 in (14.204) and substitute for ey solved from (14.204) into
this equation gives a second order difference equation. Repetition of this gives the
following third order difference model
Yrr2 + (a1 — c1)ype1 + (6] — c1a1)yr + Faryp—1 = brugs — crbiug + cibrug—y
+ epyo + Cep_1. (14.205)
This can be written as the approrimate linear regression model

0

—_——~
e ]
w;‘f ci1al1 — C%
2
—c
Y = [ykq Yk—2 Yk—3 Uk—1 Uk—2 ukfg] bll tep + ez (14.206)
—Clbl
C%bl

The parameters in this model can be approrimately estimated via an ARX model
solved by the Ordinary Least Squares (OLS) method when ¢§ = (¢ — a)3 ~ 0. Note
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also that the predictor (Kalman filter) on innovations form is stable. This means

that the magnitude of the eigenvalues of the predictor, a—cd, is less than one. Hence,

c‘rf =(c— a)3 ~ 0 is a good assumption.

Example 14.10 (Higher order ARX model)
Given a 1st order state space model in the form

Tre1 = axy + bug + key, (14.207)
Y = Tk + €. (14.208)

This can be written as the following 1st order ARMAX model

Yk = ayg—1 + bug_1 +ex + (k — a)eg_1, (14.209)
Note also that the noise term may be expressed as

er =Yk — ayr—1 — bug_1 — (k — a)eg_1, (14.210)

Putting k := k — 1 in (14.210) and substituting into (14.209) gives the 2nd order
ARX model approximation

yr = kyp—1 — a(k — a)yp—a + bup_1 — b(k — a)up_a + e, — (k — a)?ep_414.211)

when (k — a)? ~ 0. Similarly expressing ey_o from (14.210) and substituting into
(14.211) gives the 3rd order ARX model approximation

yr = kyk—1 + (—a(k — a) — (k — a)*)yr—2 + a(k — a)*yr_3
+ bup_1 — b(k — a)up_s + b(k — a)*up_s + e, + (k — a)3ep_s, (14.212)

when (k —a)3 ~ 0.
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Chapter 15

The conjugate gradient method
and PLS

15.1 Introduction

The PLS method for univariate data (usually denoted PLS1) is optimal in a pre-
diction error sense, Di Ruscio (1998). Unfortunately (or not), the PLS algorithm
for multivariate data (usually denoted PLS2 in the literature) is not optimal in the
same way as PLS1. It is often judged that PLS has good predictive properties. This
statement is based on experience and numerous applications. This may well be true.
Intuitively, we believe that the predictive performance of PLS1 and PLS2 is differ-
ent. The reason for this is that PLS1 is designed to be optimal on the identification
data while PLS2 is not. If the model structure is correct and time invariant, then,
PLS1 would also be good for prediction.

We will in this note propose a new method which combines the predictive properties
of PLS1 and PLS2. We are seeking a method which has better prediction properties
than both PLS1 and PLS2.

15.2 Definitions and preliminaries

Definition 15.1 (Krylov matrix)
Given data matrices X € RV*" and Y € RNX™ . The ith component Krylov matriz
K; € R™ for the pair (X7 X, XTY ) is defined as

K =[X"Y XTXXTy (XTX)?2XTy - (XTX)"1)XTy ], (15.1)

where i denotes the number of m-block columns.

15.3 The method

Proposition 15.1
Given data matrices X € RNX" and Y € RN*™ . Define the ath component Krylov
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matriz K, € R™Y of the pair (XTX, XTY ) from Definition 15.1. Compute the
SVD of the compound matrix

[ XTXK, XTY | =USVT, (15.2)
where U € R™*", § € Rr>*(athm gnq /e Rlat)mx(atl)m
Chose the integer number 1 < n < r to define the number of singular values to

represent the signal part XT X K,, and partition the matrices S and V such that

Vi V12:|T (15.3)

XTXK, XTy | =
[ |=v (s8] |

where S; € R™", Sy € R (@tlm=n 17, ¢ Ramxn 1, € Rm*n Y, € Remx(athm=n
and Vyy € Rm*(atl)m—n
The NTPLS solution is then computed as

ByrpLs = Kap™, (15.4)
where p* € R¥™*™ js defined as

p* = —V12V2T2, (15.5)
or equivalently

P = (VD)IVE. (15.6)
Furthermore, the residual XY — X7 X ByTprg 45 determined by

ENTPLS = US2Vah. (15.7)

Proof 15.1 Proof of (15.5) and (15.7). We have from (15.3) that

[XTXK, XTY | = USy [VL VE] +US, [V V). (15.8)
L . Via| .
Postmultiplication with [ ] gives
Voo
[ XTXK, XTY ] [Vw] =USs, (15.9)
Vaa

because V' is orthogonal. Postmultiplying with V;2 gives

T
[ XTXK, XTY] [}/12‘/22

m

] = US,Vy, (15.10)

where we have assumed that Voo Vih € R™*™ s non-singular. Comparing this with

the normal equations shows that —V12V2T2 is a solution and that USQVQT2 is the resid-
ual.

Proof of (15.6). From the signal part we have that
US VL =US Vip. (15.11)

Solving for p in a LS optimal sense gives (15.6) provided Vi1 V] € R™™ is non-
singular. hence, the n singular values in S1 has to be non-zero. O
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Hence, The n large singular values in S; are representing the signal. Similarly, the
r —n smaller singular values in S5 are representing the residual. Furthermore, when
m =1 and a = n = r, the algorithm results in the OLS solution. The algorithm can
equivalently be computed as presented in the following proposition

Proposition 15.2

Given data matrices X € RN*" and Y € RNX™. Furthermore, assume given the
number of components a and the number n of singular values. Define the Krylov
matriz Ko € RP<@HD™ of the pair (XTX, XTY ) from Definition 15.1. Compute
the SVD of Kqy1, i.e.

Ko =USVT, (15.12)

where U € R™7, § € R™*@tDm gnd v e Rletmx(at)m = poriition the matriz of
left singular vectors as

5 5 AT
% [‘_/11‘512}

= 15.13
Va1 Voo ( )

Vll e Rmxn, VQI e Ramxn V12 c Rmx(a+)m—n 04 V22 c RamXx(a+l)ym—n  Tp0
NTLS solution is then computed as

ByrpLs = Kap™, (15.14)
where p, € RY™*™ js defined as
p* = —‘722‘71T2, (15.15)
or equivalently
P = (V5. (15.16)
Furthermore, the residual XY — XT X ByTpLs is determined by

ExtpLs = USaVh. (15.17)

15.4 Truncated total least squares

PLS may give a bias on the parameter estimates in case of an errors-in-variables
model, i.e. in the case when X is corrupted with measurements noise. Note also
that OLS and PCR gives bias in this case. An interesting solution to the errors-
in-variables problem is the Total Least Squares (TLS), Van Huffel and Vandevalle
(1991), and the Truncated Total Least Squares (TTLS) solution, De Moor et al
(1996), Fierro et al (1997) and Hansen (1992). The TTLS solution can be computed
as Brris = —V12V2T2 where Vig € R™7TM=0 and Vg € R™*7 M= gre taken from the

S0 ][V vie]"
SVD of the compound matrix [X Y] =UsSvT = [Ul UQ] [Ol g } [VH ‘/,12] .
2 21 V22

In MATLAB notation, Vig :== V(1 : a4+ 1:r+m) and Voo := V(r+1:7r+
m,a+1:r+m). This is the solution to the problem of minimizing || [X Y | —

[ Xrres Yrres | 17 = | X = Xores 1B+ 1Y = Yrous [ with respect to Xprps
and Yprrs where Yrrr.s = X11LsBTTLs is the TTLS prediction.



174 The conjugate gradient method and PLS

15.5 CPLS: alternative formulation

The CPLS solution can be defined as in the following Lemma.

Lemma 15.1 (CPLS: Controllability PLS solution)

Given output data from a multivariate system, ¥ = [yl Y2 ... ym} e RVX™ and
input (predictor) data, X € RNXT The CPLS solution to the multivariate model
Y = XB + E where E s noise is given by

Beprs = [Klp K2p - K'p] € R™™ (15.18)

where K& € R"™% is the Krylov (reduced controllability) matriz for the pair (X7 X, XTy;),
i.€.,

Ki=[XTy; XTXXTy; (XTX)??XTy; - (XTX)* 1 XTy; ], (15.19)

and the coefficient vector p € R® s defined from the single linear equation

m m

O (KD XTXK)p =Y (K Xy, (15.20)
i=1 =1

The CPLS solution is defined as a function of a single coefficient vector p € R*.
the coefficient vector is found as the minimizing solution to the prediction error.
In order to illustrate the difference between the CPLS solution and the common
strategy of using PLS1 on each of the m outputs we give the following Lemma.

Lemma 15.2 (PLS1 used on multivariate data)

Given output data from o multivariate system, ¥ = [yl Y2 ... ym} e RVX™ and
input (predictor) data, X € RN*" The PLS1 solution to the multivariate model
Y = X B + E where E is noise is given by

Bprsi = [ Klpi Kipy -+ KI'pm] € R (15.21)

a

where K} € R™% is the Krylov (reduced controllability) matriz for the pair (XT X, XTy;)
as in (15.19) and the coefficient vectors p; € R* are defined from the m linear equa-
tions

(KOTXTXKDp; = (KD XTy; Vi=1,---,m. (15.22)

15.6 Efficient implementation of CPLS

The bi-linear, possibly multivariate, model Y = X B + F has the univariate eqviva-
lent

y=Xb+e, (15.23)
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where

y = vec(Y) € RN™ (
X =(I,®X) e RNmxrm (
b=vec(B) € R™, (15.26
e = vec(E) € RN™, (

The univariate model (15.23) can be solved for b = vec(B) by, e.g. the PLS1
algorithm, and B € R™™ can be reshaped from b € R™ afterhand. The PLS1
algorithm can be used directly. However, this strategy is time consuming due to the
size of X. It is a lot more efficient to utilize the structure in X in the computations.
As we will show, this strategy is even faster than the fastest PLS2 algorithm, i.e.
when N > r the Kernal algorithm. One reason for this is that the CPLS method
does not need eigenvalue or singular value problem computations, which is needed
in PLS2, in order to compute the solution.

The normal equations for the model (15.23) are
XTy = xTxb. (15.28)

The symmetric matrix X7X € R™™*™ and the vector X7y € R™ are of central
importance in the PLS1 algorithm. Using that 27 = (I, ® X)? = (I,, ® XT) is a
m-block diagonal matrix with X7 on the diagonal, (i.e., there are m blocks on the
diagonal, each block is equal to X7, we have that

(Im®XT) Y
—
XT o ... 0 Y1 X'Ty1
0 XT 0 || | X7y
XMy=UnoXNy=1| . . . =10 (529
0 0 X7 |yw] [ XTym

Note that the zeroes in (15.29) denotes (r x N) zero matrices. Hence, a lot of
multiplications are saved by taking the structure of X into account when computing
the correlation X7y. The term X7y given by Equation (15.29) is a basis for the
first PLS1 weighting vector. We can choose w; = X7y directly as the first PLS1
weighting vector or we can choose a normalized version, e.g., w; = X1y /|| XTy| F.

The matrix product X7 X is also a m-block diagonal matrix, but in this case with
m diagonal blocks equal to X7 X i.e.,

XTx o -+ 0

. . . 0 XTx ... 0
XX =X )In®X)= [0 X'X) = : — : (15.30)

0 0o ---XTx

In order to compute the next weighting vector we have to compute X7 Xw;. In
general, we have to compute terms of the type, X7 Xw; or XTXd; in the CGM,
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during each iteration. We have that

AT X=(In@XTX) d;
—
XX o -~ 0 dil XTXdy
0 XTX ... 0 dio XTXd;o
XTxd; = (I, XTX)d; = | o = .31
0 0 - XTX | | dim XTXd;n,
where the search direction vector is
d;i1
di2
di=| .| € R™, (15.32)
dim

and where d;; € R".
The PLS1 algorithm can now be effectively modified by using (15.29) and (15.31).

15.7 Conjugate gradient method of optimization and
PLS1

The equivalence between the PLS1 algorithm and the Conjugate Gradient Method
(CGM) by Hestenes and Stiefel (1952) used for calculating generalized inverses is
presented in Wold et al (1984). Each step in the conjugate gradient method gives
the corresponding PLS1 solution. However, the strong connection between the PLS1
algorithm and the CGM can be clarified further. The conjugate gradient method
by Hestenes and Stiefel (1952) is also known as an important iterative method for
solving univariate least squares problems, solving linear equations, as well as an
iterative optimization method for finding the minimum of a quadratic and non-
quadratic functions.

We will show that the the method of Hestenes and Stiefel (1952) and further an-
alyzed, among others, in Golub (1983), (1996) for iterativeley solving univariate
LS problems gives identical results as the PLS1 algorithm. Furthermore, we will
show that the conjugate gradient optimization method presented and analyzed in
Luenberger (1968) §10.8 for solving quadratic minimization problems is identical to
the PLS1 algorithm for solving the possibly rank deficient LS problem. See also
Luenberger (1984) §8.3 and 8.4.

By iterative, we mean as in Luenberger (1984), that the algorithm generates a series
of points, each point being calculated on the basis of the points preceding it. Ideally,
the sequence of points generated by the iterative algorithm in this way converges in
a finite or infinite number of steps to a solution of the original problem. The conju-
gate gradient method can be regarded as being somewhat intermediate between the
Stepest Descent Method (SDM) and Newtons’ method. Newtons method converges
in one step for quadratic problems if the solution exists, and this solution is identical
to the OLS solution to the corresponding normal equations. The CGM converges
to the OLS solution in at most r, where r is the number of regressor variables.
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The SDM converges to the OLS solution in a finite number of steps, but the rate
of convergence may be slow. For ill-posed and ill-conditioned problems where the
OLS solution is unreliable or does not exist, then, a number of iterations, a < r, of
the CGM can be evaluated in order to obtain a regularized and stabilized solution.
Hence, an optimization and LS algorithm may be iterative even if it converges in a
finite number of steps. The definition of iterative does not depend on the number
of iterations.

Proposition 15.3 (LS and quadratic minimization problems)
The LS problem

B* = inV (B 15.33
arg min (B), ( )
where B is the parameter space and where
1
V(B) =3I - XBI}. (15.34)
is stmilar to the quadratic minimization problem
B* = in V(B 15.35
arg min Vo(B), (15.35)
where
1
Vo(B) = 5BTXTXB - BTXTY. (15.36)

Furthermore, with the definitions Q = X*X and b = XTY we have the normal
equations

@B =hb. (15.37)
Proof 15.2 In LS problems the usual criterion to be minimized can be written as
V= ény — XB|% = %(Y - XxB)T(Y -XB) = %YTY + %BTXTXB — BT x1588)
The 1st term on the right hand side is independent of the solution. Hence, a linear LS
problem is equivalent to a quadratic minimization problem, i.e., minimizing |Y —

X B||% with respect to B is equivalent to minimizing BT XTXB — 2BTXTY with
respect to B. O.

Note that the parameter space which gives the PLS1 solution coincide with the
column (range) space of the Krylov matrix, i.e., B € R(K,). A standard recursion
for the solution B* which is used in minimization methods, e.g., as in Newtons
method, the stepest descent (gradient direction) method and in conjugate direction
methods, is defined as follows

Definition 15.2 (Recursive equation for the solution)
Define k as the iteration index. Define the solution update equation as

Byy1 = By + aygdy, (15.39)

where dy, € R” is the search direction and oy, is a line search scalar parameter.
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In the stepest descent algorithm the search direction vector di at a given point By
is taken to be the negative of the gradient of Vy at Bj. In order to speed up the
convergence of the stepest descent algorithm, and avoiding evaluation and inversion
of the Hessian matrix as in Newtons method, the use of conjugate direction methods
can be motivated. A version of this is the conjugate gradient method (CGM). The
CGM and the connection with PLS is developed in the following. However, in order
to proceede properly the gradient is first defined and presented in the following
proposition with proof.

Proposition 15.4 (The gradient)
The gradient of Vg at the point By, is defined by

gk = @By — b. (15.40)
An alternative recursion scheme for the gradient is

Je+1 = gk + o Qdk. (15.41)

Proof 15.3 The gradient of Vi with respect to By, is given by

Vo
—< =QB;—b. 15.42
OBy, F ( )
Hence, we have definition (15.40).

FEvaluate the expression gpyr1 — gr and using Byy1 = By + agdy, i.e.,

Bit1 — By = QBrt1 — QB = Q(By, + agdy) — QB = apQdy.  (15.43)

This gives the alternative gradient update (15.41). O

Note that the residual of the normal equations for a solution B}, is identical to the
negative gradient. This is clarified with the following definition.

Definition 15.3 (Residual of the normal equations)
The residual of the normal equations evaluated with a point By is defined as

we b — QB = —gp. (15.44)

Hence, in the SDM the search for a minimum is done in the direction of the residual
of the normal equations. The scalar line search parameter in the solution update
Equation (15.39), will now defined in the following proposition.

Proposition 15.5 (Line search parameter)
The line search scalar parameter oy, in (15.39) is given by

_ dig
di Qdy,

ap = (15.45)

when d;‘chdk > 0.
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Proof 15.4 The parameter oy, is taken as the value which analytically is minimizing
the quadratic function Vgo(Byy1) in the search direction, dy. Hence,
OV(Br+1) 9

1
oy, ~ day, [i(Bk + oppdi) T Q(Br + agdy) — (B, + agdy) Tb]

9k

_Jr gy 4T o T

Solving %B:“) = dFgr + apdrQdy = 0 for oy, gives (15.45). Furthermore, the

02V (B4

minimum s unique when 502 ) — d{Qdk > 0. O
k

We will now discuss and present the search direction which is used in the CGM.
The first search direction in the CGM is equal to the negative gradient direction,
i.e., di = —g1. Hence, for one component (or one iteration) the CGM is identical
to the SDM. A new point By is then evaluated from the solution update equation.
The next search direction is choosen as a linear combination af the new negative
gradient, —go, and the old direction di. Hence, do = —go + S1d1 where (51 is a scalar
parameter. The parameter (; is choosen such that ds is Q-orthogonal (or conjugate)
to di, i.e., so that df Qds = d%Qd; = 0. Hence, dz is in the space spanned by —go
and d; = —g; but Q-orthogonal to d;. In general, the search direction , di11, in the
CGM is a simple linear combination of the current residual, wy11 = —gr11 and its
predecessor dy.

Proposition 15.6 (CGM search direction)
The search direction in CGM is initialized with di = —g1 = b = XTY. The CGM
search direction update equation is given by

di+1 = —Gry1 + Brdg, (15.47)
where
ggﬂQdk
dk Qdk

Proof 15.5 The search directions dyr1 and dy are Q-orthogonal, or conjugate with
respect to @, if dESHQdk = 0. Hence,

A}, Qdy = —gi 1 Qdy, + Brdi Qdy, = 0. (15.49)
Solving this for By gives (15.48). O

Remark 15.1 There are two other expressions for oy, and B which may be usefull
when implementing the CGM. The alternatives are (Luenberger (1984) p. 245)

T
9 9k
ap = , 15.50
T
By = D1t (15.51)
9i. 9k

Hence, a number of multiplications can be saved by using the alternatives.
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Based on the theory developed so far we state the following implementation of the
CGM.

Algorithm 15.7.1 (PLS1: Conjugate gradient implementation)
Given X € R¥*" and Y € RY and possibly an initial guess By € R” for the solution.
Note that By = 0 gives PLS1. We have

b=XTYy Vector and right hand side matrix
Q=XTXx in the normal equations, XY = X7 XB.
g1=QBy—b The gradient (1st weight vector)
di =—q1 The 1st search direction
for k=1,a Loop for all components 1 < a < r.
Gy, = [ gi - gk] Store present gradient vector.
Dy, = [dl e dk] Store present direction vector.
T
Q. = - d%c;sk Coeff. for bidiagonal matrix.
k
By, = Bi_1 + agd;  The PLS1 solution at step k.
if k<a
Jk+1 = gk + axQdr,  The gradient, (weighting vector).
T
Bk = gs}rgiik Coeff. for bidiagonal matrix.
k
d+1 = —gk+1 + Brdr Update the search direction.
end

end

This results, after a iterations, in the LS solution B,, in the gradient or weighting
matrix G € R™%, and a direction matrix D € R"*% The matrices are defined as
follows

Go=1[01-9a],Da=[d1--da]. (15.52)
A

Note that we have used the alternative solution update equation By = Bi_1 4+ apdi
instead of (15.39) in order for the actual implementation in Algorithm (15.7.1 to
be more readable. The first search direction, di, in the algorithm is equal to the
negative gradient, —g; = X7Y. Hence, the first step is a stepest descent step, and
the first weighting vector, w1, in the PLS1 algorithm is identical to the first search
direction, i.e., w; = di = —¢g;. This shows that the choice w; = XTY is higely
motivated. This is in contrast to the statement in Helland (1988) p. 588. The
algorithm may be implemented with a test on the gradient which is equal to the
negative residual, i.e., the algorithm should be terminated when ||gx|| = ||wg]| is less
than a tolerance for zero.

Theorem 15.7.1 (Equivalence between PLS1 and CGM)
From Algorithm 15.7.1 we obtain

By € By + R(Kp(XTX,dy)) (15.53)

Dy € Gy, € R(KL(XT X, dy)). (15.54)
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where di =b— QBy = XTY — XTXB,.

Furthermore, if the initial guess for the solution is zero, i.e., By = 0, then the
k-component PLS1 solution is given by

Bprs = By € R(Ep(X"X,X"Y)). (15.55)

Proof 15.6 The fact that the CGM solution, By, is the minimizing LS solution in
the subspace spanned by B = Bo+ R(K(XT X, dy)) is prooved in Luenberger (1984)
§8.2 and §8.4.. Se also Golub and Van Loan (1984) pp. 366-367 and Golub and Van
Loan (1996) §10.2.

The fact that Bprg € R(Ki(XT X, X1Y)) is prooved in Helland (1988), Di Ruscio
(1998).

Since both the PLS1 solution and the CGM solution (with By = 0) is the minimizing
LS solution of the same subspace, i.e. the column (range) space of the Krylov matriz
K, (XTX,XTY). O

Based on the above theory we state the following new results concerning the PLS1
solution.

Theorem 15.7.2 (PLS1: alternative expression for the solution)
The PLS1 solution for a components is identical to the CGM solution obtained after
a iterations. The solution can be expressed as

Bprs = Do(DI X" XD,) ' DI XY, (15.56)
where it is important to recognize that DX X1 X D, € R**% is diagonal. Furthermore,
Bprs = Go(GTXTXG,)'GT Xy, (15.57)

where we have that GI XTXG, € R is tri-diagonal.

Proof 15.7 A parameterized candidate solution which belong to the Krylov subspace
18

By = Dap. (15.58)
Furthermore, the LS solution
B,
P =Y — XDop (15.59)
gives
p*=(DiX"XD,) 'DIXTY. (15.60)

Using p* instead of p in the parametreized solution gives the PLS solution (15.56).

The fact that DIQD, follows from the Q-orthogonal (or Q-conjugate) properties of
the CGM.
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.2 2nd effective implementation of CPLS
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.4 4th effective implementation of CPLS
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.6 Conjugate Gradient Algorithm II: Luenberger (1984)
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.7 Conjugate Gradient Algorithm II: Golub (1984) page
370
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.8 CGM implementation of CPLS



Appendix A

Notation

A.1 Notations used

The special structure of a Hankel matrix as well as some matching notations, which
are frequently used throughout the paper, are defined in the following.

Given a vector
s, € R"VEk=0,12,..., (A.1)

where nr is the number of rows in sy.

Define integer numbers j and ¢ and define the vector s;; € R™ as follows

jli
Sj
def | Si+1
Sili = |- )
Sj+i—1
which is defined as an extended vector.

The integer numbers j and ¢ have the following interpretations:

e j start index or initial time in the sequence used to form s;;, i.e., sj, is the
upper vector element in the extended vector sj;.

e i is the number of nr-rows in s;;.

Examples of such vector processes, si, to be used in the above definition, are the
measured process outputs, yr € R™, inputs, u; € R" and references, r, € R™.

The extended observability matrix, O;, for the pair (D, A) is defined as

0; 9 | e R™*™, (A.2)
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Notation

where the subscript i denotes the number of block rows.

The reversed extended controllability matrix, C’Z-d, for the pair (A, B) is defined as

cl Y [A4-1B A2B ... B] e R™, (A.3)

where the subscript i denotes the number of block columns.

The lower block triangular Toeplitz matrix, Hid e Rimx(i+g=1r for the quadruple

matrices (D, A, B, F).

E Om><r 0m><7“
DB E Omxr
DAB DB E

| DA™2B DA™3B DA™ B --- E

: Omxr
: Om><r

: Omxr

where the subscript ¢ denotes the number of block rows and i + g — 1 is the number
of block columns, and where 0,,x, denotes the m x r matrix with zeroes.



Appendix B

Linear Algebra and Matrix
Calculus

B.1 Trace of a matrix

The trace of a n X m matrix A is defined as the sum of the diagonal elements of the
matrix, i.e.

tr(A) =) au (B.1)
=1

We have the following trace operations on two matrices A and B of apropriate
dimensions

tr(AT) = tr(A)
tr(ABT) = tr(ATB) = tr(BT A) = tr(BAT)
tr(AB) = tr(BA) = tr(BT AT) = tr(AT BT)
tr(A+ B) =tr(A) £tr(B)

~ /N
& W W
T =~ W N
~— — ~— ~—

B.2 Gradient matrices

Sfo e Sfo S e o o e S
=
SE3355553
>~
S
S
I
Sy
BN
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8% tr[eAXB] = (BeAXBA)T (B.15)
itr[XAXT} =2XA, if A=A" (B.16)
0X ’ ‘

597 tr[AX] = A (B.17)
59r tr[AXT] = AT (B.18)
527 tr[AXB] = BA (B.19)
27 tr[AXTB] = ATB" (B.20)
MLT tr[eXB] = BeAXB A (B.21)

B.3 Derivatives of vector and quadratic form

The derivative of a vector with respect to a vector is a matrix. We have the following
identities:

=1 (B.22)
5 @Q)=q (B.23)
Z (Qr)=Q" (B.24)

(B.25)

The derivative of a scalar with respect to a vector is a vector. We have the following
identities:

5 (') =y (B.26)
8% (zlz) = 2z (B.27)
L (27Qr)=Qz +Q"x (B.28)
5 (y'Qz) =Q"y (B.29)
Note that if @) is symmetric then
3%3 (27Qx) = Qz + QTz = 2Qx. (B.30)

B.4 Matrix norms

The trace of the matrix product AT A is related to the Frobenius norm of A as
follows

1AIF = tr(ATA), (B.31)

where A € RVxm,
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B.5 Linearization

Given a vector function f(x) € R™ where x € R™. The derivative

with respect to the row vector 7 is defined as
Ofh Oh .. Oh
8$1 8332 axn
of _ | 9z Ox Oznp, c R™xn
Za SN
Ofm Ofm . . Ofm
a.’El 8332 axn

Given a non-linear differentiable state space model

f(@,u),
g9(z).

7
Y
A linearized model around the stationary points xg and ug is

éx = Az + Bu,
oy = Dux,

where

of

= Ozl |x07uov

of

= oul |9€0,U0’
dg
= oL |zo,uov

and where

=T — X,

U = U — Ug.

B.6 Kronecer product matrices

Given a matrix X € RV*", Let I,, be the (m x m) identity matrix

XL =XxTeI,,

In®X)' =1, X",

of the vector f

(B.32)

(B.37)
(B.38)

(B.39)

. Then

(B.42)

(B.43)



