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Preface

These lecture notes are aimed to serve as a complement to the textbooks listed for the course SSY281
Model Predictive Control in the master’s program Systems, control & mechatronics at Chalmers.
The primary textbook by Rawlings and Mayne [1], which is also publicly available in pdf form, has
influenced these lecture notes considerably. Other useful texts are [2] and [3], both electronically
available, and the previously used [4]. The lecture notes, which have been continuously developed
since the course was started in 2012, were initially prepared to provide material not covered by the
textbooks. Today, the notes can be seen as a condensed text for the material appearing during the lec-
tures; each section in the notes indeed corresponds to one lecture. Since the notes are a bit condensed,
the reader is advised to consult the textbooks for further details and, not the least, for more examples
and case studies. References to the literature are also found in the books.

The lecture notes include “summary slides” (identified in these notes by a framed number), which
to some extent are used in the lectures to complement a more conventional “talk and chalk™ lecture
style. The slides are uploaded to the course homepage.

The lecture notes were originally written by Bo Egardt. Useful comments and suggestions on the
manuscript from Paolo Falcone and Sébastien Gros are gratefully acknowledged. Latest revision is
provided by Nikolce Murgovski.
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Gothenburg, 2021-01-18
Nikolce Murgovski



Contents

1

10

11

Introduction and course overview

1.1 Background and motivation . . . . . .. ... ... ... ... ..
1.2 Thereceding horizonidea . . . ... .. ... ... .. .......

Review and preliminaries

2.1 Statespacemodels . . . ... ... ... ... oo,
2.2 Setpoint tracking and regulation . . . . .. .. ..o
2.3 Estimation, prediction and disturbance modelling . . . . . ... . ..
2.4 Quadratic forms and stability . . . . .. ... ... 0000
25 LIlsystemsinMatlab . ... ... ... ... ... .........

Unconstrained receding horizon control

3.1 The linear-quadratic (LQ) control problem . . . . . . . ... .. ...
3.2 Unconstrained receding horizon control . . . . . .. ... ... ...

Constrained receding horizon control

4.1 Constrained receding horizoncontrol . . . . . . .. .. ... ... ..
4.2 Linear quadratic MPC . . . . . . . ... ... . L oL

MPC practice — setpoints, disturbances and observers

5.1 Output predictions and the DMC scheme . . . . . . ... ... ....
5.2 Steady state targets and zero offsets . . . . ... ... ...

The Kalman filter and moving horizon estimation

6.1 The Kalmanfilter . . . . . . ... ... ... ... .. ... ..
6.2 Least-squares estimation . . . . . . . . . . . ... ... ...
6.3 Moving horizon estimation . . . . . . .. .. ... ... ... ...

Optimisation basics and convexity

7.1 Introduction . . . . . . .. ..
7.2 Conditions for optimality — the KKT conditions . . . . .. ... ...
7.3 Convex optimisation . . . . . . . . . . ...
7.4 Duality* . . . ... e

Solving QP problems

8.1 Newton’smethod . . . . ... ... ... ... ... .. .. ...
8.2 Inequality constraints . . . . . . . . . . . . . ...

Feasibility

9.1 Feasibility . . . . . . ... L

Stability

10.1 Stability and Lyapunov functions . . . . . . . ... ... ... ....
10.2 Stability conditions for MPC . . . . . . ... ... ... ... ...
10.3 Stability of constrained linear quadratic MPC . . . . . . . ... ...

MPC practice — implementation and tuning

11.1 Designandtuning . . . . . . . . .. .. ... ...,

11.2 Implementation issues and computational efficiency

1

14
14
16
19
21
22

24
24
28

31
31
33

38
38
42

46
46
47
51

53
53
54
57
63

67
67
69

73
73

78
78
79
82



12 Explicit control laws for constrained linear systems 90

12.1 Parametric programming . . . . . . . . . . ottt e e e e e e 90
12.2 Constrained LQ control . . . . . . . . . . . .. e 91
13 Alternative formulations of MPC 96
13.1 Step/impulse response and transfer functionmodels . . . . . . . .. ... ... ... 96
13.2 Other variations of MPC . . . . . . . . . . .. ... ... 98
14 Beyond linear MPC 99
14.1 Nonlinear MPC . . . . . . . . . . . . e 99
142 Robust MPC . . . . . . . . e 105



Table 1: Notation

Basic math symbols

N, N, The set of (positive) integers
R,Ry The set of (nonnegative) real numbers
C The set of complex numbers
R™ Euclidian space of dimension n
Rmxm The set of m by n real matrices
dim The dimension of a vector
rank The rank of a matrix
diag Diagonal matrix
Koo The class of I, functions
= Equality by definition
D Domain of a function
dom f Domain of the function f
int Interior of a set
S General set
Signals
T State vector x
xt Next value of the state x
&, 2(t) Derivative of z
Tmins Tmax Lower and upper limit of x
U Control input vector
Umin, Umax Lower and upper limit of «
Au Control move (increment of )
AUpin, Auma,  Lower and upper limit of Au
Y Output vector
r Reference signal

RHC variables and parameters

T Vector of future state variables
u Future control input

Uu Vector of future control inputs
Au Future control move

Au Vector of future control moves
i Predicted output

Y Vector of predicted outputs

Yr Free response

Yy Vector of free response values
r Future reference signal

r Vector of reference variables
N, M Prediction and control horizons
Q,Q State penalty matrices in LQ
R, R Control penalty matrices in LQ
Qr Matrices in LQ cost expression




Optimal control symbols

Cost function over horizon N

Optimal cost function (or value function) over horizon N

Optimal cost-to-go from time k to time N
Cost function over infinite horizon

Optimal cost function (value function) over infinite horizon

State constraint set

Terminal state constraint set

Control constraint set

Constraint set in (x, u)-space

Implied control constraint set with horizon N
Feasible set of initial states with horizon N
Sequence of future controls

Ditto as function of initial state x

Optimal sequence of future controls

Ditto as function of initial state «

u( Infinite sequence of future controls
u*(0:00) Optimal infinite sequence of future controls
z(0:N) Sequence of future states
z(0:N;x) Ditto as function of initial state x
z*(0:N) Optimal sequence of future states
x*(0:N;x) Ditto as function of initial states x
Feasibility related set symbols
(Maximal) control invariant set

The i-step/maximal controllable set with target set S

Pre (S) The set of predecessor states of S
State estimation symbols
T State estime
L Observer gain matrix
Vi State estimation cost function
Vr Moving horizon state estimation cost function
x(0:7) Sequence of state estimates
z(0:7) Sequence of optimal state estimates
x(k—=T:k) Sequence of moving horizon state estimates
W Process disturbance constraint set for MHE
\% Output disturbance constraint set for MHE
~N Normally distributed
General optimisation symbols
x* Optimal solution
p* Optimal value of primal problem
d* Optimal value of dual problem
) Feasible set
L Lagrangian
V.L,ViL Gradient and Hessian of the Lagrangian
Ly A Lagrange multipliers
q(p, A) Lagrange dual function
Vf,Vg,Vh Gradients



&

~N
Az, AN, Ap
XU,z

Hessian

Set of active constraints

Set of inactive constraints
Normally distributed
Algorithm updates
Parametric programming sets




1 Introduction and course overview

The objective of the first section is to give an introduction to Model Predictive Control (MPC). The
aim is to provide a motivation for our study of MPC and to give a preview of the course contents. The
chapter is introductory and lists questions that will be answered later in the course!

Chapter 1 in [2] is short, but gives a brief introduction to constrained control and estimation in
a form which is relevant for our course. Chapter 1 in [4] gives a nice and broader introduction with
reference to applications, a bit of history and some examples.

1.1 Background and motivation

Model predictive control goes back to the 1970s, when some of the basic ideas were introduced and
applied to process control. The early development was carried out in petro-chemical industry as a
response to some of the needs met in practice. A significant attribute of processes in this industry is
that many of the process units operate (or rather, should operate) close to limits in order to optimise
production throughput or efficiency, to achieve the best product quality, or to comply with safety
limits. Hence, techniques to extend the classical linear control methods to this situation were looked
for.

Linear control algorithms are not really aimed to operate close to limits or constraints. However,
in practice there will always be constraints. The most obvious constraints are limits on the control
inputs—any actuator has its minimum and maximum values—and often the rate of change (the slew
rate) of the control signal is also limited. Another type of constraint is associated with process outputs
or states—temperatures and pressures may not exceed certain limits, or a specific product property
such as consistency or concentration has to be within limits. In fact, it is not uncommon that, while
respecting such constraints, it is still desirable to operate close to some of them.

Because of the sheer scale of the petrochemical processes, even small improvements of control can
pay off with remarkable economic results. This inspired some of the pioneers in the field to develop
control algorithms that involved solving optimisation problems in real-time. One such algorithm is the
famous Dynamic Matrix Control, DMC, which we will look into later in the course. The algorithms
were developed without much supporting theory, but were still applied successfully in practice. One
important reason for the success was the fact that the slow time scale of the processes allowed the
computations to be carried out in real-time, despite the limited computational power available at the
time.

MPC has evolved over the years, since its first appearance in the 70s. In addition to the ability to
handle constraints, an important property of MPC is that it is applicable to multi-input, multi-output
(MIMO) processes. This means that MPC is a viable option for extending the basic SISO functionality
of PID regulators. In process industry, MPC is often located at the next higher level in the overall
control hierarchy. As will be explained further during the course, MPC is also model-based in a very
explicit way, a property that is commonly desired in current control design methodology.

The last 15-20 years have led to remarkable advances of MPC theory, techniques, and applications.
Theoretical advances have led to improved understanding of MPC properties, in particular stability,
and the techniques have been extended to nonlinear systems. The range of applications has developed
immensely, far beyond the initial process control applications. An important enabling factor behind
this development is that numerical computations, which are at the core of MPC, have become very
efficient. This depends partly on the general development of computer technology, but another—
perhaps even more important—factor is that the numerical algorithms have been developed to become
extremely efficient. Again, we will come back to this at much more detail later on.

The origin of model predictive control (MPC) and some of its current driving forces can be sum-
marised as follows:

* The origin:



— Process control in petrochemical industry (1970s).
— Dynamic Matrix Control (DMC).

* Early drivers:

— Operation close to limits = linear control shortcomings.

— Large returns on small improvements in e.g. product quality or energy/material consump-
tion.

— Slow time scale allows time-consuming computations.
 Limitations of linear control design:

— Saturation on control and control rates.
— Process output limitations.

— Buffer control (zone objectives).
* Important attributes of MPC:

— MPC handles actuator limitations and process constraints.
— MPC handles multivariable systems.

— MPC is model based (step responses, state-space models etc.).
* Current driving factors:

— Development of theory and new application areas.

— Improvements in numerical computations.

Limitations of linear design

The step from classical linear control design to MPC is fairly large—this is one reason for offering this
course—so a natural question to ask is if it would be possible to extend the linear design in some way
in order to handle constraints. This is discussed in Chapter 1 of the textbook [2]. One possible way to
go would be to apply a cautious design, i.e. to design the linear controller in such a way as to avoid the
constraints, at least in normal operation. This can in principle be done to handle control constraints,
even though performance would typically be compromised, but it would mean that operation close to
process state constraints is not possible, a consequence not desired.

Another possibility is to extend the linear control design with heuristic add-ons that come into
play close to constraints. Possible functions would be to change controller parameters close to limits,
to device anti-windup schemes, or to switch in some fall-back strategies. All these and many other
heuristic add-ons are indeed used in practice. MPC is distinguished from all these approaches in that
constraints are taken into account in a systematic way as part of the control design.

Example 1.1 (MPC vs. LQ control [2]). Consider the linear system

Tpa1 = Al’k + Buk

yr = Cay,

with
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Figure 1: Feedback control loop with input saturation.

which is the zero-order hold discretisation with sampling period 4 = 1 s of the double integrator

Initial state is set to xg = [—6 0} " and the goal is to drive the state to x5 = 0 with a feedback control
law as illustrated in Figure 1.

The control input is to be kept within bounds u; € [—1, 1], Vk. For safety reasons, a saturation
function is imposed

1, u>1
sat(u) = Qu,  |ul <1
-1, u< -1

We will consider three different control designs, which will be referred to as cautious, serendipi-
tous, and tactical.

Cautious control. We may design a controller that minimizes a quadratic objective

N-1
1 1
Vn({ze}, {wr}) = ?ULPMN t3 > (wf Qi + u) Ruy)
k=0

the details of which will be described later, in Section 3. Let us set, for simplicity, Py = 0, () = c'cC
and N — oo. The value of R can be chosen cautiously, such that the control action stays within
bounds. Indeed, this can be achieved with & = 20, for which the optimal feedback control low
is u, = —Kuy, with K = [0.1603 0.5662]. The optimal control actions and the system output
are depicted in Figure 2a. We can see that control bounds are satisfied for this initial state, but the
achieved output response is rather slow, as the settling time is in the order of 8 samples.

Serendipitous control. In order to decrease the settling time, we now try reducing the action weight
to R = 2, while keeping the same () matrix. Results are shown in Figure 2b where it can be seen that
the settling time is indeed reduced to about 5 samples. However, we can also see that the saturation
function is very important for this controller, since without it the constraints would be violated. We
call this control law serendipitous since no special considerations of the presence of the constraints
have been made while designing the controller.

We may now test our fortune by reducing the action weight even further, to R = 0.1. As can be
seen in Figure 3a the unconstrained control indeed reduces the settling time to about 3 samples, but
the control action seriously violates the constraints. After saturating the control action, we can see
in Figure 3a that our luck has run out, since the system output experiences large overshoot and the
settling time is actually increased to about 12 samples.

8
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tively, and R = 0.1.

Figure 3: Comparison between LQ and receding horizon control of the double integrator system.

Tactical control. Finally, we implement a receding horizon control by regarding the constraints
within the design process. We use the same control weight, R = 0.1, and a prediction horizon of
N = 2 samples. The details of the control design will be described later, in Section 4. Results are
shown in Figure 3b, where it can be seen that low settling time is achieved, while keeping the control
action within bounds. |

1.2 The receding horizon idea

Model predictive control, or simply MPC, is the term that will most often be used during the course
to designate the class of control algorithms investigated. Another popular and almost synonymous
term is receding horizon control, which explicitly points to the actual core of MPC, the receding

9
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Figure 4: An illustration of a receding horizon control. The free response is the future response when
the control signal stays at its current level.

horizon idea. The starting point is as follows: at the current sampling time, the controller takes into
account what is known about the process now and what can be forecasted or predicted over some
future sampling intervals, the horizon, including the chances of “running into” any constraints. A
decision is taken concerning what control action to take, typically based on a significant amount
of computations. At the next sampling interval, the procedure is repeated with a horizon that has
now been advanced one sampling interval into the future—this is what motivates the term receding
horizon control. We can summarise what has been said as follows:

1. Attime instant k, predict the process response over a finite prediction horizon V; this response
depends on the sequence of future control inputs over the control horizon ) .

2. Pick the control sequence which gives the best performance in terms of a specified objective,
cost function or criterion.

3. Apply the first element in the control sequence to the process, discard the rest of the sequence,
and return to step 1.

Figure 4 illustrates the receding horizon idea, where the sampling instant is k. The picture also
introduces the term free response, which is used to denote the future response in case the control
signal stays at its current level. In the figure, it is assumed that the control horizon M is smaller than
the prediction horizon N; this is not always the case. Notice that in this example it is assumed that the
control stays constant beyond the control horizon; this is a common assumption, and we will return
to this later.

Example 1.2 (Receding horizon control of an integrator system). Consider the following system, a
simple integrator with input u and output y,

y(k+1) = y(k) + u(k).

We will investigate the details of receding horizon control for this simple system without constraints.
Viewing the system at time &, the sequence of past inputs {...,u(k — 2),u(k — 1)} and outputs
{...,y(k —1),y(k)} are assumed to be known (note that y(k) is known but not u(k)!). The model
can then be used to predict the output of the system over the prediction horizon N, here chosen to be

10



equal to 2. Introduce the notation (k- 1|k) for the predicted output at time k41, given information at
time k, and similarly for §(k + 2| k). The predicted outputs can be expressed in terms of future control
inputs u(k|k), u(k + 1|k), or equivalently in future changes in control inputs Au(k|k), Au(k + 1|k).
To summarise, we have the following:

* System at time k, with output dynamics: y(k + 1) = y(k) + u(k).

* Pastinputs: {... u(k —2),u(k —1)}.

* u(k + 1|k): planned (future) control input at time £ + 1, given information at time k.
o Au(k + 1|k) = u(k + 1]k) — u(k|k): control increment.

* y(k + 1|k): predicted output at time k£ + 1 given information at time k.

* Prediction horizon: N = 2.

* r(k): areference signal to be followed by the output.

The predicted outputs can be written as:

y(k+ 1|k) = y(k) + u(k|k) = y(k) + u(k — 1) + Au(k|k) = yr(k + 1|k) + Au(k|k)
g(k+ 2|k) = y(k) + u(k|k) + w(k + 1|k) = y(k) + 2u(k|k) + Au(k + 1|k)
=y(k) + 2u(k — 1) + 2Au(klk) + Au(k + 1|k)
= yr(k + 2|k) + 2Au(k|k) + Au(k + 1|k)
where y(-|k) is the free response, i.e. the predicted output if the control input is frozen at time &

to its last value u(k — 1). We will illustrate the receding horizon controller in a couple of different
cases.

Case 1: control horizon of M/ = 1. Only one future control input is to be chosen, and we assume
that the control stays constant after that, i.e. Au(k + 1|k) = 0. A natural criterion for having future
outputs close to the reference signal

Vo= (g(k +1|k) —r(k+1))* + (§(k + 2|k) — r(k + 2))
= (y;(k + 1|k) + Au(klk) — r(k + 1)) + (ys(k + 2|k) + 2Au(k|k) — r(k + 2))*.
We can solve for the optimal value by differentiating V5, and set the derivative equal to zero:

oV,

FRaRy — 20r (k4 1R+ Aulklk) —r(k+ 1)) + 20y (k + 21k) + 28u(klk) = r(k +2)) -2 =0.

This gives the optimal (incremental) control (remember that u(k) = u(k — 1) + Au(k|k))

Au(klk) = = ((r(k + 1) = ys(k + 1k)) +2(r(k +2) —y;(k +2|k))) . e))

| =

Notice that the control increment will be 0, i.e. the control signal stays where it is, if the free response
coincides with the reference signal.
Alternatively, we could describe this procedure as trying to solve the system of linear equations

y(k 4+ 1|k) = yp(k + 1k) + Au(k|k) = r(k+ 1)
g(k +2|k) = yr(k + 2|k) + 2Au(k|k) = r(k +2)

11



or, using vector notation,

2] + o 2o = [

Yy + OAu(klk) =r.

Since there is only one variable to fulfil two conditions, a natural solution is to find the value of
Au(k|k) that solves this system of linear equations in a least-squares sense, i.e. by minimizing
|©Au(k|k) — (r — yy)||*. Expressing this in Matlab notation gives

Au(klk) = O\(r —ys) = (©70) 'O (r — yy), 2)

which is identical to the solution (1).

Case 2: control horizon of M/ = 2. There are two free variables. Hence, with the system of linear
equations interpretation, the conditions to be fulfilled now become

ottt = e ]

which can now be solved uniquely for the optimal control sequence:

{A%@Z)m} = B ?] ) (r—uy). (3)

Sticking to the receding horizon principle, only the first element in the optimal control sequence is
used, namely Au(k|k), and the other element is discarded.

It should finally be stressed that this example is very simplified, and the main purpose is to clarify
the character of the solution and the receding horizon principle. In more realistic examples, we would
expect M and N to be chosen significantly larger, sometimes equal, sometimes with M smaller than
N'. In addition, constraints would be introduced in most cases. |

Summary
The MPC recipe for the example:

1. Attime k, predict the output N samples ahead:
gk +1k),...,9(k + N|k).
2. The predictions depend on future control inputs
u(klk), u(k + 1k), ..., u(k + M — 1|k).
(Normally, M < N, and we assume that u is either 0 or unchanged after this.)
3. Minimize a criterion (now adopting the index notation as in Matlab)
V(k)=V(glk+1:k+ Nlk),u(k:k+ M — 1|k))
with respect to the control sequence u(k:k + M — 1|k).
4. Apply the first control signal in the sequence to the process:

12



5. Increment time k := k + 1 and go to 1.

It can be noticed that items 1 and 2 above require a process model, which can be used for pre-
dictions. Item 3 assumes that we formulate an optimisation objective and that we have a relevant
optimisation algorithm to minimise this objective. Item 4 stresses the fundamental receding horizon
principle. Based on the example, we can now summarize the main ingredients of model predictive
control; these will be the focus for our study during the course with the objective to generalize the
ideas described in the simple example:

MPC ingredients

* An internal model describing process and disturbances.

* An estimator/predictor to determine the evolution of the state.

* An objective/criterion to express the desired system behaviour.

* An online optimisation algorithm to determine future control actions.
* The receding horizon principle.

* QOur focus: linear models, quadratic criteria with linear constraints.

13



2 Review and preliminaries

The second section takes a closer look at some of the basic ingredients of MPC as discussed in the
first section. A review is given of some concepts and results from previous courses that turn out to be
useful. The aim of the section is to give a clear picture of what is needed later on during the course;
you are advised to go back and refresh this material if needed. The textbooks basically assume that
this material is known.

Section 1.2 and Appendix A in [1] contain some bits and pieces of this material, as does Sections
5.2 and 5.4 of [2]. The discussions on how state variables can be chosen to include control moves
Aw instead of absolute control u, and on how computational delays may be included in the model are
found in Section 2.4-2.5 of [4].

2.1 State space models

The first important ingredient in model predictive control is an internal model. Linear state space
models will be used throughout the course. The emphasis will be on discrete-time state space models,
but often these models originate from continuous-time models of the process, sometimes obtained by
linearising the original non-linear model.

Continuous State space model. We will study continues state space models of the form

i(t) = Aa(t) + Bou(t)

y(t) = Cya(t) @)
2(t) = CLx(t)

where
x = (x1,...,x,) is the state vector
u = (ug,...,u,) is the control input vector
Y = (Y1, ---,Yp,) is the vector of measured outputs
2z = (21,...,2p,) is the vector of controlled outputs.

Often, z = y = (1, .., Yp), and then we simply write y(t) = Cx(t).

Discrete state space model. Assuming that the control signal is constant over the (constant) sam-
pling interval, we may obtain an exact representation of the above system at the sampling instants.
The solution of (4) with initial condition x(¢¢) is

t
w(t) = e (1) +/ ") Bou(s)ds. )

to

Assume that the control signal u is piecewise constant (/ is the sampling interval),
u(t) = u(kh), kh<t<(k+1)h.
By using this in (5) with ¢t = (k + 1)h and ¢, = kh, we get the discrete time state equation
h
z(k+1) = etra(k) + (/0 e B, ds) u(k) = Az(k) + Bu(k),

14



(a) Instantaneous computation. (b) Full sampling interval delay. (c) Fractional delay.

Figure 5: Control action and computational delay.

where, for simplicity of notation, i has been omitted from the time argument. The output equation of
(4) is the same (but with ¢ replaced by k). A compact version of the discrete state-space model in
the case z = y is

T = Ax + Bu
y = Cu.

In the discrete-time representation derived above, it is assumed that the control signal u(k) is in-
stantaneously available at the sampling instant, so that it can be applied to the process immediately.
Sometimes, this may be unrealistic, in particular if the control algorithm involves significant compu-
tation, as in the MPC case. One way to solve this is to wait until the next sampling instant to deliver
the control signal to the process, as illustrated in Figure 5b. This will, however, introduce an addi-
tional time delay of one sampling interval, which may be undesirable. A third alternative, shown in
Figure Sc, is to allocate a fraction of the sampling interval to the computations, and then deliver the
new control signal to the process between two consecutive sampling instants. The model obtained
will differ compared to the other alternatives.

Computational delay. Allowing for a computational delay 7, the control signal is still piecewise
constant but now given by

wk—1), kh<t<kh+r

U=V k), Bhtr<t< (it

15



The solution (5) is now obtained in two steps (corresponding to the two different input signal levels)
as

h—T1
z(k+1) = e y(kh +7) + / e’ B.ds - u(k)
0
T h—T1
= eAe(h=T) (eAch(k;h) +/ e B.ds - u(k — 1)) +/ e B ds - u(k)
0 0
T h—1
_ eAch:C(kh) + eAe(h=7) / e B.ds - u(k —1) + / e’*B.ds - u(k)
0 0

= Ax(k) + Byu(k — 1) + Bou(k).

This can be put in a standard form by introducing the augmented state vector

=y

The new state space model becomes
A N e

An alternative model compared to the ones described above is obtained by focusing on control
signal changes as opposed to absolute control values. It is not difficult to get the relevant state space
model for incremental control,

zt = Ax + Bu
y=Cu.

Introduce the incremental control (or control move)

and the augmented state vector

This leads to the new model

&t = AE + BAu
y=C¢
with e B
A:[O ]} B—M c=[c q.

2.2 Setpoint tracking and regulation

Consider the system

T = Az + Bu (6)
y=Cux. (7N
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A steady state (z, u,) of the system satisfies the equation

[[-A —B] {x} =0,
Us
The task to bring the system output y to a desired, constant setpoint ¥, is termed setpoint tracking.
At steady state, this requires C'z; = y5, and the condition for setpoint tracking becomes

I—A —Bj| |xs 0
A ®
This is a system of n + p equations with n + m unknowns.

We will return shortly to the solution of the system of equations above. Assume for a moment,
however, that the system of equations has a solution. It then turns out that it is relatively straightfor-
ward to translate the setpoint tracking problem into a regulation problem for deviation variables.
This is why we, in the next couple of sections, will mainly focus on the regulation problem, for which

the task is to steer the system state to the origin.
Assume that equation (8) holds. Then the deviation variables

satisfy the following dynamics

dx(k+1) = Az(k) + Bu(k) — xs = Ax(k) + Bu(k) — (Azs + Bug) = Adx(k) + Bou(k)
oy(k) = y(k) = ysp = Cx(k) = Cxy = Cou(k).
Thus, the deviation variables satisfy the same state equation as the original variables.

Going back to the solution of (8), we will first refresh some basic facts about solutions to systems
of linear equations. For any m X n matrix A € R™*" we have,

Rank of A : rank(A) = rank(A") = 7.

Range of A : R(A) ={Az |z e R"} dimR(A)=r.
Nullspace of A : N(A)={x| Az =0} dimN(A)=n—r.
Orthogonal subspaces: R(AT) LN(A) R(A) LN(AT).

For the system of linear equations
Ax =b, AeR™"

we have:
* There exists a solution x for every b if and only if r = m, i.e. R(A) = R™.
* The solution is unique if and only if » = n, i.e. N'(A) = {0}.

The relations above can be illustrated as in Figure 6.

Sometimes we will be interested in solving a system of linear equations approximately. This
happens, for example, when there are more equations than unknowns, i.e. m > n, in which case
necessarily 7 < m. We have already encountered this situation in Example 1.2, where reference to
Matlab’s backslash operator was made. The mathematical meaning of this is summarized below.

Consider the overdetermined system of linear equations

Az =b, AecR™™
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Figure 6: Illustration of range and nullspace of a matrix A and its transpose.

with m > n. Assume that A has maximal rank » = n. Then the solution to the minimization problem

min |Ax — b
rER?

is given by
z* = A'b

where the pseudo-inverse A' is defined by
Al = (ATA)TIAT,

Remark. Az* = AA'D is the orthogonal projection of b onto R(A), i.e. x* is mapped to the vector
in R(A) that is closest to b. In Matlab notation, x* = A\b.

In other situations we may encounter undetermined problems that have many solutions. This
happens when there are less equations than unknowns, i.e. m < n. Consider, e.g., the undetermined

system of linear equations
Arx =b, AeR™"

with m < n. Assume that A has maximal rank » = m. Since the system has many solutions, a
common choice is to pick a representative solution, e.g. the one which minimises the least-norm

min  z ' z. 9)
z€R", Az=b

Proposition 2.1. The solution to (9), where A is a full row rank, is
z* = AT(AAT) M.
Remark. The matrix AT(AA")~Y is also known as right pseudo-inverse.

Proof of Poposition 2.1. For the proof we will consider techniques that will be discussed in more
details in Section 7.
The solution of problem (9) can be found by minimising the Lagrangian

L=x"z+ " (Az —b)
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where ) is a vector of Lagrange multipliers. Minimum can be found where the derivative is zero, i.e.
20T + ATA = 0.

From here, z* = — AT\ /2. To find A, substitute z* in the equality constraint
1
Az* = —§AAT)\ =b.

This gives A = —Q(AAT)_lb, where we have used the fact that AAT is invertible, since A is a full
row rank. Finally,

vt = AT(AAT) .
0

Returning to equation (8), we may ask when there exists a solution. It is a system of linear
equations with n + p equations and n + m unknowns. If we want the equation to have a solution for
any ysp, the matrix on the left hand side must have rank n + p. Hence, we must have p < m, i.e. we
need at least as many inputs as outputs with setpoints. On the other hand, it is not uncommon that we
have more measured output variables than manipulated inputs. Then we may choose a subset of the
outputs, for which we would like to have setpoint tracking. We refer to these as controlled outputs =
as in (4). The condition for setpoint tracking now becomes

I-A —B|l|zs| |0
ot L 0
with p, < m. We will return to a more thorough discussion of this in Section 5.

2.3 Estimation, prediction and disturbance modelling

From Section 1 we remind that another important MPC ingredient is an estimator/predictor to deter-
mine the state evolution. The fundamental result here (which should be known from previous courses)
is that the state equation

xt = Az + Bu
y="Cz

allows the construction of a state observer/estimator
2T =A% + Bu+ L(y — C1)

which provides estimates & of the, usually only partly measurable, state. Defining the state estimation
error £ = & — x, the error dynamics can readily be found as

it = (A - LO)a.

An important result is that the eigenvalues of the error dynamics matrix (A — LC') can be freely
assigned if the original system is observable; assigning purely stable eigenvalues guarantees that
z— 0, t— oo.

Definition 2.1 (Observability). A linear, discrete time system

T = Ax

y=Cx

is observable if for some NV, any 2(0) can be determined from {y(0),y(1),...,y(N — 1)}.
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Lemma 2.2 (Observability). The system is observable if and only if any of the following, equivalent,
conditions hold:

o
CA
* The matrix . has full rank n.
_CAn_l_
* The matrix A C’_ A has rank n for all A € C.

Remark. A weaker condition is detectability, which requires that any unobservable modes are strictly
stable.

A similar result as the one above can be used to test for controllability.

Definition 2.3 (Controllability). A linear, discrete time system
r" = Az + Bu
is controllable if it is possible to steer the system from any state x, to any state x; in finite time.

Lemma 2.4 (Controllability). The system is controllable if and only if any of the following, equivalent
conditions hold:

* The matrix [B AB --- A""'B] has full rank n.
* The matrix [)\I —A B} has rank n for all A € C.

Remark. A weaker condition is stabilisability which requires that any uncontrollable modes are
strictly stable.

Example 2.5 (Parallel connection of two controlable SISO systems). Assume that we define a new
system from the parallel connection of two separate, controllable sub-systems (A, By, C;) and (As, By, Cs),
respectively. The complete system is described by the state model

1 i R e

To investigate the controllability of the system, we apply the test given above:

C[M-A 0 B [M—-4 B 0
-4 B}_{ 0 A -4 BJN{ 0 B )\I—AJ‘

Now assume that the rows of this matrix are linearly dependent; there are then three distinct cases:

1. The linear dependence is within the first block row—but this contradicts that system 1 is con-
trollable.

2. The linear dependence is within the second block row—but this contradicts that system 2 is
controllable.

3. The linear dependence involves rows from both blocks. This means that )\ is an eigenvalue of
both A; and A,. This case can be ruled out, if we assume that the two systems do not have any
pole in common.
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Setpoint tracking (see Section 2.2), i.e. the ability to have no steady state errors (or zero offset) in
the controlled (or output) variables, is a desirable property also when the system is subject to constant
(but unknown) disturbances. This disturbance rejection property is often a basic requirement on the
closed-loop system, and is indeed the reason why the integral action in a PID regulator is so common.
A standard method to obtain similar properties of a model based control system (like MPC) is to
include a model of the constant disturbance in the system model, estimate the disturbance based on
this model, and then to counteract the effects of the disturbance in the control. We will return to this
later in the course, but let us establish a few facts on the first two steps at once.

A constant disturbance d of dimension n4 can be modelled by the state equation

dt =d.

Augmenting the state model (6) with this disturbance gives the model

=0 [e) "
v=1c ci]

where the disturbance affects both state and output equations through the matrices B, and C,.
In order to be able to estimate the disturbance d in the model above, the state needs to be recon-
structed from the measured output. A condition for this is given below.

Proposition 2.2 (Detectability of the augmented system). The augmented system (11) is detectable if
and only if the original system is detectable and the following condition holds:

rank ([J E,A _CB;d}) =n-+ny (12)

Remark. In order for the rank condition to be satisfied, we must have
ng < p

i.e. we must have at least as many measured outputs as the dimension of the disturbance vector.

2.4 Quadratic forms and stability

Quadratic forms are used frequently in the sequel, both to formulate performance objectives and to
investigate stability.
A quadratic form is given by the expression

x' Sz = |z[%
with x € R™ and S a real, symmetric matrix. The matrix S'is positive definite (S > 0) if and only if
z' Sz >0, Vnonzeroz € R"
and the matrix S is positive semidefinite (S > 0) if and only if

' Sz > 0, VxeR".
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Definition 2.6 (Stability). The linear, discrete time system
xt = Az (13)

is asymptotically stable (solutions converge to the origin) if and only if the magnitudes of the eigen-
values of A are strictly less than 1 (A is stable).

The evolution of the state trajectory can be studied via the quadratic form
V(z)=x2"Sz =23, S=0

which can be interpreted as a generalization of the Euclidean norm |z| (squared). Evaluated along
solutions to (13), V' changes according to

V(") —V(z)=—2"(S—ATSA)xr = —2"Qu.
Hence, the matrix () determines whether V' will decay or not.
Lemma 2.7 (Stability). For a stable system, the following conditions are equivalent:
(a) The matrix A is stable.
(b) For each () > 0 there is a unique solution S > 0 of the discrete Lyapunov equation

S—ATSA=Q. (14)

Remark. Convergence to the origin under the given conditions follows from

V() - VEO) = - 06 = Y aT0)Qr) < Vo)

Since the sum is upper bounded, we must have that v (i)Qx(i) — 0, i — oo,

2.5 LTI systems in Matlab

It is useful to review and refresh some of the basics concerning how to represent, manipulate and
analyse LTI systems in Matlab—this will be needed later in the course, both for computer exercises
and for the assignments. Here, some commands are used to investigate an example process from the
book [4].

Example: Paper machine headbox — Ex 2.4 in [4].

% Create continuous time LTI object

Ac = [-1.93 0 0 0;
0.394 -0.426 O 0;
0 0 -0.63 0;
0.82 -0.784 0.413 -0.426 1;
Bc = [ 1.274 1.274;
0 0;
1.34 -0.65;
0 0 1;
Cc =10 1 0 0;
0 0 1 0;
0 0 0 1 1;
Dc = zeros(3,2);
csys = ss(Ac,Bc,Cc,Dc); %$create state space model
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[o)

% Assign variable names
set (csys, "InputName', { 'Stock flowrate';'WW flowrate'},...

'OutputName', { 'Headbox level'; 'Feed tank conc'; 'Headbox conc'}, ...

'StateName', { 'Feed tank level'; 'Headbox level'; ...
'Feed tank conc'; 'Headbox conc'}, ...
'TimeUnit"', "'minutes');

get (csys) ;

)

% Compute eigenvalues
eig (Ac);

% Create discrete time model
Ts=2;

dsys=c2d(csys,Ts);

% Compute eigenvalues
eig(dsys.a);

exp (eig (Ac) *Ts) ;

% Controllability

rank (ctrb (dsys));

rank (ctrb(dsys.a,dsys.b(:,1)));
rank (ctrb(dsys.a,dsys.b(:,2)));
% Observability

rank (obsv (dsys))

rank (obsv (dsys.a,dsys.c(1l,:)));
rank (obsv(dsys.a,dsys.c(2,:)));
rank (obsv (dsys.a,dsys.c(3,:)));

[)

% Step response
step (dsys) ;
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3 Unconstrained receding horizon control

The objective of this and the following section is to provide some of the conceptual basis for model
predictive control. The first step, taken in this section, is to review some basic results on linear-
quadratic (LQ) control, and the machinery of dynamic programming (DP). There is a close link be-
tween DP and MPC, which will become clearer in the next section when we proceed with a more
thorough introduction of the MPC ideas. The presentation here is predominantly influenced by [1].
The textbooks assume that the LQ case is well-known. Section 5.2 in [2] states the problem. The
dynamic programming solution can be found in Section 1.3 of [1]. The elements for what we call the
batch solution are given by Sections 2.6.1 (prediction) and 3.1 (unconstrained problems) in [4].

3.1 The linear-quadratic (LQ) control problem

We will start to review the LQ problem and a couple of alternative ways to solve it. The finite horizon
linear-quadratic control problem for a discrete time, time invariant system concerns steering the states
of the system to the origin, given an initial state!. The control law is derived by minimizing a criterion
which is quadratic in the states and the controls. The LQ problem, which is based on the assumption
that the states are available for (perfect) measurements, is summarized as follows:

System:

S: ot =Axr+ Bu. (15)
Optimisation problem:
P: min  Vy(z(0),u(0: N — 1))

u(0:N—1)

where the minimization is with respect to the sequence of control inputs
w(0:N —1) = {u(0),u(l),...,u(N —1)}

and subject to the system model (15).
The objective or criterion or cost function Vy is given by

N—

Vi ((0),u(0: N = 1)) = 2 "(N) Prae(N) + ) (¢ ())Qu(i) + u” (i) Ru(i))

=0

—

N-1

= Ly (x(N)) + Y Ua(i), uli))- (16)

=0
Remark. All z(i) are functions of ©(0) and u(0: N — 1) via the model (15)!

Remark. The first term z" (0)Qx(0) in the objective is really redundant but is kept for notational
convenience.

The objective Vy is quadratic in = and u with weights () and R; in addition, the final state z:(V)
is included in Vy with weight P;. The matrices (), R and P are all symmetric, () and P; positive
semidefinite and R positive definite. We will refer to [(z,u) = 2" Qx + u' Ru as the stage cost and
l¢(x) as the final cost or terminal cost.

The LQ problem can be solved in several different ways. We will first show the solution using the
batch approach and then apply dynamic programming (DP) to derive the solution.

'We thus assume for now that the origin is the desired target, e.g. by formulating a model in terms of deviation
variables; we will return to the general case later. Also note that the initial time is here chosen to be equal to 0 to keep
notation simple; the reformulation for an arbitrary initial time is straightforward.
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Batch solution of the LQ problem

In the formulation of the LQ problem above, it is not entirely clear what is meant by “subject to the
system model (15)”. In fact, in the search for the optimising control sequence u(0: N — 1), there are
two slightly different approaches. In the first one, both the control inputs and the states are considered
as optimisation variables, and the state model (15) will then act as an equality constraint in the slightly
modified formulation:

min Vn(z(0),u(0:N —1),2(1: N
w(0:N—1),z(1:N) N( ( ) ( ) ( >) (17)

subjectto 2t = Ax + Bu.

Notice, however, that in this purely deterministic setting (without any uncertainties), the state vari-
ables can be determined, once the initial state and the control inputs are defined. In the optimisation
formulation

min  Vy(z(0),u(0: N — 1)), (18)

u(0:N—1)

the states become instead expressions in the initial state and the controls. This is worked out in detail
below in the batch approach.
Repeated use of the system equation (15) gives

)] T4 B 0 - 07T w0
I(?) = ’% 2(0) + AP b ! u(:1) (19)
2(N) AN ANCig aveep ol luv =)

or, with a more compact notation,
x = Qx(0) + I'u. (20)

The LQ criterion (16) can now be written

Vn(2(0),u) =2 (0)Qx(0) + =" Qx + u' Ru
2" (0)Qz(0) + (Qz(0) + I'u) ' Q(Qz(0) +T'u) + u' Ru

w'(TTQT + R)u+ 22" (0)Q"QTu + 2" (0)(Q + QT QN)x(0) Q1)

where Q = diag(Q, ...,Q, P;) and R = diag(R, ..., R). Since Vy(z(0),u) is quadratic in u, we
can solve for the optimal control vector (either by differentiation or by completing the squares):

u' = —(I"QT + R)'T'"QQ x(0)
and the optimal cost-to-go, or value function, is
Vi(z(0),u) =2 (0) (Q+QTQQ — Q' QI(T'"QT + R)~'T'" Q) z(0).
Note that w* is linear in 2(0) and V} is quadratic in z(0)!
We finish this section by noting that the formulation (18) sometimes is referred to as the con-
densed version of the problem, since the number of optimisation variables has been reduced relative

to the uncondensed version (17). In both cases, the result of the optimisation is a sequence of optimal
control inputs.
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Dynamic programming solution

An alternative solution of the LQ problem is offered via dynamic programming (DP). Dynamic
programming is a general optimisation technique, which for us has the advantage to provide useful
insights and connections with MPC. DP exploits the particular structure of the problem, which we
will now reveal. First note that the variables involved in the problem statement are the control inputs
w(0: N —1) = {u(0),u(1),...,u(N — 1)} and the states (0: N) = {z(0),z(1),...,2(N)}. These
variables are connected via the state equation, and we can illustrate the dependencies using arrows as
follows,

z(0) = (1) — z2(2) ... 2(N—=2) — z(N—-1) — z(N)
uw(0) A w(l) S u?2) ... u(N-=2) S uN-1) /
Let us inspect the cost function Vy in the same way by spelling out the stage costs:

u(N—-2)

u(N-1)

Vv =1(2(0),u(0)) +... +l(x(N = 2),u(N = 2)) + l(x(N = 1),u(N = 1)) +l(z(N)). (22)

In the expression above, an important property of the problem has been indicated: each control input
affects only a corresponding tail of the sum; the later the control input is, the shorter the tail. Starting
at the very end, only the last two terms of (22) depend on the last control input u(N — 1); we can
therefore rewrite the minimization problem as

min  Vy(z(0),u(0: N —1)) =

u(0:N—1)

min {VNl(x(O),u(O:N ~2))+ min [[(z(N —1),u(N — 1)) + zf(x(zvm} .

u(0:N—2) u(N-1)

This allows us to start unfolding the solution to the LQ problem by applying backwards dynamic
programming. This equation actually encodes Bellman’s principle of optimality, which states that
for an optimal path, at any time it holds that regardless of which decisions have been taken earlier,
the remaining path must be optimal. The equation is often called Bellman’s equation.

The last two terms of (22) are quadratic in u(N — 1). We can rewrite this expression into one
quadratic form by using the system model (15) and by completing the squares as follows:

l(z(N —1),u(N — 1)) + lf(xz(N))
=2 (N -1)Qz(N —1)+u' (N —1)Ru(N — 1)
+ (Az(N — 1) + Bu(N — 1)) " Ps(Ax(N — 1) + Bu(N — 1))
=2 (Q+ATP;A)z +u' (R+ B"P;B)u+ 21" A" P;Bu
=(u+ (R+B"P;B)'B"P;Az) " (R+ B"P;B)(u+ (R+ B"P;B)"'B' P; Ax)
+2(Q+A"PiA— ATP;B(R+ B'P;B) 'B' PiA)x
where we have dropped the time arguments for (/N — 1) and u(N — 1) in the second step, and the

last step has been obtained by completing the squares. The latter makes it possible to simply read off
the minimizing control

u*(N —1)=u*(N —1;2) = —(R+ B'P;B) 'B'PfAz = K(N — 1)z
and the resulting optimal cost-to-go from state x at time N — 1 to the final time N is
Vi n@) =2 (Q+ATP;A— ATP;B(R+ B'P;B) 'B"P;A)r =" P(N — 1)z.  (23)
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We have thus obtained the optimal last control input u*(/N — 1) as a linear feedback from the state x
and the optimal cost-to-go is a quadratic form in the state.

Using the result above, namely that the minimum value of the last two terms in (22) is given as an
explicit function of z(N — 1) in (23), we now proceed to include one more term from (22), namely
the one depending on u(N — 2):

Wz(N =2),u(N =2)) +Vy_y(@(N = 1))
=1 (N —-2)Qz(N —2)+u" (N —2)Ru(N — 2)
+ (Azx(N —2) + Bu(N —2))"P(N — 1)(Az(N — 2) + Bu(N — 2)).

By carrying out calculations, completely analogous to the ones in step 1 (P is replaced by P(N —1)),
we get the optimal control

uw (N —2)=u*(N—2;2) = —(R+B"P(N-1)B)"'B"P(N —1)Az = K(N — 2)u,

where z is now short for (N — 2), and the optimal cost-to-go from state x at time N — 2 to the final
time NV is
Vizon(z) =2 P(N = 2)z, (24)

and P(N — 2) is given by the Riccati equation

P(N-2)=Q+A"P(N-1)A—A"P(N-1)B(R+B"P(N —-1)B)'B"P(N — 1)A.

The procedure is repeated until we arrive at the initial time (note that x is short for x(k), the
current state vector). The sequence of optimal control laws (control policy) is computed as:

u*(k;z) = K(k)xz(k), k=0,...,N—1
K(k)=—(R+B"P(k+1)B) 'B"P(k+1)A

where the Riccati equation is
P(k—1)=Q+ A"P(k)A— A"P(k)B(R+ B"P(k)B)'B"P(k)A, P(N)=P; (25
or equivalently
P(k—1)=Q+ A"P(k)A+ ATP(k)BK(k—1), P(N) = P;. (26)
The optimal cost-to-go (from time £ to time N) is

Vi (z) = &' (k) P(k)x (k).

We note that the solution to the LQ problem is in the form of a time-varying feedback control
law or, equivalently, a sequence of control laws, often referred to as a control policy. This makes
it different to the batch approach solution, which resulted in a sequence of optimal control inputs.
We could of course use the DP solution to pre-compute all the control signals based on the problem
input data. This would, however, destroy the feedback nature of the solution, where the actual control
actions taken will make use of the updated state information from the controlled system.

The LQ control problem formulated and solved is a finite horizon control problem. Regardless
of which solution we choose, the solution is not directly applicable as a continuously operating con-
troller, since time will eventually “run out”. However, it may be used as the basis for receding horizon
control in the manner outlined in the Section 1. We turn to this in the next section.
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Example 3.1 (Batch vs. DP solution, [1]). Consider the simple integrator system

=2+

We will study the finite-time optimal control problem with zp = 1, N = 3and Q = R = Py = 1.
Using the batch approach, the optimal control sequence can be found as

-1

42 1173 0.615
11 2] |1 0.077
- =[1 0385 0.154 0.077]" .

We may also solve the problem with DP. The solution can be obtained as u*(k) = K(k)z(k),
where the optimal control gain can be found via backward recursion,

K(0:2) = (—0.615,—0.6,—0.5)

The optimal control sequence can now be obtained by simulating the system forward in time,

—0.615-1 0.615
u" = |-06-0.38]| =— [0.231
—0.5-0.154 0.077

z* =1 0385 0.154 0.077] .

Clearly, and as expected, the solutions by the batch and DP approach are identical.

However, there is a conceptual difference between the two approaches. Notice that the batch
approach returns an open loop control sequence that is completely determined once the initial state is
measured or estimated. However, the DP solution returns an optimal feedback policy that is a function
of the system state. The feedback policy, u*(k) = K(k)x(k) = w(x(k)), is a parametric function
where the state (k) is the parameter. This will be discussed further in Section 12. The difference
between the two approaches can be seen explicitly if the system is subject to process disturbance
w e [—1,1],

T =4 u+w.

This is illustrated in Figure 7, where the response to three different disturbance sequences are shown,
namely w(k) = 0, w(k) = —1, and w(k) = 1, Vk. Even for this short horizon, there is a clear
difference between the open-loop solution, see Figure 7a, and the closed-loop, feedback policy, see
Figure 7b.

|

3.2 Unconstrained receding horizon control

Let us now return to the idea to use the finite time LQ solution as a basis for receding horizon control.
We remind about the receding horizon idea, namely to repeatedly solve an optimisation problem
over a finite horizon, but only using the first element of the optimal control sequence and letting the
optimisation horizon recede with time.

Using the result from the DP recursion above and initialising the system at time index £ (the
solution will remain unchanged by shifting the time origin from O to k), the first control action in the
optimal control sequence is u*(0; z(k)) = K(k)z(k). Alternatively, the receding horizon controller
can be obtained from the first element of the optimal batch solution, i.e.

wk) = [In Om - Op|u"=—[Iy On -+ 0,] (TTQT + R)"'TTQQx(k). (27)
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(a) Open loop control. (b) Closed-loop, feedback control.

Figure 7: Receding horizon control of an uncertain system with an additive process disturbance w.

Regardless of which version of the receding horizon controller we choose—the two solutions are of
course identical—we notice that the control law obtained is linear. However, since the control is
based on optimality over a finite horizon, stability of the closed-loop system is not guaranteed.

Example 3.2 (Optimality does not guarantee stability [1]). Consider the system
4/3 —2/3 1
+_ _
x —Ax+Bu-{1 0 ]x+[0]u
y=Cr=1[-2/3 1]z
and design an LQ controller for @ = Py = C'C + §I with § = 0.001 and R = 0.001. The

time horizon is N = 5. To compute the solution, the Riccati equation (25) is iterated 4 times with
P(5) = Py, and the controller gain is obtained as

K(0)=—(R+B'"P(1)B)'B'"P(1)A = [-0.026 0.665] .

The eigenvalues of the closed-loop matrix A+ BK (0) are {1.307,0.001}, i.e. the closed-loop system
is unstable. |

In the unconstrained case, a stable closed-loop solution by the LQ-based receding horizon con-
troller can be guaranteed by extending the optimisation horizon to infinity (which means that it is
really not any longer a receding horizon controller).

The system
S: 27 =Ax+ Bu (28)
with optimisation criterion
Vo (2(0), u(0:00)) = Y (" (1)Qu(i) + u" (i) Ru(i)) (29)
i=0

and with pair (A, B) controllable, and @), R > 0, is an infinite horizon LQ control problem whose
solution gives a stable closed-loop system

1" = Az + BKx
with a time invariant feedback gain K, given by

K=—(B"PB+R)'B"PA (30)
P=Q+A"PA— A"PB(B"PB+ R) 'BTPA. (31)
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Figure 8: State evolution from the two optimal controllers, one with horizon of N = 5 and the other
with an infinite horizon.

The latter equation is called the algebraic Riccati equation. The optimal cost is given by

Vi (@(0)) = 27 (0) Pr(0).

Example 3.3 (Optimality does not guarantee stability, cont’d). Consider again the LQ design for the
system in the previous example. If the time horizon is increased and chosen as N = 7, i.e. the
Riccati equation is iterated two more times, then the eigenvalues of the closed-loop matrix become
{0.989,0.001}, i.e. the closed-loop system is now just stable. Continuing to iterate the Riccati equa-
tion, the solution converges to the solution of the algebraic Riccati equation, giving the infinite horizon
closed-loop eigenvalues

eig(A + BK) = {0.664,0.001}

1.e. the closed-loop system is stable as predicted.

The example indicates that it may be advantageous to select a large time horizon, even if it is
not infinity. We will return to this observation later. Evolution of the state trajectories is provided in
Figure 8. |
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4 Constrained receding horizon control

The objective of this section is to proceed to present a basic formulation of model predictive control.
In order to do this, we extend the LQ formulation from the previous section to include constraints.
The implication of doing this is that an explicit solution to the finite horizon optimal control problem
is not any longer readily available. Instead, the receding horizon controller will be defined implicitly.
Again, the presentation is much influenced by [1], Sections 2.1-2.3.

Our basic MPC with quadratic criterion and linear constraints is presented in Sections 5.1-5.4 in
[2], but is first introduced in a more general setting in Sections 4.1-4.2. The corresponding presenta-
tion in [4] is in Sections 2.2-2.3, and the formulation as an optimisation problem is found in Section
3.2.

In the previous section, we considered the LQ problem without any constraints on states and/or
control signals. We would now like to extend this to the case with constraints. In doing this, we will
start to discuss the problem from the dynamic programming point of view. However, once realizing
that the unconstrained case is really very special, we will soon adopt the receding horizon perspec-
tive. We will also start with a slightly more general formulation of the problem to prepare for later
discussions.

4.1 Constrained receding horizon control

Consider the system described by the (possibly nonlinear) discrete time state equation
v = f(z,u), x(0)= x,

where g € R™ and u € R™ and we assume that f(0,0) = 0. Reminding ourselves of the nice
properties of the infinite horizon LQ problem, we would like to consider an infinite horizon control
problem (again, we choose to start at time 0). With the cost function defined as

Voo (o, u(0:00)) = Zl(ﬂf(i)w(i)),

with [(-,-) > 0 and [(0, 0) = 0, the infinite horizon optimal control problem is

I(r()ljn) Voo (20, u(0:00)) (32)
subjectto  zt = f(z,u), x(0) == (33)
z(k) e X, wu(k)eU, forallk e (0,00). (34)

Here, we have added the requirement in (34) that the state vector and the control vector should
stay within the sets X € R" and U € R™, respectively. As stated, this problem can in principle
be approached using dynamic programming in the following way. In the previous section, we used
dynamic programming to solve the finite horizon optimisation problem recursively, basically relying
on the repeated use of the Bellman’s equation

min Vi(a(0). u(0:N ~ 1)) = min {l<x<0>, u(O)+ min Vi (a(1),u(l:N - 1>} .39
which is then solved backwards in time. If we let N — oo in the Bellman’s equation above, and

replace x(0) by xo, then the two optimal costs will be identical, and we get Bellman’s equation for
the infinite horizon problem,

VZi(xg) = muin {l(zg,u) + VL (f(zo,u))}. (36)
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As said earlier, this equation can in principle be solved, but this is an intractable task for most
problems. Even if we approximate the infinite horizon with a finite one, we cannot expect to be able
to derive an explicit control /aw that is valid for all z. Instead, what the MPC approach is based on
a calculation of the specific control action to be taken, given the particular value of the current state,
and then to repeat this calculation with a receding horizon. In the purely deterministic case, which
we presently consider, the two approaches are equivalent, and thus MPC can be seen as a way to
implement a finite horizon DP solution. With the cost function defined as

Vi (oo a(0: N = 1) = Vy(a(N)) + Y 1), i),

with the final cost V() > 0 and V;(0) = 0, the finite horizon optimal control problem is

min Vi (xg,u(0: N — 1)) (37)
u(0:N—1)

subjectto  zt = f(z,u), x(0) == (38)

z(k)eX, wu(k)eU, forallke (0,N—1) (39)

z(N) € X; C X. (40)

Note that we have added a terminal constraint x(N) € X #! Itis assumed that U, X, and X all contain
the origin. The following notation for the optimal solution will be used:
Optimal cost-to-go:

Va(zo) = u((r]%\iﬂl){VN(xo’u(O:N — 1)) |u(0: N — 1) € Un(z0)}.

Optimal control and state sequences:

u (0: N — 1;20) = {u*(0;20), u"(1;20), ..., u" (N — 1;20) }
2" (0: N3 xo) = {2"(0; 29), 2™ (1; 20), . .., & (N5 wo) }-

The finite horizon optimal control problem formulated above will be the starting point for our
MPC controller. Before proceeding to that, we shall briefly discuss when the optimisation problem
above is meaningful, i.e. possible to solve. This is referred to as feasibility of the optimisation
problem.

Feasibility

In the optimisation problem formulated above, not all control sequences are allowed or feasible. Only
those control sequences, which meet the control and state constraints and lead the state trajectory to
the target set X in the last step of the horizon, are allowed. It is important to note that the set of
allowed control sequences in general will depend on the initial state zy. Formally, we can express this
implicit constraint on the control sequences as

U(ON — 1) € UN($0),

where Un () is the set of all control sequences driving the initial state z to the terminal set X
while satisfying all control and state constraints at all times k£ € (0, N — 1). For some xy, it may even
be impossible to find any control sequence that fulfils the constraints. The optimisation problem is
therefore well-defined (meaningful) only for initial states belonging to a subset Xy of the state space,
the feasible set of initial states (which in turn may be empty),

XN = {I‘O e X ’ UN<JZ0) 7é @}
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We will return to a more thorough discussion of feasibility in Section 11.

A final remark is that we have consistently formulated the optimal control problem as starting
with an initial state at time 0. Since both model and optimisation objective are time invariant, there
would be no difference (except more cumbersome notation) considering an initial state at time k£ > 0.
This is what will indeed be the case, when we move to the MPC formulation next.

Receding horizon control

The formulation of the finite time optimal control problem above will now be used to formulate our
basic receding horizon controller. Remember that the idea is that, given the current value of the state
vector, the finite time optimal control problem is solved for the optimal control sequence, but that
only the first sample of this sequence is actually applied to the process — the procedure is repeated at
the next sampling instant. To stress the fact that the optimal control problem is formulated and solved
again and again, with the current state vector (k) = x as the initial state vector, we will now change
the notation so that x is replaced by z in the expressions. We will, however, use the time invariance
property of the problem and thus keep the convenient zero initial time convention.

1. At sampling instant k, when we have access to the state x(k) = x (assumed to be within the
feasible set), solve the optimisation problem

Vy(r) = min ){VN(x,u(O:N —1)) |u(0: N —=1) € Uyn(x)}

u(0:N—1
for the optimal control sequence

u*(0:N — 1;2) = {u"(0;z),u*(1;2),...,u" (N — 1;2)}.

2. Apply the first control input
u(k) = u*(0; x).

3. Letk:=k+ 1and goto (1).

Note that the receding horizon controller described this way implicitly defines a feedback control law
for all x belonging to the feasible set

u(z) = kn(z) =u*(0;2), =€ Xn.

It is important to note that the control law is implicit—we don’t know the function xy, but have a
procedure for obtaining the value of the function, sy (z), for specific z, the same way a subroutine call
works. The receding horizon controller can thus be seen as a way to solve the dynamic programming
problem piece by piece, i.e. for one value of x at a time.

4.2 Linear quadratic MPC

Let’s have a closer look at the case of particular interest in this course, namely linear quadratic MPC
with constraints. This is a special case of the receding horizon controller described above. The system
model is linear,

vt = Az + Bu,

and the criterion is quadratic as described in section 3.1. Constraints on control signals due to actuator
saturation take the form
Umin < (k) < Upax, forallk >0 41)
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and similar constraints on the states due to e.g. safety or quality concerns may be
Tmin < (k) < Tpax, forall & > 0. (42)
Sometimes, it is relevant to be able to put constraints also on the rate of change of control inputs,
Atpmin < u(k) —u(k —1) < Aupax, forall & > 0. (43)

Such constraints can easily be put in a form that generalizes the inequalities (41) and (42) by intro-
ducing a new state vector

for which the augmented system model becomes
&t = AE 4+ BAu

with appropriately defined matrices (see Section 2). The constraint (43) can then be stated as

o 7 e | 2 um <[ S ).

_Aumin
The conclusion is that all the linear constraints described can be written in the compact form
Fu+Gx <h (44)

with u, « defined in (20), for some matrices F', G and some vector h, all of appropriate dimensions.
The linear quadratic MPC controller can now be summarized as follows:

1. At sampling instant k, when we have access to the state x(k) = x, solve the optimisation
problem

Va(x) = miril){VN(x,u(O:N —1)) |u(0:N = 1) € Uy(2)},

u(0:N

=

Vn(z,u(0:N — 1)) = 2" (N)Psx(N) + - (27 ())Qx (i) + u' (i) Ru(i)); 2(0) ==

i

I
=)

for the optimal control sequence

u(0:N — 1;2) = {u*(0;2),u"(L;z),...,u" (N — 1;2)}.

2. Apply the first control input
u(k) = u*(0; x).

3. Letk:=Fk+1and goto 1.

In this formulation, the optimisation variables are the sequence of control inputs «(0: N — 1) or,
equivalently, the vector u. The constraints are encoded somewhat implicitly via the constraint set
Uy, and similarly all the variables {z(¢)} are expressions in terms of z(0) = z and u(0: N — 1)
(via the model equations). The resulting condensed form of the optimisation problem can be given
an equivalent formulation using the vector notation for the control and state sequences, i.e. u and x
defined in (20). The quadratic criterion can then be expressed as in (21). Assuming all the constraint
sets X, U, Xy are defined by affine inequalities, we can also use (44) to encode all the constraints. The
equivalent formulation of our LQ MPC is thus:
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1. At sampling instant k, when we have access to the state z(k) = x, solve the optimisation
problem

minimize Vy(z,u) = z'Qz + (Qz(0) + Tu) ' Q(Qz(0) + I'u) + u' Ru
subjectto  Fu + G(Qz(0) + I'u) < h.

2. Apply the first control input u(k) = u(0).
3. Letk:=Fk+ 1land goto 1.

Example 4.1 (LQ MPC for an integrator). Consider a simple integrator system

t=zx+4+u
for which we want to design an LQ based MPC with Q = R = Py = 1, N = 2 and a control
constraint
uwelU=I[-1,1].

Using the state equation and the notation x(0) = x as above, we get the following expressions for the
state variables involved in the optimisation:

z(0) == z(1) =z + u(0) z(2) =z + u(0) + u(1).
The cost function to minimize with respect to u = [u(0) u(1)]", satisfying the control constraint, is

V(z,u) = 2° + (2 +u(0))* + (z + u(0) + u(1))* + u(0)* + u(1)?
=u' Hu + 227 x]u + 32° = u' Hu + 2c¢(z) "u + d(z)

with
H— E’ ﬂ o) = Fﬂ d(z) = 322,

xz

Completing the squares, we can finally rewrite the cost function as
Vi(z,u) = (u—a(2))" H (u—a(x)) +d(z) — a(z)" Ha()

where

B 1 B _[—3/5
a(x) =—H “¢(zr) = Kz, K= [_1/5} :

It is clear from the expression for Vy (x, u) that u = a(x) is the global minimizer, and as long as this
solution respects the constraints, it is also the solution of the constrained optimisation problem. This
is indeed the case if |x| is small. Consider first what happens for positive 2 and when z increases from
0: initially, the optimal w stays within the constraints; however, when = = 5/3, the first component
of u, u(0), hits the constraint. Now, take a look at Figure 9, which depicts the feasible region for
u, the unconstrained minimizer a(x), and some level curves for Viy(z, u). From the figure, it can be
seen that after having hit the constraint for x = 5/3, the solution to the constrained problem will slide
along the left face of the constraint box, with the corresponding level curve being tangential to the
vertical border of the box. It is also clear that increasing = further will eventually result in the optimal
u being placed in the lower left corner of the box.

The conclusion from these arguments is that the receding horizon controller, which is determined
from the first component of the minimizing control sequence, i.e. u(0), is given by

-3/5-x 0<x<5/3

u(@) = ry(x) = u'(0;) = {—1 v >5/3
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Figure 9: LQ MPC for the integrator system. Here, a(x) is the unconstrained minimizer, and the red
lines depict level curves for Vy (z, u).

It is then easy to verify that the same arguments hold for negative =, and the resulting control law is
indeed symmetric:

1 r<-5/3
wx) =kn(z) =u"(0;2) =< -3/5-0 —5/3<x<5/3
-1 r >5/3.

We note that the control law is piecewise linear and that it can readily be described as a linear feedback
with saturation. Another way to arrive at this solution would of course be to apply the following ad
hoc procedure: design the linear LQ controller for the unconstrained problem, and then append a
saturation of the control. The fact that the receding horizon controller gives exactly the same result is
a consequence of the particularly simple example—note, however, that this is not the case in general!
|

In the example above, we used the condensed form of the optimisation problem, i.e. the system
equations are used to express the state variable over the prediction horizon in terms of the initial state
x and the future control signals. This is essentially also what we did in equation (20) when deriving
the batch solution for the unconstrained case. In doing so, we effectively eliminate all future states
from the optimisation problem, which can be stated in terms of future controls only.

We have seen previously that there is an alternative way to formulate the algorithm. Instead of
expressing future states as functions of the control inputs, the state equation can be included as an
equality constraint in the optimisation. In doing so, we may consider all future states and controls
as optimisation variables. By ordering all these variables chronologically when defining the variable
vectors, it turns out that the associated matrices become banded, which is very desirable for compu-
tational reasons, and this is the reason why this alternative representation could be advantageous. The
algorithm formulation for this case would read as follows:

1. At sampling instant k£, when we have access to the state x(k) = x, solve the optimisation
problem

Va(x) = min ){VN(:U,U(O:N —1),2(0:N))},

u(0:N—1),2(0:N

=2

Va(z,u(0: N —1),2(0:N)) = 2" (N)Psx(N) + (27 ()Qx (i) +u' () Ru(i)), z(0) ==

)

Il
o
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for the optimal control and state sequences

u*(0:N — 1;2) = {u"(0;2),u*(1;2),...,u" (N — 1;2)}
z*(0:N;z) = {z"(0;2), 2" (L; z),...,2"(N;x)}

and subject to

z(k+1) = Az(k) + Bu(k), z(0)==x (45)
z(k) e X wu(k)eU forallke (0,N —1) (46)
z(N) € X; C X, 47)

2. Apply the first control input u(k) = u*(0; x).
3. Letk:=Fk+ 1land goto 1.

Remark. The initial state x(0) may or may not be included in the vector of optimisation variables.
In the latter case, the equality constraint x(0) = x will not be needed.

Finally, we give an equivalent formulation using the vector notation for the control and state
sequences:

1. At sampling instant k, when we have access to the state z(k) = x, solve the optimisation
problem

minimize Vy(z,u,z)=2'Qz+2'Qx +u' Ru
u,x

subjectto 2t = Az + Bu
Fu+ Gz < h.

2. Apply the first control input u(k) = u(1).
3. Letk:=k+ 1land goto 1.

Here, the equality constraint, the state equation, is expressed in terms of components of  and u.

Let us finish by making a remark on horizons. In the formulation above, we have consistently used
a control horizon M equal to the prediction horizon /N. This assumption keeps notation as simple as
possible, and it is also a realistic choice in many cases. On the other hand, under certain conditions,
it may be preferable to select M smaller than N and to add some assumption on the control signals
beyond the control horizon. It is not difficult to modify the formulations above to this situation, and
this will be addressed in the assignments.
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5 MPC practice - setpoints, disturbances and observers

So far, the presentation of the MPC ideas has been based on somewhat idealized assumptions: full
state information, no disturbances, and regulation of the variables to the origin. The aim of this
section is to take a step towards more practical situations, when some or all of these assumptions
are not fulfilled. In the case with incomplete state information, it is standard practice to employ a
state estimator (or observer), and then just replace the unknown state with the current estimate when
computing the control action. It turns out that it is suitable to also address the case with disturbances
at the same time, since one of the objectives of an observer may be to estimate the disturbance.
The investigation of these questions is a continuation of the discussion of disturbance models from
Section 2, and the associated question of offset free control.

The discussion on setpoint targets and disturbances is found in Section 1.5 of [1], and state esti-
mation in Section 1.4. Observers are introduced in Section 5.5 of [2], but the main part of the material
is presented in Chapter 9. In [4], mini-tutorial 2 on page 58 provides basic facts on state observers,
and the Kalman filter is summarized in mini-tutorial 9 on page 226. Sections 2.6.2 and 2.6.3 discuss
some special cases, in particular the popular so called DMC scheme.

5.1 Output predictions and the DMC scheme

Consider again our basic system model, i.e. the linear state equation
x(k+1) = Az(k) + Bu(k) (48)
y(k) = C(k). (49)

When formulating the basic recipe for receding horizon control, we have already made use of this
model to calculate our best “guess” or estimate of the state vector x, given the available information:
we have used a copy of the system equations (48) to predict the state vector over the prediction
horizon, given information about the current state vector x(k). This was done already in Example 1.2
in Section 1, but it is most obvious when the batch approach is used, and the calculations are done in
equation (19); in the DP approach, it is somewhat “hidden”, since the state variables are involved in
the calculations.

Let’s repeat what was used for the batch approach in some more detail; let k£ denote current time
and denote by Z(k + i|k) the estimate of the state x(k + i), given information available at time k. By
iterating the system equations we get

i(k + 1|k) = Az(k|k) + Bu(k)
#(k + 2|k) = Az(k + 1k) + Bu(k + 1) = A% (k|k) + ABu(k) + Bu(k + 1)

i(k + N|k) = ANz (k|k) + AN'Bu(k) + AN ?Bu(k +1) + ...+ Bu(k + N — 1).

In order to stress that all computations are carried out at time k and future controls are only candidate
control actions in the MPC context, future control inputs are denoted u(k + i|k) as in Section 1 and
in [4]. Adopting this notation and collecting these results into vectors, we get a result similar to (19),
repeated here for convenience.
The state model
x(k+1) = Az(k) + Bu(k)

gives the state predictions

z(k + 1|k) A B 0 - 0 u(k|k)
z(k + 2|k) A% AB B .. 0 u(k + 1|k)

: =1 . z(k|k) + : : L : (50)
zZ(k + N|k) AN ANZIB ANZ2B ... B| |u(k+ N — 1]k)
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In effect, what equation (50) means is that a copy of the system is ‘simulated’ with the assumed
control sequence u(k:k + N — 1]k) and the best available estimate & (k|k) of the initial state vector
z(k). Tt is immediate to translate this to the corresponding equation for predicting the system output
Y.

The state model

x(k+1) = Az(k) + Bu(k)

y(k) = Cx(k)
gives the output predictions
g(k + 1|k) CA CB 0 oo 0 u(k|k)
y(k + 2|k) CA?| CAB CB ... 0 u(k + 1|k)
: =1 . 2RI+ L : (1)
y(k + Nlk) CAN CAN=1B CAN—2B ... CB]| |u(k+ N —1lk)

It is possible to rephrase the above equations for predicting the system state or output, using
instead control moves, i.e. changes in the control signal u. Defining Au(k) = u(k) — u(k — 1), we
have

£,
=
I

Au(k) +u(k — 1)
Au(k) + Au(k+ 1) +u(k — 1)

£
o
_|_
=
I

uk+N—1)=Au(k)+Au(k+1)+...+ Au(k+ N —1) +u(k - 1)

and the corresponding relations hold for the candidate control variables u(k + i|k). Inserted into
equation (51), this gives

gk + 1|k) CA CB 0 01!
g(k +2|k) CA? CAB CB -
: =1 . | @(klk)+ . : . | u(k—1)
j(k + N|k) CAN CAN-1B CAN-2B ... CB| |1
b free r;;ponse
CB 0 e 0 Au(k|k)
CAB+CB CB .0 Au(k + 1]k)
+ . . .. . : (52)
SVlteAB YN PCA'B - OB| |Au(k+ N —1]k)
or
y(k) = yr(k) + ©Au(k). (53)

Here we have used the notation y; (introduced in Section 1) for the free response of the system, i.e.
the vector of future outputs resulting from freezing the control signal to its current value u(k—1). The
second term makes explicit how the output sequence is going to be affected by changing the control
signal.

It should be noted that the expressions given above for predicted states and outputs have been
given based on the assumption that the prediction horizon N and the control horizon M are equal,
N = M. If M < N, then these expressions need to be modified accordingly, and you will have the
chance to look into this in the assignments.
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In the discussion above about predicting the state and/or the output, we just briefly noted that the
expressions contain a term Z(k|k), which is an estimate of the current state. The question is how
this estimate is obtained? In previous sections, we have simply assumed that the state is available for
perfect measurement, i.e. Z(k|k) = z(k). We now turn to the case when this is no longer true.

Example 5.1 (The DMC scheme). Assume that a plant is open loop stable, and that we choose the
simplest observer available, namely a pure simulation of a model of the plant. The observer is thus
described by the equation?

z(klk) = Az(k — 1|k — 1) + Bu(k — 1),
where we assume perfect knowledge of the system matrices A and B. Since A is stable,
z(klk) — x(k) = 0, k — oo,

1.e. the state will asymptotically be estimated perfectly. To stress the fact that predicted outputs are
based on a model of the plant, equation (53) is rewritten as

where superscript M stands for ‘model’. The fact that we have used a very simple observer has two
immediate consequences.

1. Note that with the estimator used, the free response y ¢ depends only on previous control inputs.
If there are no (active) constraints, the control action is computed from y; and possibly a
reference trajectory. Hence, the computed control signal does not depend on previous outputs,
i.e. there is no feedback!

2. Because of the absence of feedback, we get problems with disturbances. Assume that there is a
constant load disturbance d, so that the vector of plant outputs yp is given by

yp(k) = ys (k) + ©OAu(k) +d- 1. (55)

where 1 is a vector of 1’s. In steady-state, the control signal will be determined so that the
model output equals the reference, i.e.

yp(k) =ym(k) +d-1=r(k)+d-1,

where we have used the notation 7 for the vector of reference values introduced in Example 1.2.
The conclusion is that there will be a steady-state error.

There is a simple remedy of the problem with steady-state error described above. It was originally
devised for the DMC scheme, a very early MPC algorithm for process control. Start by changing the
model to .

y(k) = Ca(k) +d,

where d is the (unknown) constant disturbance. Now, estimate this disturbance simply by computing
d(k|k) = y(k) — Ci(k|k) = y(k) — C (Az(k — 1|k — 1) + Bu(k — 1))
d(k +ilk) = d(k|k), i=1,2,...
This will instead of (54) result in
(k) = ys (k) + ©Au(k) + d(klk) - 1.

The consequence is that in steady state (and if d — d) we will now have yp = ypm = r. Note that
the modification done has now introduced feedback into the controller! [

The notation #(k|k) may seem a bit odd here, since the estimate is not using any information at time k, but since this
is a consequence of the deliberate choice of not using the measured output, we stick to the general notation anyway.
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Observer interpretation of the DMC scheme

In the DMC scheme discussed above, the modification performed was ad hoc, i.e. without any real
justification (except for the nice property that it gives no steady state error for a constant disturbance).
The scheme is also constrained to the case with a stable plant. We will now give an interpretation of
the modification in terms of observer design, and this naturally opens up for generalizations. Let’s
first, however, briefly summarize the fundamentals of how to design a state observer for a linear
discrete time system.

Given a system model

x(k+1) = Az(k) + Bu(k)
y(k) = Cu(k),
with observer update
z(k + 1|k) = Az(k|k — 1) + Bu(k) + L(y(k) — Cz(k|k — 1))
and error dynamics
2(k) = (k) — =(k)
z(k+1)=(A - LC)x(k).
If (A, C) is observable, then the eigenvalues of the error dynamics matrix (A — LC') can be assigned
arbitrarily.

Example 5.2 (DMC scheme continued). The assumption that the plant is affected by a constant load
disturbance d can be expressed as an extension of the original model,

x(k+1) = Az(k) + Bu(k)
d(k+1) =d(k)
y(k) = Cx(k) + d(k).

By introducing the augmented state

we get the new model

y(k) = C&(k)
with A:Kx ﬂ B:m c=[c 1].

By defining the observer gain as L = Ex} , a standard observer for the extended model is given by
d

E(k+ 1) = AL(k) + Bu(k) + L(y(k) — C&(k))
(- B )i oo

The observer dynamics is determined by the first big matrix in the last expression. With the simple
choice L, = 0 and L; = I, we get the observer error dynamics given by

5 9 ne n={% 1)
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Figure 10: MPC overall structure with a receding horizon controller (RHC) working on deviation
variables.

The eigenvalues of this matrix are given by the matrix A, which was assumed to be stable, and the rest

of the eigenvalues are located in the origin, a choice that is usually referred to as deadbeat dynamics.
|

The conclusion of this example is that the DMC scheme uses a particularly simple observer design,
which is based on a model of a constant load disturbance and the assumption of a stable plant. It is
clear from the observer interpretation of the scheme, however, that there is plenty of freedom left in
designing the observer dynamics, including the possibility to handle also the case with an unstable
plant. We will return to this in the next section, but for the remaining part of this section, it is assumed
that a state estimate Z is available.

5.2 Steady state targets and zero offsets

The discussion about the DMC scheme in Examples 5.1 and 5.2 brought up the ability to augment
the system model in order to model a constant but unknown disturbance. The model can then be used
with an observer to estimate the disturbance, and this estimate can be included in the computation
of the control action. We established already in Section 2 a basic fact, namely that we must have at
least as many measured outputs as the dimension of the disturbance vector in order to be successful
in estimating the disturbance, an intuitive and reasonable condition. We will now elaborate a bit on
the problem to achieve zero offset relative to the set points (or steady-state targets), introduced in
Section 2.

Before embarking on this task, it is relevant to make a comment on how the problem differs from
what we are used to from classical control. For example, in a SISO PI control loop, the control error
is computed as the difference between the setpoint ¥, and the actual process output y. With integral
action, the controller “finds” the proper steady state (us, ys) so that u = u, gives y = y; = ys,. This
reasoning may be generalized to MIMO processes, provided there is a natural way to connect each
output to a corresponding input, a technique often referred to as “pairing”.

In contrast to what was just described, MPC is usually based on working with deviation variables
u—us, * — s and y — y, relative to a steady state (us, x5, ys), and this was also the assumption during
the previous sections. The fact that the basic receding horizon controller works on deviation variables
implies that the overall structure of our MPC can be depicted as in Figure 10.

It is clear from the block diagram above that, in order to fully describe the MPC algorithm, we
need to specify the steady state variables. As discussed earlier, we want the steady state to fulfil the
condition for setpoint tracking (repeated from equation (8))

I—A —B|[z] [0
ot =) 59
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where vy, is the setpoint. This system of linear equations is thus central in MPC algorithms, and
it requires a thorough investigation. Let us first note that there are n + p equations with n + m
unknowns, and depending on the relation between the number of inputs m and number of outputs p,
different cases have to be distinguished.

Let’s start with the case p = m, i.e. the system is square (the same number of inputs as outputs).
Then there is a unique solution to equation (56) for any setpoint ¥,, provided the big matrix on the
left hand side is non-singular. Now, if the plant model is augmented with a load disturbance model,
as discussed for the DMC algorithm, the augmented model will be given by (11), again repeated here,

A IR AE -
v=lc i 3]

The consequence of doing this is that the state observer, in addition to producing , now also pro-
vides a disturbance estimate d. Remember, however, the result in Proposition 2.2, stating that the
detectability of this augmented system—an important property in order to make it possible to esti-
mate the state—depends on the rank condition

I-A —By

rank { C c,

} =n+ ng, (58)
implying that there must be at least as many measured outputs as the dimension of the disturbance
vector d. Given a disturbance estimate d, the equation (56) for setpoint tracking will now have to be
modified accordingly.

If the system is square (p = m):

1. Define desired setpoints for the outputs, y),.

2. Solve the following system of linear equations to find the steady-state targets
[-A —B] [z, Byd
= N 59
{ ¢ 0 } L‘J LJS;D - Cdd} &9

Based on the steady-state target problem above, we can apply an MPC to deviation variables.
Thus, the control problem is to determine the control deviation du(k) to bring the state deviation
dx(k) = Z(k) — x4 to the origin. Notice, however, that when a new disturbance estimate d is obtained,
typically at each sampling instant, then we need to re-calculate the steady state target! Recognizing
that the computation of the steady state target is a significant task of the MPC controller, we can
identify three main computational tasks to be carried out by the MPC controller at each sampling
Instant:

1. Update the state estimate (including load disturbance).
2. Compute an updated steady state target, e.g. by solving equation (59).
3. Compute the next control action by solving a constrained optimisation problem.

The structure of the complete MPC controller including these three blocks is depicted in Figure 11.
It remains to discuss how to handle the situation when the system is not any longer square. First,
note that we must have p < m for equations (59) or (56) to always have a solution. If there are more
outputs than inputs (which is often the case), then we cannot expect all setpoints to be reached in
steady state, and we have to be satisfied coming as close as possible to the setpoint. The correspond-
ing steady state can be determined by solving the following optimisation problem, where the hard
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Figure 11: MPC block diagram with a receding horizon controller (RHC) working on deviation vari-
ables.

constraint on the steady state has been replaced by an objective to minimize. The equations are given
for the case without disturbance, but it is straightforward to include it as above. We have added linear
constraints on inputs and outputs, compatible with the corresponding constraints in the MPC control
problem.

If there are more outputs than inputs (p > m):

1. Define desired setpoints for the outputs, y),.

2. Solve the following optimisation problem to find the best steady-state targets:
min (]st — y5p|2Q) , Q=0

subject to

Us

[[-A -B] {w} =0

Fu, <e
FCx, < f.

If we have more outputs than inputs, another way to approach the steady state target problem is
to focus on fewer controlled outputs z = C.x, for which we require the setpoint z,), to be reached in
steady state. If p, < m, then we can use the remaining flexibility to stay close to setpoints ¥, for
non-controlled outputs y = C,x and/or desired values u,, for the inputs. This leads to the following
steady state target problem (p < m is a special case).

If there are more inputs than controlled outputs (p, < m):

1. Define setpoints for controlled outputs, z,,, and desired values for the control input, wu,,, and
non-controlled outputs ys,.

2. Solve the following optimisation problem to find feasible steady-state targets:

min (\us — Ugp

Ts,Us

2 0z —ygld.), Re=0

I-A —B|l|zs| |0
C, 0 us| | zsp
Fu, <e
FC,x, < f.

subject to
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The interpretation of the above formulation is that we have put hard constraints on the controlled
outputs in steady-state, and that we use the remaining flexibility of control to try to get as close as
possible to defined setpoints for both controls and non-controlled outputs.

One common choice is to select the controlled outputs as a subset of the measured outputs, i.e.

C, = HC
c,=C,

and the p, X p selection matrix H with only 0’s and 1’s defines the selection mentioned. Assuming in
this case that we get an estimate d = cZ(k;) of the load disturbance, the steady-state target optimisation
problem needs to be modified in the following way to include the disturbance. Optimisation problem
to find feasible steady-state target:

min <|us — uspﬁ% + |Cxs + C’dd — ysp|2Qs) , R,>0

subject to
I—A —-B][x,] [ Bad
HC 0 Us B Zsp—HCdCi
Fu, <e
FHCz, < f — FHC,d.

Based on the steady-state target problem above, we can apply an MPC to deviation variables, as
discussed earlier. Because of the constraints, the resulting control system is nonlinear. However, if the
closed-loop system operates in steady-state away from the constraints, then the following fundamental
property holds for the control system obtained.

Proposition 5.1 (Off-set free control). Assume that the steady-state target problem is feasible and
that an MPC with the following augmented model is used:

AR IR HE o
v=lc i f3]

Further assume that C, = HC, ng = p and that By, Cy are chosen such that

I-A —-By|
rank{ C Cd}—n+p. (61)

Assume that the closed-loop converges to a steady-state with constraints inactive. Then there is zero
off-set in the controlled outputs, i.e.
Zs = Zsp-
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6 The Kalman filter and moving horizon estimation

The aim of this section is to briefly discuss different options to approach the state estimation problem.
The Kalman filter is a standard well-known solution. There are some alternatives that are related
specifically to MPC. In particular, the introduction of constraints into the state estimation problem
lead to algorithms that are very closely related to the algorithms presented earlier for receding horizon
control.

The least-squares formulation of the estimation problem and moving horizon estimation is treated
in Section 1.4 and Chapter 4 of [1] and in Chapter 9 of [2]. It is only briefly discussed in Section 10.4
of [4].

6.1 The Kalman filter

The Kalman filter offers a systematic way to design state observers, and its derivation is based on a
formulation that involves describing the disturbances (process and measurement) as stochastic pro-
cesses. In fact, assuming these processes are white noise Gaussian, the Kalman filter can be shown to
provide the optimal observer in a mean square sense. Let’s summarize the basic facts:

System model:

z(k+1) = Az(k) + Bu(k) + w(k), x(0) ~ N(zo, o), w~N(0,Q)
y(k) = Cz(k) +v(k), v~N(O,R).

State estimator:

Correction: i(k|k) = 2(k|k — 1) + L(k)[y(k) — Cz(k|k —1)], #(0[0) = zq
Prediction: (k + 1|k) = Az(k|k) + Bu(k).
Kalman filter gain:
L(k) = P(k)CT[CP(k)CT + R]™*.

State estimation error covariance update (note that P(k) = P(k|k — 1)):

Estimation error: P(k|k) = P(k) — P(k)CT[CP(k)C" + R]"*CP(k), P(0|0) = P,
Prediction error: P(k+1) = AP(k|k)AT + Q.

The Kalman filter has a time-varying gain, reflecting the fact that the a priori information about
the state gradually looses its significance, since the process noise injects uncertainties and we have
to rely more and more on the measurements obtained. Similar to the LQ case, the recursions of the
covariance matrix will produce a stationary solution under certain conditions, and this leads to the
stationary Kalman filter.

Consider the linear system

r7 =Ar+ Bu+w, w~N(0,Q)
y=Czr+wv, v~N(0R).

If the pair (C, A) is observable and ), R > 0, then the Kalman filter gain L(k) and the prediction
error covariance P(k) converge to the solution of the (filtering) algebraic Riccati equation

L=PCT[CPC" + R]™*
P =APA" — APCT[CPCT + R|"'CPAT + Q.
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6.2 Least-squares estimation

There are strong connections between the linear-quadratic control problem and the state estimation
problem formulated in the previous section. This is visible in the solutions, the LQ regulator and
the Kalman filter, respectively. The two problems can in fact be shown to be dual to each other in a
certain mathematical sense (but this goes beyond the scope of this course). Anyhow, we will now see
that it is possible to reformulate the state estimation problem in a way that reveals the similarities to
the LQ problem in a very explicit way.

LQ regulator:

u(k) = K(k)x(k), k=0,...,N—1
K(k)=—(R+ B"P(k+1)B)'BTP(k + 1)A.
Riccati equation:
P(k—1)=Q+ A"P(k)A— A"P(k)B[R+ B' P(k)B]'B'P(k)A, P(N)=P;.
Kalman filter:
z(k + 1|k) = Az(k|k — 1) + Bu(k) + L(k)[y(k) — Cz(k|k — 1)]
L(k) = P(k)CT[CP(k)CT + R]™*.

Riccati equation:

P(k+1)=AP(K)AT + Q — AP(k)CT[CP(K)CT + R|"'CP(k)AT, P(0) = P,.

Let’s reconsider the state estimation problem above with one distinction, namely that we are not
any longer willing to adopt the stochastic modelling framework for the disturbances. Instead, given a
record of measurements {y(k)}4_,, we would like to fit the corresponding sequence of state estimates
to these measurements in a least-squares sense. The mathematical formulation is as follows.

System model:

x(k+1) = Az(k) + Bu(k)
y(k) = Cx(k).

Optimisation problem:
min Vr(z(0:7))

x(0:T

where the minimization is with respect to the sequence of state estimates
z(0:T) = {z(0),z(1),...,z(T)}.
The objective function V7 is given by

T

Vi(2(0:7)) = (2(0) — 20) "By ' (2(0) — o) + Y (y(i) — C(i)) 'R (y(i) — Cae(i))

=0

N
-

+ 5 (@i + 1) — Az(d) — Bu(i)TQ Y a(i + 1) — Az(i) — Bu(i)). (62)

7

i
o

The interpretation of this formulation is that we would like to explain the data we have (the a priori
guess o and the measurements {y(k)}4_,) with our model as well as possible, the latter interpreted as
follows: the state update equation and the output equation should hold for the state estimates z(0:7")
with as small error as possible. To reflect our confidence in the initial guess x, the state equation and
the measurement equation, respectively, we use weighting matrices Iy, () and R (it is no coincidence
that we have used this notation, as will be explained shortly).
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Dynamic programming solution

We will solve the estimation problem posed using dynamic programming. Contrary to the LQ case,
we will however use forward DP, i.e. the recursions will run forward in time. This means that we
unfold the solution by looking at subproblems, starting by rewriting the minimization problem as

mr(%}% Vr(z(0:T)) =

min {min ((:L‘(O) —x0)" Byt (2(0) — ) + (y(0) — Cz(0))" R7 (y(0) — Cz(0))

(1T | z(0)
+ (2(1) = A2(0) = Bu(0))” @ (a(1) — Aa(0) = Bu(0))) + V(z(1: T) }, (63)

where V(x(1 : T')) is the objective function Vi (x(0 : T')) without the terms depending on z(0). For
notational convenience, we will in the derivation assume there is no control signal, i.e. u(-) = 0; it
is straightforward to include u in the final expressions. Before going ahead with the DP calculations,
we formulate a result that we will need shortly; the proof is left as an exercise.

Lemma 6.1 (Matrix inversion lemma). Assuming the invertability of the matrices involved, the fol-
lowing identity holds:

(A+ BCD)™ = A~ — A'B[DA™'B + C~'|"'DA™".

Step 0. 1In step 0, we will perform the inner minimization in (63) with respect to z(0), and proceed
in two ‘sub-steps’.

Measurement update. Consider the first two terms in (63), i.e. the terms corresponding to the a
priori guess x and the measurement y(0),

Vo(2(0)) = (2(0) — x0) " Py ((0) — mo) + (y(0) — Cx(0))" R~ (y(0) — Cx(0))
=2 (0)[Py '+ CTRCJ2(0) — 227 (0)[Py oo + CT R y(0)] + xg Py tao +y ' (0)R™1y(0).
(64)

Define (the subscript m stands for ‘measurement update’)
Pn(0) =Rt +CTR™'C] (65)

and using the matrix inversion formula with A = Po_l, B=C",C =R and D = C, we get the
relation
P (0) = Py — RCT[CP,CT + R 7'CH,. (66)
Now, by completing the squares we can rewrite equation (64) as
Vo((0)) = 7 (0)P,,' (0)2(0) — 227 (0) [Py o + CT R~y (0)] + g Py 'wg + 3y (0)R™"y(0)
= (2(0) — a)" P,"(0) (x(0) — a) — a" P, (0)a + g Py 'wo +y  (0)R™'y(0),

m

where the vector a is given by

a = Pp(0)[Py'ag + CTRy(0)] = Pn(0)[(P,(0) = CTR™C)xo + C" R 'y(0)]

m

= 20+ Pn(0)CT R (y(0) — Cg) = 20 + RyCT[CPCT + R~ (y(0) — Cxy),
and equation (66) has been used in the last step. Defining

L(0) = P,CT[CPCT + R ™!
2(0) = a = o + L(0)(y(0) — Co),
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we can now write
Vo(2(0)) = (x(0) — 2(0)) " P, (0)(x(0) — #(0)) + ¢,
where the constant ¢ can be shown to be given by
¢=(y(0) = Co) " [CRCT + R]™ (y(0) — Cao),

i.e., it is independent of x(0). We will therefore simply drop the term ¢ from the objective in the
sequel.
Time update. We now add the remaining term that depends on z(0), denoting the result V' (x(0), z(1)):

V(2(0), 2(1)) = Vo((0)) + ((1) — Az(0)) " Q" (x(1) — Az(0))
= (2(0) = 2(0))" P,,"(0) ((0) = £(0)) + (2(1) — Az(0)) " Q" (x(1) — Ax(0)).
This equation is analogous to equation (64); the ‘translation’ is
zo — £(0), Py'— P,(0), y(0)—xz(1), C—A R'—Q"
We can therefore repeat the procedure involving completing of squares and leading to
V(@(0), (1)) = (2(0) = b) " [P,'(0) + ATQ A" ((0) — b) +d

b=2(0) + Pn(0)AT[AP,(0)AT 4+ Q] ! (2(1) — AZ(0)),

where d is a constant, independent of x(0), and given by
d = (z(1) — A#(0)) " [AP,(0)AT + Q] (z(1) — A%(0)).

It is now immediately seen that 2(0) = b minimizes V' (2(0), z(1)). Denoting the optimal solution by
z*(0) and the minimum by V-, we thus have

2*(0) = #(0) + P (0)AT[AP,,(0)AT + Q] (x(1) — AZ(0)) (67)
Vii= %lV(x(O), (1)) = d = (2(1) — A2(0))" P (1) (x(1) — AZ(0))

where we introduced P;(1) = AP,,(0)AT + Q (t stands for ‘time update”).

Step 1. In the next step we incorporate two more terms of the objective function.
Measurement update. First include the new measurement y(1) in the objective,

Vi(e(1) = Vi (2(1)) + (y(1) = C(1)" R~ (y(1) = Cae(1))
= (2(1) = A#(0)) " P71 (1) (2(1) = A(0)) + (y(1) = Cx(1))" R (y(1) — Ca(1)).

This expression looks exactly like the one we started with in step 0, equation (64). We can therefore
only change the variable names and get analogous expressions for these, imitating what was done in
step O:

P,(1) = P,(1) — P(1)CT[CP(1)CT + R]"'CP(1)
L(1) = P(CT[CP(1)CT + R}
#(1) = A%(0) + L(1)(y(1) — CAZ(0)).

Similarly, the part of the objective function studied can be written
Vi(z(1)) = (2(1) = (1)) P (1) (2 (1) — 2(1)). (68)

Time update. We proceed to include the final term depending on z(1) and perform the minimiza-
tion with respect to x(1); the procedure follows what was done in step 0, giving as result the next
optimal variable z*(1).
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Steps 2-T. The procedure above can be repeated for every time instant up to £ = 1" (where only a
measurement update is performed), and the complete DP solution can be summarized by the recur-
sions below (where we have included the input term again).

System model:
z(k+1) = Az(k) + Bu(k)), y(k) = Cz(k).

Objective function:

Vp(2(0:T)) = (2(0) — o) Py ' (2(0) — o) + Z(y(z‘) — Cu(i)) R~ (y(i) — Ca(d))
+ Z 2(i+ 1) — Az(i) — Bu(i)) QY (x(i + 1) — Ax(i) — Bu(i)).

State estimator:

P(k)y=AP,(k—1)A" +Q, P(0)=Ph
L(k) = P,(k)CTICP/(k)CT + R
Pu(k) = Pi(k) — P,(k)CT[CP,(k)CT + R]"'CP,(k)
(k) = Az(k — 1)+ Bu(k — 1) + L(k) (y(k) — C(Az(k — 1) + Bu(k — 1)) ; 2(—=1) = x¢
2 (k) = &(k) + Po(k)AT[AP,(k)AT + Q)" (a* (k + 1) — Az(k)); 2*(T) = &(T). (69)

Estimator properties

By now, it should be clear that there are very close connections between the least-squares estimator
that we have derived and the Kalman filter. In fact, the recursions are identical with the following
correspondences:

i(k) = @ (k|k)
P(k) = P(klk — 1)
Po(k) = P(k|k).

It can also be seen that in the recursion for z(k), we have combined the time and measurement
updates, corresponding to what we called prediction and correction steps, respectively, in the Kalman
filter. The weighting matrices () and R in the LS objective were chosen ad hoc, and can now be seen
to correspond to the noise covariance matrices in the Kalman filter with the same symbols. Having
said all this, one may ask why we have bothered at all to re-derive an already known algorithm, albeit
with a different motivation? We will return to this shortly.

A final comment about the result is motivated. In the DP derivation above, the goal was to mini-
mize the least-squares objective (62) with respect to the sequence of state estimates 2:(0:7"). Looking
at our solution again, we note that we did in fact not provide an explicit expression for the optimal
solution, but it is instead defined implicitly via the sequence {Z(k)},_,, see equation (69) above. The
key relation is (67), which for a general time index £ is

z*(k) = 2(k) + P (k)AT[AP,(K)AT + Q] (x(k + 1) — Az(k)). (70)

This is thus a recursion for the optimal solution, based on the estimates {Z(k)} and with a final
condition
a*(T) = &(T), (71



which stems from the fact that the last step in the DP recursion does not include a time update,
which means that 2(7") is the optimal choice of x(7"), as can be seen from the expression for Vr,
corresponding to equation (68).

The result (69) is natural for the following reason. The optimal sequence of state estimates is found
based on the complete set of measurements up to time 7', and we may stress this fact by denoting the
sequence of estimates by x*(0:7"| T"). This is in contrast to the sequence of estimates {Z(k)}, where
each Z(k) is the best estimate of x(k), based on measurements up to and including time instant k.
Only at the final time k£ = 7T are the two estimates identical. The recursion (69) means that earlier
estimates Z(k) need to be smoothed, using information after time k to provide the optimal estimate

The Kalman filter under certain conditions converges in the sense that the filter gain and the esti-
mation error covariance converge to fixed values when time tends to infinity; see the previous section.
This result holds under the standard assumptions used for the Kalman filter, i.e. with white noise pro-
cess and measurement disturbances. Since the LS estimator is not based on any assumptions about
disturbances, it is natural to ask for some other convergence property of the estimator. The simplest
question to ask is whether the estimator produces reasonable results if there are no disturbances at all.
The following result gives the answer.

Lemma 6.2 (Least squares estimator convergence). Assume that the LS estimator is applied to the
system given by

x(k+1) = Az(k) + Bu(k))
y(k) = Cx(k).

If the pair (C, A) is observable and @), R > 0, then the LS state estimate converges to the true system
state
2(T|T) = x(T), T — .

6.3 Moving horizon estimation

We will now return to the question raised above, namely why we spent the effort to re-derive the
algorithm for state estimation provided by the Kalman filter. The reason is a direct analogue to the
optimal control problem treated in earlier sections. Remember that we started out to formulate a
linear-quadratic optimal control problem for the infinite horizon case. Then, motivated by our desire
to be able to treat cases beyond the unconstrained LQ problem, we moved to the receding horizon
idea. In a similar way, we now argue that the Kalman filter (or the equivalent LS formulation) is
limited to estimating the states of a linear system without constraints. Being able to generalize the
concepts to nonlinear systems is thus a motivation for us (although not treated in this course), but the
main reason is that we may want to include constraints on the estimated states. This desire reflects
the fact that we often have additional physical insight—apart from the system model itself—that
tells us that state variables are constrained in order to be physically meaningful. Making sure the state
observer produces estimates that fulfil such constraints seems appropriate and may contribute to make
the control optimisation better conditioned.

The Kalman filter (or the equivalent LS estimator) is based on an ever-increasing horizon, since
all data from k£ = 0 is used. When we no longer can rely on the recursive solution, the natural way
out is to focus on a finite record of measurements as the basis for the state estimation. If we use the 7'
last measurements as the ‘data window’ (that will consequently slide as time passes by), we arrive at
the following moving horizon estimator (MHE).

System model:

x(i+ 1) = Az(i) + Bu(i)
y(i) = Cx (7).
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Optimisation problem: R
min Vp(x(k —T:k))
x(k—T:k)

where the minimization is with respect to the sequence of state estimates
x(k=T:k)={x(k—T),2(k—T+1),...,x(k)}.

The objective function Vr is given by

Vr(z(k —T:k)) = | y (2(i + 1) — Az(i) — Bu(i))" Q7' (z(i + 1) — Az(i) — Bu(i))
+ (y(i) = Cx(i))" R (y(i) — Cx(i)). (72)

As outlined above, and in analogy with the LQ based receding horizon control formulation, it is
now straightforward to add linear constraints to the moving horizon estimator. Changing the formu-
lation slightly, we get the following scheme:

Objective function:

Ve(z(k —T:k)) = 2 w(i)TQ w(i) + Z v(i)T R v (i).

i=k—T i=k—T
Optimisation problem: R
min Vp(x(k —T:k))
with respect to
{e(k—T:k), wk—-T:k—1), v(k—T:k)}

and subject to

w(i) = (i +1) = (Az(i) + Bu(i)), 2(0) =z
v(i) = y(@) Cu(i)
z(i) €eX, w()eW, v(i)e foralli e (k—1T.k).

Remark. In this formulation of the moving horizon estimator, the only data used for the estimation
is from the most recent T' sampling instants. This is based on what is referred to in [1] as zero prior
weighting. Alternative formulations with non-zero prior weighting are given in [1], but this goes
beyond the scope of this course.
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7 Optimisation basics and convexity

The aim of the following two sections is to give a very brief introduction to constrained convex opti-
misation, an important ingredient of MPC. This section takes the first steps in introducing convexity
for sets and functions and formulating the class of convex optimisation problems.

The textbooks [1] (Appendix A) and [2] (Sections 2.1-2.5) both provide an overview of optimi-
sation techniques, although details differ from the introduction given here. In [4], mini-tutorial 3 on
page 84 provides some basic facts, and Section 3.2 has some optimisation material embedded. If you
want to read more on the topic, you are recommended to consult [5], from which a lot of material is
available on the web. It is important to note, however, that optimisation is a vast area, and it is not the
purpose here to go very far.

7.1 Introduction

In the previous sections, we have formulated a basic receding horizon controller, which in the LQ
formulation involves an optimisation problem to be solved at each sampling instant,

minimize V(z,u,z) =2 Qr+x Qx +u' Ru

subjectto 2" = Az + Bu (73)
Fu+Gx<h

and in the more general case the analogous formulation is
N-1
minimize Vi (z,u(0:N — 1)) = > I(x(i), u(i)) + Vy(x(N))
=0

subjectto  xt = f(z,u), x(0)==x
z(k)eX, wu(k)eU forallke (0,N—1)
Both formulations are examples of constrained optimisation or constrained mathematical program-
ming problems. It is clear that a vital part of model predictive control is to understand the nature of
these optimisation problems, what type of difficulties they present, how algorithms can be devised,
and which properties these algorithms have. Here, we will give a very brief introduction to this large
area.

A note of caution regarding the notation used is in order. We will present some general concepts
and results concerning constrained optimisation in this and the following section. This means that for
most part, reference to the MPC applications will not be made. Therefore, we have chosen to adopt a
general notation that is not linked to the MPC case. The optimisation variables or decision variables
will thus be denoted x, which should not be confused with the state vector in the MPC context! With
this in mind, we can proceed.

A basic optimisation problem is formulated as
minimize f(x)
subjectto g¢;(z) <0, i=1,....m (74)

where
x = {xy,...,x,} are the optimisation or decision variables
f :R™ — R is the objective or cost function
g; : R" = R, +=1,...,m are inequality constraint functions

h; :R" — R, i =1,...,pare equality constraint functions.
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The optimal solution x* has the smallest value of f(-) among all vectors x that belong to dom f (the
domain of f,i.e. the subset of R” where f is defined) and satisfy the constraints. The optimal value
p* is always defined,

p* =inf{f(z) | gi(x) <0,i=1,....,m;h;(z)=0,j=1,...,p}
* = o0, if problem is infeasible

p

*

p* = —oo, if problem is unbounded below.

The feasible set S consists of all points satisfying the constraints, i.e. S = {z | g;(z) < 0, h;(x) =
0,Vi}. Notice that the optimisation problem may have a unique optimal solution, several alternative
optimal solutions, or no optimal solution at all (when the problem is infeasible or unbounded below).

Example 7.1. Here are some examples of the definitions above:

e f(z) =1/x,dom f = R (strictly positive reals) : p* = 0, no optimal solution
e f(z) = —logz,dom f =R, : p* = -0
e f(z) =zxlogx,dom f =R, :p* =—1/e,z* =1/e

(z)

e f(z)=a®—3x:p* = —o0, local optimum at z = 1.
[ |

The definitions above concern what is often referred to as the global optimum. When discussing
optimisation algorithms and conditions for optimality, we also have use for the concept of local opti-
mality. A local optimum x* gives the lowest cost among feasible points in a neighbourhood of x*, i.e.
there is an > 0 such that

zfeasibleand |z —2z*|<r = f(x)> f(z"). (75)

A global optimum is necessarily also a local optimum, but the converse is not generally true. Still,
many optimisation algorithms are constructed based on properties of local optima, to which we will
turn next.

7.2 Conditions for optimality — the KKT conditions

Many optimisation algorithms use the properties of local optima to search for the optimal solution.
The condition (75) can alternatively be expressed using the concept of feasible directions. A feasible
direction d at a feasible point x is any direction in which an infinitesimal (arbitrarily small) move can
be made while staying inside the feasible set®. Figure 12 illustrates the concept for the case with two
inequalities in R? with the feasible directions from the point of intersection.
Using this “definition”, a local optimum z* is characterized by the property that, for any feasible
direction d,
f(z® +ed)— f(z*) >0, & small enough. (76)
Assuming f is twice differentiable, we can use a Taylor expansion around z* to express the objective

in the vicinity of z*,

Fla* +ed) — f(z*) = eVf(a*)Td + %deTVQf(x*)d + (higher order terms), (77)

3The presentation is kept informal and intuitive here; refer to [1], Appendix C for a strict treatment in terms of so
called tangent cones.
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Figure 12: Feasible directions from the point of intersection of two nonlinear constraints.

where Vf and V?f are the gradient column vector (n x 1) and the Hessian matrix (n x n) of the

function f, respectively,
(O o, Of
Vf—(%> =2

In the unconstrained case (without equality or inequality constraints g and h), all directions d are
feasible, and the two expressions above can be combined to arrive at the familiar conditions for (local)
optimality.

* First order necessary condition

x” is a stationary point = Vf(z*) = 0. (78)

¢ Second order sufficient conditions

Vf(z*) =0and V*(2*) = 0 = 2" is astrict local minimum. (79)

Equality constraints
Consider now the case with equality constraints, so that the optimisation problem becomes

minimize f(z)

80
subjectto  h(z) =0 80

where the vector-valued function h(x) has p components h;(z). In this case, the feasible directions
must be along the surface h(z) = 0, and we can investigate these by again using a Taylor expansion
around the feasible point z*:

h(z* + ed) = h(z*) + eVh(z*)'d = eVh(2z*) " d, (81)
where we have used the convention
Vh = [Vhl e Vhp] .

It follows that we must have VA(z*)"d = 0 for any feasible direction d. If we assume that z* is
regular, i.e. that Vh(z*) has full column rank, it can be shown that the converse also holds. Hence, if
o* is regular, then the set of feasible directions at z* is given by the nullspace of Vh(z*) .
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Going back to the local optimality condition (76), we can conclude that for any local optimum z*,
we must have Vf(2*)"d > 0 for any d such that Vh(z*)"d = 0, provided z* is regular. From this,
the following result can be shown.

Consider the optimisation problem

minimize f(x)
subjectto  h(z) = 0.

Assume z* is a local minimum and that z* is regular. Then there is a unique vector A* such that

Vf(z*) + Vh(z")A* =0
h(z*) = 0.

This is a system of non-linear equations having n + p equations for the n + p unknowns (z and \).
The vector A contains the Lagrange multipliers \;, 1 = 1, ..., p.

Inequality constraints

Let us now return to the original constrained optimisation problem (74), containing also inequality
constraints. For any feasible point z, it is important to distinguish between two cases: either g;(z) < 0,
in which case the constraint is inactive, or g;(x) = 0, in which case the constraint is active. The set
of indices for the active constraints is called the active set A.

When investigating candidates for local optima, any active inequality constraints are similar to
equality constraints, since the point lies on the boundary of the set, which is feasible with respect to
that constraint. In line with this observation, the concept of a regular point is generalized as follows:
a feasible point x is said to be regular if the active constraints are linearly independent, i.e.

[VgA Vh} has full column rank.

Here Vg, is formed from the gradients of the active inequality constraints.
We are now ready to state the generalization of the first order necessary conditions. Consider the
optimisation problem

minimize f(x)
subjectto  g(r) < (82)

h(x) =

Assume x* is a local minimum and that x* is regular. Then there are unique vectors p* and A\* such
that

Vf(z*) 4+ Vg(x*)p* + Vh(z")A\* =0 (83a)
>0 (83b)

g(z*) <0, h(z*)=0 (83c)
prgi(z*) =0, i=1,...,m. (83d)

These conditions are referred to as the KKT (Karush-Kuhn-Tucker) conditions.

In this case, the Lagrange multipliers (also called the dual variables) are p for the inequality
constraints and \ for the equality constraints. They differ in that the dual constraints (83b) specify
that 1 have to be nonnegative. The primal variables x should satisfy the primal constraints (83c).
The first condition (83a) can conveniently be expressed as a condition on the Lagrangian L,

V. L(z", 1", %) =0, L(z, 1, \) = f(x) +p'g(x) + ATh(z). (84)
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The last conditions (83d) of the KKT conditions are called the complementary slackness condi-
tions. The implication of these is that if g; is inactive at 2* then p7 = 0. Conversely, if g; is active,
then either i; > 0 (the constraint is strictly active) or u* = 0 (the constraint is not strictly active).

The condition (83a) has an intuitive geometrical/physical interpretation. At a local optimum, you
can think of Vf as a force that is trying to pull the solution down towards lower function values.
Equation (83a) expresses that this force is balanced by forces from the active constraints. In doing
this, equality constraints can exert forces in either direction, whereas inequality constraints can only
pull into the feasible side of the constraint boundary, reflected by the condition pz > 0.

The KKT conditions are very useful for searching candidates for local optima, and they are also the
basis for many optimisation algorithms as we will see later on. However, it is important to remember
that the KKT conditions only provide necessary conditions. As a complement to this, the following
result states sufficient conditions for a local optimum.

Consider the optimisation problem

minimize f(x)
subjectto  g(z) < (85)

h(z) =

Assume z* is regular and that =*, u*, \* satisfy the KKT conditions with all active constraints being
strictly active. Further assume that

d"V2L(x*, i, A*)d > 0, foralldsuchthatd' [Vgy Vh| =0,

where V2L is the Hessian of the Lagrangian. Then z* is a local minimum.

7.3 Convex optimisation

General nonlinear programming (NLP) problems can be quite challenging to solve, and therefore
there are several important subclasses of optimisation problems, whose structure can be exploited in
different ways. One of the difficulties with general NLP is that there may be several local minima.
From this perspective, the important class of convex optimisation problems turns out to be of particular
Interest:

minimize f(x)

subjectto  g;(z) <

where the objective function f and constraint functions {g;} are convex, i.e.
fOry + (1= 0)xg) <Of(x1) + (1= 0)f(2), 0<60<1

and the functions {h;} are affine (linear).

There are two main reasons for our interest in convex optimisation problems. The first one is that
any local minimum is also a global minimum, and that it is possible to solve very large problems
efficiently. The second one is that our constrained LQ based MPC leads to a special type of convex
optimisation problem, as will be seen later. However, in order to better understand the properties of
convex optimisation, we first need to learn some terminology of convex sets and convex functions.
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Figure 13: An illustration of an affine set in two dimensions.

Figure 14: An example with two convex and one non-convex set.

Convex sets

* A line through 7, and z, are all points z,

r=~0x;+ (1 —0)xy, 6€R.

* An affine set contains the line through any two distinct points in the set, see Figure 13. An
example is the solution set of linear equations {x | Ax = b}.

All affine sets can be described as solutions to a system of linear equations.

* A line segment between z; and x5 are all points =z,

r=0xr+(1—-0)xy, 0<60<1.

* A convex set contains the line segments between every two points in the set (see Figure 14),
ie.
371,$2€8:>61’1+(1—9)$2€S, O§9§1

* A hyperplane is a set of the form {z | a"z = b}.
* A half-space is a set of the form {z | o'z < b}.

Hyperplanes are affine and convex; half-spaces are convex, see Figure 15.

* A polyhedron is the intersection of a finite number of half-spaces and hyperplanes or, equiv-
alently, the solution set of a finite number of linear inequalities and equalities (see Figure 16),
1.e.

Ax <b

Cr =

Polyhedra are convex sets.
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Figure 15: A hyperplane 'z = b and a half-space depicted by the shaded region.

Figure 16: An example of a polyhedron, as the intersection of linear inequalities and equalities.

Figure 17: An example of a convex function.

Convex functions

A function f : R™ — R is convex if dom f is convex and

f0z+ (1—0)y) <Of(x)+ (1—6)f(y)

forall z,y € dom f and 0 < 6 < 1. An illustration is provided in Figure 17.
Furthermore,

* fis concave if —f is convex.

o fis strictly convex if
[0z + (1= 0)y) <Of(x) + (1 -0)f(y)
forall z,y € dom fand 0 < 0 < 1.

Some examples of convex functions are
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Figure 18: A convex function and its tangent.

e affine: a'x + b;
* exponential: e*;

e powers: z¢ x> 0,fora>1lora <0.
Examples of concave functions are

e affine: a'x + b;
* logarithm: logz, = > 0;

e powers: z¢ x> 0,for0 < a < 1.

First and second order conditions

* Differentiable f with convex domain is convex if and only if
f(y) = f(z) + V(@) (y—a) forallz,y € dom f.

An illustration is provided in Figure 18.

» Twice differentiable f with convex domain is convex if and only if

V2f(x) >0 forall x € dom f.

Operations that preserve convexity

¢ The intersection of convex sets is a convex set.

If f is affine (f(x) = Ax + b), then the image of a convex set under f is convex, i.e.

S convex = f(S) convex.

If f is affine, then the inverse image of f is convex, i.e.

Sconvex = f1(S)={z| f(z) € S} convex.

Examples include scaling, translation, projection.
e Sub-level sets S, of a convex function f are convex
So={rzedomf]| f(zx) <a}.
* Nonnegative weighted sum of convex functions is convex,

N

fi,..., fy convex = Z «; f; convex, for all a; > 0.
i=1

* The composition with an affine function is convex,

fconvex = f(Ax + b) convex.
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Convex optimisation

Convex sets and convex functions, as discussed above, play an important role in the formulation and
solution of convex optimisation problems. This class of optimisation problems is of great interest in
general, and in particular for the design of model predictive controllers. The reason for this is that con-
vex optimisation problems have ‘nice’ properties, which allow solutions to be computed efficiently,
even for large size problems.

Standard form convex optimisation problem:

minimize f(x)
subjectto  g;(z)

() <0, i=1,....m
Ax = b,

(affine equality constraints)

where f and {g;} are convex.
Remark. The feasible set of a convex optimisation problem is convex.

Example 7.2 ([5]). Consider the following optimisation problem:

minimize f(z) = 2] + 25
subjectto  gi(z) = z1/(1 +23) <0
hl(l’) = (ZIJl + 132)2 =0.

It is not difficult to see that
* f(x) is convex and the feasible set {(z1,2z2) | 1 = —z2 < 0} is convex, but . ..
* the problem is not in the standard form, since g; is not convex and h; is not affine.

It is, however, in this case possible to transform the given optimisation problem into an equivalent,
convex formulation:

minimize 2% + x5
subjectto x; <0

l’l‘f‘fL‘QZO.
|

For a general optimisation problem, any globally optimal point is also a locally optimal point, i.e.
it gives the lowest cost among feasible points in its neighbourhood. A very important property of
convex optimisation problems is that the converse is also true, as stated in the following proposition.

Proposition 7.1 (Local and global optima). Any local optimum of a convex optimisation problem is
(globally) optimal.

Proof. Suppose x is locally optimal and y is optimal with f(y) < f(z). That x is locally optimal
means there is an > ( such that
zfeasibleand |z —z|<r = f(z)> f(x).
Choose an r such that < |y — z|. Consider now z = 0y + (1 — 0)x with § = r/(2|y — x|). Then
* |y — x| > r, implying 0 < 6 < 1/2;

61



* 2 is a convex combination of two feasible points, hence also feasible;

* |z—2x|=r/2and
f(2) <0f(x) + (1 =0)f(y) < f(x)

which contradicts the assumption that x is locally optimal.
[

The equivalence of local and global optima for convex problems opens up for strengthening the
optimality conditions stated earlier: Consider the convex optimisation problem

minimize f(x)
subjectto  g(z) <
h(z) =

(86)

where f and {g;} are convex and h is affine. Assume z* is regular. Then x* is globally optimal if and
only if the KKT conditions are fulfilled for some p* > 0, \*.
Two common examples of convex optimisation programs are

* Linear programming (LP):
minimize ¢’z +d
subjectto Gx < h
Ax = b;
* Quadratic programming (QP):

1
minimize §mTQx +p'z, Q=0
subjectto Gz < h

Ax =b.

In both cases, the feasible set is a polyhedron.
The two types of optimisation problems described above are probably the most well-known
classes of convex optimisation problems, and there are many efficient numerical algorithms around to

solve them. This is good news for us, since the QP problem in particular is very appropriate for our
needs; cf. problem (73)!
We end this section with an example with a special case of QP.

Example 7.3 (QP with inequality constraints only). Consider the QP problem
1
minimize §mTQx +p'z, Q>0
subjectto Gz < h.

Assuming that G has full row rank, any point x is regular. Then global optimality is equivalent to the
KKT conditions being fulfilled. Denoting the objective by f(x), this can be stated in a simplified way
as follows: the point z* is optimal if and only if z* is feasible (i.e. Gz* < h) and

—Vf(z*)=—(Qz" +p) = Z'“’ ,  for some {p;} with p; > 0, (87)

i€A

where (; is the ith row of GG and A is the active set. Figure 19 gives a geometric interpretation. W
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Figure 19: An illustration of a quadratic program with inequality constraints.

7.4 Duality*

We have already noted that the KKT conditions can conveniently be expressed in terms of the La-
grangian L. In fact, the Lagrangian plays an important role in developing duality theory, which
provides new perspectives on constrained optimisation. This section gives some of the fundamentals.

Lagrangian
Consider the standard form problem (not necessarily convex)

minimize f(x)

subjectto  g;(z) <

where x € D C R".
The Lagrangian L : R" x R™ x RP — R, with dom £ =D x R™ x RP, is defined as

Lo V) = £(a) + 3 pigi(a) + Y M) = £(z) + 1" glw) + ATh(a)

where
* 1; is Lagrange multiplier associated with the constraint g;(z) < 0;
* )\, is Lagrange multiplier associated with the constraint h;(z) = 0.

Note that for 1+ > 0 and any feasible x, we have L(z, yu, \) < f(z).

For a convex optimisation problem, the Lagrangian is a linear combination of convex functions,
hence convex. In many cases it is therefore possible to compute the unconstrained minimum of L.
This fact naturally leads to the next definition.

Lagrange dual function q : R™ X RP — R,

o o T T
(i, N) = inf L0, \) = inf { () +p"g(a) + ATh(a)}
Properties:

* ¢ is concave but may be —oo for some p, A;

o q(p, A) < p*if u > 0 (p* is the optimal value of the original problem).
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The Lagrange dual problem

maximize q(p, \)
subjectto >0

* finds the best lower bound d* on the primal optimal solution p*,
* always is a convex, unconstrained problem,
* has dual feasible y, \ if ;1 > 0 and (p, \) € dom g,
* always satisfies d* < p* (weak duality).
Example 7.4 (The dual of an LP problem). Consider the standard linear program
minimize c¢'z
subjectto Ax =0b, x>0.
The Lagrangian is given by
Lz, ) =ca—pz+N(Ar—b)=—-b' A+ (c+ATN—p)'x

The Lagrange dual function is then obtained by solving

—b'N, ATA-— =0
q(p, \) = inf L(x, u, \) = { ’ e

—o00,  otherwise.

It holds:
e ¢ s linear on the affine domain { (1, \) | A"\ — i + ¢ = 0}, i.e. concave
* lower bound: p* > —bTAif ATA+¢ > 0.

We can make the implicit constraint (u, A) € {(u, A) | ATXA — pu + ¢ = 0} explicit when formulating
the dual problem:

maximize —b'\

subjectto ATA+¢> 0.

Weak and strong duality
Weak duality: d* < p*
* always holds (even for non-convex problems);
* gives lower bound for the original (primal) problem.
Strong duality: d* = p*
* does not hold in general;
* often holds for convex problems;

 conditions that guarantee this are called constraint qualifications.
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It is stated above that strong duality often holds for convex problems. In fact, we have already met
conditions ensuring this, namely regularity conditions on candidates for local optima. Such conditions
are called constraint qualifications.

Strong duality holds for a convex problem

minimize f(x)
subjectto g¢;(z) <0, i=1,....m
Ar =b

if any of the following conditions are fulfilled:

1. The gradients of the equality constraints and the active inequality constraints are linearly inde-
pendent (LICQ);

2. The problem is strictly feasible, i.e. there exists some © € intD (the interior of D) such that
(Slater CQ)
9:(%) <0, i=1,...,m; Az =0b.

Example 7.5 (Quadratic programming). Consider the quadratic program (assuming P is positive
definite, P > 0)

minimize z' Px
subjectto Az <b.

The dual function is
q(p) = irxlf(:vTPx +p' (Az = b)) = —;l,uTAP_lATp, —b'p.
Hence, the dual problem is defined as
maximize — %l/LTAP_lAT,u —b'p
subjectto > 0.

It follows from Slater’s condition that p* = d* if Az < b for some Z. In fact, for convex quadratic
programs, we always have strong duality, i.e. p* = d*. [

Now, assume that x* is regular and hence strong duality holds with x* primal optimal, (p*, \*)
dual optimal. Then

Fa*) = inf (f(2) + g(@)T " + h(2)TA)
< f(@") +g(z") "+ h(a®) AT < f(a)
which means that the two inequalities must hold with equality. Therefore
* z* minimizes L(x, 1*, \*)
o wrgi(z*)=0fori=1,...,m

which, together with primal and dual constraints, we recognise as the KKT conditions! The conclu-

sion is that if strong duality holds, then any optimal z*, 4*, A* must satisfy the KKT conditions. This

confirms the first order necessary conditions that we have arrived at earlier (assuming regularity).
Conversely, assume that z*, ©*, \* satisfy the KKT conditions. Then they are optimal, since
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1. From complementarity conditions, it follows that f(z*) = L(x*, u*, \*);

2. Since L is convex in x and its gradient is 0 from the KKT conditions, it follows that ¢(u*, \*) =
L(x*, u*, A*).

Hence, f(z*) = q(u*, \*) and strong duality holds. Let’s summarize. Consider the standard convex
optimisation problem

minimize f(z)
subjectto  g;(z) <0, i=1,...,m
Axr =b

where f and {g;} are convex.
Assume z* is regular. Then the following statements are equivalent:

* z* is a global optimum;

e there are 1*, \* such that the KKT conditions hold.
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8 Solving QP problems

In the previous section, we have investigated conditions for optimality of constrained optimisation
problems, in particular convex ones. The objective of this section is to go one step further and have a
look at how to construct algorithms to find the optimum. We will give the basic ideas of how Newton’s
method can be applied to general NLP problems, but we will focus in particular on the QP case, which
we encounter in our MPC algorithms.

The material of the textbooks is relatively scarce. Most of the material on optimisation in [2] is
again in Chapter 2; this section corresponds to Sections 2.5-2.6. Algorithms for QP are introduced in
Section 8.3. In [4], Sections 3.3-3.4 contain some of the material of this section. For further reading,
it is once again recommended to consult [5].

8.1 Newton’s method

Let’s start by recalling that for convex optimisation problems (assuming regularity), necessary and
sufficient conditions for optimality are given by the KKT conditions. For the case with only equality
constraints, the KKT conditions are particularly simple,

V.L(x,\) =0
(88)

h(z) =0
where £(x,\) = f(z) + A"h(z). Finding the optimum is therefore equivalent to solving a system
of nonlinear equations in the unknowns z, A. There is a famous algorithm which does exactly this,
namely Newton’s method. In its simplest form, it is used to find the root of the scalar equation
r(z) = 0. The idea is to approximate the function by a straight line at the current “guess” x, and to

obtain the next guess* x* = z + Az as the root of the linear approximation

r(x+Az) =r(z) +r' () Az =0 = Az=—(r"(z)) 'r(z). (89)
When z and r(z) are vectors, the Newton step is a direct generalization of this, i.e.
Vr(z)" Az = —r(z), (90)

which is now a system of /inear equations in the unknowns Az. We have thus replaced the original
problem to solve a system of nonlinear equations to a task to repeatedly solve a system of linear
equations.

Since Newton’s method is based on a linear approximation of 7(x), it turns out that it is usually
wise in practice not to perform the full Newton step as given by (90). Instead, while still going in the
Newton direction as prescribed by (90), the new iterate is obtained by using a reduced step size:

vt =x+tAz, te(0,1]. 91)

Newton’s method for equality constrained problems

Let’s now try to apply Newton’s method to the KKT conditions (88), observing that the unknowns are
x, A. The Newton step (90) becomes

%t BT

4The notation z 7 is used here for the next iterate, not a time update.
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which, by using £(x, \) = f(z) + A" h(x), can be simplified into

s "I

and finally a simple re-organization gives

i i !

~
The KKT matrix

s

where AT = X + A is the new iterate of the dual variable \. Let us interpret this result for the QP
case:

1
minimize f(x) = éxTQx +p'z, Q=0 (92)

subjectto Az =0, A€ RP*", (93)

The Lagrangian is

1
L(x,\) = ixTQx +p'x+ A (Az —b).

and the Newton’s method gives

S I s

¢4 17]

Notice that equation (94) gives the next iterates ™, A" as the solution of a system of linear equa-
tions, independent of any previous iterate! In the QP case, the Newton method thus gives the solution
in one step. In fact, it is easily verified that equation (94) is identical to the KKT conditions (do this!).
An analytical solution can be derived as follows. Multiply the first block row in (94) by AQ~! and
subtract the result from the second block row. This gives the equivalent system of equations (replacing
the +-sign with 0 to indicate optimal solution)

Q AT ] —p
{0 —AQTAT| [N T |AQ 'p+1D (95)
which immediately can be solved, first for \*, then for x*:
X =—(AQTTAT)H(AQ T p + 1) (96)
r=-Q '(p+ATN)=-Q ' (p— AT(AQ'AT) 1 (AQ 'p+1)). 97)

The procedure applied is a block Gaussian elimination and the matrix —AQ ' AT is called the Schur
complement of () in the KKT matrix.

We summarize our findings, namely that the solution to the QP problem without constraints or
with only equality constraints, can be given as the solution to a system of linear equations.

¢ Unconstrained case

1
minimize f(z) = §xTQm +p'z, Q=0

has a solution
Qx*+p=0.
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* QP with equality constraint

1
minimize f(z) = ExTQx +p'z, Q=0

subjectto Az =10
Q AT [z*] _[-»
A 0| [N | b|’

We remind of the fact that the KKT conditions for the equality constrained QP problem leads to a
set of linear equations to be solved. When we now turn to the QP problem including also inequality
constraints, it will be seen that we instead get a system of nonlinear equations. Newton’s method still
provides the basic tool to solve this. In addition to providing the solution to QP problems, Newton’s
method is also the basis for many optimisation algorithms that are aimed for other convex optimisation
problems. The gradient and the Hessian then give a local quadratic approximation of the objective
function (and since they are local, have to be computed repeatedly). The Newton method in most cases
has to be executed iteratively, since the optimal point will not be reached in one step. The method also
has to be extended with some type of line searching technique, in which the Newton search direction
is kept, but backtracking is used to take shorter steps. The reason is that the full Newton step may lead
too far, where the local quadratic approximation is not any longer good enough.
With these general remarks, let’s now turn to the QP problems with inequality constraints,

has a solution

8.2 Inequality constraints

1
minimize §£L‘TQ$ +p'z, Q>0

subjectto Gz < h (98)
Ax =D.
For easy reference, we repeat the KKT conditions (83a)-(83d) for this special case
Qe +p+GTp + AT\ =0 (99)
pr =0 (100)
Gr*—h <0, Ax*—b=0 (101)
pi(gia* —h) =0, i=1,...,m. (102)

Here g;' is the ith row of G and h; is the ith element of . The algorithms we will discuss are aimed
at solving this system of equations. Note that due to the presence of inequality constraints, these
equations are not any longer linear!

Active set methods

It was noted already when we discussed the general KKT conditions that the active inequality con-
straints play a similar role as the equality constraints. This observation is the idea behind so called
active set methods. Begin by observing that the KKT conditions for the QP problem can be given an
alternative form, which resembles the KKT conditions (94) for the QP with only equality constraints>:

Q AT G[] [z —p
A 0 0 Ml =10b]. (103)
Go 0 0] |ut ha

SHere we have returned to the notation z* etc. in order to stress the iterative nature of the algorithm.
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The crux of this solution is of course that we do not know the active set A beforehand. The equations
should hold for the correct active set, meaning that pf > 0 for the (strictly) active constraints, and
Gzx < hy for the inactive constraints (A being the complement of A). However, an algorithm can
be constructed based on repeatedly solving (103) for different candidate active sets A. The idea is as
follows.

Assume that a feasible point is known with a specific A (and consequently A). With this A, the
system of equations (103) can be solved. Once this is done, there are two possible outcomes:

1. If the new point is feasible with respect to the (previously inactive) inequality constraints, we
need to test if we are at the optimum. This is done by checking the Lagrange multipliers
corresponding to the active set; they should all be nonnegative at the optimum. If this is not
the case, the objective function can be further reduced by e.g. removing the constraint with the
most negative multiplier from the active set, and the procedure is repeated.

2. If the new point is not feasible, then the stepsize is reduced so that the new point becomes (just)
feasible. This happens at the intersection with one of the previously inactive constraints. This
is now added to the active set and the procedure is repeated.

The active set method has the advantage that it produces iterates that are all feasible, which means
that intermediate results are still usable in a case where there may not be time to wait for the optimal
solution. A disadvantage is that with many inequality constraints, there are a large number of different
combinations of constraints forming potential active sets, and many of these may have to be searched
before the algorithm converges. In fact, this potential combinatorial explosion is the reason why there
are no tight complexity bounds for active set methods; even though the algorithms may perform very
well “on the average”, specific problem instances may require significantly longer execution times,
which may be a problem in a real-time application as MPC. Note also that the method requires an
initial feasible point to start with; we will not pursue this further.

Interior point methods

There is another class of algorithms for solving convex optimisation problems called interior point
methods. These have become quite popular, particularly for large problems, and also for MPC appli-
cations. Similar to the active set method, the interior point methods solve the original optimisation
problem by applying Newton’s method to a sequence of equality constrained problems, or to a se-
quence of (modified) sets of KKT conditions. In either case, the goal is to somehow avoid the very
nonlinear complementarity conditions (102).

The starting point is a reformulation, or rather approximation, of the original QP problem (98)
into an equality constrained problem as follows. The QP problem

1
minimize f(x) = éxTQJE +p'

subjectto Gx < h
Ax =10

can be approximated by the following problem

minimize f.(z) = f(x) — 7 E log(h; — g/ z) (T >0)
i=1
subjectto Az =10

where giT is the ith row of G, h; is the 7th element of h.
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The convex function
0) = =Y log(hi — gz
=1

is called the logarithmic barrier for the original QP problem.

The idea of this reformulation is that the function ¢.(x) for very small values of the parameter 7
resembles an indicator function, which is zero for feasible x and infinity for infeasible x—it works
as a ‘barrier’ towards entering into the infeasible set. The point in doing this is of course that the
reformulated QP problem is now a problem with equality constraints only, a problem we know how
to handle.

Let {x*(7) | T > 0}, the central path, be the set of solutions to the modified optimisation problem
stated above for different values of 7 > 0. It can then be shown that, under suitable assumptions,
x*(1) — x* as 7 — 0. Based on this characterization of the central path, it seems natural to choose
a small enough value of 7 and to solve the modified QP problem with equality constraints for this
7. It turns out, however, that a better algorithm is obtained by solving a sequence of problems with
decreasing values of 7. The resulting algorithm is called the barrier method.

The sequence of optimisation problems within the barrier method are typically solved by applying
Newton’s method to the KKT conditions, as described earlier. Let’s have a look at these conditions
(note that we have got rid of the inequalities in the reformulated problem)

Qx—i—p—i—TZ T — G+ ATN=0

A:E—b:()

which are valid only for interior points, i.e. those x satisfying h; — g,/ x > 0, Vi. It should come as
no surprise that these equations pose numerical difficulties for Newton’s method when the iterates get
close to the boundary of the inequality constraints—the objective has a strong curvature here.

The barrier method has an intuitively appealing interpretation that will guide us further. By defin-
ing y1; = 7/(h; — g;' z), the KKT conditions for the barrier method can be rewritten as

Qr+p+ Y mgi+AA=0
=1

Az —b=0
pilhi — g w) =7

which, together with the conditions h; — g, > 0 and y; > 0, can be seen as a version of the original
KKT conditions (99)-(102), where the complementary slackness conditions have been smoothed. In
principle, this set of nonlinear equations can be solved using Newton’s method, complemented with
backtracking to secure feasibility with respect to the two inequalities mentioned. However, a slight
re-formulation using a non-negative slack variable s turns out to be advantageous and gives rise to
the following primal-dual interior point method.

The QP problem

1
minimize f(z) = §xTQx +p'z
subjectto Gx < h
Ax =10
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is characterized by the approximated (smoothed) KKT conditions

Qr+p+G u+A"A=0

Az —b=0

Gr—h+s=0

HiSi =T

s>0, wpu>0.

Applying Newton’s method on the equalities gives the Newton step

Q AT G 0 at
A 0 0 0 At
G 0 0 I ut

0 0 diag(s) diag(u) +

»

Backtracking to secure s > 0 and g > 0 is simple!
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9 Feasibility

Already in section 4, it was pointed out that the receding horizon control law is not defined for all
states, since the associated optimisation problem may be infeasible. In this section, we will look
into this aspect in some detail, and specifically discuss what is referred to as recursive or persistent
feasibility.

The book [1] discusses feasibility and recursive feasibility in chapter 2.

From an implementation point of view, the big difference between MPC and other control schemes
is the way the control action is computed: in most controllers, there is an explicit expression for the
control action, but in MPC the controller is stated in terms of an optimisation problem to be solved
on-line. There are several implications of this fact. Some of these are related to the implementation of
the algorithms for the optimisation, since these are typically more computationally demanding than
conventional controllers. It is important that the algorithm is capable of delivering the control action
in a specified time, and if that is not possible, some predefined action has to be taken—these issues
will be discussed below in some detail.

9.1 Feasibility

Let’s stress again that the receding horizon controller is defined implicitly as the solution of an optimi-
sation problem, which depends on the current state (estimate). However, it is in general not possible
to a priori guarantee that the optimisation problem posed is feasible at every sampling instant. More
specifically, in the presence of state constraints, it may very well happen that the optimisation problem
is infeasible for some initial states, i.e. that no solution respecting the constraints exists. Expressed in
a different way, the implicit control law « () is defined only for states belonging to the set of feasi-
ble states, x € Xy, see Section 4.1. This observation gives in turn rise to the concept of recursive (or
persistent) feasibility to be discussed next.

Recursive (persistent) feasibility

Assume © € Xy is a feasible state. This means that there is indeed a solution to the optimisation
problem for that particular x. The following question is then natural to ask: after having applied the
control action computed, will the successor state 2" also belong to the feasible set Xx? If so, the
receding horizon control action would be defined also at the next sampling instant. This is clearly a
desirable situation that is known as recursive (or persistent) feasibility. The somewhat disappointing
answer is, however, that there is no general guarantee for this, even in the nominal case with a perfect
model and no disturbances. We will analyse what happens in more detail, starting by defining formally
recursive feasibility using the concept of invariant sets.

Definition 9.1 (Invariant set). The set S is positively invariant for the autonomous system z* = f, ()
if
z(0)eS = =xk)eS, VkeN,.

Definition 9.2 (Recursive (persistent) feasibility). The receding horizon controller is recursively (per-
sistently) feasible if the feasible set Xy is positively invariant for the closed-loop system z* =

f(z,kn(x)), ie.
z(0)e Xy = x(k+1)= f(x(k),kn(z(k))) € Xy, VkeN,.
The implication of these definitions is that if the RHC is recursively feasible, then it is guaranteed

that the optimisation problem to be solved at every time instant is feasible, provided the initial state is
feasible.
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u(1; ) w(N — 1; )
{w(0;z),u(1;2),...,u(N — 1;2)} € Un(z) {u(l;z),...,u(N —1;z),u} € Uy(z")
f(z,u(0;2)) = 2(1;2) 2(N:2) € X
. . ./'/;@&;5, u) € X
{2(0; z) | N ;z)} € X | {x(1;x?,...,x({v;x),f'(;(w;m),u)} cX
0 1 2 3 N-2 N-1 N N+1

Figure 20: Illustration of recursive feasibility. After shifting the horizon and applying a control
sequence constructed from the tail of the previous sequence and a new feasible control u, recursive
feasibility requires that the new state sequence is also feasible.

There is one disadvantage with the way we have expressed recursive feasibility, namely the fact
that the condition depends on the receding horizon control law y(x), which in turn depends on all
design parameters such as cost function weights. Feasibility is, however, primarily concerned with
constraints, and we therefore would like to have a condition reflecting this fact. In order to derive
such a condition, we need to make a detailed analysis of successive candidate control sequences.

Assume the current state x(k) = x is feasible, i.e. z € Xy. Let

w(0:N — 1;2) = {u(0;z),u(l;z),...,u(N — 1;2)} € Uy(z)

be any control sequence (of the possibly many) driving the state to the terminal constraint set X; in
N steps, respecting control and state constraints, and

z(0:N;z) = {z(0;2),z(1;2),...,2(N;2)} € X

be the corresponding predicted state evolution with x(/V;x) € X;. The question is now: can we
give a condition that ensures that the next state, resulting from applying the first control action in the
sequence to the plant, is feasible as well? The next state is

" = f(z,u(0;2)) = z(1; 7).

From this state, we can simply apply a control sequence, which is a copy of the tail of the control
sequence we started with, appended with a final control u to be determined:

w(0:N — 1;2%) = {u(l;2),...,u(N — 1;2),u}.

Provided v € U, this control sequence satisfies the control constraints. The state sequence resulting
from u(0: N — 1;2%) is in an analogous way equal to the tail of z(0 : N;z), appended with a last
element,

z(0:N;z) ={z(1;2),...,z(N;z), f(z(N;2z),u)}.

Figure 20 illustrates the situation described (the original sequences are with solid lines, and the ap-
pended elements with dashed lines).

Taking a closer look at the state sequence x(0: N; "), it is clear that it belongs to X, except possi-
bly the last element. However, we need a stronger condition to hold, namely that f(z(N;x),u) € X;.
At this point, we need the following definition:
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Figure 21: Construction of the maximal control invariant set C,, in X. C is an arbitrary control
invariant set.

Definition 9.3 (Control invariant set). A set C C X is a control invariant set of the system z* =
[z, u) if
r€C = FJueUsuchthatz® = f(z,u) € C.

The maximal control invariant set contained in X is denoted C., and contains all control invariant sets
in X,

This is exactly what we need: we know that z(N; z) € Xy; if X is control invariant, then v € U
can be chosen such that f(z(N;z),u) € X;. Hence, z% is feasible. Since this argument can be
applied repeatedly, the following result can been derived.

Theorem 9.4 (Sufficient condition for recursive feasibility). The receding horizon controller based
on the finite horizon optimal control problem (37)-(40) is recursively feasible if the terminal constraint
set Xy is control invariant.

A natural question at this point is how to construct the terminal constraint set so that it becomes
control invariant. A trivial choice is the singleton X; = {0}, which has been suggested in the liter-
ature. However, this is a quite strict constraint, which could be difficult to meet, and therefore less
strict alternatives are of interest.

At the other extreme, X, could be chosen as Co,, the maximal control invariant set in X. The
following recursion can be used to find Co:

QOZX

104
Qi-i-l = Pre (Qz) N QZ ( )

Here, Pre (S) is the set of states that can be driven into the target set S in one time step:
Pre (S) = {z € X | Ju € Usuch that 2 = f(z,u) € S}. (105)

The recursion (104), which generates a sequence of decreasing sets, may or may not terminate; if it
does, €2;.1 = €; for some ¢, the determinedness index of C.,, which is in this case finitely determined.
Figure 21 illustrates the different sets we have defined.

How big is the feasible set?

It was mentioned when the feasible set Xy was introduced that it can sometimes be empty. In our
case, it follows from the assumptions that f(0,0) = 0 and that U, X and X all contain the origin that
Xy always contains the origin, so it is actually non-empty. We would not be satisfied with a feasible
set consisting of only the origin, however, so the question is if we can say anything more about the
size of Xn?

In order to get some insight, it is useful to introduce the following concept.
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Figure 22: Construction of the maximal controllable set /Coo (X).

Definition 9.5 (i-step controllable set K;(S)). The i-step controllable set IC;(S) is defined as the set
of initial states that can be driven to the target set S in ¢ steps, while satisfying state and control
constraints at all times.

From the definition, it follows that the feasible set Xy can alternatively be defined as
X N = K N (X f) .

If it is assumed that X is control invariant—which was shown above to guarantee persistent feasibility—
then it is clear that the set sequence {K;(X)} is monotone in the sense

where K (Xy) is the maximal controllable set with target set Xy, defined by

Koo(Xy) = U’Ci(Xf)-

Figure 22 illustrates what has just been said. From (106) it follows that one way to increase the
feasible set is to use a large prediction horizon N, which is intuitively reasonable. In some cases,
there is a finite N, the determinedness index for K, (X;), for which Ky (X;) = K.(X}). In these
cases, it does not pay off (in terms of the size of the feasible set) to increase N beyond N.

In addition to increasing the prediction horizon, the size of Xy = Ky (Xy) can be increased by
choosing X large, possibly as large as possible, i.e. X; = C. This follows from the property

Summing it all up, the conclusion is that in order to have a large feasible set, it is advantageous to
use a large terminal constraint set X, and a large prediction horizon N. However, as we will se later
in Chapter 10, there are other considerations that may point in a different direction.

Practical feasibility

So far we have discussed feasibility in the nominal case with a perfect model and no disturbances.
The concept of recursive feasibility points to the importance of choosing the terminal state constraint
in a proper way. However, even if do this, we should keep in mind that the optimisation problem to be
solved at each sampling instant depends on the current state estimate. In more realistic scenarios, i.e.
in the presence of disturbances and model uncertainties, the state estimate may be affected in such a
way that infeasibility appears. In such a case, it is essential that the MPC controller is equipped with
some type of ‘exception handling’. One possibility is to resort to some ‘ad-hoc’ solutions, e.g. use
the control action from the previous sampling instant, or to switch in a fall-back regulator. A better
alternative is to handle the constraints, which are the sources for possible difficulties, in a smarter way
by constraint management.
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Constraint management

There are many ways to handle the constraints to avoid running into infeasibility. The most obvious
one is probably to avoid making the constraints hard; by softening the constraints, the MPC algorithm
is given the opportunity to violate one or several constraints, if necessary, to solve the optimisation
problem and deliver a control signal.

¢ Soft constraints can be introduced:

min  Vy(u) + ro|le|| (107)
subjectto Fu+ Gx <e+¢ (108)
e > 0. (109)

¢ Reduce window in which constraints are enforced.
* Prioritise constraints — mixed-integer quadratic program.

* Don’t forget time limitations — control output must be delivered!

Let’s summarize the main points that have been raised concerning feasibility:

* It may be impossible, for some initial states, to solve the RHC optimisation problem while
respecting constraints on states and/or outputs. The problem is in these cases infeasible.

* In the nominal case, without disturbances and with a perfect model, recursive feasibility may
be ensured by choosing the terminal constraint set X to be control invariant.

* In practice, infeasibility may still occur, possibly caused by too strict performance requirements,
a large disturbance, model uncertainty, or by an unstable system.

* Ad hoc solutions are for example to keep the control as is (from the previous sampling instant),
or to switch to a backup controller.

* A more systematic approach is to relax the constraints in some way; this is often referred to as
constraint management.
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10 Stability

The objective of this section is to investigate in some more detail the theoretical aspects of receding
horizon control, and we will be particularly interested in the stability properties of the closed-loop
system. This is a difficult problem, but we will at least be able to introduce a few key ideas that are
frequently met in the scientific literature. In addition, we will formulate a couple of stability results
that hold for the class of MPC algorithms focussed in the course.

The treatment here is influenced by Section 2.4 in [1]. Stability is also treated in [2] in Sections
4.4-4.5 (general case) and in Sections 5.6 (constrained L.Q). Part of the material is covered by Sections
6.1-6.2 in [4], including mini-tutorial 6 on p170.

Let us recall from the first few sections of the course that the receding horizon control idea (and
therefore MPC) emerged as a way to mimic the (in general unattainable) DP solution, but at the price
of introducing approximations. Hence, we can no longer guarantee closed-loop stability—in fact,
we have not even discussed the issue. But since feedback is involved, there is always the inherent
risk of instability; indeed, we noted in Example 3.2 that the finite-time LQ controller can give rise
to an unstable closed-loop system. The question arises: what can be said about stability for MPC
controllers, and what type of insights can be gained from a theoretical analysis? We will provide
some partial answers to these questions in this section.

The stability analysis will be carried out for the basic MPC formulation in Section 4, i.e. it
is assumed that we have access to the system states and that there are no uncertainties. We will
investigate the simple regulation case, where the intent is to steer the system state to the origin.
Hence, the task is essentially to investigate the stability properties of the closed-loop system

vh = f(x, ky(x)),

where xy(x) = u*(0; x) is the implicit receding horizon control law. Before embarking on this task,
we need to establish a few basic definitions and tools for the analysis.

10.1 Stability and Lyapunov functions

Consider the discrete-time system
z" = f(z),

with f(0) = 0, so that the origin is an equilibrium of the state equation. We will be interested
in two kinds of stability properties for the equilibrium at the origin. The origin is locally stable if
solutions starting close to the origin remain there and (globally) asymptotically stable if in addition
the solutions asymptotically approach the origin (globally indicates this holds for any initial state).
The formal definitions are as follows. Consider the system

vt = f(z), f(0)=0. (110)

Definition 10.1 (Local stability). The origin is locally stable for the system (110) if, for any € > 0,
there exists a & > 0 such that |2(0)| < § implies |z(k)| < € for all & > 0.

Definition 10.2 (Global attraction). The origin is globally attractive for the system (110) if (k) —
0, k — oo for any initial z(0).

Definition 10.3 (Global asymptotic stability). The origin is globally asymptotically stable for the
system (110) if it is locally stable and globally attractive.

Remark. If the origin is attractive only for initial states within a certain set, the definitions can be
modified and the properties then hold with a region of attraction that is not any longer the entire R".
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The basic tool for establishing stability of nonlinear systems is Lyapunov stability theory. This is
a topic pursued in detail in courses on nonlinear dynamical systems; here it will suffice to state a basic
result, formulating sufficient conditions for global asymptotic stability using a Lyapunov function.

Definition 10.4 (Lyapunov function). A function V' : R™ — R, is said to be a Lyapunov function for
the system (110) if there are functions «; € K, 7 = 1,2 and a positive definite function a3 such that
for any z € R",

V(z)
V(x)
V(f(z)) = V(z a(|z).
Remark. A function belongs to K, if it is nonnegative, continuous, zero at zero, strictly increasing

and unbounded. A positive definite function is continuous and positive everywhere except at the
origin.

z|)
z|)
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What is interesting with the Lyapunov function is that it gives information about the evolution of
the state trajectory (the solution of the system equations) without the need to solve for this explicitly.
The function V' can be thought of as a generalization of energy stored in the system, and stability
is closely connected with the decay of this energy with time. Indeed, the third condition in the
definition above tells that V' decays along solutions of the system, and the fact that a3 is a positive
definite function indicates that the decay persists until the state x approaches the origin. The first
and the second conditions can be seen as technical conditions to rule out ‘strange’ cases. The formal
statement is given by the following proposition, given without proof.

Proposition 10.1 (Lyapunov’s theorem). Suppose V (+) is a Lyapunov function for the system

at = f(z), f(0)=0.
Then the origin is globally asymptotically stable.

Example 10.5 (Lyapunov function for linear system). A very common Lyapunov function is the
quadratic form V = 2T Sz with S positive definite, which fulfills the first two conditions for being
a Lyapunov function. In addition, for the linear system " = Az with the matrix A having its
eigenvalues strictly inside the unit circle, Lyapunov’s equation (14) implies that

V(zt) = (Az)'S(Az) =2 " ATSAz =2"Sr — 2" Qz = V(z) — 2" Qx

so that the third property is also satisfied. Global asymptotic stability thus holds according to Propo-
sition 10.1. [ |

Example 10.6 (Stability for the infinite horizon LQ controller). It was stated without proof in Sec-
tion 3.1 that the infinite horizon LQ controller gives a stable closed loop under appropriate conditions.
This can again be shown using a quadratic Lyapunov function =" Pz, where P is the solution of the
algebraic Riccati equation. Note that in this case, the Lyapunov function has the important interpre-
tation as the optimal cost-to-go or value function, i.e. V (z) = 2" Px. This observation will soon
become very relevant for us. [ |

10.2 Stability conditions for MPC

For easy reference, let’s repeat the basic equations that define the receding horizon controller of
interest; we will use the general notation of Section 4 and later specialize to the constrained LQ case
that is our prime goal.

Cost function:

F

Vn(zo,u(0: N — 1)) = Uz(i),u(d)) + Vi(x(N)). (111)
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Optimal cost-to-go:

Vi (zo) = u((r]g\ifrll){VN(xo,u(O:N — 1)) |u(0: N — 1) € Un(z0)}.

Constraints:
rt = f(z,u), x(0)=mx (112)
z(k) € X, wu(k)eU, forallke (0,N) (113)
z(N) € X; CX. (114)

Feasible control sequences and initial states:

U(ON — 1) € Z/{N(ZEQ) (115)
Xy = {20 € X | Un (o) # 0} (116)

Optimal control and state sequences:

W (0:N = 1;0) = {0 (0;200), ” (1 ), (N — 1520)) .
2*(0:N; o) = {2"(0;20), 2" (1; 20), . . ., (N3 20) }.

It will be assumed in the sequel that the functions f(-), /() and V/(-) are continuous, f(0,0) = 0,
1(0,0) = 0 and V(0) = 0. Further, the sets X and X are closed, and U is closed and bounded, and
all sets contain the origin. These assumptions guarantee that the problem we study is meaningful and
“nice”.

Proposition 10.2 (Existence of solution). With the assumptions above, the following holds:
(a) The function Vi is continuous on Xy X Uy.
(b) For each x € X, the control constraint set Uy () is closed and bounded.
(c) For each x € Xy, a solution to the optimal control problem exists.

Remark. Note that nothing is said about the properties of the value function Vy;(x) or the control law
kn(x) = u*(0;x). In fact, these may both be discontinuous. However, if there are no state constraints
(ie. X = Xy = R") or if the system is linear and the constraint sets are all polyhedral, then the value
function is continuous.

One of the approximations that was involved when moving from an intractable DP solution to
MPC was the shift from an infinite time horizon to a finite one. The following example ties together
these two cases for the unconstrained LQ problem, and at the same time gives a hint how to proceed.

Example 10.7 (Equivalence between infinite and finite horizon LQ). The infinite horizon LQ problem
is based on the criterion in equation (29),

V(z(0),u(0:00)) = Z (2" (1)Qu (i) +u' () Ru(i)) .

=0

If the sum is split into two terms we get

=z

V(2(0),u(0:00)) = ' (wT(i)Qx(i) + uT(z)Ru(z)) - (xT(z)Qa:(z) + uT(z)Ru(z)) )

)

s
Il
o
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Now, from the dynamic programming discussions we know that one way to minimize this criterion
is to start by minimizing the tail, i.e. the second term with respect to the controls from time NV to
infinity. But this is again an infinite horizon LQ problem, this time starting at time /V with initial state
x(N), and we know that the solution will give an optimal cost ' (V) Px(N) where P is the solution
to the algebraic Riccati equation, see (31). Hence, by minimizing the finite time horizon criterion

V(z(0),u(0: N — 1)) = Z_ (z"())Qx(i) + u' ({)Ru(i)) + =" (N)Pz(N),

=0

we will in fact generate exactly the same minimizing control sequence u*(0: N — 1) as the infinite
horizon formulation leads to. The implication is that the finite time solution inherits some of the nice
properties of the infinite time solution, e.g. stability. The lesson to learn is that the terminal cost plays
an important role when analysing the stability properties of MPC. [ |

We proceed with the following basic assumption:

Assumption 10.3 (Basic stability assumption). The terminal set X; is control invariant and the fol-
lowing inequality holds:

min {Vy(f (2, u)) + 1o, w) | f(z,0) € Xp} < Vy(a), Vo e Xy
Remark. Recall that control invariance of Xy means that there exists aw € U such that f(z,u) € Xy,

see Definition 9.3. The implication of this, together with the properties of U, is that the minimum in
the assumption above exists.

We are now ready to establish our basic stability results for receding horizon control. The idea is
again to have a look at the unconstrained LQ case. It was seen above that the value function for the
infinite horizon LQ problem could be used as a Lyapunov function to prove stability of the closed-
loop system. We will use a similar argument for the MPC case, but we will have to do with the
finite horizon value function, which has not as ideal properties. The following lemma establishes the
important decay property of the value function, which will later be used as a Lyapunov function.

Lemma 10.8 (Value function decrease). Assume that Assumption 10.3 holds. Then the optimal cost
or value function fulfills the following inequality for all x € Xy:

Vi (f (2, mn(2))) < Vy(x) — Uz, kn(2)).
Proof. Let z be any point in Xy with V3 (z) = Vy(z,u*(0: N — 1;z)). The corresponding optimal
control and state sequences are as in equation (117):
u (0:N — 1;2) = {u"(0;2),u"(L;z),...,u" (N — 1;2)}
2 (0:N;z) = {2"(0;z), 2" (L; 2),...,2"(NV;x) },

where u*(0;z) = ky(z), *(0; ) = x and the successor state is x+ = z*(1;2) = f(x,ky(2)). In
order to compare V3 () with V3 (™), we note that

V() < V(o™ a(0: N — 1)) (118)

for any feasible control sequence %(0: N — 1) for the optimal control problem starting at the successor
state z7. We will use a suboptimal control sequence, constructed in the same way as we did when
discussing recursive feasibility, see Figure 20. The construction is to simply copy the tail from the
previous step and append a final control u that assures that f(z*(N;x),u) € Xy, which is possible
due to Assumption 10.3. The resulting feasible control sequence is

w(0:N —1) ={u"(L;2),...,u" (N — 1;2),u}
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and the state sequence resulting from @(0: N — 1) is
7= {o*(Lia), ...,a" (Nia), f(a"(N; ), )},

Having assured the feasibility of the chosen control sequence, we can proceed to compare Vy (x, 4(0:
N —1)) with V3 (x), by noting that most of the terms in the expressions for these are identical, because
of the choice of @(0: N — 1). We have

Vy(a™,a(0: N = 1)) = Vi(z) — l(z, kn(z)) — Vi(2*(N;x))
+ (2" (Ns2),u) + Vi(f (2" (N;2),u) < V3(o) — Uz, kn ()

where the inequality follows from the fact that v can be chosen according to Assumption 10.3. Com-
bining this result with equation (118) completes the proof. [

Remark. A special case of Lemma 10.8 is presented in Theorem 6.1 in [4]. Here, the set X is the
origin, i.e. a single point, and in this case Assumption 10.3 is no longer needed. The final control
w in the proof is u = 0, which guarantees that the state remains in the origin, once there (since
f(0,0) = 0), and the property 1(0,0) = 0 is also used.

Using the decay property of the value function, proved in the lemma, we can now employ Lya-
punov’s stability theorem to establish stability of the MPC scheme. The only thing that needs to be
added are conditions that ensure upper and lower bounds on the Lyapunov function. The proof is
omitted.

Theorem 10.9 (MPC stability). Assume that Assumption 10.3 holds and that the stage cost l(-) and
the terminal cost Vy(-) satisfy

w
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with ay, 00 € Ko. Further, assume that Xy contains the origin in its interior. Then the origin is
asymptotically stable with a region of attraction Xy for the system x* = f(x, ky(x)).

10.3 Stability of constrained linear quadratic MPC

We will now take a closer look at the case of particular interest to us, the MPC based on LQ control
with linear constraints, described in Section 4. The system is now described by the state equation

rT = Az + Bu
with (A, B) controllable and the stage cost is
l(z,u) =2"Qr +u' Ru

with ), R > 0. As before, the constraint sets X and U are polyhedral, i.e. described by linear
inequalities. What remains is to determine V; and Xy to fulfill the condition in Assumption 10.3. The
idea is as follows: when the state gets close enough to the origin, then the constraints will no longer
be active. Hence, the constrained LQ control becomes identical to the unconstrained 1LQ, and we can
rely on the nice properties of the infinite horizon LQ controller.

Choose the terminal cost as the value function for the unconstrained 1.Q problem, i.e.

Vi(z) = V¥(z) = 2" P,
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where P is the solution of the algebraic Riccati equation. The value function satisfies the equation
VE(z) =min{z Qx4+ u Ru+V*(@")} =2 Qz + (Kz)' R(Kz) + V*(Az + BKx)

which implies that
Vi((A+ BK)x) + 2" Qv + (Kz) " R(Kz) = V().

This means that the chosen V; satisfies the inequality of Assumption 10.3, if we can ensure that
constraints are not active in X;. This can indeed be guaranteed if we define Xy C X to be the largest
set fulfilling the following two conditions: (a) v € Xy = Kz € Uand (b) z € Xy = (A + BK)'x €
Xy forall « > 0. The set Xy thus defined is control invariant. We summarize the conclusions in the
following theorem:

Theorem 10.10 (Stability of constrained linear quadratic MPC). Consider the linear quadratic MPC
with linear constraints applied to the controllable system x* = Ax + Bu and with positive definite
matrices () and R. Further assume that the terminal cost V; is chosen as the value function of the
corresponding unconstrained, infinite horizon LQ controller, and that the terminal constraint set X
is chosen as described above. Then the origin is asymptotically stable with a region of attraction Xy
for the controlled system x+ = Ax + Bry(x).

The stability analysis presented above is indicative of the type of analysis techniques used and
results that can be obtained. However, it is clear that the assumptions we have made are quite restric-
tive, for example that the states are all available for measurement, and that there are no disturbances
or modelling errors. Some of the assumptions can be removed at the expense of more complicated
analysis. One example of this is that if the state is not completely measurable, then additional as-
sumptions on detectability or observability are needed. For the case with model uncertainty and/or
disturbances, the stability problem is still under investigation in the scientific literature.
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11 MPC practice — implementation and tuning

This section discusses some of the issues that have to be dealt with when implementing and using
MPC for practical applications. The literature is relatively scarce on these topics. It is likely that
much practical experience has been built up around the commercial implementations, but this is not
always accessible to a wider audience. We will touch on two aspects in particular: computational
issues and tuning of MPC algorithms.

The book [1] contains little of this material. A similar comment applies to [2], but a few case
studies are included to give some insights from applications. Chapter 7 in [4] discusses tuning aspects,
whereas implementation details are scattered in the book, e.g. computational efficiency in Section 3.3
and constraint management in Section 10.2.

Having come this far in the development of model predictive controllers based on linear models,
quadratic costs and affine constraints, it is time to discuss what remains to make the RHC design
a viable and attractive control design alternative in applications. Let’s start by reminding about the
structure of the MPC controller developed so far, repeated here from Section 5 and illustrated in
Figure 23.

Each of the blocks shown in this diagram has some key characteristics that show similarities:

The state observer provides state estimates in cases where the state is not fully accessible from
measurements. As always when feedback is employed, it is important that a sufficient number of
sensors/measurements is available, and we have seen that this is particularly important when it is
desirable to estimate and reject load disturbances.

The state observer is often implemented as a Kalman filter (KF), but we have seen that by in-
stead implementing a moving horizon estimator (MHE), there is a possibility to include constraints
that represent a priori information about realistic ranges of state variables. The disadvantage is that
computations become more demanding.

Regardless of the choice of state observer, there are a number of design parameters, which affect
the observer dynamics and the trade-off between tracking ability and noise rejection. Examples of
such parameters are process and measurement noise covariances (KF), and uncertainty weights and
estimation horizon (MHE), respectively.

The target selector (TS) basically provides references for state and control variables, indicating to
which values it is desirable to drive the closed-loop system. An important part of the target selector
is to take into account estimated load disturbances, in effect adding integral action into the loop.
Depending on the particular structure of the model, and the presence of constraints, the computations

Us
_,| Target Ts — ox du+ X w - -
Ysp selector I ; +)—> RHC —() > Plant -y

&>

Y
A

Observer

SN

Figure 23: MPC block diagram with a receding horizon controller (RHC) working on deviation vari-
ables.
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amount to solving systems of linear equations or to solve a quadratic program.

The core RHC block contains the repeated solution of a constrained finite-horizon optimisation
problem that can be seen as an LQ problem, extended with affine constraints on controls and states.
The basic design parameters remain the same as for LQ, e.g. weights on control and states in the
cost function, and they share the same challenge to relate the tuning of the parameters to expected
behaviour of the closed-loop system. In addition, the MPC brings in new design parameters, which
affect the control performance indirectly such as horizons and constraints. The latter have implications
not only for control performance, but also for feasibility and computations.

11.1 Design and tuning

When applying MPC, you are immediately faced with the task to determine or adjust a number of
design parameters. Several of these are not new—they appear also in e.g. LQ or LQG design—
but there are also some adjustable parameters that are specific for MPC. There are few strict rules
for how to set these parameters; instead, you have to rely on a mix of rules-of-thumb, simulation
investigations, and experience gained from practical applications. Here are a few of the choices that
need to be made.

* Cost function weights:

— which states and outputs are most important? which are the targets/setpoints?
— penalty within system delay H,, is not meaningful
— penalty on control or control moves?

— only relations between () and R important
* Prediction and control horizons:

— important that predicted trajectories resemble what is obtained in closed-loop

— general rule: choose M /N as large as possible (trade-off between stability and perfor-
mance vs. computations)

— rule-of-thumb: it is desirable that /V covers the settling time and M covers at least the
transient, but the routine choice M = N is also common
* Some (very) special cases:
— ‘Mean-level control’: M = 1, N large, R = 0 and r constant.
One control action, steady-state important; slow response (roughly as open-loop).

— ‘Dead-beat control’: M = H,, =n, N > 2n, R = 0, r constant.
Enough control actions to settle the states before the output is observed.
— ‘Myopic control’: M =N =1, R = 0.
Resembles inverting the plant dynamics (minimum phase!)

¢ Constraints:

— constraints on u and/or Au, compatible with physical constraints!

— tighter constraints on u or Au may be used to achieve smoother control (warning: unstable
plant)

— constraints on states and/or outputs is at the core of MPC, but too strict constraints may
be impossible to fulfil!
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¢ Disturbance models and observers:

standard: step disturbances and off-set free control

disturbance feedforward sometimes possible

stochastic disturbances: modelling — estimator/observer design

rule-of-thumb: observer dynamics should be faster than closed-loop settling time

* Reference trajectories and steady-state targets:

reference trajectories may be used to shape the response

piecewise constant setpoints common in e.g. process control

targets/setpoints are important, but some outputs may have no targets

more careful design to avoid hitting constraints (‘reference governor’)

look-ahead of references/set-points sometimes possible (e.g. batch processes)!

11.2 Implementation issues and computational efficiency

As pointed out in Section 9, there is a big difference between MPC and other control schemes, which
has consequences for the implementation, namely that the MPC control “law” is defined implicitly in
terms of an optimisation problem to be solved on-line. One implication of this is the issue of feasibil-
ity. There are other issues related to the implementation of the algorithms for the optimisation, since
these are typically more computationally demanding than conventional controllers. It is important
that the algorithm is capable of delivering the control action in a specified time, and if that is not
possible, some predefined action has to be taken.

Whether the reason for a control signal being not ready for “delivery” in time is infeasibility
or unexpectedly long computation time, a strategy needs to be chosen and implemented. We have
already briefly touched on a couple of alternatives: one may be to switch in a backup controller, often
a more basic control design using e.g. SISO PID control; another may be to temporarily freeze the
control signal and wait for the next sampling instant. The latter is of course not a long-term solution,
in particular if the open-loop system is unstable! In practice, the choice depends on the details of the
application.

Computational efficiency was not a prime issue in the first applications of MPC in the 1970ies,
simply because the processes involved were typically operating at a very slow time scale. However,
as MPC has attracted increased interest in recent years, computational power and efficient numerical
methods have become instrumental in approaching also very fast and time-critical applications. Model
predictive control has of course benefited from general advances in e.g. numerical linear algebra and
convex optimisation solvers. As important as having algorithms that solve the optimisation problems
efficiently on average is to have a small spread in computation time, so that the algorithm finishes
within the allocated time. There are some fine details that can contribute to meet the requirements in
this regard:

* Problem size depends on n, M, and N, and number of constraints.
* Choice of optimisation algorithm matters (active set, interior point etc.)

* Matrix sparsity, representations and ordering of variables (condensed, partially condensed, non-
condensed etc.).

* Blocking, 1.e. requiring a piecewise constant u, gives fewer decision variables.
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* Using the results from the previous sampling instant as initial guess may speed up the optimi-
sation.

* Tailor-made code is typically much faster than Matlab.

In the quest for an efficient implementation of the MPC algorithm, there are several options to
approach the problem, if you want to avoid coding the optimisation algorithm at the lowest level
yourself. One is to go for a standard solver, available in source code form, and then to integrate this
with your own MPC code. Another possibility is to use a code generation tool to have your solver
being tailored to your specific problem. Several services that have emerged over the last few years
have made the latter alternative a viable option; among these are the following (the list is continuously
growing and it is by no means claimed to be complete):

* CasADi (https://web.casadi.org/)

* FORCES Pro (https://www.embotech.com/FORCES-Pro)
* ECOS (https://github.com/embotech/ecos)

* CVXGEN (http://cvxgen.com/docs/index.html)

* ACADO (http://acado.github.io/index.html)

* ACADOS (https://github.com/acados/acados)

* FiOrdOs (http://fiordos.ethz.ch/dokuwiki/)

* qpOASES https://github.com/coin-or/qpOASES

* OSQP https://osqp.org/

* HPIPM https://github.com/giaf/hpipm

Solving systems of linear equations

We have seen in the sections on optimisation, in particular the QP case, that solving the KKT equa-
tions is typically done by applying Newton’s method, which in turn involves repeated solutions of
systems of linear equations. This is important—the reason is that there are very efficient computa-
tional techniques for doing this, even for very large problems, and in particular when there is some
structure in the matrices that can be exploited. Here, we will only scratch on the surface of this large
area of computational linear algebra.

Consider the problem to solve the system of linear equations

Az =b, AecR™™,

The cost (i.e. execution time) for solving this equation is generally of the order n® (measured in
flops (floating point operations), which is in itself a very crude method for today’s computers). As an
example of what this can mean, let’s assume it takes, say, 1 ms to solve a system with 100 variables,
then it would take approximately 1 s to solve a problem with 1000 variables. If the matrix A is lower
triangular, the situation changes drastically: by using forward substitution the variables can then be
solved easily one by one, starting with ;. The cost of doing this is only order n2. The same holds for
an upper triangular A, where the variables are solved in reverse order, so called backward substitution.
Other special cases that are easy to solve involve diagonal or orthogonal (A~! = AT) matrices.
The most common technique for solving Az = b is by first factorizing A as

A=A1Ay - Ay
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and then to solve k simpler problems:
All‘l =b Agl’g =T e Ak—lxk—l = Tk—2 Akl’ = Tk—1- (119)

The basic idea behind this is that the factorization gives factors Ay, . . ., A; with a structure that permit
fast solutions of the subproblems. This also means that the main computational burden is typically
in performing the factorization, and it is in this step that exploitation of structure can be of great
importance.
There are several ways to perform a factorization. An LU factorization factors any nonsingular
matrix A as
A=LU

where L is lower triangular and U is upper triangular. A special case is for A being positive definite,
in which case the factorization
A=LLT

is called a Cholesky factorization. In both these cases, the factorization can exploit structure by adding
permutation matrices P; and P, e.g.
A= PLUP,,

which could lead to sparser factors and reduced computational cost. With these factorizations, the
subproblems in (119) can be solved using forward and backward substitutions.

There are many other situations where the problem structure can be exploited. One case is when
the structure allows a transformation into a block triangular form, in effect splitting a large size
system of equations into two or more smaller ones. We have already encountered such an example
when transforming the KKT conditions for the QP problem with equality constraints to the equivalent
form in (95). In doing this, we transformed a system of linear equations of size n + p into two
subsystems (corresponding to an upper block triangular matrix) of size n and p, respectively. Another
case where structure can be exploited is described in the next example.

Example 11.1 (Diagonal plus low rank). Consider the system of equations
(D+ BC)x=1b

where D is diagonal, B € R™*P and C' € RP*™, and we assume p is small compared to n. Since there
is no particular structure left if we form the matrix A = D + BC' and solve, the cost will in general
be of order n3. However, we can do better by rewriting the equation as

o S5

and then apply block elimination as we did for (94), giving

0 —r-cote] ] = |epa]

The transformed system of equations is now easy to solve, because D is diagonal and the lower right
block of the matrix is only of dimension p X p. [ |

A particularly interesting case with structure, relevant for MPC implementations, is when the
matrix is banded, i.e. the matrix elements are nonzero only when they are close to the diagonal.
Such a structure can be obtained by ordering the variables in the appropriate way. As an illustration,
consider how the model equations give rise to equality constraints with different structure, depending
on the ordering of variables for a non-condensed formulation:
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T

e Case 1: our standard ordering of decision variables 2" = [xT w'] gives rise to the equality

constraint 'z = h with

so that the matrix F' becomes

I -B
-A 0

which gives the desired banded structure to be exploited for efficient factorization.
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12 Explicit control laws for constrained linear systems

The theme throughout this course has been to formulate and analyse a model predictive controller
based on the LQ formulation, extended with constraints. An integral part of the MPC algorithm is the
task to solve an optimisation problem repeatedly online. It turns out, however, that for simple process
models, there is an alternative route, namely to solve a parametric optimisation problem offline,
resulting in explicit control laws that need significantly less online computations. The objective of
this section is to give an introduction into these so-called explicit MPC algorithms.

This section is basically a condensed description of the contents of Chapter 7 of [1], which con-
tains additional details. Chapters 6 and 7 of [2] contain related material.

12.1 Parametric programming

The reason why we have to repeatedly solve an optimisation problem in MPC algorithms is the fact
that the current state x changes. This implies that the optimisation problem and its solution change
with x, which is referred to as a parameter of the problem. So called parametric programming deals
with these kind of optimisation problems, taking the form

V(@) = min{V (z, u) [ u € U(2)}, (120)

where x is the parameter of the problem. Whereas the solution to a conventional optimisation prob-
lem is a point (or possibly a set), the solution to this parametric programming problem is actually a
function u*(x) (which in the general case could be set valued).
The parametric constraint u € U (x) can also be expressed as (z,u) € Z, where Z is a subset of
(x, u)-space,
U(x) =A{u]| (z,u) € Z}. (121)

The domain of the function V*(x) in (120) is the set X, defined by
X = {z | Jusuch that (z,u) € Z} = {x | U(x) # 0}. (122)
To fix ideas, let’s have a look at a simple example of a parametric programming problem.

Example 12.1 (Parametric quadratic programming [1]). Consider the parametric quadratic program
min, {V(z,u) | (z,u) € Z} with

V(z,u) = % (z —u)® + )

Z={(z,u) |u>1,u+z/2>2 u+az>2}
From V,V (z,u) = —x + 2u, it is clear that the unconstrained minimum is given by
ur. = x/2,

but this solution does not fulfil the constraints for x < 2. Since V,, V' (z,u) > 0 for all u > u}_, the
constrained optimal solution u*(x) will lie on the boundary of Z. The parametric optimal solution
is illustrated in Figure 24. The solution is piecewise affine, and the value function V*(z) is piecewise
quadratic.
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Figure 24: An illustration of the unconstrained, v ., and the constrained parametric solution, u*(x),
to the quadratic program.

12.2 Constrained LQ control

As already indicated, the ideas presented above can be carried over to the LQ-type MPC focussed
during the course. Recall that the receding horizon controller is based on the finite-time optimisation
problem

Vy(r) = min ){VN(x,u(O:N — 1) |u(0:N —1) e Uy(z)}, (123)

u(0:N—1

where the objective is given by

i

Vy(z,u(0:N = 1)) = 2" (N)Prz(N) + » (2" (1)Qz(i) + u' (1) Ru(i)), =z(0)==a. (124)

3

Il
=)

In this formulation, the optimisation variables are the sequence of controls u(0: N —1) or, equivalently,
the vector u = vec (u(0),...,u(N — 1)) as in (20). The states x(7) in (124) can be thought of as
short-hand notation for the expressions

2(i) = Az + Tu, (125)

where I; is the i*" row of the matrix I, see (19).

With the formulation above, all the constraints are encoded in the form of the set of allowed
control sequences u(0: N — 1) € Uy(x), which depends on the initial state z. Taking a closer look at
this set, we see that it is actually determined by the following constraints:

1. the control constraint set U;
2. the state constraint set X;
3. the terminal state constraint set X;.

Condition (1) implies that w is constrained by a polyhedral set. Conditions (2) and (3) constitute
polyhedral constraints on {x(4)}, which can be translated to affine constraints expressed in terms of
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(z,u) by using the state expressions (125). The conclusion is that the implicit constraint set Uy can
be expressed as an explicit, polyhedral set

Z=A{(x,u) | Fu < Gz + h} (126)

for some matrices F', G and vector h. Hence, the MPC optimisation problem can now be stated as

1 _ .
min  Vy(z,u) = §(uTRu +2'Qr) +u' Sz

subjectto Fu < Gxr+h

(127)

for suitable definitions of the matrices }?, Q, and 5, cf. (21). In the sequel, it will be assumed that the

matrix - -
@ S
o=[3 %]

is positive definite, implying that both R and () are positive definite.

We can now recognize that the optimisation problem (127) is parametric in x, since both the
objective function and the constraints are given in terms of the parameter x, the current state. So far,
we have not really exploited the structure of this parametric optimisation problem, except the fact that
it is a QP that can be solved efficiently at every sampling instant for a new value of the state vector
x. Note, however, that in the unconstrained case, we observed in Section 3.1 that the optimal control
sequence is linear and the optimal cost quadratic in the initial state. We will shortly reveal that it is
possible to generalize this (in a certain sense) to the constrained case. The key in doing this is to
exploit the structure of the problem to relate solutions corresponding to different values of x.

Solution of the parametric program

Let’s first note that the parametric optimisation problem (127) can also be stated as

V*(z) = min{V(z,u) | u € U(z)} (128)

where
Uz)=Au| (z,u) € Z} ={u| Fu < Gz + h} (129)
7= {(x,u) | Fu < Gz + h} (130)

and we have dropped the subscript N. The domain of V* is
X = {z | Ju such that (z,u) € Z} = {z | U # 0}.

Since R has been assumed positive definite, the solution w*(z) is unique and its domain is X’.
We will now show the main ideas of how to exploit the structure of the problem, but for a stringent
treatment please refer to [1], sections 7.3 and 7.4. The main steps to carry out are the following:

1. Pick an arbitrary state vector x, for which the optimal solution is u*(z). Find a representation
of this solution by using the fact that it is also the optimal solution of an equality constrained
problem (with the subset of active inequality constraints being included as equality constraints
and the remaining ones discarded).

2. Show that the same equality constrained problem, and its solution, is also valid for initial states
close to z. In fact, there exists a polyhedron R, in R", containing x, such that, for each w € R},
u*(w) is the solution of the optimisation problem with the same set of equality constraints. On
the set R?, u*(w) is affine in w and V*(w) is quadratic in w.

3. Show that there are finitely many polyhedral regions { R} covering the set of feasible states X
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Step 1. For the arbitrary but, for the following discussion, fixed z, the unique optimal solution
u*(x) satisfies the necessary and sufficient conditions for optimality, given in Example 7.3. These
conditions are that u is feasible and that

—VuV(r) = —(Ru+ Sz) =Y uF', forsome {s;} with yi; > 0 (131)

i€EA

where Fj is the 7" row of F" and A is the active set of constraints. The latter condition can equivalently
be expressed as a set of linear inequalities (see [1]), so that the optimality conditions can be written
as a set of linear inequalities:

Fu<Gz+h

_ (132)
—L,(Ru+ Sz) <0
where L* is a matrix defined by the active constraints corresponding to w*(x).
The solution w*(z) can also be found as the solution to an equality constrained problem with
only the active constraints. Denoting the subset of active constraints corresponding to x by Fyu =
Gix + h%, we thus have

u*(z) = argmin{V(z,u) | F;u =G,z + h}}.

Step 2. At least for points w close to z, it sounds plausible that the optimal solution w*(w) would
have the same set of active constraints as x. If so, then u*(w) would actually be the solution of an
equality constrained problem with the same set of equality constraints. We have not yet shown that
this is the case, but let’s define these solutions anyhow,

ur(w) = argmin{V(w,u) | F;u = G,w+ h}}. (133)

u

Here, the subscript = indicates that the solution is obtained by using the active constraints correspond-
ing to the state x.

Now, the solution of a QP with linear constraints can be computed explicitly, see (96). The result
is that u} (w) is affine in w and that V*(w) is quadratic in w:

ur(w) = K,w+ k, (134)
1
Vi (w) = insz + 7y + 5. (135)

The question that needs to be answered is for which set of w:s this solution is in fact optimal, i.e.
ui(w) = u*(w). But we have actually formulated necessary and sufficient optimality conditions

corresponding to the active set for = in equation (132). By inserting the expression for w* (w) in this
equation and replacing x with w, we obtain a set of inequalities for w:

F(K,w+k,) <Gw+h

~ (136)
—L (R(K,w+ k;) + Sw) <0

This set of inequalities defines a polyhedron R for w. The conclusion is that for any w € R,
the previously computed solution u* (w) satisfies the optimality conditions for the original problem.
Hence,

u'(w) =ui(w) = K,w+ k., Ywé€ R (137)

It follows that the value function is quadratic in 2.
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Step 3. We concluded in the previous step that the control law is an affine function of the state
within a polyhedral set R, and that the optimal cost is a quadratic function of the state within the
same set. Now, the set R is characterized by the set of active constraints, and there is a finite set
of subsets of active constraints, telling us that there are finitely many polyhedral regions ;. Also,
any arbitrary feasible x € X belongs to a region ;. Hence, we can conclude that the feasible set
X is partitioned by a collection of non-overlapping polyhedra U{R:} | + € X. Corresponding to
this partition, the optimal solution to the parametric program (127) is piecewise affine with a value
function that is piecewise quadratic. Moreover, as shown in [1], the value function V*(z) and the
minimizer u*(x) are continuous in x € X.

One of the conclusions from the above is that the, so far implicit, control law is piecewise affine.
We have actually noticed this in a previous example:

Example 12.2 (LQ MPC for an integrator, cont’d). In Example 4.1, we investigated an LQ-based
MPC for a simple integrator system
xt=x+u
with a control constraint
uwel=[-1,1]

and with ) = R = Py = 1, N = 2. For this example, we concluded that the receding horizon control
law could be given in closed-form as

1 r < —5/3
u(x) =4 -3/5-x —5/3<x<5/3
-1 r >5/3.

We can thus verify that the control law is piecewise affine, as predicted, and that the partition of the
state space is given by three intervals, two of which are semi-infinite. [

Summary Let’s summarize and interpret what we have concluded. When solving the optimisation
problem for a specific x, we usually obtain the solution (the optimal control sequence) for this particu-
lar value of x only. However, what the analysis has revealed is the fact that, if the optimisation routine
is implemented to deliver instead the parameters of the affine expression for the optimal u*(z), then
we actually have the optimal solution for all x belonging to R}! In addition, the solution is given
explicitly as an affine function of the state. This seems very promising, even though we can right
away note that the number of sets 2, may be very large—indeed, each such set corresponds to one
particular subset of active constraints!

Encouraged by the results quoted above, the following strategy could be envisioned for a poten-
tially very efficient implementation of our MPC:

1. Find a partition { R, } of X.

2. Calculate the optimal, affine control law on each of the regions R,, and store the result, i.e.
controller parameters. This and the previous step can be done off-line.

3. During on-line operation, run the controller by

» for the measured state z, identify the region to which z belongs;
* look up the controller parameters for the found region;

* compute the next control signal.
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Figure 25: An illustration of a partitioned state-space with a possibly different, optimal, affine control
law in each of the regions.

The resulting implementation of the receding horizon controller is often referred to as explicit
MPC, although it is, strictly speaking, not an MPC in the usual sense any longer. Rather, it is a pro-
cedure to find explicit control laws for a class of finite time optimal control problems. Nevertheless,
“explicit MPC” can be an attractive alternative to the classical MPC for small problems (i.e. fairly
simple models and moderate prediction horizons). However, the computational and storage require-
ments are quickly becoming challenging as more realistic problems are considered. The main reason
for this is that the number of regions easily grows to tens of thousands or more, and the advantages
of the explicit approach become questionable. The situation may change in the future, since much
research is conducted in the area.

It was mentioned above that the number of regions R; may become very large. This is indicated
in Figure 25, which shows the regions for a simple second order system.
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13 Alternative formulations of MPC

This section will give an overview of alternative formulations of MPC controllers, as well as some
extensions to the type of MPC algorithms studied in the course.
Part of the material is found in Sections 4.1 and 5.1-5.7 of [4].

13.1 Step/impulse response and transfer function models

The focus in this course is on model predictive control based on (linear) state space models. This
reflects much of the recent and current development in the area, despite the fact that much of the
early development favoured other types of models. There are a number of reasons to use state space
models:

* Generality — linear and nonlinear.

* Often result from modelling from first principles.
* Linearisation and discretisation is straightforward.
* Computational delays can be incorporated.

* State observers can be designed.

* Numerical computations.

There are, however, alternatives to using state space models in MPC. One popular choice in the
early days of MPC was step response models. They have the following characteristics:

+ Simple to understand.

+ Easy to get from step response experiments.

Emphasis on low frequency behaviour.

Constrained to stable plants.

Inefficient model representation (e.g. first order lag with large 7).

An LTI input-output model is given by

y(t) = > H(t — ku(k), (138)
k=0

where {H(0), H(1),...} is the (matrix valued) impulse response. The step response is obtained as

S(t)y=>_ H(k).

If the step response (or the impulse response) is truncated at N with S(N+1) ~ S(N), the remaining
sequence is a model of the system:

* Dynamic matrix: {S(0), S(1),...S(N)} (used in DMC);

* FIR model: {H(0), H(1),... H(N)}.
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The two models above are very closely related. In fact, going from absolute control input u to
control moves Aw illustrates this:

y(t) =Y H(t—ku(k) =) (H(t —k) Y Au(z’)) (set u(0) = 0)

k=0 =0

k=1

£)Au(0) + S(t — 1)Au(l) + ... + S0)Au(t)

= H(t—k)Au(0) + Y H(t —k)Au(1l) + > H(t —k)Au(2) + ...

P

S

~+

S(t — k)Au(k),
k=0

which should be compared with (138).
The state space model (with D = 0)

T = Az + Bu
y=Cxrx

has an impulse response given by the Markov parameters {C A’ B}, giving the step response
k—1
S(k)=> CAB.
i=0

Using this in (52) reveals the close connections to the state space formulation:

gk + 1|k) CcA 5(1) S(1) 0 0 Au(k|k)
‘me) _ Of42 a(kIk) + S(:Z) a(k—1)+ |5 SW 0 Au(kfllk)
§(k + N|k) CcAN S(N) S(N) S(N—1) - S(1)| [Bu(k+N—1]k)

In a vector notation, this can also be written as

y(k) = yy(k) + OAu(k).

Remark. It is shown in [4] how the free response can be computed from stored control moves over
the settling time of the process.

From the relation (assuming D = 0)
H(k)=CA*'B

the following Hankel matrix can be formed:

H(1) H(2) H(3) --- OB CAB ... ¢
H(2) H(3) H(4) -] _ R P A :p .

By collecting step response data, the matrix above can be factorized for a suitable order (di-
mension of the Hankel matrix), and a state space representation (A, B, C') can be obtained from the
factors.

97



Transfer function models

Transfer function models have also been used in the MPC literature, for example in connection with
an MPC algorithm known as GPC (Generalized Predictive Control). Section 4.2 in [4] is devoted to
this, but the material is not considered to be part of the course.

13.2 Other variations of MPC

The state space model can easily be extended with measurable disturbances:
z(k+ 1) = Az(k) + Bu(k) + Bad,, (k).
« Include the disturbance in the state prediction using Byd,, (k + i|k).

* The control signal computed will try to compensate for the anticipated effect of the disturbance
(“look-ahead”).

The control signal can be re-parametrised:

* Reduction of complexity: 3 _,_|—|_|_|—|_n—'_

Limit the number of optimisation variables

k k —f—‘ M
by keeping M low or by using blocking, i.e.

keeping the control signal constant over sev- 3 _,_|—,—‘—
eral sampling intervals. ; |
k k+ M

* The use of stabilised predictions can improve numerics:
u(k +ilk) = =Kz (k +ilk) + a(k +i|k),
implying that the predictor expressions will contain (A — BK)? instead of A’.

» Parameterize the control signal using basis functions:

Ny

u(k +ilk) = ejuy(i),

j=1

where {u;(-)} are basis functions (e.g. polynomials). Once the coefficients {c;} have been
determined (in the optimisation step of the MPC), the control signal is defined over the whole
prediction horizon. This is called Predictive Functional Control (PFC).

As an input to the optimisation in the MPC, the desired behaviour of the system within the pre-
diction horizon needs to be expressed. There are many ways to do this — the following variants are
discussed further in [4]:

* A reference trajectory r(-) for the output(s) is defined, starting at the current output and ending
at the setpoint s(-). Typically, the objective contains a term (y — ) ' Q(y — r).

* If a setpoint is not really relevant, then it is possible to instead define a zone objective. In this
case, an objective as above is not meaningful, and instead constraints are given for upper and
lower bounds of the output(s).

* Combining the two ideas above, it is possible to define constraints that become stricter towards
the end of the prediction horizon, thus forming a funnel in which the states or outputs should
reside.
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14 Beyond linear MPC

The objective of this section is to give an outlook on techniques for model predictive control, going
beyond the class of problems treated so far in the course. We have focussed most of our attention on
what is often called linear MPC, i.e. MPC algorithms based on linear state space models, quadratic
objective and affine constraints. A lot of effort has been spent over the last couple of decades to extend
the concepts to deal also with nonlinear models and to models including so called hybrid dynamics.
Much research is still going on concerning robust formulations of MPC. We will take a brief look at
these extensions.

Much of the conceptual discussion of MPC in [1] treats the nonlinear case. Chapter 3 in [1] treats
robust MPC, as does Sections 8.1-8.5 of [4].

So far in the course, we have basically limited our attention to MPC based on linear models,
quadratic costs and affine constraints. This class of model predictive algorithms is often referred
to as linear MPC. There are strong reasons to focus on linear MPC when first exposed to the field,
because of the strong relationships with unconstrained LQ control and the role of the well-known QP
problem in its implementation. However, the MPC idea is not limited to the linear case, and parts of
the investigation of the RHC concept have indeed been pursued during the course in a more general
setting. In this section, we will take a brief look at some of the extensions of the MPC idea beyond
the linear case.

14.1 Nonlinear MPC

Remarkable advancements have been made over the last 10-15 years to extend the MPC idea to the
nonlinear case. We will sketch some of the ideas underlying this development, which has turned non-
linear MPC into a viable control design technique for many applications with high real-time demands.
This section is very much inspired by the recent paper [6].

MPC based on linearisation

The first thing that comes to mind is whether linear MPC can be applied to a linearised version of a
nonlinear control design problem stemming from a nonlinear time-invariant model

= f(x,u) (139)
with inequality constraints
g9(x,u) <0. (140)

We begin our discussion of this problem by once again reminding about the basic algorithm for linear
MPC, based on repeatedly solving the following constrained optimisation problem for the deviation
variables. At every time instant k, solve the constrained optimisation problem

N-1 1T .
. 1 1oz.(i) oy (1)
e =5 5o w5t (1410
subject to 0z (0) = & (k) — x3,(0) (141b)
dxg(i+ 1) = Adxg(i) + Boug(i); i=0,...,N—1 (141c¢)
Foug(i) + Gozp(i) < h; i=0,...,N—L1 (141d)
The solution is written as
(dug, 0xr) = QPypc(2(k), up, xy). (141e)
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Here, we have simplified the formulation slightly by assuming no terminal penalty and no ter-
minal constraint, and the weighting matrix W is given by W = diag(Q, R). Also notice the no-
tation introduced, namely the subscript £ indicating the sampling instant and the index ¢ indicating
the time step within the prediction interval. Thus, dxy = (024(0),...,dzx(N — 1)) and du, =

(0ug(0), ..., dur(IN — 1)) comprise the optimisation variables over the prediction horizon at time k.
They are all deviation variables relative to the reference trajectory, obeying the equation
xp(i+1) = Axp (i) + Bug(i). (142)

This in turn is a slight generalization of the case treated earlier, when the reference was given by
constant steady state target variables zs and u.

To proceed, note that the formulation of the LTI MPC in (141) can without any complications
in the solution be generalized to the linear time-varying case. At every time instant k, solve the
constrained optimisation problem

N—1 AT .
. 1 [0z (d) Sy (1)
mynimize Z:; 2 Lmk(i) Weit | 50 (i) (143a)
subject to 0z (0) = &(k) — x3,(0) (143b)
dx(i + 1) = Agi 024 (7) + By oug(i) +ri(i); ¢ =0,...,N—1 (143¢)
The solution is written as
(Ouy, 0xy,) = QPypc(2(K), uy, x,). (143e)
The control output is given by
u(k) = uy(0) + dug(0). (143f)

The resulting problem is still a QP, as indicated by the notation used, albeit with coefficients that may
vary over the prediction interval and also with absolute time . Note that the model equality constraint
has a residual 74 (7) added to cover the case when the reference trajectory does not satisfy the model
equation, i.e.
re(i) = Ak 2y (7) + By up(i) — ap(i + 1). (144)
Now, returning to our nonlinear model, a natural idea is to apply the linear, time-varying MPC
above to a linearised version of the nonlinear model; this would be in analogy with standard practice
in classical control design based on e.g. PID control. In the MPC case, we choose to linearise around
a reference trajectory as follows:

of (z,u) of (x, u)
Api = a—x|x;(i),u;(i) By = T’x;(i),ug(i) (145a)
dg(z, u) dg(x, u)
i zh (2),uf (3 Fri = —F—lar()uri 145b
G, o e () 3 OO (145b)
re(1) = [y (i), up (i) — 2 (i + 1) hiei = By, (i), ug (). (145¢)

With these definitions, the equality constraints (143b) and the inequality constraints (143c) approxi-
mate the nonlinear dynamics (139) and (140), respectively, in the vicinity of the reference trajectory.

As usual, a limitation when using a linearised system model is that the approximation of the orig-
inal nonlinear problem will be less relevant if variables depart significantly from the reference trajec-
tory. This said, the outlined procedure to apply MPC to nonlinear systems is in principle straightfor-
ward, and a clear advantage is that the optimisation problem to be solved at each sampling instant
is still a QP. One needs to bear in mind, though, that calculation of the Jacobians may be associated
with considerable computational effort, in particular when the model (139) is a discretisation of an
underlying continuous-time model—we will return to this. If possible, it is tempting to perform as
much as possible of these computations off-line in advance. This would require that the reference
trajectories for different scenarios are also determined off-line.

100



Nonlinear MPC

In situations where it is not enough to capture the nonlinearities by linearisations around a reference
trajectory, we may be motivated to consider nonlinear MPC (NMPC) in which the nonlinear dynamics
and nonlinear constraints are taken care of explicitly. The formulation of the NMPC algorithm is as
follows. At every time instant k, solve the constrained optimisation problem

=1 [2p(d) — 2t ()] 7 (i) — (1)
.. - k — dp ] k g
minimize 35 [um) - u;(z‘)] Whs luku) - u;@)} (1460
subjectto  z4(0) = (k) (146b)
(i +1) = f(ze(d),ur(é)); i =0,...,N—1 (146¢)
h(zi(i), up(i)) <0; i=0,...,N—1. (146d)
The solution is written as
(ug, ) = NLP(Z(k), uy, ). (146e)
The control output is given by
u(k) = ug(0). (146f)

It can be seen in this formulation that we no longer rely on deviation variables, since linearity does
not hold. However, the objective is still expressed in terms of deviations from a reference trajectory
that may or may not fulfil the nonlinear state equations and constraints.

The finite horizon optimal control problem to be solved at each sampling instant is a nonlinear
programming problem (NLP), hence the notation above. There are many ways to solve this prob-
lem, involving in one way or another (approximations of) Newton’s method to search for solutions
that satisfy necessary conditions for optimality. One common technique, the Sequential Quadratic
Programming (SQP) method, can be motivated from a previous exercise, where it was seen how the
Newton direction for an equality constrained problem can be found by solving a QP based on a lin-
earisation of the problem at the current iterate. Similarly, in the SQP method a sequence of QPs are
solved iteratively, each derived from the current linearisation. Applied to our NMPC problem, the
SQP method would look as follows. At every time instant k, the SQP optimisation variables (uy, )

are initialized as
(ug, ) = (up =, xf ™). (147a)

Then the following QP is solved repeatedly at the current SQP iterate (wy, x)) for the Newton cor-
rection (Awuy, Axy), which gives the next iterate by taking a (reduced) Newton step (wuy, xy) <
(’U;k, a:k) + t(Auk, A.’L‘k)

N-1 T
MNAn. 2e2 [Auk(i) Hii | iy (6)| T 7% | Ay () (147b)
subjectto  Ax(0) = &(k) — 24(0) (147c¢)
The solution of the SQP is written as
(ur, @) = SQP(&(k), uf ", &y =, up, x,). (147f)
The control output is given by
u(k) = u(0). (147g)
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In the SQP algorithm given, Hj, ; is an approximation of the Hessian of the Lagrangian of the orig-
inal NLP; a common choice is the Gauss-Newton approximation, which in this case is simply given
by Hj; = Wj,,. Further, the coefficient matrices/vectors that appear in (147d)-(147e) correspond to
the expressions in (145) but now evaluated at the current iterate. Finally,

Tei = Wi, [x’“@ - “’2(?3] .

ug (i) — up (i

There is a striking similarity between the linear MPC QP in (143) and the QP in the SQP for the
NMPC. In fact, if we initialize the SQP algorithm with the reference trajectory, i.e.

guess guessy
(w, "z, ) = (ug, p)
then it can be seen that the first iteration of the SQP algorithm is identical to the linear MPC QP and

(dug, dxy) = (Auy, Axy). Hence, with a full Newton update, the solutions are identical (compare
(143f) for the linear MPC with the Newton update and (147g) for the NMPC).

Example 14.1 (Comparison between linear MPC and nonlinear MPC, [6]). Consider the following
simple problem

N N—-1
inimi )|1? + 20 N 148
minimize 2_; la(@)]> + 2_; ()] (1482)
subjectto x4 (0) = (k) (148b)
: B : sin([0 1] z(2)] . _
zr(i+1) = 0.9z, (2) + [ i) + (i) | i=0,...,N—1 (148¢)
lup(i)| <05, i=0,...,N—1. (148d)

In Figure 26, the solutions are compared for N = 10 using linear MPC and nonlinear MPC. For
the NMPC, the results from using only one iteration of the SQP with full Newton step ¢ = 1 and
initialization at the reference is compared with running the SQP to full convergence. The equivalence
between the linear MPC and the “one-step NMPC” is clearly seen.

The reference trajectory, used above to initialize the SQP algorithm, might not be a very good
initial guess in many cases. A better choice is often the solution obtained by just picking the tail from
the previous solution (or, with a different term, using the shifted solution), as was indeed done when
analysing both recursive feasibility and stability. The last values of both control and state sequences
need to be appended, and similar ideas as exploited earlier can be used. However, simpler choices
are often used, e.g. copying the previous control action and making a one-step ahead prediction
of the state based on this. Figure 27 illustrates that this strategy can be very effective, with only
slight adjustments of the initial guess needed in the absence of disturbances or model errors, whereas
Figure 28 illustrates that the initialization is not as good in the presence of disturbances. |

Real-time aspects

In spite of the conceptual similarities between NMPC using SQP and linear MPC observed above,
it is important to stress that the NMPC is potentially much more computational demanding, since a
number of QPs have to be solved iteratively instead of just once, and in every iteration the Jacobians
or sensitivities in (145) have to be computed. This may lead to undesired long sampling periods of the
controller and/or computational delays that become a significant fraction of the sampling period. The
Real-Time Iteration scheme (RTI) [6] (and there are other similar schemes) addresses this dilemma
by adopting two mechanisms:
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Figure 26: Comparison between NLP solution from SQP after full convergence, SQP after one step
and linear MPC.
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Figure 27: Real-time iteration scheme (RTI) in the absence of disturbances or model errors.

1. Computing only the first iteration of the SQP algorithm based on initialization using the previ-
ous, shifted solution, as demonstrated in the example above. This strategy favours an approxi-
mate solution that can be computed fast over an exact solution that requires more computations.

2. Computing the sensitivities in (145) in a preparation step during the previous sampling interval.
This is possible because the initial guess is obtained from the previously computed solution.

The first mechanism implies that only one QP needs to be solved, similarly to the linear MPC case.
The second mechanism implies that the computational delay from sampling the process to actuating
the new control input involves only the QP algorithm and not the computation of the sensitivities.
However, the total computation time, including both the preparation phase and solving the QP, is still
what decides the achievable sampling rate of the MPC controller.

103



O Prediction SQP solution
x RTI guess - - - RTI solution

®e o806 9®0«x
12 14 16 18 20

®@ ® ©® ® ® ® ® ® «x

12 14 16 18 20

Figure 28: Real-time iteration scheme (RTI) in the presence of disturbances. The circles indicate
predictions made during the previous MPC update, which are used as a basis to initialise RTI. The
solid line shows the optimal solution for the disturbed state.

Nonlinear continuous-time dynamics

So far, we have discussed nonlinear MPC on the basis of the nonlinear discrete-time system model
(139). Normally, however, a nonlinear model that is based on first principles modelling is formulated
in continuous time, e.g. as a nonlinear state space model:

Even if we make the usual assumption that the control input is piece-wise constant, the application
of nonlinear MPC to this system presents the principal difficulty to compute the discretised dynamics
and sensitivities as in (145). There are essentially two ways to approach this task.

First linearise, then discretise. Assuming piecewise constant control signal, it is relatively straight-
forward in the linear case to go from a continuous-time model to a discrete-time model, either by
means of the matrix exponential (the LTI case) or the transition matrix (the LTV case). In the linear
MPC context, linearisation is typically performed around a constant steady state or a reference tra-
jectory, as seen earlier. In the nonlinear MPC case, linearisation is performed around the previous,
shifted solution, and will therefore be inexact. In addition, the matrix exponential will give a bad
result in approximating the nonlinear dynamics if the sampling time is not negligible compared to the
“time constant” of the nonlinear system.

First discretise, then linearise. An alternative approach is to swap the order between linearisation
and discretisation. This basically means that the continuous-time dynamics is simulated between sam-
pling instants, assuming piece-wise constant control input. For this, numerical integration schemes,
like Euler’s method or any type of Runga-Kutta method, can be used. This way, a much better approx-
imation of the solution to the nonlinear state equation can be obtained. In addition, it turns out that
sensitivities can also be efficiently computed by essentially differentiating the integration algorithm
itself. The technique, which is referred to as algorithmic differentiation (AD), has been introduced in
this context only over the recent years, and there is still a lot of research going on in the area.
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14.2 Robust MPC

When we introduced and motivated the receding horizon idea, the arguments went basically as fol-
lows:

1. Having observed the nice properties of infinite horizon LQ control, we pointed out that we
would ideally like to solve an infinite time constrained optimal control problem. This is, how-
ever, typically not tractable.

2. With a reduced ambition, we formulated a finite-time constrained optimal control problem. If
we could solve this using DP, we would get a result in the form of a feedback control law.
Again, the solution is in general not tractable (but we have gained some additional insight in
the previous subsection).

3. In the final step, we noted that we could instead solve the finite-time optimal control problem
for the optimal open-loop control sequence and apply the first control signal according to the re-
ceding horizon principle. The price we have to pay is that the computations need to be repeated
at each sampling instant for a new value of the state .

In the sequence of simplifications of the problem above, it is important to notice that the 2nd and
3rd steps are completely equivalent, if there are no uncertainties! In the presence of uncertainties,
however, there may be significant differences between open-loop and closed-loop solutions. In an
MPC setting, there are several types of uncertainty that would be relevant to consider, for example:

» The state being not fully accessible. This requires an observer as discussed already.
* Disturbances entering the process, e.g. in the form of an additive process disturbance:
T = f(r,u) +w

Since the formulation of MPC often deals with hard constraints on the states, one natural choice
of disturbance characterization is to assume w is uniformly bounded.

* The process model being uncertain. One common technique is based on introducing parametric
uncertainties, which typically means that a linear model

T = Ax + Bu

is assumed, but that some parameters of A and B are only known to belong to certain intervals.
The parameter vectors can then be described by polyhedral sets, which fits fairly well with the
type of computations already considered in the course.

The following example illustrates the importance of distinguishing between open-loop and closed-
loop control in the presence of uncertainties of the additive type mentioned above.

Example 14.2 (Feedback versus open-loop control, [1]). Consider again the simple integrator system
T =+ u+w,

now with an additive disturbance w, assumed to be bounded w € [—1, 1]. We will study the finite-
time optimal control problem with N = 3 and () = R = P; = 1. With the disturbance w added to
the model, there are several possible formulations of the cost function. One alternative is to consider
the min-max optimisation problem

min max Vs(z,u, w),
i e Vol s w)
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Figure 29: Receding horizon control of an uncertain system with an additive process disturbance w.

where 1(-) are feedback policies and Vj is the usual quadratic 3-stage cost function with the initial
state z. The intention with this formulation is to consider the disturbance sequence that gives the
“worst-case” scenario. For simplicity, we will however stick to the nominal case with w = 0. Solv-
ing the standard unconstrained finite-time optimisation problem results either (by applying the batch
solution) in the open-loop control sequence

u*(0:2) = (—-8/13-z(0),—3/13 - 2(0),—1/13 - 2(0))
or (by applying DP) in the feedback policy
u(0:2)=(-8/13-2,-3/5-2,—-1/2-x).

In the nominal case (w = 0), the two solutions are of course identical and can be shown to give
the optimal state sequence

z*(z) = (,5/13 - 2,2/13 - 2,1/13 - z) ,

where z is the initial state. When applied to the real system with nonzero w, however, there will be a
difference in cost between the open-loop and closed-loop solutions. This is illustrated in Figure 29,
where the response to three different disturbance sequences are shown, namely w(-) = 0, w(:) = —1,
and w(-) = 1. Even for this short horizon, there is a clear difference between the open-loop and
closed-loop policies.

[ |

One conclusion of the example is that it is important that the optimal control problems formulated
and solved on-line in MPC allow feedback solutions. This may be achieved by using a sequence
of control laws as decision variables rather than a sequence of control actions. The MPC strategies
formulated in this way are referred to as feedback MPC. One natural question is then if we are back
to the search for a full DP solution? The answer is no, since the idea is to restrict attention to “likely”
state trajectories over the prediction horizon, given the current x. In contrast, the full DP solution
would be valid for all states. There is currently a lot of research in the area of robust control, but we
will stop here since the available results go beyond this course.
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