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Problem Description

Practical use of optimization, for MPC or parameter estimation, requires a large number of
gradient calculations. These gradients are used to compute search directions, for instance in a
SQP algorithm. Computing gradients is time-consuming and limits the use of for instance MPC to
small and medium-sized systems.

Gradients are usually computed by finite difference methods. Alternatives include forward- and
adjoint-based methods. The latter is efficient for problems with many decision variables and few
outputs. Efficiency may however deteriorate in cases with output constraints which typically are
present in MPC. In this project which continues earlier work the use of adjoints as a means to
increase efficiency of optimization in MPC will be further studied.

Tasks:

1. Present adjoint-based methods and review central literature. The presentation shall focus on
MPC which apply a sequential approach.

2. Study efficient ways to compute the impulse response matrix (including changes in the MPC
formulation), in particular how adjoints can aid this.

3. Output constraints can be detrimental to the efficiency of adjoint-based methods. Hence,
optimization algorithms where explicit output constraints can be removed, as for instance in
barrier methods, is an interesting option to exploit the efficiency of adjoint-based methods.
Propose methods in which the efficiency of adjoints can be exploited.

4. Evaluate the methods above by comparing them with forward methods. This should be done by
identifying suitable examples as well as test scenarios for evaluating the methods.

The thesis report may include a paper to a selected conference with the main results of this work.

Assignment given: 26. January 2009
Supervisor: Bjarne Anton Foss, ITK






Abstract

This thesis is about calculation of derivative information as a means to increase efficiency
of optimization algorithms in nonlinear model predictive control (NMPC). NMPC is briefly
discussed to set up a framework and define notation. Some general optimization techniques
are introduced. The next sections are about computation of derivative information in gen-
eral and include finite difference techniques as well as the forward and the adjoint method.
Next, these techniques are used to obtain derivative information for NMPC. Forward and
adjoint techniques are compared, both theoretically and by applying them to suitable test
examples. The discussion includes both discrete and continuous-discrete system models. It
is well known that the adjoint method is efficient for obtaining sensitivity of a low dimen-
sional function with respect to a large number of parameters. If the optimization problem is
posed by single shooting and there are no constraints on the output variables, adjoints will
be very efficient, as only the objective function gradient is needed. However, in most cases
these constraints cannot be removed. Constraint lumping or optimization algorithms like for
instance penalty and barrier methods, which include these constraints as penalty terms in
the objective function, are interesting alternatives. These approaches allow for very efficient
gradient calculation using adjoints, but comes at the expense of other difficulties.
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1 Introduction

Linear model predictive control (MPC) has gained a lot of popularity over the years. Nonlinear
model predictive control (NMPC) has also received more attention in the last years, both
by practitioners and theorists. Unfortunately, NMPC does not enjoy the well established
theory for linear MPC, and this fact sometimes limits its applicability to small and medium-
sized systems. The optimization for NMPC is for instance, much more computationally
demanding which makes it harder to meet the real time requirements, especially for large
scale models. Gradient based optimization techniques require derivative information in each
iteration. Obtaining these gradients can be a very computationally demanding task as they
typically involve a lot of simulations of the system model.

However, by using the adjoint method the number of simulations to obtain the objective
function gradient can be dramatically reduced as this can be done by only 2 simulations - one
in forward time and one in reverse time. Traditional techniques for obtaining the objective
function gradient like finite differencing require L + 1 simulations of the system model where
L is the number of control variables on the prediction horizon. Through this thesis, different
methods for obtaining derivatives will be evaluated and compared. As will be discussed more
later, different optimization techniques require different types of derivative information. The
advantages of choosing the best optimization algorithm and the best method for obtaining
derivatives will often conflict. Through this thesis, some of these issues will be addressed by
evaluating optimization techniques together with algorithms for obtaining derivatives.

The structure of this thesis is as follows: Section 2 introduces MPC, sets up a framework
and defines notation. Section 3 focus on how the NMPC optimization problem is posed
and briefly introduces some optimization techniques like sequential quadratic programming
(SQP), penalty methods, augmented Lagrangian, and interior point methods. Section 4 and
5 are about derivative calculation in general. The forward and reverse methods are compared,
and some simple examples are given. The reader may find it instructive to understand this
theory for more general problems before these techniques are applied to the NMPC problem.
In section 6 the theory from section 4 and 5 is applied to the NMPC problem. The discussion
includes calculation of the objective function gradient and the impulse response matrix which
essentially is the output constraint gradient. Both discrete and continuous-discrete models
are discussed and a number of different algorithms are given. Theoretical bounds for runtime
of these algorithms are compared to actual simulation results using suitable test examples. In
section 7 we look at constraint lumping and optimization techniques like barrier and penalty
methods. These methods reduce the dimension of the functions of which the sensitivity with
respect to the control variables is needed. This makes adjoint gradient calculation efficient,
but comes at the expense of some other difficulties which need to be resolved. Section 8 adds
some final remarks and conclusions.
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In this section a short introduction to model predictive control (MPC) and an outline of
the MPC problem is given. Model predictive control is a methodology or class of advanced
control algorithms which use a dynamic system model of the plant (for example an ODE
or DAE model) to predict and optimize behavior of the plant into the future. Linear MPC
has shown great success in applications, especially in the process industry and is spreading
to other application areas [17]. MPC handles multivariable systems (MIMO), constraints on
inputs and outputs and possibly states in a very transparent manner. One can argue that
a model predictive controller operates in a similar way as an experienced human operator
would operate the process, since also the operator of a plant will use knowledge of the plant
dynamics and couplings to predict and optimize behavior in the future.

MPC algorithms are control algorithms based on solving an online optimization problem. The
optimization algorithm minimizes some objective function which reflects the desired control
performance subject to the model of the system and possibly constraints on inputs, states
and outputs. The solution of the optimization problem is a set of controls into the future
which will be optimal with respect to the specified objective function and the constraints on
the prediction horizon. This principle is illustrated in figure 2.1.

Figure 2.1: MPC principle
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For the nominal case where there is no model-plant mismatch, process noise or measurement
noise, we could just optimize one time and then apply the optimized solution in the future.
However this approach will not be robust due to modeling errors and noise. This is shown
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in figure 2.2 which illustrates that after some time Ty, the predicted trajectory may deviate
from the real trajectory.

Figure 2.2: MPC principle - Model error

\/

+ A
| P .
<o Past 1.l Predictionhorizon ______ >
:
|
__________ Setpoint ___\ |
|
Closed loop control ! o
__________ . Deviation from measurements
e 1
// \\\ :
/ \ !
\ 1
Closed loop state . N
—————————— - S T~
:
I
t

t+T,

Since this scheme is not robust, feedback must be incorporated into the system. This is
done by applying the control signal to the process until time T when the next measurement
becomes available. Then, optimization and prediction is performed again on a receding horizon
taking the new measurements into account.

2.1 Mathematical formulation of NMPC

In this section the NMPC optimization problem is formulated and notation is defined. Some
common choices of objective functions for NMPC are presented. Properties like constraint
handling and nominal stability of the MPC controller are briefly discussed.

Suppose the nonlinear model of the system is on the following form

i1 = (@, ur), 2k = 9(Tk, ug), o = x(ty), xp € RN uy € RV 2 € RN=,

where x, is the state vector, uy, the controlled inputs and z; the controlled outputs. Define
the vectors

Zo Uuo 20

1 u1 z1
T = , U= , 2=

TN UN-1 ZN-1

There are also constraints on the inputs and outputs given by some upper and lower bounds
Umin, Umaz, Zmin, Zmaz and some objective function J we want to optimize. It is also possible
to specify input and output constraints by more complicated functions, but for simplicity, we
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stick to simple box constraints. The objective function J together with these bounds specify
the desired control performance.

Model predictive control is a control strategy that is often used on systems with many inputs
and outputs, and it is very common that the MPC algorithm only controls set points for
conventional controllers further down in the control hierarchy. In these situations objective
functions may for instance be derived directly from economical considerations of the plant
operation. One possibility is to penalize deviation from a precomputed reference trajectory
by some norm which yields the following objective function

Np Nc
T= =2l + Y lluk —ui] - (2.1)
k=0 k=0

Here IV, and N, is the prediction horizon and the control horizon, respectively . The control
horizon is typically chosen shorter than the prediction horizon, i.e. input blocking. In the
following, these horizon lengths are for simplicity assumed equal by setting N = N, = N,,.

One very common objective function for model predictive control is the following quadratic
function

1N

2

—_

= 1
J = [Zngk+ugRuk]+§szvP$N7 Q=Q">0,R=R">0, P=P" >0,

k=0

where it is assumed that we want to regulate the system to the origin. Due to the positive
(semi)definiteness of @, R, and P, this function is convex. For linear system models and
convex inequality constraints on inputs and outputs, the optimization problem will be a convex
quadratic problem, which of global solutions can be found reliably. For NMPC, the system
model which is posed as an equality constraint is nonlinear, resulting in a non-convex problem
where global solutions can be hard to find.

The terminal cost term %m]TVP:BN is often included to penalize deviation from the desired
state at the end of the horizon. For linear MPC this term can be chosen to satisfy

o)

Z (2} Qzp, + ul Ruy)
k=N

N | =

—glPry =

by solution of a Riccati equation [17]. Given that no output or input constraints are active
for k > N, the solution will yield the linear quadratic regulator (LQR) for £ > N, which will
be optimal. We will not elaborate further on this, but we note that it allows the use of an
objective function with infinite horizon by solving a finite dimensional optimization problem.
This separation is often referred to as dual-mode MPC and was one of the keys in proving
stability for linear MPC.

Another possibility for proving stability of linear MPC is to add a dead beat constraint at the
end of the horizon, i.e. 2 = 0. This will result in stable closed loop when the optimization
problem has a feasible solution. Applying a dead beat constraint will in fact also provide
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stability for nonlinear MPC [11]. However, adding a dead beat constraint is quite restrictive,
and one might run into feasibility problems for short horizon lengths.

By using the quadratic objective function above, the NMPC optimization problem that must
be solved at each sampling instant can be formulated as

N-1
1 1

min J = 3 (2} Qz1, + ul Ruy] + 53371:7P33N7 (2.2)

k=0

subject to

Ty = flag up), (2.3)
2 = g(wg,ug), (2.4)
xo = x(to), (2.5)
Umin < Uk < Umag, (26)
Zmin S 2k S Zmazx- (27)

This will be used as the basic formulation throughout this thesis. The nonlinear program
(NLP) (2.2)-(2.7) can be solved by a number of different techniques. This is discussed in
more detail in the next section. There is however no guarantee that the NLP (2.2)-(2.7) will
have a feasible solution, even though it is crucial that the NMPC algorithm calculates an
input to the system at every sampling instant. When no feasible solution is found, we need
a way to relax the NLP.

One way to relax the problem is to let the optimization algorithm deliberately break some
of the constraints on inputs or outputs. In MPC it is possible to have both hard and soft
constraints on inputs and outputs. Hard constraints should not be violated at any time, e.g. a
valve cannot be more than closed, a tank cannot contain a negative volume of liquid etc. Soft
constraints can for example be related to product quality and such. These should preferably
not be violated, but they can be violated when it is necessary in order for the optimization
problem to have a solution. A typical situation is that input constraints are hard since these
often are related to physical limitations of actuators, while output constraints are soft since
outputs often relate to product quality or other quantities that do not have absolute bounds.

The optimization problem with soft constraints can be formulated by adding extra slack
variables to the objective function. For example, considering all the constraints on the outputs
as soft and adding a quadratic penalty term for violating these constraints will yield the
following optimization problem

i

1
min J = [2F Q2 + uF Ruy] + 53:%13” + ullell3, (2.8)

0

N | =
ES
I
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subject to
Tpy1 =[xk, uk), (2.9)
zp = gz, uk), (2.10)
xg = x(to), (2.11)
Umin < Uk < Umaz, (2.12)
[ kT Fmag } < [ Cmaz ] = (2.13)
—2Zk + Zmin €min

0

IN

[ Cmaz ] = e (2.14)

Emin

The optimizer will have a strong motivation to keep € zero whenever possible. p is an extra
design parameter which can be chosen in terms how much we would like to penalize violation
of constraints. u = 0 yields the unconstrained problem and by choosing p large, this becomes
the hard constrained problem.

It is also possible to use other penalty functions than the quadratic function above. It is de-
sirable to have an exact penalty function which has the property that under certain conditions
on the penalty parameter y related to the norm of the Lagrange multipliers, constraints are
not violated unless there is no feasible solution to the hard constrained problem [20]. The
multipliers are however not known a priori. Exact penalty functions in the context of NMPC
will be discussed in more detail later.
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The NMPC optimization problem is a general nonlinear programming problem (NLP) to
which there are many different approaches and algorithms available. A good overview and
classification of efficient numerical optimization algorithms for solution of the NMPC problem
can be found in [8]. It is assumed that the reader is somewhat familiar with the field of
numerical optimization and is referred to [20] for a text on this topic which also parts of the
most relevant basics introduced in the following section are based on. We first discuss different
ways of posing the optimization problem. Then we briefly introduce sequential quadratic
programming (SQP) which is an optimization technique widely used in MPC software. We
also briefly introduce some other techniques like penalty methods, augmented Lagrangian
and interior point methods. Common for these three latter methods is that the constraints
are appended to the objective function as a penalty term. These methods will later prove
themselves as useful formulations as the derivative information required by the optimizer may
be very efficiently evaluated using the adjoint method. These kind of methods will be revisited
in the context of NMPC with output constraints and adjoints in section 7.

3.1 Formulation of the NMPC optimization problem

The optimization problem that is solved at every time instant can be posed in different
ways. Which method that will be suitable becomes a trade-off between the size of the
variable space, structure in the problem and integration or separation between optimization
and system simulation.

Sequential approach

This method is also referred to as 'single shooting’ or 'reduced space’. Consider the nonlinear
program (2.2)-(2.7). If the vector u is fixed, x and z will be uniquely determined. Existence
and uniqueness for discrete time systems is simply guaranteed just by f(xx,uy) being a
function. For continuous time models this is a somewhat more complicated matter depending
on additional conditions [15] which are assumed to hold throughout this thesis. It is therefore
possible to address the optimization problem with just u as free optimization variables by
considering z(u) and z(u) as implicit functions which can be found by simulation. In each step
of the optimization algorithm, system simulation and optimization are performed sequentially.
This approach will have a reduced variable space compared to the full nonlinear program (2.2)-
(2.7). However a disadvantage is that the subproblems will have less structure and the linear
algebra will typically involve dense matrices. Another disadvantage with this approach is that
simulation and optimization are performed sequentially giving the optimization algorithm no
control over the simulation. Thus, highly nonlinear or unstable systems can be challenging.
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Simultaneous approach

This method is also referred to as 'full space’. This approach addresses the full nonlinear
program (2.2)-(2.7) with both u, = and z as free optimization variables. Advantages are that
the optimization has better control over the simulation as both optimization and simulation
are performed simultaneously. The method is therefore better suited for unstable or highly
nonlinear systems. The main disadvantage with this method is that the nonlinear program
is addressed in its full variable space. However the underlying subproblems in this approach
have much more structure and one can make use of linear algebra tools that takes the sparse
banded structure into account [17].

Multiple shooting

This method can be viewed as a combination of the sequential and the simultaneous approach.
Multiple shooting divides the horizon into many subhorizons. The sequential approach is then
performed on each of these sub-horizons. Extra equality constraints where the state at the
end of a subhorizon should match the state of the next subhorizon are added. This method
allows combining the sequential and the simultaneous approach in the way that is suitable
for the problem at hand. Compared to the sequential approach, multiple shooting gives more
control over the simulation since the nonlinearities are spread out on smaller subhorizons
rather than simulating the whole prediction horizon before running the optimization.

Throughout this thesis the sequential approach will be used as it allows for very efficient
gradient calculation using adjoint techniques.

3.2 Sequential Quadratic Programming (SQP)

SQP algorithms generate search directions by solving a sequence of quadratic programs (QP)
which can be used both with line search and trust region methods.

Consider the nonlinear program

min f(x), (3.1)
subject to

g(z) = 0, (3.2)

h(z) < 0.

Let the current iterate be defined by zj and the next iterate by x;.1 = xp + pr where pg
is the search direction. In unconstrained optimization algorithms the search direction can be
determined by either going the steepest descent of the objective function (211 — ) = pr, =
—Va.f(xr)), by the Newton direction or maybe a quasi Newton direction in the presence of
inexact Hessians. In contrast, SQP algorithms compute the search direction by solving a local
quadratic program.
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First, introduce the Lagrangian L(z, \,p) = f(z) — ATg(z) — n"h(z). Let mr(py) be an
approximate quadratic model of L(zp11) = L(zg —I—pk) given by the second order Taylor
expansion

me(pr) = Llzx) + Vo Ll(zy) pr + ka L(x1) P,

and the linearized constraints be given by the first order Taylor expansion

gi(xx) + Vagi(ex) o = 0,

h](l'k) + V;Ehj(.%'k)Tpk < 0. (3.4)
SQP methods iteratively solve the quadratic problem!

min mg(p),

subject to

gi(zk) + Vagi(zr) e = 0,
hj(zr) + Vahg(zr)'pe < 0,

until convergence is achieved. This QP can in fact be interpreted as applying Newton's
method to the Karush—-Kuhn—Tucker (KKT) optimality conditions [20] given by

Vo L(z*, N n*) = 0,
g(z*) = 0,
0>h(z*) L n*>0,

where the notation L is used to denote perpendicularity. That is, also the complementary
condition h(z*)Tn* = 0 should hold.

Inequality based QP (IQP)

This approach makes the decision about which of the inequality constraints that are active
in the quadratic subproblems, and states the QP problems with all the linearized inequality
constraints present.

min f(z) + Vaof(zi) pr + ka L(Tk)Dks

subject to

gi(zk) + Vagi(zr)'pe = 0,
hj(zx) + Vihj(zr) o <

me(pr) may be simplified to m,(px)

= f(zx) + V f(wk) Pk + 5Pk VaoL(zk)pr since gi(zr) +
Vagi(2r)Tpx = 0 and 1, (h;(xx) + Vahj(zk)Tp

k) =
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Equality based QP (EQP)

This variant makes the decision about which of the inequality constraints that seem to be
active before stating the QP subproblems and maintain these in a working set Wj. The QP
subproblem at each iteration is stated as

) 1
min f(zx) + Vaf (vx) o + §P£Vixﬁ(l’k)pk,

subject to

gi(xx) + Vagi(er) o = 0,
h](.%'k> + Vxhj(.%k)Tpk = 0Vj) e W

The working set W}, is updated based on Lagrange multipliers of the QP subproblem and
evaluation of hj(zy41) V5 ¢ Wi.

Line Search

The convergence can be improved by using a line search method to determine the distance
oy, to go along the search direction. One approach is to use a merit function to decide which
point is better than the other. The I; merit function is defined as

Sk, v) = flwr) +v ) |gi(an)| + vy max(hy(wr),0). (3.5)
i j

The step size ay; is chosen such that the merit function ¢(xy 4+ axpx, v) has sufficient decrease
which will be a trade-off between decreasing the value of f and infeasibility of the current
iterate. A desirable property with the I; penalty function is that it is exact. A challenge with
the [; merit function is that it is not differentiable [20].

3.3 Penalty methods

Quadratic penalty function

Consider the NLP (3.1)-(3.3). Penalty methods reformulate the problem to an uncon-
strained formulation by penalizing violation of the constraints in the objective function. In
the quadratic penalty method a sequence of unconstrained problems on the following form
are solved

min Q(x,pu) = f(x) + gz:gz(ﬂs)2 + % Zmax(hj(x), 0)2. (3.6)

The objective function @ is minimized for increasing values of y until convergence is achieved.
The rationale is that the constraints are resolved as they are penalized more by increasing p,
resulting in the solution of (3.8) approaching the solution of (3.1)-(3.3).

10
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The problem with this method is that (3.8) becomes ill conditioned as  gets large. This will
result in the Hessian matrix in quasi Newton methods like Broyden-Fletcher-Goldfarb-Shanno
(BFGS) and even Newton's method to be ill conditioned. To see this, for simplicity consider
the problem (3.8) with only equality constraints. At the optimum z* of (3.1)-(3.2) (only
equality constraints) we have that

Vo L(z,\) Z)\ V.gi(x) = 0.
By comparison with
ViQ(x, 1) = +uzgz Vagi(z) =0,
we see that
ngi(x) — —Ai, (3.7)

as z — x* and g — oo in (3.8). Then consider the Hessian matrix

v?g;p@(xaﬂ) =V, + Nzgz :cgz :1: +/~ngz zxgl +MA( ) A(x),

where A(z) = [Vo91(2)Vega(z).. ], Now, near the optimum we will have pug(z) ~ —X,
and thus

V2,Q(x, 1) =~ V2, L(x,\) + pA(z)T A(z).
The problem here is that the eigenvalues of the matrix A(z)T A(x) will be either zero
(A(z)T A(x) not full rank) or in the same order of magnitude as p. This makes the Hes-

sian matrix arbitrarily ill conditioned near the optimum z*, and will cause problems when
computing the Newton direction p by solving

[VieQ(z, )] p = =V Q(z, ).

l; penalty function

Instead of using a quadratic penalty we may instead formulate the penalty term using an [y
penalty function which gives the following optimization problem

min Py (z, p) )+ ,uz lgi(z)| + ,uZmaX (3.8)

The most desirable property of the I; penalty function is exactness which in this context
means that the minimizer of (3.8) will coincide with the minimizer of the original NLP (3.1)-
(3.3) as long as p is chosen large enough. That is, the particular value of 4 is not crucial
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3 Optimization algorithms

for that solving (3.8) will in fact give the solution of the original NLP. The condition on the
penalty parameter is that
1> Ve - (3.9)

where \* is the vector of Lagrange multipliers of (3.1)-(3.3) at z*.

Even though this exactness is a nice property, the I; penalty method has some disadvantages
as well. Due to the absolute value function and the max function in (3.8), the [; penalty
function is not differentiable at certain points, making it hard to employ derivative based
optimization techniques. In fact, nonsmoothness of the penalty function is a necessity for
exactness of penalty functions [20].

Another obvious challenge with this method is how to choose the penalty parameter to ensure
p > || A\*]| o, since the Lagrange multipliers at the optimum are of course not known in advance.
One might consider choosing p very large and hope that this works for most cases, but this
may lead to a poorly scaled problem which may be hard to solve.

Due to (3.9), estimates of the Lagrange multipliers may provide some information about
choosing . This may not work well if the estimates of these multipliers are inexact and even
only for the fact that the estimates of these multipliers far from the solution may not be a
good value for choosing .

Another approach may be to start by solving (3.8) for a small value of . If the solution is not
feasible, 1 is increased and (3.8) is solved again with the solution for the previous problem as
starting point. The algorithm may adaptively update p depending on the difficulty of solving
the optimization problem in the previous iteration. However, if 1 is chosen too small, violation
of constraints may not be penalized enough. This may result in a problem that is unbounded
below and consequently, the iterates may diverge. If this happens, the initial point for the
next iteration should be reset and y should be increased until the problem is bounded below.
Thus, some monitoring and heuristics may be required.

3.4 Augmented Lagrangian

Consider adding a penalty term to the Lagrangian instead of the objective function as in the
previous section to define the augmented Lagrangian (assume no inequality constraints)

Lalw ) = (@) = N g(2) + 5 9@l

Now, comparing

VaLa(z, A p) = ) = > (A — pg;(2))Vag;(z)
J

to the optimality condition V,L(x, \) = 0 reveals that

A —pg(x) — A%, (3.10)

12



3 Optimization algorithms

and by rearrangement that g(z) — i()\ — A) as z — z*. Now, g(x) ~ 0 can be achieved
even for p not large provided that A =~ A*. Augmented Lagrangian methods therefore keep
track of estimates of the Lagrange multipliers A. A simple iterative formula for estimating A
can be deduced from (3.10)

Akt1 = A — pg(zr)

(with slight abuse of notation since k here denotes the iteration index).

3.5 Barrier and interior point methods

(3.1)-(3.3) may be reformulated as
min f(a) + 3 15 (hs(2)), (3.11)
J

subject to
g9(z) =0, (3.12)

where Iy is the indicator function that specifies the feasible domain and is defined as

I(z) = {SO i Z 8 . (3.13)

The problem (3.11)-(3.12) can be approximated by approximating the indicator function
(3.13) by a a logarithmic barrier

ming(z, 1) = f(@) = p ) In(=hy()), (3.14)

subject to

g(z) = 0. (3.15)

The logarithmic term added to the objective function acts as a barrier that tends to infinity
when its boundary is approached. This barrier is a smooth approximation to the indicator
function (3.13) and will prevent the search algorithm from leaving the interior of the feasible
set. Feasibility of the iterates can be a desirable property in algorithms used for online
optimization since we may stop before reaching the optimum. The approximation of (3.13)
becomes more accurate as u — 0. Therefore, the optimization problem is solved for decreasing
values of p until some convergence criterion is satisfied. Very similar to penalty methods
discussed above, the problem will become ill conditioned as © — 0. Good interior point
methods take elaborate precautions to deal with this ill conditioning. An effective class of
interior point algorithms is the so called primal-dual methods which solve the primal and dual
problems simultaneously [20].
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4 Calculating Derivatives

Most optimization algorithms used for NMPC are derivative based optimization techniques.
In this section we will look at some general techniques for calculating derivatives.

In some applications one might expect the user to provide the derivatives explicitly. In other
applications one can provide code to calculate the derivatives, either by approximation or
exactly (up to numerical precision). If the functions involved are too complex, the user will
be unable to provide explicit code for the derivatives. A number of different approaches are
available, and different flavors exist. Some methods rely on the user to provide code for
certain parts of the calculation. In this section we will leave NMPC and optimization for a
while and look at some different approaches for computing derivatives in general. In section
5 we will look at these methods in the context of sensitivity analysis of mathematical models.

4.1 Algebraic differentiation

In this approach analytical algebraic expressions are computed by symbolic manipulation either
by hand or in a computer. The functions need to be specified analytically. The problem with
this technique is that the analytical expression for the derivatives of a function can grow to
be very complex. Especially for complex functions and higher order derivatives.

4.2 Finite differencing

The derivative of a function f : R — R at a point z is defined to be

and the partial derivative of a function g : R™ — R is defined by

dg(x1,..., xp) — lim g(z1,., ki + hy oy xn) — g(x1,..0s Th) — lim g(x + he;) — g(x)
oz; h—0 h h—0 h ’
where e; denotes the unit vector with all elements zero except from element 7 which is one.
One approach that then suggests itself is to replace h by a small perturbation €. Ideally we
would approximate the derivative with infinite precision just by choosing € small enough, but
we need to keep in mind that this calculation would be implemented in a computer with
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4 Calculating Derivatives

final precision arithmetic. In this case, the optimal choice for ¢ will be a trade-off between
arithmetic precision and error made by not choosing ¢ infinitesimally small.

By using this scheme an approximation of the partial derivative of g is given by

Og(x) _ g(z +eei) — g(x)
(93?1‘ € ’

(4.1)

and the gradient V,g(x) can be calculated by iterating (4.1) over i. The error made by using
this approximation can be estimated from Taylor's Theorem [20].

Theorem 1. Taylor's Theorem

Suppose that g : R™ — R is continuously differentiable. Then from the Fundamental Theorem
of Calculus we have

4 1
@ +p) = fz) + /0 Vol (z+7)dr = f(z) + /0 Vo f(x + ptypdt

By the mean value theorem
f(x+p) = f(x) + Vaf(z +pt)'p

for some t € (0,1). Moreover, if f is twice continuously differentiable we have that
Vof(x+p) = / V2, f(z + pt)pdt

and that
fl@+p)=flx)+ Vaf(@)p+ pTVQ flz+pt)p

for some t € (0,1).

Throughout this thesis a notation to describe growth of functions is needed.

Definition 2. O notation
O(g(n)) ={f(n): I¢,ng > 0 such that 0 < f(n) < cg(n) Vn > np}.

Basically f(n) € O(g(n)) means that the function f(n) can be bounded above by some
function cg(n) for ¢ and ng large enough. This notation will later be used to describe the
worst-case running time of an algorithm. In this case, the domains of these functions may
consist of only integers.

By using Taylor's theorem

dg(xz) 1 282 (x + ee;t)
0z; 6+ Ox? ’

(2

1
g(x+ee;) = g(x)+V,g(x ) ee;+— eeTV§xg(x+eeit)eei =g(x)+

15



4 Calculating Derivatives

for some ¢t € (0,1). Suppose that M is an upper bound on

02 ;
%‘ for t € (0,1). Then,
rearrangement yields

Og(x) _ glw+eei) —g@) , p

ox; €

where the error term R is bounded by |R| <M |¢|. This shows that the error made by
computing derivatives by finite difference € in (4.1) is of O(e) [20].

A more accurate result can be obtained by using two sided finite differences defined as

dg(z) _ g(x+ee;) — g(w — ee;)
ox; 2¢

It can be shown that the error by using two sided finite difference is of O(e?), but this also
requires 2n+1 function evaluations while the one sided method only requires n+1 evaluations.

4.3 Automatic differentiation

Automatic differentiation is a method to numerically evaluate the derivative of a function.
The website www.autodiff.org - Community Portal for Automatic Differentiation contains
a lot of material and references on this topic. Automatic differentiation is a technique based
on breaking the problem at hand down to a composition of elementary arithmetic operations,
which any one is simple enough to be trivially differentiated by a table look up. Once the
structure of this problem is lined out, the chain rule can be applied. Two different main
approaches are available, namely the forward mode, and the reverse mode of automatic
differentiation. The basic idea of automatic differentiation is simple. Consider the the chain
rule applied to the function f(g(z)).

ar _didg. (4.2)
dr dgdz

Automatic differentiation can be applied in two different ways (and combinations thereof),
namely the forward mode and the reverse mode of automatic differentiation. In the simplest
case one can say that the forward mode calculates (4.2) from left to right, while the reverse
mode calculates (4.2) from right to left. The difference between the forward mode and the
reverse mode is best illustrated by an example.

Example 3. Automatic differentiation
Consider the function f(z1,x2,23) = z122 + x3cos(z1) + x3. Suppose that we want to

calculate all partial derivatives of f. First we introduce some intermediate variables to break
down the problem in elementary arithmetic operations

Ty = T1T2,

x5 = cos(x1),

r6 = T3,

r7 = f(x1,22,23) = T4 + 6 + 3.
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4 Calculating Derivatives

Figure 4.1: Computational graph for automatic differentiation

Forward mode

A

Reverse mode

The graph in figure 4.1 illustrates the problem broken down in elementary arithmetic oper-
ations. To compute the partial derivatives 8%- = g—’iz,i = {1,2, 3}, the forward mode of
automatic differentiation traverses the graph in figure 4.1 from left to right, while the reverse
mode of automatic differentiation traverses the graph from right to left. One essential part
of automatic differentiation is that the derivatives of all the intermediate functions are simple

enough to be predefined in a look up table of elementary derivatives.

Table 4.1: Look up table for automatic differentiation

Variables Derivatives
0 0
T4 = T1T2 8—;‘11 = X9, 78?21 =
x5 = cos(xy) g—if = —sin(x1)
ox ox
Te = T5X3 Foe = L5, gg = T3

2] 0 [2]
T7 =4+ Te+ X3 %ZﬁZT%:l

We will now show how this simple example is solved with both the forward and the reverse

mode and outline some of the differences between the methods. Say we want to compute
. T

Vof(z) atthe pointz =7 4 3] .

The forward mode of automatic differentiation

The forward mode of automatic differentiation is possibly the most intuitive of the two. As
mentioned above, the forward mode traverses the graph in figure 4.1 from left to right.
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4 Calculating Derivatives

Start by initializing

Vexr1 = ey,
Vzra = e2,
Vers = e3.
Then calculate
ox ox T T
me4:87x;lvxxl+aixjvzl’2:[l‘2 T 0] :[4 T O] ,

by using information from its parent node. Now, since V, x4 has been computed and node
x4 is the only child of node z9, Vx5 is not needed anymore to compute V, f(z) and may be
overwritten in memory. In general we can overwrite V z; for node z; when V,z; has been
computed for all the children of node x;. Further we compute

0
Vaexs = a—iivx:ﬁl = —sin(x1)e; =0,
ox ox
Vit = 8—965wa3 + 8—£§Vxx5 = w5e3 + 30 = cos(m)es = —es,

by traversing the graph from left to right. And we can finally compute

oxy ox7 Ox7 4 !
V.f(z) = 8x4vx 4+ 8x6vx$6 + a—mvgcaﬁg =| 7| —es+es=| 7

0 0

One essential point with the forward mode is that both x; and V,z; is evaluated during a
forward sweep of the graph.

The reverse mode of automatic differentiation

The reverse mode of automatic differentiation first traverses the graph in figure 4.1 from left
to right evaluating x; for all the nodes. Then all the derivatives are calculated by a reverse
sweep from right to left. The forward sweep for calculating z; is trivial. During the reverse
sweep we keep track of the value of % for each node. These values are known as the adjoint
variables. For node x; we have

of 5 Of da;

or; Ox; Ox;
¢ x; childof x; J ¢

(4.3)
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4 Calculating Derivatives

First we initialize %‘7 = g—ﬁ; = 1. Then for all the parent nodes of x7 we can use (4.3).
of _ 9f O
81134 N 8.%7 81134 -
o _ ofour
8:756 n 8.%7 8:756 -
87‘}0 — ﬁ%—i—a—f%:l—i—%:l—i—cos(ﬂ):().

6x3 8:67 6x3 6116 (9373

Once these are known we can compute

of _ ofdws _ 4

Oz B Oz Oxs T

a1 90y 0ny T Oms 0wy T2 Ssin(@) 3sin(n) = 4,
of _ 9f 0w _ _

Bry  Oza0za 1T

0xs Oz O3 + Bz O3 x5+ cos(m) + 0,

which of course yields the same result as the forward method. Analogously as for the forward
mode % may be overwritten in memory when all the parents x; of node z; have calculated

of
693]' '

Computational complexity

Consider a function f : R™ — R™ which of the gradient is to be obtained. Calculating the
gradient with the forward mode will require n forward sweeps of the graph. Calculation by the
reverse mode will require m reverse sweeps of the graph. This suggests that in the general
case, the forward mode is probably best when m > n, and the reverse mode better suited for
the opposite situation.
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5 Sensitivity analysis

In general terms, sensitivity analysis is the study of change in the output variables of a
mathematical model with respect to perturbations of the input variables. In this section these
sensitivities are calculated both by forward and adjoint methods [21]. In the sections later
it is shown how the results of this section specialize to gradient calculation for the NMPC
optimization problem.

Consider the general nonlinear function

G(z,p) =0,z e R",p e R™, G : R" x R — R". (5.1)
Assume that % is invertible everywhere. Then by the implicit function theorem it is possible
to write G(xz,p) = 0 as a function x(p) explicitly by solving G for x. The basic idea
of sensitivity analysis is to compute %. That is, compute the sensitivities of the solution
variables = with respect to the input variables p around a given trajectory.

In some applications one is also concerned with a function of the state variables 2 and the
input variables p, f : R” x R™ — RF. In these applications one might be interested in
how perturbations of the input variables p affects the function f. That is, to compute the
sensitivity

df Ofdx Of

dp Oz dp + op’
As we will see later, computing the gradient of the objective function with respect to the
control variables for the NMPC optimization problem will have this structure. G will corre-
spond to the system model (equality condition), and f will correspond to the NMPC objective
function.

(5.2)

As for automatic differentiation, there are two main approaches for obtaining these sensitivi-
ties.

5.1 The forward method

The linearization of (5.1) is
0Gdx  0G 0

LT, 5.3
Oxr dp Op (5.3)
where %—f e Rmxm, % e Rmm % € R™™_ We can solve (5.3) for fle; since %—g is assumed

to be non-singular everywhere. To solve for % we need to solve a number of m linear systems.
The forward method is therefore efficient when the number of parameters m is small. When
% has been calculated, we can calculate % from (5.2).
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5.2 The adjoint method

. . df
Say we are interested in i

From (5.3) we have that
dr _[06]7 oG
Ox op’

%= (5.4)

Substituting (5.4) into (5.2) yields

df  of [80}1 oG  of

dp~ oz |0z] op Top
Define
A — g % -
Oz | Ox '

We then first need to solve

oG of1" 1oG1" af1"
el . el R Rnxk YJ Rnxk
[ax] g [am] [ax] SRTLAC [am} SR

for A, which can be done by solving a number of k linear systems. Then substitute for X in

ﬁ — _AT8£+ 8f

dp op  Op

The adjoint method is suitable for problems where the number of parameters (m) is large
and the dimension of the function f (k) is small.

One important observation is that both methods require the derivatives %, %, %—g, %. These
derivatives may be calculated using any of the methods for derivative calculation discussed
in the previous section. That is, algebraic differentiation either by hand or by automatic
symbolic manipulation, by finite differences or by the reverse or the forward mode of automatic

differentiation.
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5 Sensitivity analysis

Figure 5.1: Computational graphs for sensitivity analysis

SR ke

Critical computational step for Critical computational step for
the forward sensitivity method the adjoint sensitivity method

With the derivatives %G, g—f, %—G, % given, the red edges in the left and the right computa-
. . pop’ oxr - 0T = e .

tional graph in figure 5.1 illustrate which part of the sensitivity computation that affects the
computation time by the forward and the adjoint method the most, respectively.

The leftmost graph illustrates a scenario with many parameters and only one output variable.
In this case the adjoint method is preferable. The red edges illustrate the computational
costly step for the forward method, which is to compute 2—;.

For the rightmost graph, the situation is the opposite. This graph represents a problem
with only one input parameter and many output variables. Calculating the sensitivities for
this problem would be best solved by the forward method. The red edges illustrate the
computational costly step for the adjoint method which would be to calculate A. The reader
may note that this is very similar to the complexity analysis for automatic differentiation.
Roughly speaking, forward calculation is best suited for problems with few input variables
and many output variables, whereas the reverse or adjoint method is better for the opposite
situation.

This section is finished off with a very trivial example to see how the forward and the adjoint
method compare. This following simple example offers another perspective on what is hap-
pening in the adjoint calculation. Namely that X is chosen such that all the terms multiplying
with 3—;” sum to zero. Hence, there is no need to compute g—ﬁ, but instead A must be found
through the so called adjoint equations.

Example 4. Simple example

Given the functions

fz,u) = %(mg +4?), glz,u)=2— — =0.

Say that we are interested in computing %.
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Forward Method

To compute % by the forward method we first calculate
de d (3 9
— = =) =u“.
du du \ 3

Then the chain rule is applied straight forward

df of  Ofdr dr 9 u®
@—&L—i—%@—u—kaﬁ@—u—kxu —u+§.

Adjoint Method

First the augmented function is introduced

1, 5 9 u3
L=f+Arg=g@" +u’)+ Az~ )
Since g(x,u) = 0 we have that
df dL 0L OLdr OLd\ 9 dx ud d\
%—@—% %%+$%_(u_)\u)+(x+)\)%+(x_§)%'

By Iet;:ing A satisfy (x + A) = 0 we can avoid computing il%' From the equality g(z,u) =
r — % = 0 we also see that there is no need to compute %. By inserting A = —z and the
equality constraint x = %3 we obtain

df 2 2 u’

— =(u— ") =(u+zu”) = (u+ —).

L) =t an?) = ()
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6 Calculating derivative information for
NMPC optimization

So far general methods for calculating derivatives have been presented. In this section these
methods will be used to develop algorithms for obtaining derivatives required for NMPC
optimization. First the nonlinear system model is linearized similar as in section 5.

In the next section finite differencing, the forward and the adjoint method are used to calculate
objective function gradient which is required by derivative based optimization algorithms.

Next, the concern is how to efficiently compute the impulse response matrix of the linearized
system model. This matrix is of interest when there are constraints on the output variables
since it essentially is the constraint gradient needed by optimization algorithms like for instance

SQP.

The algorithms are implemented in Matlab using suitable benchmarking examples. Theoretical
bounds for runtimes of each algorithm are given and compared to actual simulation results.

Recall that it is assumed that the NMPC optimization problem is posed using a single shooting
formulation where the control variables u are regarded as free variables and the state variables
2 and the output variables z as implicit functions of u which can be obtained by simulation.

6.1 Linearization

Let (2™, u°™, 2°™) be a given nominal feasible trajectory. The dynamics around (x™°™, ™0™ z"o™)
can be approximated by the linearized system model
AIL’Z'_H = A;Ax; + B;Au;, Nx; = x; — x?om, Au; = u; — u?om’ (61)
Nz = C;Azi+ D;Au;, Nz =z — 2™, 6.2
(2
where
0 0
A = Spem o), Bi= 2 apem wpem, (63)
(2 (2
0 0
G = LW, D= ST (e, ). (6.4)
(2 (2

This system will in general be linear time variant (LTV). Close to (™, u™™, ") we will

have that 5 5 9 5
Ti+1 Ti+1 Zi _ Ci7 ﬁ — D,
5‘ui

= 44 — Dq
83%- ’ 8uz ’&xi
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6 Calculating derivative information for NMPC optimization

For discrete systems, these matrices are probably rather easy to obtain by using any of the
methods described in section 4. That is, either symbolically, by finite differences or by the for-
ward or reverse mode of automatic differentiation. Obtaining these by finite differences could
be done straightforward by applying (4.1), but one might argue that automatic differentiation
is a better approach due to exactness.

If automatic differentiation is applied, we should quantify if the forward or the reverse mode
should be used to minimize the computational complexity.

For calculation of A; the forward and the reverse mode will probably perform equally as
A; : RN2 — RNz This results in either N, forward or reverse sweeps and suggests that the
computational complexity for the forward and adjoint mode would be about the same.

Similarly, calculation of B; : RN« — RN« can either be done by N, reverse sweeps or N,
forward sweeps. Typically, N, > N, and suggests that the forward mode in most cases would
be preferable for calculating B;.

Obtaining C; : RV — RN: can be done by N, forward sweeps or N, reverse sweeps.
Typically N, < N, suggesting that in this situation, the reverse mode would be best suited.

D; : RN« — RN+ is obtained by either N,, forward sweeps or N, reverse sweeps. Thus, the
forward mode looks better than the reverse mode for a system were N, < N, while the
opposite is true for N, > N.,.

6.2 Calculation of objective function gradient

The structure of variable dependencies in the objective function is illustrated in figure 6.1.
Observe that there are N N,, decision variables where N and N, is the horizon length and the
dimension of the control vector, respectively. Thus, J : RY x R¥» — R and by the analysis
in the previous sections the adjoint method looks very appealing in terms of calculating V,,J.
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6 Calculating derivative information for NMPC optimization

Figure 6.1: Computational graph for NMPC

In the following we analyze how V,J can be computed by finite differences, the forward and
the adjoint method.

Finite differences

The objective function gradient can be obtained by finite differences by in turn perturbing all
the control variables and calculating the objective function value. The size of the perturbation
€ should be decided keeping the calculation in section 4.2 in mind. That is, the optimal choice
of € is a trade-off between loss of precision due to final precision arithmetic and by not choosing
e infinitesimally small. For systems where the inputs are in different orders of magnitude, the
size of the perturbation parameter should be scaled accordingly for each control variable.
Choosing the right size for the perturbation parameter is highly problem dependent.

The following algorithm is based on (4.1). Each control variable is in turn perturbed, and
the corresponding objective function value is calculated by simulation of the system model.
In each step causality is exploited such that simulation over the entire horizon is not required
for each iteration. This will result in a total of NN, + 1 simulations.
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6 Calculating derivative information for NMPC optimization

Algorithm 6.1 Calculate V,J - Finite differences
1 o = Tinit

2. Jy=0

3: fork=0to N —1do

4 a1 = f(og, ug)

5z = g(Tk, u)

6: Jir1 = Ik + Z%sz + ugRuk
7: end for

8: JN+1:JN+$£P?L’N

9:

10: Choose perturbation value €

11: for k=0to N —1do

122 forl=1to N, do

13: jkl =Ji

14: U="1u

15: upll] = ugfl] + e

16: Tp = T

17: forn=kto N —-1do

18: Tpt1 = f(.fn, ’L_Ln)

19: Zn = §(ZTp, Up)

20: jkl = jkl + ZgQZn + ﬁgRﬂn
21: end for

22: jkl = jkl + fﬁpf]\/

23: VUJ[kNu + l] = (jkl — JIny1)/€

24:  end for
25: end for

Observe that conceptually gradient calculation by finite differences is very similar to the
forward method presented in the next section in the sense that both methods calculate the
sensitivity from all the control variables to all the state and output variables opposed to
the adjoint method that does this the other way around in a reverse manner. Also note that
gradient calculation by finite differences is not exact, whereas the forward and adjoint method
presented in the next sections are (up to numerical precision). This is perhaps not always so
important in practice where there are lot of other uncertainties present.

In the algorithm above, it is easy to see why gradient calculation can be a challenge in real
time applications. With 3 nested for-loops the computation time will grow fast with increasing
time horizon length and dimension of the control vector. In an optimization algorithm like
for instance SQP, these gradients are typically needed many times in each full SQP iteration.

Forward method

uo

With Ay, By, Ci and Dy, given, V,J = [ oJ

the chain rule of differentiation
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6 Calculating derivative information for NMPC optimization

2T pEN (6.5)
k

Ozp11 Oxpq Ozpy2 Oxpy2 0Ty

T T T T
=up R+ 2, Q— + 2 +z
k B ug k+1Q3mk+1 Ouy, k+2Q8mk+g Oxpy1 Oug
OzN_1 0xN_ 0 0 0 0 0
+...+z]7\}_1Q ZN-1 0TN -1 Tk+2 OTk41 +x%P TN Th+2 OTk41
8:1:1\;_1 al'N_Q 8xk+1 Ouk al'N_l 813k+1 6uk

=ujp R+ 2 QDy, + 2} 11 QCri1Br + 24 2QCk12Ak11 B

+ ...+ Z]j\—}_lQCNflAN72 ce Ak—f—lBk + I‘%PAN,1 ce Alc—f—lBk
:ugR + Z%QD]C + Zg+1QCk+1Bk+

N—-1

Z [ZZ-TQCZ'AZ‘_l cee Ak+1Bk] + w%PAN_l oo Agy1By.
i=k+2

The change of lower summation index in the second equality is due to causality. Observe
that calculating V,,J will involve a lot of matrix multiplications since the sum in (6.5) must
be computed for every 8‘% and can therefore be very expensive. In the algorithm below,
¢ and U are placeholders that exploit structure and avoid doing a lot of the same matrix
multiplications more than one time.

Algorithm 6.2 Calculate V,J - Forward method
1 o = Tinit
2: fork=0to N —1do
Tpy1 = f(@r, ur)
2k = g(xkh Uk)
end for

w

:fork=0to N —2do
o=1

=0

1. fori=k+2to N —1do
11: ¢=Ai1¢

12: Y=+ 21'QC;¢

© o N g

13:  end for

14: VuJ[kNy +1 : (k+ 1)N, = Rux + D{Qz + BECL,,Qziy1 + BlyT +
BI¢T AL, | Pay

15: end for

16: VyJ[(N —1)N, +1: NN, = Ruy_1 + DY, _,Qzn_1 + BY,_, Pan
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6 Calculating derivative information for NMPC optimization

Adjoint method

From the discussion earlier, since J : RY x RN — R, the adjoint method seems very
appealing for calculating the objective function gradient. In this section we will follow the
same idea as in example 4 in section 5, namely to choose the adjoint variables A such that
all the terms multiplying with % sum to zero. Since these terms sum to zero, there is no

need to compute Ccllfj, i € {1,...,N — 1} which essentially is the full impulse response matrix
of the linearized system model.

Define the Lagrangian function

N-1
£=J-Y M@ — fl@i,w)]
=0
N-1 1 1 N-1
= 2 [2 (zFQz —|—u;fFRui)] + §$7J;/P33N — ; [)\iT_H(mZ-H — f(zi, w))] -

Since zj41 = f(xp,ui), we have that d‘] = du By the chain rule of differentiation.

=L (0= Ni Ou; dug | , 0 du; Z OL du; |
du P 0z; \ 0x; — Oouy, du 8u du ou; du
o [R= OrnN duy, szl oL Z 3:172“ duy,
or N — Ouy, du  Orin our du
T oc [\ 0z dug Nzl oL Z LNt duy
P ox; — Ouy, du = OAit1 ouy, du
N-1 N—-1 N-1
0z; Ox; du 0z; du; Of (i, u;)\ duy
_ T Uk T T )
P 4@ o0x; LZO Ouy, du] + ou; du) + ; ( Rt Ain ou; du +
N-1 N-1 N-1
Oxn du Ox;i1 du
T N QU T i+1 AU
TN P —_— A —
N P Ouy, du ] ; il LZ:O Ouy, du ]
N-1 N—1 N-1
6f(a:z ul) 6331 duk 8/\Z+1 duk
T ) .
2 <)\z+1 0 > L;O By du] + ;(xz—l—l (i, u;) [Z dur du |

Inspired by [6], where continuous systems are studied and integration of parts is used, we
instead define the following identity for the discrete case, which is easy to verify just by
inspection

Oxip1duy | = ox; alw€ axN dug | 8:60 duy,
Z )\Hl [ Ouy, du] N Z A Z ouy, du Z Ouy du Z Auy, du |

1=0
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6 Calculating derivative information for NMPC optimization

By inserting this identity and noting that ijol(zm

order to satisfy the nonlinear model, we obtain

N oN; .
(szpuz) [Zk o1 81;}:1 %} =0in

N N-1
u Z o Qi dug | | 02 dus P r OF (@) du
<8x1 [ Ouy, d“] Ou; du) + Z (“z R4+ +

P ou; du
N-1
axN duy, T Ox; duy, 6:EN duy,
xNP Z Ouy du Z)\ [Z Ouy, du Z Ouy, du
N— N-1
! 9z du Of (x5, u;) Ox; du
T 0 k T ) 7]&‘
Ao Z Auy, du + pr )\Hl 0x; ) LZO Ouy, du] '

Rearrangement yields

N-1 N

dJ 821 af( a:Z U; T, duk Oxn duy

— = —/\T A ’ wP=2%)

du ; < AT e ) [z:: Oy, du N [Z Ouy, du]
N-1

2 (9

Note that AZ [ SNV ! 920

k=0 6'U4k

af( du; Oxq duy,
T R N 8uZ )> A [Z Ouy, du] '

= 0 since the initial state is constant not dependent on u. Further

we can utilize that the dynamics around a nominal trajectory are governed by the linearized
system model (6.1)-(6.4). Substitution of A;, B;, C;, D; for 8f(x;’ul), 8f(£’“1)7 g;i_, gzl yields

dJ N-1
= D (&QCi =N+ A)

=0

Z ox; duk
ouy, du

N—-1
du;
T T 7
§ D; R+ M\ =,
+Z:0 1QD; +u! R+ )\, )du

81‘]\[ duk
P T
N AN [Z ouy, du]

Now, by letting \x fulfill
2EQCK — N+ My A =0

(6.6)
with the final condition
)\N = PQZN, (6.7)
we have that
N—l
— D; i R \E — 6.8
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6 Calculating derivative information for NMPC optimization

By definition
dJ = 0J du
-~ = Ly 6.9
du ; Oou; du (6.9)
Hence, by comparison of (6.8) and (6.9)
o9J T T
k

Sensitivity computation by the adjoint method can therefore be done by only two simu-
lations. One forward simulation to obtain z and x from u. Then initialize (6.7) and it-
erate (6.6) and (6.10) in reverse time. One unavoidable drawback is that the variables
xg, k € {1,..., N} need to be stored during the forward solve as they are needed to obtain z
and (A, By, C, D) in (6.6) and (6.10) during the reverse solve. For discrete time systems
this may not be an issue as long as internal memory is not a limitation, but for continuous
time systems this becomes more cumbersome. Especially, if a variable step-size solver is used
it is not clear in which time instants to store the solutions as the step-sizes used during the
reverse solve will probably not coincide with the stored trajectory from the forward solve. In
this case, interpolation techniques can be used to approximate the solution at the desired
time instants. For simplicity one might instead consider freezing adaptive parameters in the
solver like order control and step size.

Algorithm 6.3 Calculate V,J - Adjoint method
1 To = Tinit
:fork=0to N —1do
Tp1 = f(zk, uk)
2 = g(Tk, uk)
end for

A= Pxn

for k=N —-1to0do
Obtain LTV model (A, B, Ck, D)
Vud[kNy +1: (k+1)Ny] = DEQz + Ruy, + BEA
A= C,{sz + Az)\

. end for

© o Na R N

=R e
N Qo

Note that the time index k in for the adjoint variables is omitted, since only the value in the
previous iteration is needed.

6.3 Calculation of impulse response matrix

In this section we will look at different methods for computing the impulse response matrix of
the linearized system model. This matrix is of interest when there are constraints on the output
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6 Calculating derivative information for NMPC optimization

variables since it essentially is the constraint gradient needed by optimization algorithms like
for instance SQP. Since these constraints typically are enforced at every sample instant on
the horizon they are also referred to as path constraints.

We discuss different approaches for computing this matrix and develop some algorithms. The
discussion includes the forward and the adjoint method and different model structures.

The algorithms developed are presented in pseudo code and also illustrated iteration by iter-
ation where appropriate. These algorithms are later implemented with suitable test examples
to compare efficiency and highlight some of the theoretical considerations made earlier.

The impulse response matrix = of the linearized system model (6.1)-(6.2) is given by

Do 0 0 0
AZO
AZ1 ClBo Dl 0
AZQ _
) - CyA1 By CoB, D-
Azn_1 : : : 0
Cny_1AN_2...A1By Cn_-1AN_2...A2B1 CNn_1ANn_2...A3B> Dn_1
- (6.11)

Close to (a™™ u™°™ z"°™) the dynamics of the nonlinear system will be governed by lin-
earized system model. Hence,

82%4.1 . 8xi+1 - B 821 —C 622 -D
8:62‘ S 8’&@ Y 8.7}1 Y aul -
By the chain rule of differentiation
9z
Dug 0 0 ... 0
921 921
Oug ou1 0
== Ozp Ozp Oz -
- Ouo out Ouo ’ 0 (612)
: : 0
Ozy_1 Ozy—1 Ozn—1 Ozn_1
Oug ouy Ouo Jun_1

Calculating this matrix can be very expensive since it requires a lot of system simulations. In
the following we will look at different methods for computing the impulse response matrix
and we analyze how the forward and adjoint method can aid different model structures and
properties.

Finite differences

The following algorithm will calculate the impulse response matrix Z using finite differences.
This algorithm is quite simple and easy to implement since it does not require the linearized
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6 Calculating derivative information for NMPC optimization

system model. A total of NN, + 1 simulations of the system model are needed. Note that
this algorithm conceptually is very similar to calculating the objective function gradient by
finite differences. Again, the size of the perturbation parameter should be chosen with care.

Note that calculation of derivative information by finite differences can also be applied to a
continuous time model. The only requirement is that the algorithm must be able to invoke
an ODE solver routine to obtain solutions for each of the perturbed control variables. This
also applies to algorithm 6.1.

Algorithm 6.4 Calculate impulse response matrix = - Finite differences

1 o = Tinit

2. fork=0to N —1do

3 xpg1 = f(on, uk)

4 zp = g(an, ug)

5: end for

6:

7: Choose perturbation value €
8: for k=1to N do

90 forl=1to N, do

10: uU=1u

11: ’L_Lk_l[l] = ﬂk_l[l] +e€

12: Th—1 = Th—1

13: for n =k to N do

14: Zn—1 = g(£n—17 an—l)
15: Eln—=1)N,+1:nN,,(k—1)N, +1] = (Zn—1 — 2n—1)/¢€
16: Tp = f(i'n_l,ﬂ,n_l)
17: end for

18:  end for

19: end for

Forward method

By the chain rule of differentiation

Oz __

= Dy, (6.13)
Ozpy1 _ Ozkq1 Oxpy1
Oup, ~ Ozxp41 Oup Ck+lBk:’

Oz; _ 0z; Oxz; Oxj_ OTpi2 0Tl _ v 4. . ]
Buy — Oz, 0w, 1022 " Owksr Ouk C]Aj_lA]_Q .. Ak+1Bk VJ >k + 1.

When iterating (6.13) over j to obtain all the elements in on column of Z in 6.12 we should
exploit that the sequence of matrices A;_1A4;_o... A1 only differ by one additional matrix
multiplication from left between each iteration. We can make use of this structure by calcu-
lating Z column-wise. When computing one column of Z, we calculate the sensitivities from
the control variables at one time instant to the output variables at all time instants on the
horizon. We will therefore refer to this as the forward method for computing =. Most of the
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6 Calculating derivative information for NMPC optimization

matrix multiplications carried out here will be the same as those performed by algorithm 6.2
which calculates the objective function gradient by the forward method.

The role of the placeholder ¢ € RN=*(N=1)Nu s 15 exploit the aforementioned column-wise
structure.

Algorithm 6.5 Calculate impulse response matrix = - Forward method

1 o = Tinit

2. fork=0to N —1do

30 w1 = fog, uk)

4 zp = g(an, ug)

5: end for

6:

7: Obtain Dg

8 Z[1:N.,1:N,] =Dy

9: for j =2to N do

10: Obtain (Aj_27Bj_27Cj_1,Dj_1)

11: fori=1toj—2do

12: A1 Ny, (i = 1)Ny +1:iN,] = Aj_20[1 : Np, (1 — 1) Ny, + 1 : 0N,
13:  end for

14 G[1: Ny, (j— 2Ny +1: (G — 1)N,] = By »

15: fori=1toj—1do

16: Z[(j —1)N. 4+ 1:jN., (i = )Ny +1:iN,] = Cj_10[1 : Ny, (i — 1)Ny + 1 : iN,]
17:  end for

18 E[(j—1)N.+1:jN.,(j —1)N, +1:jN,] =D,

19: end for

Table 6.1 illustrates the progression of algorithm 6.5. The same structure could have been
exploited by calculating each of the columns in = one at the time. By instead calculating all
the columns in parallel we have the advantage that (A;_2, Bj_2,Cj_1,D;_1) are needed in
iteration j which will allow these matrices to be inserted 'on the-fly" if they are obtained from
integration of sensitivity equations.
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6 Calculating derivative information for NMPC optimization

Table 6.1: Illustration of steps in algorithm 6.5

Code o)

(o o o )
j=2 ¢(1,1) = By (Bo 0 0 ...)
S 1,1) = A1¢(1,1
j=3 & ¢(i,2):1¢;3(1 ) ( AyBo By 0 ...)

#(1,1) = Az¢(1,1)
j=4 #(1,2) = Ax¢(1,2) ( A2A1By  A3By  Bo ... )
#(1,3) = B2
Code =
Do 0 0 0
0 0 0 0
_ 0 0 0 0
Z(1,1) = Dg 0 0O 0 O
Do 0 0 0
CyBy Dy 0 O
PR 5(2,1) = C1¢(1,1) 0 0 0 0
J= =2(2,2) = Dy 0 0 0 0
Dg 0 0
_ C1By Dy 0o o
_ E(3,1) = C26(1, 1) CyA1Byg C3By Dy 0
j=3 E(3,2) = C2¢(1,2) 0 0 )
=(3,3) = Do
Do 0 0 0
E(4,1) = C3(1,1) C1Bo D1 0 0
— =(4,2) = C3¢(1,2) C2A1Bg C2B; Do 0
1= =(4,3) = C3¢(1, 3) C3A2A1Bg  C3A2By O3By D3
=(4,4) = D3

Adjoint method

In this section it will be shown how the impulse response matrix can be calculated using
adjoints. In the forward method, we exploited that adjacent elements in each column only
differ by one matrix multiplication from left. It will turn out that the following analysis
correspond to instead exploiting that adjacent elements in each row only differ by one matrix
multiplication from right. An algorithm could have been deduced just from this fact, but it
is still interesting to perform the analysis below which derives the adjoint equations.

Define the function

J
Li=z—> M@ — fziw))] .
i=0
Note that A\, € RN+*N: Since zj,1 = f(zk,uk), we have that % = %. By the chain

rule of differentiation
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6 Calculating derivative information for NMPC optimization

dey 0Ly (02 SN 0wy du] | 0% duy) | S OL du
du 0zj \ Oz; — Ouy, du Ouj du — ou; du
i 6£] i 8$Z+1 duk + i @EJ i 61’1 % g (9>\Z+1 duk
— 0Tiy1 — Oou, du — o0x; — Oouy du 0)\Z+1 Ouk du
o aZj J axj du]€ aZj duj J T af(xz,ul) dul
- <ax [Z ou du | T du; du Z AZHTW du)”
k=0 =0
J J
Ox;iy1 duy f(z; ox; duk
Z)\ZH [Z duy, du] Z <)\’+1 Z < Ouy, du
=0 k=0 =0
J
ONjy1 du
3 i s 3 20 d;] |
i=0

Inspired by [6], where continuous systems are studied and integration of parts is used, we
instead define the following identity for the discrete case, which is easy to verify by inspection

Oxiyrduy | Ox; duy 0xj41 duk Oxq duy,
Z)\ZH [Z Ouy, du] Z [Z Ouy, du] JH [ Ou,  du Z 8uk du

1=0

By inserting this identity and noting that Zgzo(l'i_irl — flai,u)T { i:o 85‘;:1 %f] =0,

we obtain

dzj 0z 830] duy, sz du; J \T Of (x5, u;) duy;
du ((%Uj [Z Our, du 8uj du +ZZ:; H u du

Z)‘T [Z ox; duk] [ ] 0xj41 duk] [ J 0xg duk]
j+1

P ouy, du — Oouy, du — duy du

j

af 371 uz ax’b duk
T ’

+3 (o 2n)) |5 e,

=0

Rearrangement yields

dzj 0z J uk d \T Of (x,u;) Ox; duy
@ xLZ%a 2 (Mg Zauk%
J J
041 duy, T Oxg duy, az] du; \T Of (zi,u;) du;
Aj+1 LZ:O ou,  du + 8uk du 8u du +Z 9w, du )
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6 Calculating derivative information for NMPC optimization

k=0 Oup du
u. Further, we can utilize that the dynamics around a nominal traJectoe/ are governed by the
linearized system model. Substitution of A;, B;, C;, D; for 2X(uta) Ofwiwi) "0z 0z yig|ds

ox; Ou;  Ox;’ Ou,

Note that Al [ J %d“—’“] = 0 since the initial state is constant and not dependent on

dzj ax] duy ] T ox; duy,
e )\ _
du [Z Ouy du + — ( i+14 Z Ouk du
833]4_1 duk de J T dui
'] I B, 14
JJrl [ 8Uk du +‘D] du +; )\’LJrl‘BZ du (6 )
Now, let Ay fulfill

/\;"F+1 = 0, (6.15)

A= AL AR VE <.

Then (6.14) reduces to

dzj _ 4y ji: \r g dui (6.16)
du — du — Y du '
duj A= du;
— ([yA#A£H£%)2E1+ <A543idJ)' (6.17)
i=0
By definition the total derivative is given by
dzj 0zj du;
6.18
Z Ou; du’ ( )
Comparison of (6.16) and (6.18) yields
82]'
67“]- — _D + )\]+1 D], (619)
0z, ,
Eﬁi = M,.BpVEk <.

Given a nominal control trajectory u, x and z can be obtained by simulating the system
forward in time. Then A; can be found by marching (6.15) in reverse time. Once these
adjoint variables are calculated, the gradient of interest can be obtained from (6.19).
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6 Calculating derivative information for NMPC optimization
Observe that calculating % = {:0 g—fi‘f;fj involves all the elements in row j + 1 in the
impulse response matrix in (6.12). Therefore, it is now clear that the adjoint method exploits
structure of the impulse response matrix in a row-wise manner. The following algorithm
calculates the full impulse response matrix by this principle. Similar as for the forward method,
all the rows are calculated i parallel.

Algorithm 6.6 Calculate impulse response matrix = - Adjoint method

1 o = Tinit

2. fork=0to N —1do

30 xpg1 = [(ok, up)

4z = g(xp, ug)

5: end for

6:

7: Obtain Dy_q

8: Z[(N—-1)N,+1: NN,,(N—-1)N,+1: NN,]=Dn_1

9: fork=N—-1to1do

10: Obtain (Ak:7Bk:717Ck‘7Dk‘fl)

1. A(k—1)N,+1:kN,,1: N;| =C}

122 fori=k+1to N —1do

13: AM(E—=1)N, +1:iN,,1: Nz =X —1)N,+1:iN,,1: Ny A
14:  end for

5. E[(k—1)N,+1:kN,,(k—1)N,+1:kN,| = Dy

16: fori=ktoN—1do

17: EEN+1:(i+1)N,, (k—1)Ny+1: kN, =A[(i —1)N, +1:iN,,1: N;|Bg_1

18: end for
19: end for

Table 6.2 illustrates the progression of algorithm 6.6 and shows how the impulse response
matrix is computed in reverse time. By inspecting every iteration it is also easy to see why
the adjoint variable A\ € RV—DN=xNz i algorithm 6.6 plays a similar role as ¢ in the forward
method. Moreover, the reader should observe how A in table 6.2 connects with (6.19).
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6 Calculating derivative information for NMPC optimization

Table 6.2: Illustration of steps in algorithm 6.6

Code A

0

0

0

k=N-1 AN —1,1) = Cn_1 0
0

AN -2,1) =Cn_2

k=N-2 AN —1,1) = A(N — 1, ) AN _o .
N—2
CN_14AN_2
AN —3,1) = Cn_3 :
E=N-3 AN —2,1) = A(N —2,1)An_3 Cn_s
AN —1,1) = XN - 1,1)AN_3 CN_2AN_3
CN-1AN_—2AN -3
Code =
= 0 0 0 0
=(N,N)=Dpn_
(N, N) N-1 o o o o
0 0 0 0
0 0 0 Dy_;
E=N—1 _E(N-LN-1)=Dn_p 0 0 0 0
E(N,N—-1)=XN —-1,1)By_» 0 0 0 0
0 0 Dn_o 0
0 0 Cn-1Bny-3 DN
=E(N—-2,N—2)=Dpn_3 : : :
k=N -2 (N —1,N—2)=A(N—2,1)By_3 0 0 0 0
E(N,N -2)=A(N - 1,1)By_3 0 Dn—s 0 0
0 CN—_2BN_3 Dn_2 0
0 CN-1AN-—2BNy-3 CN_1Bny-2 Dn_1
E(N-3,N-3)=Dn_4 . : : : :
= N—3 E(N=2,N=3)=XAN=-31By_4 Dyn_a 0 0 0
E(N-1,N=3)=AN-21)By_4 CN_3BN_4 Dn_3 0 0
E(N,N =3)=AX(N —-1)BN—4 CnN_2AN_3BN_4 Cn_2BN_3 Dn_o 0
CN-1AN-2AN-3BNy-1 CN-1AN-2BN-3 CNn-1BNn-2 Dn-1

The forward and the adjoint method may not be entirely equivalent in terms of efficiency
when employing a SQP type algorithm or any other optimization technique where constraint
gradients are needed. The adjoint method may benefit from not enforcing constraints on the
output variables at all the points on the horizon. By doing this not all of the rows in the
impulse response matrix are needed. Constraints can for example be removed in the beginning
of the horizon to ensure stability and feasibility [18], or when it takes some time before control
moves in the beginning of the horizon to have effect on the output variables. The adjoint
method for calculating Z may benefit from this since structure is exploited row-wise, where
one adjoint system is solved for each point on the horizon where output constraints are
enforced. The forward method would need to calculate the full impulse response matrix first,
in order to pick out the rows needed in the constraint gradient, and thus the advantage of
enforcing constraints on only parts of the horizon can not be exploited.
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6 Calculating derivative information for NMPC optimization
6.4 Continuous-discrete model formulation

Assume that the provided system model is a continuous time model on the following form

i(t) = flz(t), ult)), (6.20)
z(t) = g(z(t),u(t)). (6.21)

Moreover, assume that the control signal u(t) is parameterized as piecewise constant over a
sample interval Ty, while the model of the system still runs in continuous time.

u(t) = w(kTs) = ug, kTs <t < [k + 1] Ts.

To be able to handle continuous-discrete system models in our previous discrete time frame-
work for calculating the objective function gradient and the impulse response matrix we need
to discretize the system. That is, to find linear maps A, : RVs — RNe B, : RN« — RN«
by integration of the linearized continuous time system model over a sample interval Ts. The
linearized continuous time system model is given by

Ax(t) = A(t)Az(t) + B(t)Au(t),
Az(t) = C(t)Az(t) + D(t)Au(t), (6.22)
where
A = ayem ueyem), B = L@y ueyem, (623)
C) = P2, u(e) ™), D) = 52 (@)™ u(t)™).  (624)

We are interested in

Qrpr _ 0x(k+ 1T _
dre  ox(kT,) = M

Orpsr  Ox([k+1]T)

due  ou(kLy)  Ov

Ay, is the state transition matrix ®([k + 1] Ts, kTs). The state transition matrix for a LTV
system satisfies

O(t,kT,) = A(t)D(t,kTy), (6.25)
(KT, kT,) = 1.
Ay, can be found by integrating (6.25) from ¢ = kT to t = [k + 1] Ts. That is, to obtain the
zero input response i.e. Au(kTy) = 0, of (6.22) from ¢t = kT to t = [k + 1] Ts.
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6 Calculating derivative information for NMPC optimization
By, can be found by finding the zero state response i.e. Az(kTs) = 0, of the system (6.22)

from t = kT, to t = [k + 1] T which is given by

(k-+1]T,
2(E+1]T)) = /kT‘ B([k + 1] Ty, 7) B(r)u(r)dr

(k+1]T%
- [/ O([k+ 1] Ts, 7)B(7)dT | u(kTs).
kT

This reveals that

[k-+1]T,
By = / o([k + 1) Ty, 7)B(7)dr, (6.26)
kTs

which also is the solution of the following matrix ODE at time ¢ = [k + 1]T5.

S(t) = A@)S(t) + B(t), (6.27)

S(kT,) = 0. (6.28)
where d(t)
S(t) = dug

The matrix ODE (6.27) is derived from applying the chain rule of differentiation to the original
system model (6.20). Since there are no dynamics in the output equations, C}, and Dy, can
be obtained as before.

This shows that a continuous-discrete system model introduces some extra calculations in
order to discretize the system and make this formulation fit our previous framework. The solver
CVODES in the Suite of Nonlinear and Differential /Algebraic Equation Solvers (SUNDIALS)
package includes forward and adjoint sensitivity analysis capabilities for finding sensitivity
of the solution with respect to model parameters [13]. By regarding the control variables
as constant parameters over a sampling interval in the system ODE (6.20) which upon the
solution depends, the forward sensitivity capabilities in CVODES can be used to integrate the
sensitivity equations (6.25) and (6.27).

It is also possible to obtain Ay and By by finite differences. This approach is perhaps
best suited for systems that are easy to integrate, while integration of the sensitivity matrix
ODEs probably becomes more advantageous when the system is harder to integrate. If finite
differences are used there is however no need to obtain Ay and By, first since the nonlinear
ODE can be perturbed directly as in algorithm 6.1 and algorithm 6.4.

When using forward sensitivity analysis, the fact that (6.25) and (6.27) share Jacobians with
(6.20) can be exploited by solving them in parallel. Overhead in the solver like step size
and order selection can be then performed for all the systems simultaneously [13]. CVODES
also provides error control for the sensitivity systems. One can choose whether error control
should be performed for the sensitivity systems or just the nonlinear ODE. When obtaining
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6 Calculating derivative information for NMPC optimization

these matrices by finite differences, choosing the size of the perturbation parameter can be
very delicate matter resulting in that the error can be hard to control.

The following algorithm outlines the most basic steps that need to be performed in order to
obtain the required sensitivities

Algorithm 6.7 Solve sensitivity equations

1. // set initial condition

2: l‘(O) = Tinit

3: for k=1to N do

4: // initialize sensitivity equations
S((k — 1)T.) =0

((k — )Ty, (k= 1)T}) = I

// integrate from ¢ = [k — 1]Ts to t = kT
i(t) = F(a(t), ug 1)

10 D(t, (k—1)T5) = At)P(¢, (k — 1)Ty)

11 S(t) = A(t)S(t) + B(t)

12:

13:  // store result

14:  xp = x(kTy)

15.  Ag_1 = ®(kTy))

16: Bp_1 = S(k}Ts)

17: end for

© N a

Algorithm 6.5 and algorithm 6.2 will have the advantage that the matrices can be inserted in
the impulse response matrix "on the-fly’ since also algorithm 6.7 provides these in forward time.
Algorithm 6.6 and algorithm 6.3 need these matrices in reverse order. Since the sensitivity
equations are solved by forward analysis, the matrices will need to be obtained and stored in
memory first during the forward solve. They cannot be inserted 'on the-fly' which may be a
disadvantage for large scale models where internal memory might be a limitation.

One possibility for circumventing storage of all the sensitivity matrices is to first solve the
nonlinear ODE forward in time. Then, the sensitivity systems may be solved starting with the
last sample interval and iterating backwards. Doing it this way, the sensitivities are provided
in the same order as needed by algorithm 6.3 and 6.6 and can therefore be inserted 'on the-
fly’. However, a major drawback is that the solution of the nonlinear ODE must be stored.
If a variable step-size integration method is used it is not clear at which time instants to
store the solution as the solver probably will choose different step-sizes for the solution of the
sensitivity systems than for the nonlinear ODE. In this case a sophisticated storing system
may be needed where interpolation techniques are used to obtain the solution at the time
instants needed when solving the sensitivity ODEs. This makes it harder to integrate this
approach with existing simulator codes. The fact that the nonlinear ODE and the sensitivity
ODEs share Jacobians is not exploited either.

Another approach may be to first integrate the nonlinear ODE forward in time and only store
the solution at the sampling instants which is the initial values needed for solving sensitivity
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6 Calculating derivative information for NMPC optimization

equations on each sample interval. Then, it would be possible to start with the last sample
interval, but now both the nonlinear ODE and the sensitivity systems must be solved. In this
case one will not need to worry about variable step-size, storing and interpolation since the
nonlinear ODE is solved one more time in parallel with the sensitivity equations. However, a
drawback here will be that the nonlinear model is integrated two times. None of these two
latter methods seems very promising since they involve some extra calculations but they may
be worth considering in applications with large scale models where internal memory size is
the fundamental limitation.

Alternative formulation

Even though the approach discussed in the previous section fits directly into our discrete time
framework, it is possible to discretize the system using what we in the following will refer to
as the alternative formulation for integration of sensitivity equations. The impulse response
matrix can also be written as

Do 0 0 .. 0
Clg%é D, 0
= = oz oz .. . 2
Cagae Cag2 Do . 0 (6.29)
: : : 0
dxn_ dxn_ Oz
Cn-1 aﬁol Cn-1 aﬁll Cn-1 aﬂle <o Dy
Ox; . . - _ 9x(b) . . .
The terms Fu. can be obtained by again defining S(t) = Duy but instead of integrating

just one sample interval as in (6.27) we define the following ODE which again is obtained by
applying the chain rule of differentiation to the nonlinear ODE.

, S(kT,) = 0. (6.30)

$(t) = A(t)S(t) + B(t) kTs <t <[k+1]T;
AB)S®) t> [k+1]T,

Now, the sensitivities in (6.29) are given by the solution of (6.30) at the end of each sample
interval. That is, % = S([j + 1Ts), j > k. When there are many states compared to
inputs, i.e. Ny >> N,, integrating (6.30) to obtain ngi which is inserted in (6.29) might
be advantageous compared to integrating the sensitivities in algorithm 6.7. Only integration
of (6.30) is needed where S € RM=*Nu_ |ntegration of the sensitivity system (6.25) used
in algorithm 6.7 where ® € R¥=*Nz is not needed. Thus, this formulation will reduce the
dimension of the sensitivity ODE from (N, + N,)N, to N;N,. The main drawback with

this method is that the total integration length is more than one time the horizon length.
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6 Calculating derivative information for NMPC optimization

Algorithm 6.8 Solve sensitivity equations, alternative formulation

1: // set initial condition
20 To = Tinit

3: fork=1to N —-1do
4: [/ initialize
z((k—1)Ts) = xp—1
S((k = 1)T,) =0

// integrate from ¢ = [k — 1]Ts to t = kT
i(t) = F((t), up_1)

10 S(t) = A(t)S(t) + B(t)

11:

12:  // store result

13: Sk,k = S(k‘TS)

14: T = .I‘(k‘Ts)

© ® N a

15:
16: forn=%k+1to N —1do
17: // integrate from t = [n — 1]Ts to t = nTy

18: i(t) = f(z(t), un—1)
19: S(t) = A(t)S(t)

20:
21: // store result
22: xp = z(kTy)

23: Sn,k = S(TLTS)
24:  end for
25: end for

An illustration of the integration intervals in each iteration is shown in figure 6.2. Note that
the integration intervals are quite similar to what is done in algorithm 6.1 and 6.4 when using
finite differences in the sense that the intervals decrease in length due to causality.

Figure 6.2: Illustration of integration intervals
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For the objective function we have that

N-1
i , p=N
Juy, g B ZZ; {ZZ Qau;j N duy,
N-1
0z; 0
= u R+ Z [zZTQa;J +x%P8Lu]:
i=k
0z 0zp41 Ox
_ T T k T k+1 k+1
= up R+ z; Qi@uk + Zk+1Q8:z:k+1 B
0zp49 Ox Ozn_1 0xTN— ox
T k+2 OTk42 T N—10TN-1 T N
. P
Zk+2Q81‘k+2 8uk + +ZN71Q8$N,1 8uk +mN 8uk

= R+ 2] QDy + 2,1 QChi1Sk+1k+1 + 24 2QCk+2 k12 k41 + ... +
2N 1QON-1SN-1k+1 + TN PSN k11
N—1
= w{R+2QDik+ Y [5/ QCiS;ps1] + 2N PSnkt1,
i=k+1

which is used in the following algorithm that calculates the objective function gradient when
the sensitivities are obtained by the alternative approach in algorithm 6.8.

Algorithm 6.9 Calculate V,J, alternative formulation
1: fork=0to N —2do

2: P =0

3 fori=k+1toN—1do

4: Y =10+ 21'QC;Si ki1

5.  end for

6:  VuJ[kNy+1: (k+1)Ny] = RTup + DfQz, + 97 + S 1., Pan
7: end for

8 VuJ[(N = 1)N, +1: NN,] = RTuy_1 + D§_ Qzn—1 + 5§ y Py

The sensitivities calculated in algorithm 6.8 can also be used to build the impulse response
matrix in algorithm 6.10. Observe that these two algorithms are quite simple as most of
the work is done in algorithm 6.8. In fact, algorithm 6.9 and 6.10 only calculate how the
sensitivity from the control variables to the state variables propagates through the output
equations and the objective function.

Algorithm 6.10 Calculate impulse response matrix =, alternative formulation

1: for k=1to N do

22 E[(k—1)N.+1:kN,,(k—1)N,+1:kN,| =Dy

33 forn=k+1toN do

4: El(n—=1)N,+1:nN,,(k—1)Ny +1:kN,] = Cp_1Sn—1
5.  end for

6: end for

45



6 Calculating derivative information for NMPC optimization
6.5 Runtime considerations

In this section, theoretical bounds for runtimes of the different algorithms are developed. The
notation in definition 2 which describes the limiting behavior of functions is used to describe
runtime as function of problem input size. The results from this section will be compared
with actual simulation results on some real world benchmark examples later.

Algorithm 6.1 - Calculate V,J - Finite differences

First, the model is simulated forward in time using the nominal input, involving N itera-
tions of the nonlinear model equations. Then, the algorithm iterates the nonlinear model
N, 2,]{\;1 k = %NUN(N + 1) times in order to calculate the perturbed objective function
values for all the inputs. This results in runtime O(N?).

If a continuous time model is used the only modification needed is to instead invoke an ODE
solver to obtain the solution at the sampling instants instead of iterating the discrete model
equations. In this case, the runtime for iterating the model one sample interval will also depend
on the length of the sampling intervals T and thus, the runtime will be O(N?T?) = (’)(t%)
where t; is the end of the horizon.

Algorithm 6.2 - Calculate V,J - Forward method

The model equations are iterated N times during the forward solve. Next, with the two nested
for-loops a number of O(N?) matrix multiplications are required, and thus the runtime will
be O(N?).

Algorithm 6.3 - Calculate V,J - Adjoint method

The model is again simulated forward in time resulting in N iterations of the model equations.
The state variables 2y, k € {1,..., N} need to be stored for the backward solve, and therefore
the internal memory must be large enough to fit this trajectory. Then V,.J can be found

by doing one additional reverse simulation. The runtime will only be O(N) which is a huge
improvement compared to O(N?) for algorithm 6.2 and 6.1.

Algorithm 6.4 - Calculate impulse response matrix = - Finite differences

Similar as for the objective function gradient, N iterations of the model are needed for
the nominal control input, and additional N, Z{f;llk = LN, (N — 1)N iterations for the
perturbed control inputs, resulting in runtime O(N?).

Again, if a continuous time model is used, the runtime will instead be O(N*T7) = O(t})
since the length of each sampling interval will also be of importance for a continuous time
ODE solver.

Algorithm 6.5 - Calculate impulse response matrix = - Forward method

First the model equations are iterated N times. Then, inspection of algorithm 6.5 and table
6.1 reveals that -0 'k + 31| k = N2 matrix multiplications are needed. The runtime is
O(N?).

Algorithm 6.6 - Calculate impulse response matrix = - Adjoint method

First the model equations are iterated N times. By inspecting algorithm 6.6 and table 6.2
we see that S0 'k + S, k = N2 matrix multiplications are needed. Therefore also this
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6 Calculating derivative information for NMPC optimization

algorithm will have runtime O(NN?) if the full impulse response matrix is to be found. If output
constraints are only enforced in a number of N,. points on the horizon, this algorithm will
have runtime O(N N,.) since only N, rows of the impulse response matrix are computed.

Algorithm 6.7 - Solve sensitivity equations

The ODEs are integrated over a interval of length N7T; = ¢; and the runtime will therefore
be O(NTs) = O(ty).

Algorithm 6.8 - Solve sensitivity equations, alternative formulation

The ODEs are integrated over a interval of length 2115;11 kT, = SN(N—1)T, = (N —1)ts
resulting in runtime O(N?Ty) = O(Nty).

Algorithm 6.9, Calculate V,J, alternative formulation

This algorithm will also have runtime O(N?). Compared to algorithm 6.2 fewer matrix
multiplications are needed in each iteration as some of these matrix multiplications will already
be incorporated in the integration of the sensitivity equations by the alternative approach.

Algorithm 6.10, Calculate impulse response matrix =, alternative formulation

Again the runtime will be O(N?). Also here, compared to algorithm 6.5 fewer matrix multi-
plications are needed in each iteration since these are incorporated in the integration of the
sensitivity equations by the alternative approach.

Summary

For discrete time systems algorithm 6.1, 6.2 or 6.3 may be used to calculate objective function
gradient V,,J. Here, the adjoint method (algorithm 6.3) should be preferred since this method
is much faster. This will be demonstrated later. Calculating the impulse response matrix = for
discrete time systems can be done by either algorithm 6.4, 6.5 or 6.6. This matrix is required
by algorithms that use constraint gradient information of output constraints. If constraints
are not enforced on all the points of the horizon, the adjoint method can benefit from this by
only calculating some of the rows in the impulse response matrix. The forward method can
not exploit this since structure of the impulse response matrix is exploited column-wise.

For continuous-discrete systems the algorithms presented earlier can be combined in different
ways to obtain V,J or Z. Some properties and runtimes are summarized in the following
tables.
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Table 6.3: Summary of algorithms for calculating V,,J for continuous-discrete systems

Algorithms

Properties

6.1

Integration length O(t?) for nonlinear system ODE of dimension N,.

6.7 and 6.2

Integration length O(ty) for nonlinear system ODE of dimension IV, and sen-
sitivity ODE of dimension N, (N, + N,).

O(N?) matrix multiplications.

Insertion 'on the-fly’ possible.

6.7 and 6.3

Integration length O(ts) for nonlinear system ODE of dimension N, and sen-
sitivity ODE of dimension N, (N, + N,).

O(N) matrix multiplications.

Insertion 'on the-fly' not possible. Sensitivity matrices (A, By;) need to be
stored in memory during the forward solve as they are needed in reverse order
during the reverse solve.

6.8 and 6.9

Integration length O(N?T,) = O(Nty) for nonlinear system ODE of dimen-
sion N, and sensitivity ODE of dimension N, N,.

O(N?) matrix multiplications.
Efficient when N, >> N, as dimension of sensitivity ODE is reduced.

Insertion 'on the-fly’ possible.
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Table 6.4: Summary of algorithms for calculating = for continuous-discrete systems

Algorithms Properties
6.4 e Integration length O(t?) for nonlinear system ODE of dimension N,.
6.7 and 6.5 e Integration length O(ty) for nonlinear system ODE of dimension NV, and sen-

sitivity ODE of dimension N, (N, + N,).
e O(N?) matrix multiplications.

e Insertion 'on the-fly’ possible.

6.7 and 6.6 e Integration length O(t) for nonlinear system ODE of dimension INV,; and sen-

sitivity ODE of dimension N, (N, + N,).

e O(NN,.) matrix multiplications.

e Insertion 'on the-fly’ not possible. Sensitivity matrices (A, B) need to be
stored in memory during the forward solve as they are needed in reverse order

during the reverse solve.

6.8 and 6.10 e Integration length O(N?T;) = O(Nty) for nonlinear system ODE of dimen-

sion N, and sensitivity ODE of dimension N,N,,.
e O(N?) matrix multiplications.
e Efficient when N, >> N, as dimension of sensitivity ODE is reduced.

e Insertion 'on the-fly’ possible.

6.6 Simulation examples

In this section efficiency of implementations of the different algorithms will be investigated
and compared to the theoretical considerations above. All the simulations in this thesis are
performed on a laptop computer with software and hardware listed in appendix A-2. All
simulations involving runtime measurement are done several times and averaged to obtain
more accurate results (10 - 100 times, depending on runtime for each algorithm). Runtime
is measured using a stop watch timer measuring CPU time.

Simple nonlinear discrete model

For the discrete time case the runtime for each of the algorithms will depend on how fast the
linear algebra can be done. The following simple discrete time nonlinear system is used to
investigate and compare efficiency of algorithm 6.1, 6.2 and 6.3 for computing the objective
function gradient.
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ziall] = xkk[l] + k(20 + up 1],
xp1(2] = xx[2]sin(k) — zx[1]k + ug[2], (6.31)
Zk = xk[l] + :Uk[Q] + 0.1uk[1] + 0.2uk[2],

which of the Jacobians are given by

Ak:[_}fk zf;k([s)]]Bk:[é g],(}k:[l 1], Dp=[01 02].

This system can be stabilized by using the state feedback linearization control law

uilk] = —aafk],
UQ[k] = :L'l[k‘}k‘
N-1
Gradient calculation of the objective function J = 3 Z[%{sz + u} Ruy] + 324 P,
k=0

where @), R and P set to the identity, is implemented in obj_grad.m.

First the system is simulated with the feedback linearization controller with initial value
T . . . .
z1=[1 1]". The input and output trajectories are shown in 6.3.

Figure 6.3: Simple nonlinear discrete model - Solution

(a) Control (b) Output

The objective function gradient with time horizon length N = 10 is calculated first by finite
differences in algorithm 6.1. Then the calculation is done by the forward method in algorithm
6.2, and finally by the adjoint method in algorithm 6.3. The gradient found by the adjoint and
the forward method deviate by order of magnitude 10716 which is about the double precision
in Matlab. The gradient calculated using finite differences is computed using perturbation
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size 10710, The gradient obtained by finite differences deviates slightly from those obtained
by the forward and the adjoint method. This is expected and must be attributed to that
gradient computation by finite differences is not exact in contrast to the forward and the
adjoint method which will be exact up to numerical precision.

Runtime simulations

Gradient calculation for the test system (6.31) was measured using different time horizon
lengths. The runtime of the different methods are compared in figure 6.4. As expected, the
adjoint method becomes more superior as the horizon length is increased. The runtime of
the forward method and calculation by finite differences for this example is clearly O(N?).
Runtime for the adjoint method is shown in more detail in figure 6.4b (same as red line in
figure 6.4a). As we see, the runtime for the adjoint method for this example is O(NN). These
results are consistent with the theoretical bounds found earlier.

Figure 6.4: Runtime - Calculate V., J
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This simple example demonstrates that the adjoint method can be very powerful for gradient
calculation of the NMPC objective function.

Van de Vusse reactor

In this section we will present a model of a Van de Vusse reaction scheme which is to be
used for benchmarking of the continuous-discrete case. This reactor has frequently been used
as a benchmark problem for nonlinear control design. Its highly nonlinear behavior is among
several of the properties which is desirable in terms of offering comparison fairness.

The reaction scheme is comprised by two concentration balances of the reactant ¢4 and the
the wanted product cg. Thus, the main reaction is A — B. In addition the side reactions
2A — D and B — C which both yield unwanted products take place.
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6 Calculating derivative information for NMPC optimization

The model also contains energy balances for the reactor temperature T' and the cooling jacket
temperature T,.. The model and parameters for the reactor are taken from [22].

Figure 6.5: Van de Vusse reactor

= )

4, Cin, T’Ln

Q
2A — D
A—-B—-C
A,B,C,D
—_—
\_ CB,(],T

Table 6.5: Van de Vusse reactor parameters

Parameter Unit
o = 30.8285 3
— K
k1o = (1.287) - 1012 7
kao = (9.042) - 106 m’:; -
AHup = —41.85 Lo
— kJ
Cin = 5100 £ 600 mol
m
3 = 86.668 7
—4 m> K
6 =3.556-10 i
T, = 104.9 K
E{ =9758.3 dimensionless
Ey = 8560 dimensionless
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The nonlinear system model is given by

i = —ki(T)ea — ko(T)A + [cin — ca]ug,

¢g = ki(T)[ca —cB] — cpu,

T = h(CA,CB,T) + o [Tc - T] + [Tm - T] U1,

T. = BT —T]+ yus, (6.32)

where the reaction enthalpy contribution is modeled by

h(CA,CB,T) = -0 (kl(T) [CAAHAB + CBAHBC] + k’Q(T)CZAHAD) .
The reaction kinetics are modeled using Arrhenius functions for the temperature
(r2riss)
kZ(T) = kioe T+273.15 y 1= 1, 2.

The controlled inputs are

w = —L
Vg’
U2 = Q

uy is the flow rate into the reactor g scaled by the reactor volume Vi and is therefore measured

in % ug is the the cooling capacity measured in % Note that uy < 0.

To understand the fundamental behavior and properties of the reactor, its steady state solution
has been found in vdv_ss.m where (6.32) is numerically solved for the state variables with
all derivatives set to zero. The solutions for a grid of different values for u; and us are shown
in figure 6.6.
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Figure 6.6: Steady state solution of Van de Vusse reactor
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One would probably like to maximize the concentration of the wanted product c¢p around the

top shown in the figure above.

The reactor model is implemented and simulated using the solver CVODES. Documentation

iderations regarding the solver and user interface for CVODES can be

for mathematical cons

found in [13].

The following scenario is simulated:

The in

itial conditions are set to

= 100 °C.

T.(0)
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6 Calculating derivative information for NMPC optimization

The system is simulated for 1 hour, with a sampling interval set to 72 seconds (75 = 72s,
ty =1h and N = 50)

The following inputs are used to excite the system dynamics

12 0<t<2/3h
(= {10p 0=t
1+ 2/3<t<1h

= =

—3000 &2 0<t<1/3
u(t) = kJ
~1000 52 1/3<t<1
Simulation of the reactor model, integration of sensitivity equations using algorithms 6.7 and
6.8, and calculation of the impulse response matrix = using both algorithm 6.5, 6.6 and 6.10
is implemented. Calculation of the impulse response matrix where no structure is exploited
is also implemented in order to compare runtime with the forward and the adjoint method.

The simulation environment is written in Matlab which invokes the CVODES solver via mex
files which were built as an additional interface when compiling CVODES.

Table 6.6: Organization of files for simulation of Van de Vusse reactor

File Purpose

cvodes_vdv.m This is the main script which implements algorithm 6.7 and invokes
the CVODES solver routine to solve the nonlinear ODE and the
sensitivity systems. Then the impulse response matrix is computed
using algorithm 6.5 and algorithm 6.6.

cvodes_vdv_alt.m This is the main script which implements algorithm 6.8 and invokes
the CVODES solver routine to solve the nonlinear ODE and the
sensitivity systems. Then the impulse response matrix is computed
using algorithm 6.10.

cvodes_vdv_f.m Provides the nonlinear model.

cvodes_vdv_J.m Provides Jacobian of the nonlinear model.

cvodes_vdv_£fS.m Provides right hand side of the sensitivity systems (6.25) and (6.27).
cvodes_vdv_alt_fS.m Provides right hand side of the sensitivity system (6.30).

The files cvodes_vdv_J.m, cvodes_vdv_fS.m and cvodes_vdv_alt_£S.m provide the Ja-
cobian of the nonlinear ODE and the sensitivity systems. The Jacobians needed in these
equations are

0ca  0ca  0cp  0én déa Oéa

Ocy Ocp 0T  OI. Ou;  Oug

— cA CB g c — ul U2
A)=| o o o of |- B(t)=| or or
Ocy Ocp 0T Ol Ou;  Oug

T, 0T. 091. OT: T, OT:

dcp  Ocp oT T, ou1 Ousg
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Each of the elements can be obtained from direct differentiation of (6.32) by hand.

0éy
dca
oca
dcp
0¢a
oT
0éy
oT,
0¢gp
dca
Ocgp
dcy
O¢gp
or
0¢gp
oT,
oT
dca
oT
dcp
oT
oT
oT
oT,
oT,
Ocy
oT..
ocg
oT,
oT
oT,
oT,

—kl(T) — 2k2(T)CA — Ui,

0,
E E
ey (D)t g — k(T ———2— (3,
(T + 273.15) (T + 273.15)
0,
ki (T),
_kl(T) — Ui,
E

k1(T)———————=(ca — cB),

W) g A )
0,

-0 [k‘l(T)AHAB + QkQ(T)CAAHAD] ,

—0ki(T)AHpc,

Eq

0 |(T) (T + 273.15)

B,

_67
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Es

(T + 273.15)

262AAHAD — QO — Uy,
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with respect to the state variables, and

0¢a
Auy
0¢a
g
o¢p
Auy
oép
Auy
oT
Ouy
oT
g
oT.,
ouq
oT.
8u2

with respect to the control variables.

Cin — CA,

v

For more complex systems which may be intractable to differentiate by hand these Jaco-
bians could have been obtained by finite differences or automatic differentiation. The latter

approach should be preferred since it is exact.

The solution of the system ODE at each sample instant is shown in figure 6.7.

Figure 6.7: Van de Vusse reactor - Solution
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The sensitivities found at each sample instant are shown for the state variables in figure
6.8 and for the control variables in figure 6.9. These are the sensitivities obtained from the
implementation of algorithm 6.7 in cvodes_vdv.m.
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Figure 6.8: Van de Vusse reactor - State sensitivities
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Figure 6.9: Van de Vusse reactor - Control sensitivities
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Simulation of the reactor model and calculation of = by using algorithm 6.4 with finite
differences has also been implemented in finite_diff_vdv.m using the Matlab solver ode15s
to verify that this gave the same result.

Even though the implementation of the algorithms was fairly straightforward from the devel-
oped pseudo code, some modifications had to be made to algorithm 6.7 and 6.8 for integrating
sensitivities. When invoking CVODES to integrate the ODEs to a specific time ¢t = kT it
integrates to a value past t = kT, and then interpolates back and returns the solution at
t = kTs. However, when invoking CVODES again, it continues from its internal time value.
Since the integration continued past ¢ = kT, with control input u;_1, we cannot continue
the integration from this point. Both the nonlinear ODE and the sensitivity ODEs need to
be reinitialized at t = kT, before the integration continues with control input u; to obtain
the solution at the next sampling instant ¢ = [k + 1|T5. Even though this is quite obvious,
reinitialization of the ODEs at every sampling instant has severe impact on the runtime as the
solver has to start over with small step-sizes each time and essentially a new ODE is solved
for each sample interval.

Runtime simulations

In this part, runtimes of the different algorithms for calculating the impulse response matrix
= will be measured and compared with the runtime considerations made for each algorithm
earlier.

To compare runtimes we would like to run the algorithms with different input sizes. The
number of operations needed to build the impulse response matrix in algorithm 6.5, 6.6 and
6.10 will only depend on the number of sampling instants on the horizon and the speed
at which the linear algebra can be performed as no integration of sensitivities is involved.
Runtimes for different input sizes IV for these algorithms are shown in figure 6.10. A method
that does not exploit any structure of the impulse response matrix has also been implemented
to highlight the importance of taking structure into account.
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6 Calculating derivative information for NMPC optimization

Figure 6.10: Runtime - Calculate =
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As expected figure 6.10 shows that runtime for the forward and the adjoint method and also
the alternative method is O(N?). Observe the dramatic increase in runtime when no structure
of the impulse response matrix is exploited. The runtime for this method is O(N?3) which
is consistent with the figure above. Note that this method is only included for comparison
purpose, and should not be used since the forward or the adjoint method is much faster.

The runtime for algorithm 6.7 where sensitivity ODEs are solved will depend on the length of
integration which is ty = NTj, i.e. the runtime is O(ty) = O(NT,) (under the assumption
that the solver has a predefined minimum step-length). Solution of the sensitivity ODEs
using the alternative approach in algorithm 6.8 will depend both on simulation time ¢; and
number of sampling instants N since the runtime was found to be O(N?T,) = O(Nty).
This leaves 3 different possibilities for simulating runtime with different input sizes. All these
3 combinations are investigated and the values used to compare runtime for the different
scenarios are listed in table 6.7.
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6 Calculating derivative information for NMPC optimization

Table 6.7: Inputs for comparing runtime

N, T, variable, t; constant tr, T, variable, N constant tr, N variable, T constant
— — 1 2 3 — 1 2 3
tf—l tf—%,fo,%,,l tft—%,%,fo,,l
N =5,10,15,...,100 N =100 N:Tj;:57107157"'100
—t7 1 1 1 1 —t; 1 2 3 1 — 1
Ts =N =5%700150 100 Ls = N = 30000 20000 2000° ** *> 100 Ts = 100

Figure 6.11: Runtime - CVODES integration, N, T} variable, ¢ constant
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Observe that for t; constant, the integration length for algorithm 6.7 is constant, and since
the runtime was found to be O(ty) = O(NT;) one might not expect the result shown in
the figure above. However, as noted earlier, the required reinitialization of both the nonlinear
ODE and the sensitivity systems at each sample instant will cause that the runtime also
will increase by increasing the number of sampling points NV on a fixed horizon length ¢
since the solver starts over again with small step-sizes after each reinitialization. By not
doing the reinitialization the runtime for algorithm 6.7 was observed to be constant and
not dependent on the length of the sampling interval T;. Omitting the reinitializations will
of course yield an incorrect algorithm and produce an inexact impulse response matrix but
this shows that the increase in runtime shown for algorithm 6.7 in figure 6.11 should be
attributed to reinitialization of the ODEs. The theoretical runtime for algorithm 6.8 was
earlier found to be O(N?T;) = O(Nts) and from this one might expect a linear growth in
runtime with ¢ kept constant. The same issue also occurs here, namely that reinitialization
of the ODEs also results in the simulated runtime not appearing as O(N). Again, omitting
these reinitializations resulted in the measured runtime to appear as O(IV) when t; is kept
constant. Despite that the runtimes for these algorithms does not appear to be equal to the
theoretical bounds, they will satisfy definition 2. Under the assumption that the solver has a
minimum step-size and thus, there exists an upper bound on the amount of time required to
integrate across an interval, these theoretical upper bounds for runtime will still hold.
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6 Calculating derivative information for NMPC optimization

Figure 6.12: Runtime - CVODES integration, t¢, T variable, N constant
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Also in figure 6.12 the observed runtime is not entirely as expected from the theoretical
considerations. The runtimes for algorithm 6.7 and 6.8 are both expected to be O(t) =
O(Ts) when N is kept constant. Also here, the runtime is affected by reinitializations. One
might argue that the reason for the runtime not to appear as linear here is that when t; and
thereby T is increased the solver takes longer steps at the end of a sample interval compared
to when T is very small. In other words, the effect of reinitializing the ODEs will have more

impact on the runtime for shorter sample intervals.

Figure 6.13: Runtime - CVODES integration, ¢y, N variable, T constant
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The results shown in figure 6.13 are consistent with considerations made earlier. Runtime for
algorithm 6.7 is O(NN) when Ty is kept constant. In this case, the number of reinitializations
also increase by increasing ¢ty and IV and since T is kept constant the effect discussed above
when N is kept constant will not occur here which is the reason for the runtime still appearing
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6 Calculating derivative information for NMPC optimization

as linear. The same can be said about algorithm 6.8 whose runtime is O(N?) during which
T is kept constant.

Observe that when the alternative formulation in algorithm 6.8 is used for integration of
sensitivities, the runtime becomes very large compared to the other approach in algorithm
6.7. The reactor benchmark example used here has fixed number of states N, = 4 and
thus it is not favored by algorithm 6.8. The alternative approach would probably prove itself
better for a system with many states compared to inputs. This is to be investigated next
by considering a high dimensional approximation of an infinite dimensional partial differential
equation (PDE). Another lesson learned from implementing these algorithms with the Van
de Vusse reactor model is that runtime for integration of sensitivities is large compared to
runtime for algorithm 6.5, 6.6 or 6.10 which builds the impulse response matrix from these
sensitivities. When structure of the impulse response matrix is not exploited, also observe
that runtime for building = could easily be in the same order of magnitude as the sensitivity
integration. An important note to make here is therefore that this approach should never be
used as it does not exploit the special structure of this matrix and does a lot of the same
matrix multiplications more than one time.

The heat equation

In the previous section algorithm 6.8 did not prove itself very efficient for the Van de Vusse
reactor with N, = 4. In this section a finite dimensional approximation of the heat equation
is used as a benchmarking example to investigate the effect of having a large number of states
compared to inputs.

Consider the heat equation in one dimension

ov 0%

E(w,t) )
W(x,t) is the temperature distribution in the medium which is assumed to have length 1.
Moreover, assume that the temperature at the end of the medium is fixed to ¥(1,¢) = 0, and
that the temperature on the other end can be directly controlled, i.e. ¥(0,t) = u(t). This
system is infinite dimensional, but it can be approximated by a finite dimensional system of
high dimension by partitioning the medium in finite intervals of length A, each of which will
be assigned a state variable.

Define

(x,t), x €[0,1], t > 0.

i = V(A), A=1/(Ny+1),i=0,...,Ny; + 1.

Note that g and 1x,+1 are given by the boundary conditions. The PDE can be discretized

by approximating the term % by a second order central finite difference approximation.

Consider the Taylor series

2 3

Vi) = i)+ ST GA DA+ T T A 0N+ TLGA DA 4 (639)
2 3

Gia(t) = wi(t)—g—i(iA,t)A g‘f(m £HA? - 23@ HA® 1 ... (6.34)
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6 Calculating derivative information for NMPC optimization

Adding (6.33) and (6.34) and rearranging yields

2
%(m, t) = % (Wi41(8) = 204(t) + i (1)) + O(A?).

By using this approximation and neglecting higher order terms we can write

D) ~ % (i1 (£) — 205(t) + ir(t)) i = 1,... Ny,

This equation can be transformed to state space form (recall that 1o (t) = u(t) and ¥, 11 =

Pa(t) . 1 =2 Pa(t) . 0
1!)5(75) ~ F 0 R 0 'QZ}?)'(t) =+ E 0 u(t)
E . =92 1 : :
e 0
YN, (t) 0 ... 0 1 =2 ¥ (¢) —
A

Table 6.8: Organization of files for simulation of the heat equation

File Purpose

cvodes_pde.m This is the main script which implements algorithm 6.7 and invokes
the CVODES solver routine to solve the nonlinear ODE and the
sensitivity systems. Then the impulse response matrix is computed
by algorithm 6.5 and algorithm 6.6.

cvodes_pde_alt.m This is the main script which implements algorithm 6.8 and invokes
the CVODES solver routine to solve the nonlinear ODE and the
sensitivity systems. Then the impulse response matrix is computed
by algorithm 6.10.

cvodes_pde_f.m Provides the nonlinear model.

cvodes_pde_J.m Provides Jacobian of the nonlinear mode.

cvodes_pde_fS.m Provides right hand side of the sensitivity systems (6.25) and (6.27).
cvodes_pde_fS_alt.m Provides right hand side of the sensitivity system (6.30).

The zero input response with a concentrated initial temperature profile in two locations and
the zero state response with sinusoidal input is shown in figure 6.14. The number of states
for these simulations was set to N, = 50.
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Figure 6.14: Heat equation - Solution
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Figure 6.15: Runtime - CVODES integration
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As seen from figure 6.15 where runtimes are shown for different number of state variables IV,
algorithm 6.8 may outperform algorithm 6.7 when the dimension of the sate vector is large
compared to the dimension of the control vector. The dimension of the sensitivity ODE is
(N + Ny,)N,, for algorithm 6.7 and N, N,, for algorithm 6.8. It is expected that the runtime
will somehow be related to the dimension of the sensitivity ODE which increases quadratically
with N, for algorithm 6.7 but only linearly with N, for algorithm 6.8.

Even though this example may be extreme in terms of number of state variables compared
to the number of control variables it proves that algorithm 6.8 may outperform algorithm 6.7
for certain types of systems.
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6 Calculating derivative information for NMPC optimization
6.7 Concluding remarks

In this section different approaches for calculating the objective function gradient and the
impulse response matrix have been developed. Some theoretical bounds on runtimes were
given for each algorithm. Efficiency of the different algorithms was compared by implementing
suitable benchmark problems.

The results from these simulations are not to be considered as a definite answer to which
algorithm that is best suited. Hopefully some general issues that need to be considered when
choosing an approach for a specific example has been highlighted.

The main concern in the discussion above has been how to minimize computation time and it
is assumed that internal memory is not a limitation. In applications of NMPC the information
may fit well in the internal memory, but this may not be true if these algorithms are to be
used in for example simulations of reservoirs or any other large scale model.

We have demonstrated that calculation of the objective function gradient can be done very
efficiently by the adjoint method. Calculation of the impulse response matrix using adjoints
can can benefit from removing output constraints on parts of the horizon. However much of
the potential of adjoints is lost since one adjoint system must be solved for each point on the
horizon.

We also developed some algorithms for integration of sensitivities for continuous-discrete
models. Simulations demonstrated that the alternative method may in some cases be a
better approach for system models where N, is large as the dimension of the sensitivity ODE
is reduced significantly. However, this comes at the expense of increasing the total integration
length.
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7 Efficiently handling output constraints
using adjoint gradient calculation

In the previous section, methods and algorithms for calculating the objective function gradient
and the impulse response matrix have been discussed. As demonstrated, obtaining this matrix
can be very expensive since it involves time-consuming simulations. The impulse response
matrix is the constraint gradient information needed by SQP type optimization algorithms
when constraints on the outputs are present. As already discussed, there are several issues to
consider and choices to make when choosing a method for computing this matrix.

Compared to obtaining the full impulse response matrix calculation of V,J by the adjoint
method will be very efficient since only the sensitivity of a scalar function with respect to a
large number of parameters is of interest. Motivated by this fact, it would be desirable if the
optimization algorithm did not require calculation of the full impulse response matrix, but
only the sensitivity of a scalar function or functional, still with output constraints present.
In this section the main concern will be different approaches for NMPC optimization where
constraint gradient information is not required and thus adjoint gradient calculation will be
extremely efficient compared to the other available approaches. This section continues the
presentation of the more general optimization methods in section 3 in the context of NMPC.

7.1 Interior point methods

Barrier and interior point methods were briefly introduced in section 3.5. These methods
ensure that the inequality constraints are satisfied by adding a logarithmic penalty term
which tends to infinity at the barrier. Stating the NMPC problem this way would lead to an
unconstrained problem provided that the problem is posed by single shooting removing the
system model as equality constraint.

Barrier function methods for MPC and gradient recentered self-concordant barrier functions
are discussed in [23] and [19].

Let the self-concordant barrier function for the outputs B(t) be defined by

B(t) = —In(tmaz — t) — In(—tmin + 1),

and the gradient recentered self-concordant barrier function B(t) be defined as

B(t) = B(t) — B(0) — [V,B(0)]" t.
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7 Efficiently handling output constraints using adjoint gradient calculation

The functions B(t) (dashed red) and puB(t) for different values of y are illustrated in figure
7.1 where tin, = —1 and t,,4, = 2 together with the exact indicator function (3.13) which
is zero everywhere except from on the boundary.

Figure 7.1: Barrier functions

10

Observe that the minimum of B(t) is located at ¢ = 0.5 while the recentered barrier function
uB(t) has its minimum at the origin. This is desirable when the objective function also
achieves its minimum at the origin. Not recentering the barrier functions could lead to a bias
that results in the steady state solution not converging to the origin [23]. It is also possible
to recenter the barrier function around a trajectory, if an objective function is on the form
(2.1) is used.

If the feasible set G is defined by a number of m constraints, each of them defined by G; so
that the resulting feasible set is the intersection between them G = (| G;, one may define
the barrier function F for G as F' =) ", F; where F; are the barrier functions for G; [19].

Using this approach, the original NMPC optimization problem (2.2)-(2.7) may then instead
be posed as

N-1
1 1
min J = 5 Z 2, sz + up, Ruk] + xNP:DN (7.1)
k=0
N-1 Nu N—-1 N,
” 3t r2)
k=0 =1 k=1 =1
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7 Efficiently handling output constraints using adjoint gradient calculation

subject to

Tk+1 = f(xkvuk’tk)a (73)
2z = g(zk, ug, tr), (7.4)
zg = x(to). (7.5)

Posing this problem with only u; as the free optimization variables it is an unconstrained
optimization problem where the adjoint method could be employed efficiently for gradient
calculation.

As shown in figure 7.1, the function pB(t) approaches the exact indicator function as y — 0.
However, the optimization problem becomes arbitrarily ill conditioned as n — 0. The problem
is that the objective becomes extremely nonlinear at the boundary. This is the reason why
interior point methods fell out of favor for decades before again gaining popularity. Modern
interior point methods take precautions to deal with this ill conditioning.

[23] argues that it might not be necessary to let u tend to zero (thus the importance of
recentering the barrier functions). It has been demonstrated that freezing 1 to a value much
greater than zero results in a controller that will be more cautious near the constraint boundary
and will provide a more smooth transition between the active and inactive constraints [23]. It
was also demonstrated that the trajectories away from the boundary are similar to the exact
solution.

Early interior point methods did not use slack variables and states the problem on the form
(3.14)-(3.15) in contrast to more recent methods where the initial point may be infeasible.
A problem on the form (7.1)-(7.5) will require a feasible initial starting point. In NMPC
applications, feedback is incorporated by solving the optimization problem over and over
when new measurements become available. If the plant is subject to large disturbances, these
measurements may deviate from the predicted trajectory as illustrated in figure (2.2). This
deviation can result in a shifting of the predicted initial condition and thereby may result in
that the initial starting point is infeasible.

In NMPC it is also desirable to be able to specify soft constraints by stating the problem as
in (2.8)-(2.13). This formulation includes slack variables € and will also require constraint
gradients in the optimization.

As mentioned, early interior point methods require a feasible initial starting point and iterates
in the optimization will always be feasible [20]. More recent methods can be provided with an
infeasible starting point, but may be designed such that once a feasible iterate is generated,
all subsequent iterates will be feasible. In online applications with real time requirements,
feasibility of the iterates may be a desirable property as the optimization may be stopped
before the actual optimum is reached.

7.2 Constraint lumping

In section 6, we argued that the adjoint method would benefit from not enforcing constraints
on all the parts of the horizon as this reduces the number of output variables to which the
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7 Efficiently handling output constraints using adjoint gradient calculation

sensitivity with respect to the control variables is desired. Another way to make use of the
efficiency of adjoints is to reduce the number of constraints by instead of removing them,
lumping them together. If all the output constraints can be specified in a scalar function,
its gradient with respect to the control variables can be obtained in a similar way as for the
objective function.

The idea is that all the path constraints also will be satisfied by instead satisfying the scalar
function

N-1 N,
C= max (0, zx[7] — 2maz[i]) + max(0, zmin[i] — 2zx[i])] < 0. (7.6)
k=1 i=1

Since C' : RN~ x RN — R, V,C can be calculated efficiently using the adjoint method.

Only one forward simulation and two reverse simulations (one for C' and one for .J) are needed.

A disadvantage with this method is that the max function is not differentiable, and therefore
it is not desirable to use in gradient based optimization techniques [20, 1].

Note that the max function can also be expressed as

T

max(z, 0) = / o(r)dr, (7.7)

—00

where o(7) is the unit step function
1 0
o(z) = { vy (7.8)

By instead using the sigmoid function

s(z,a) = [L4+e ]! (7.9)

as an approximation to the unit step function in (7.7) the following differentiable smooth
approximation of the max function is obtained

max(z,0) =z + — ln(l +e 7). (7.10)

« is a design parameter to be chosen. One should also probably consider using different
weighting for each of the elements in the output vector. Choosing « large results in a more
exact, but also less smooth approximation. Figure 7.2 shows the exact max function and its
derivative along with approximations for different values of .
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7 Efficiently handling output constraints using adjoint gradient calculation

Figure 7.2: Approximations of max(z,0) and o(x)
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This lumping scheme comes at the expense of some ill conditioning. In [2] they apply an SQP
algorithm with a combined trust region and line search method to cope with this. Trust region
methods are known to be more robust against ill conditioning, while line search methods are
cheaper since they do not require repeated solution of the quadratic subproblems. In the
combined trust region and line search framework used in [2], the trust region radius is for that
reason adjusted less often. Hopefully this reduces the total number of quadratic subproblems
while still being able to handle the ill conditioning.

7.3 Penalty methods

Strategies to add the inequality constraints to the objective function are discussed in section
3.3 about penalty methods and in section 3.4 where augmented Lagrangian methods are briefly
discussed. By using a [; penalty function for the output constraints, the NMPC optimization
problem can be posed as

N-1
1
(2 Qz1, + ul Ruy] + iang:L‘N

N

min J =
k

NN
Z Z [max(zminlt] — 2x[],0) + max(—zmaz[t] + 2£[],0)], (7.11)
k=1 i=1

subject to
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ey = flag,ug), (7.12)
2 = g(o,ug), (7.13)
rg = xz(to), (7.14)
Umin < Uk < Umaz- (7.15)

This problem is not unconstrained since there are constraints on the control variables, but
these constraints are much easier to handle. As pointed out in section 3.3, the I; penalty
function is exact provided that ;o > [[A||,,. Choosing p too large would result in an ill
conditioned problem, and choosing 1 too small would not satisfy 11 > ||A|| resulting in that
constraints may be violated. As also pointed out earlier, choosing ;. too small could also
result in the problem being unbounded from below. However, this is not an issue here due to
positive (semi)definiteness of P, and R. Nevertheless, the iterates may still diverge from
the optimal solution, meaning that they are not useful in the sense of progressing towards the
optimum when p is chosen too small.

Similar as for constraint lumping an unavoidable drawback with the max function is indif-
ferentiability and ill conditioning of the objective function. Smooth approximations like for
instance (7.10) should also be used here.

Another alternative may be to use a smoother penalty function like for example the quadratic
formulation in section 3.3. The quadratic penalty function will not be exact, resulting in
that constraints may be violated even though there exists a feasible solution to the hard
constrained problem.

7.4 Simulation example

In this section the model of the Van de Vusse reactor presented in section 6.6 will be used
as a test example to investigate if an exact penalty method can be used in the presence of
output constraints, still allowing for efficient gradient computation by the adjoint method.

Consider the following objective functional including a I; penalty function for constraints on
the output variables

tr
J = % / [(2(t) = 2" ()T Q(2(t) — 2" (t)) + (u(t) — w" ()T R(u(t) — u"(t))] dt(7.16)
0 NZ tf
+u z fs ] /[max(zmm [i] — 2(¢)[7],0) + max(—zmaz[i] + 2(t)[7], 0)]dt
i=1 io

s 1s a vector intended for scaling.
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7 Efficiently handling output constraints using adjoint gradient calculation

The adjoint equations for a functional on this form are derived in appendix A-1 using calculus
of variations. These equations are also specialized to the case of zero order hold parame-
terization of the control signal. Refer to the procedure in the end of appendix A-1 which
evaluates J during the forward integration phase and V,J during the reverse integration
phase by integration of quadratures.

By comparison of (7.16) and (9.1)

p(z(t),ult)) = % [(2() = 2" ()T Q=(t) — 2" (1)) + (ult) — " (£)) T R(u(t) — u'(t))]

N,
+h (Z ps[i)[max(zmin[i] = 2(8)[i], 0) + max(—zmaq[i] + 2()[i], 0)]) :

i=1
v(z(ty)) = 0.

The derivatives are given by

N

PO — - )@+ (Z bl Cminli] = 2(0)[8,0) + 0 (~2masl] +
i=1

D(e(t),ult) _ :

©(z(t),u(t)) is not differentiable, and for that reason not suitable to use with derivative based
optimization techniques. This is a well known issue for exact penalty methods and instead we
use the smooth approximations (7.9) and (7.10) for o(x) and the max function, respectively.

The procedure in the end of appendix A-1 was implemented using CVODES as solver routine.
As noted earlier CVODES uses variable step size methods. When asking for the solution at a
sampling instant CVODES will return the solution at that time instant by using interpolation
techniques. The internal time variable has however continued past that particular sampling
instant such that reinitialization will be needed in order to change the control input at the
right time. This approach was implemented in the algorithms earlier where sensitivities were
obtained by forward analysis, and causes no trouble apart from loosing some speed since
essentially a new ODE is solved for every sampling interval.

When using the adjoint sensitivity capabilities in CVODES this matter will cause some more
trouble. The problem is that solver reinitializations are not allowed during the forward in-
tegration phase since the solution obtained here is also needed during the backward solve.
In order to reproduce the sequence of steps used in the forward solve CVODES relies on a
checkpointing algorithm. This is impossible to do if the solver at some time is reinitialized.
Another problem that makes this nontrivial is discontinuities in the right hand side function
due to the zero order hold parameterization of the control signal.

The first problem was handled by not doing the reinitializations, deliberately letting the solver
integrate past a sample instant without altering the control input. To minimize the error, the
maximum step size was set to a small fraction of the length of a sample interval preventing
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7 Efficiently handling output constraints using adjoint gradient calculation

the integration running to far into the next sampling interval with the control input from the
previous sampling interval. Since setting a maximum step size will slow the algorithm down
and affect runtime severely, a runtime comparison with forward techniques is not attempted
here. Discontinuities due to piecewise constant controls were handled by simply by integrating
over them. Explicitly time dependent discontinuities are known to be easier to handle than
those which are implicitly time dependent through the state vector. In the latter case, a root
finding algorithm would be needed.

The reference trajectory is a ramp transition from set point 1 to set point 2 where cg and T
are the controlled variables.

Set point 1 Set point 2

u,  8.256 1 18.037 +
up —6.239 2 —4.556 127

cg 740 29 960 29
T 87 °C 106 °C
The constraints
mol
CBmaz = 800 3
m

Tmaz = 100 °C,

are imposed on the controlled variables resulting in that the optimum will be located outside
the feasible region. Trial and error resulted in the following objective function parameters

0.1 0 10 0 T
¢ = (0 10>’R:<0 10)’“5:[1 51
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7 Efficiently handling output constraints using adjoint gradient calculation

Table 7.1: Organization of files for NMPC optimization using [; penalty method and adjoints

File

Purpose

nmpc_penalty.m

This is the main script which implements adjoint gradient calculation
and NMPC optimization using a I; penalty method for the output
constraints.

cvodes_vdv_f.m

Provides the nonlinear model.

cvodes_vdv_£fB.m

Provides right hand side of adjoint system.

cvodes_vdv_J.m

Provides Jacobian of the nonlinear model.

cvodes_vdv_JB.m

Provides Jacobian of adjoint system.

cvodes_vdv_q.m

Provides right hand side function for evaluating J using integration
of quadratures.

cvodes_vdv_gB.m

Provides right hand side function for evaluating V,J using reverse
integration of quadratures.

sigmoid.m

Smooth approximation of max function.

sigmoid_z.m

Smooth approximation of step function.

11 _penalty.m

[1 penalty function.

11_penalty_z.m

Derivative of I; penalty function.

plot_fig.m

Plot solution and constraints.
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7 Efficiently handling output constraints using adjoint gradient calculation

Figure 7.3: NMPC optimization with different penalty weights
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As seen from figure 7.3, the constraints are finally resolved as they are penalized more by
increasing 1. When increasing p the optimal solution from the previous value of p was used
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7 Efficiently handling output constraints using adjoint gradient calculation

as initial value. By doing this, the constraints are penalized increasingly as the iterates move
towards the optimum, which makes sense intuitively.

Starting with a too large value of yu resulted in the algorithm not being able to produce a
good solution. The high nonlinearities in the model equations introduce nonconvexity in the
problem through implicit nonlinear equality constraints. Intuitively speaking, starting with a
too ambitious value of i constrains the problem more and limits the number of paths the
iterates are allowed to take when progressing towards the solution.

The results above demonstrate that an exact penalty method can be used to cope with output
constraints using efficient adjoint techniques for gradient calculation. However, the problem
seemed hard to tune and not very robust. Even though the optimization in NMPC typically
has ha hot start from the previous iteration, finding the right value for i online is not a trivial
issue. The goal here is only to demonstrate feasibility of this method, not to necessarily point
out as better alternative than the other approaches with explicit inequality constraints using
forward or finite difference techniques to obtain derivatives.

As noted earlier, the Van de Vusse reactor is known to be a hard problem which makes
it suitable for comparative evaluation of methods. The exact penalty approach was also
implemented with a much simpler nonlinear discrete time example. This problem was much
easier to handle, and the exact penalty method worked remarkably well for this simple test
case. The interested reader may run nmpc_penalty_disc.m for a demonstration. Calculating
the full impulse response matrix for a discrete system involves the same matrix multiplications
as calculating V,,J using the forward method. Due to this fact figure 6.4 is representative in
terms of runtime comparison for one gradient evaluation. While the adjoint method can be
employed very efficiently using a I; penalty method, the forward method has the advantage of
having the full impulse response matrix available. While evaluation of V,J using the adjoint
method is much faster this method also needs to update the penalty parameter u wisely in
order to make useful progress. If one can satisfy all constraints and achieve the optimum using
only a couple of iterations adjusting p, figure 6.4 suggests that the adjoint /; penalty method
will outperform every other method using forward techniques to obtain gradient information.

For both these examples using a smooth approximations of the max function and its derivative
was a necessity in order for the optimization algorithm to produce useful iterates and for the
algorithm to work.

Another good point to make about penalty and barrier methods is that an objective functional
as for instance (7.16) will have the advantage that constraints can be satisfied exactly for the
whole continuous time output trajectory (not only at the sampling instants).
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8 Summary and final remarks

Through this thesis, the main focus is how to efficiently compute derivative information for
use in NMPC optimization. This is essential for a fast NMPC algorithm as computation of
derivative information can be very time-consuming.

In the first sections NMPC is briefly introduced and notation is defined. The next section
introduces some general optimization techniques. Section 4 is about general techniques for
derivative calculation. The reader is introduced to the concept of forward and the reverse
mode of automatic differentiation. Section 5 is about sensitivity analysis of mathematical
models, which is very closely related to NMPC. The point to be made in these two sections is
that forward methods are efficient when sensitivity of a high dimensional function with respect
to a few number of parameters is to be found. For the opposite case, when the sensitivity of
a low dimensional function with respect to a large number of parameters is required, adjoint
or reverse techniques are most efficient.

Section 6 discusses calculation of derivatives in the context of NMPC. First, algorithms for
obtaining the objective function gradient V,.J are derived. As one might expect from the
discussion in section 4 and 5, in terms of runtime the adjoint method is superior for obtaining
VuJ. However, most optimization algorithms like for instance SQP also need constraint
gradient information which is given by the impulse response matrix of the linearized system
model. Constraint gradients for the control variables are trivial to obtain. If the problem is
posed by single shooting, obtaining the constraint gradient for the output variables is however
not trivial. Since these constraints typically are enforced on every point on the horizon, they
are sometimes referred to as path constraints. These output variables are coupled through
nonlinear dynamics from the control variables. Hence, the sensitivity of a large number of
output variables with respect to a large number of control variables is needed. In this case
the forward method may be just as efficient as the adjoint method. In addition the adjoint
method requires more memory as the state trajectory from the forward solve is needed in the
reverse solve. Roughly speaking, obtaining the output constraint gradient at one time instant
on the horizon requires one additional reverse simulation when using the adjoint method. For
that reason, not enforcing output constraints at every point on the horizon will result in the
adjoint method being faster than the forward method, but also requiring more memory.

Next, continuous-discrete models are discussed. Integration of sensitivity equations are needed
in order to discretize the system. Two different methods are presented. The first method is
best suited for systems with rather few states. The alternative formulation favors systems
with a large number of states where the dimension of the sensitivity equations are reduced at
the expense that the total integration length is more than one time the horizon length.

All the different methods in section 6 are presented as pseudo code. In the end of this
section these algorithms are implemented with some benchmark examples to demonstrate
and compare theoretical bounds for runtimes with practical experience from simulations.
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8 Summary and final remarks

As noted earlier, when there are no constraints on the output variables, derivative information
can be obtained very efficiently using the adjoint method. The next question is at which
extent adjoint gradient calculation still can be employed efficiently in the presence of output
constraints. In section 7 some methods presented in the literature are reviewed. The key
element in all these methods is to use an optimization algorithm that does not specify the
output constraints explicitly. Instead they are satisfied by including a penalty term in the
objective function or by lumping the constraints into one equivalent scalar constraint. This
approach will introduce some new challenges like for instance how to update the penalty
parameter or the barrier weighting parameter in penalty and interior point methods. However,
this will allow for very efficient gradient calculation by the adjoint method as only sensitivity of
a low dimensional function is needed. The hope is that the overall performance will increase
despite of the introduction of some additional difficulties to overcome. In the end of this
section NMPC optimization for the Van de Vusse reaction scheme using a [; penalty method
was implemented. There were some difficulties implementing this example using the adjoint
capabilities in CVODES due to discontinuities in the right hand side function and the fact that
CVODES uses variable step size methods. For that reason a complete comparable evaluation
of forward and adjoint methods was not attempted. Nevertheless, implementing a I; penalty
function to cope with output constraints still demonstrates the feasibility of the method on
a hard control problem.

The various methods for calculation of derivatives all have advantages and disadvantages.
Choosing the right method will be highly problem dependent. The purpose is not to point
out one method as better than the other, but to highlight some of the issues one might want
to consider when choosing the appropriate method for a specific problem.

Through this thesis we have demonstrated that adjoint methods can be extremely efficient,
but they also introduce some other severe difficulties. The author's impression is that despite
the efficiency of adjoints for these type of problems, solving sensitivity equations using forward
techniques can in many cases be a much better alternative since structure can be exploited by
solving these in parallel with the nonlinear ODE, minimizing overhead. For the Van de Vusse
reactor example, the time required to build the impulse response matrix from these sensitivities
was almost negligible. However, this may not be true for systems with higher dimension of the
state vector, but in that case, the alternative method for integration of sensitivities may be
a better approach in which these potentially time-consuming matrix multiplications already
will be incorporated in the integration of the sensitivity equations.

Through this thesis we have presented different combinations of optimization algorithms and
methods for calculating derivatives. The final remark to be made is that nothing seems
to come for free as the nice properties of these methods sometimes conflict. The use of
adjoints for NMPC requires both tailor made optimization algorithms and ODE solvers and
will probably be subject for further research.
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9 Appendix

A-1 Continuous time adjoint sensitivity analysis

In the following, we will derive the adjoint equations for a functional on the form

ty

T = [ et utnat +viatts). (9.1)

to

Then these equations will be specialized to a procedure for evaluating J and V,J when the
control signal is parameterized using zero order hold.

Define the Lagrangian

=/ [o(2(t), u(t)) = AT () (@(t) — fla(t),u()))] dt + v(x(ty)).

to

Since &(t) = f(z(t),u(t)), £ =J and the first variation of J with respect to u is given by

ty
[ Op(2(t), u(t)) (02(t) 02(t)
5] = / 5o ( () 70+ 8u(t)5u(t)) dt +
ty Ly
Op(2(t),u®)) | \rpOF (@), ) o v [T s
to/ (m(t) PN ()= >5 (t)dt / AT ()8 (t)dt +
ty ty
/ AT(t)‘Wax(t)dH / (1) — f(x(t), u(t))TONE)dt + 82(3:95(%))590(tf).

By integration by parts
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9 Appendix

ty Ly
//\T(t)ég'c(t)dt = M(tp)ox(ty) — N (to)d(to) — /)\T(t)&p(t)dt

By inserting this relationship and noting that ftgf (&(t) — f(x(t),u(t))TSA(t)dt = 0 in order
to comply with the model we get

tr
dpo(z(t),u(t)) [ 0z(t) 0z(t)
5J = / 0 ( s+ 8u(t)6u(t)> dt +
ty
/ (W(;(ﬂg&(ﬂ) 1T (1) 2L ulh)) “g%i;;‘“”) Su(t)dt — AT (t7)8x(t7) + AT (to)dx(to) +
ty ty
/ AT ()6 (8)dt + / AT(t)(Wéx(t)dtJr ag(ﬂ:é?;))(h(tf).

Note that A (¢y)dx(tg) = O since the initial condition is fixed. Rearrangement yields

_ Ip(2(t), u(t)) 02(t) | ir T 0f (@), u®)) o ov(x(ty)) 1 .
5T — /( § 57 (0 + A7 () 2L ) >5 (t)dt+< ey (tf)>5 ()

Ly
Dp(2(t), u(t)) 02(t) | dp(z(t),ut) | \r ., Of(@(t),u(®) o
+/< 0z(t) ul(t) Au(t) +A (1) Du(t) )5 (t)dt.

By letting A(t) fulfill
o - _OeC0) 9:0) 1 0Fa(t). u(t) 02)

") = i) 03)

the first variation of J with respect to u is nothing but

_ Dp(2(t),u(t)) 0z(t) = Op(z(t),u(t)) af (x(t), u(t))
5J_/< 9:(t)  ou(t) | ou(t) +>\T(t)8u(t)> Su(t)dt. (9.4)

to
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9 Appendix

Further, if the control signal is parameterized using zero order hold, we can rewrite (9.4) as

tkt+1

Nl Op(z(t),u(t)) 0z(t Op(z(t),u(t Af(z(t),u
57 — kz_% < @(8(2275) (t)) &Ek) N w(a(u)(t)()) Jr)\T(t)W) dtduy. (9.5)
By definition
N-1 57
0J = = 8—%51% (9.6)
Then, by comparison of (9.5) and (9.6)
oJ s Ap(z(t),u(t)) 0z(t) = dp(z(t),u(t)) Of (x(t), uy)
g = | (PG Py 0G0 g

A complete algorithm for evaluating J and calculating V,,J using the adjoint method when
the control signal is parameterized as piecewise constant will involve the following steps

1. For each sample interval ¢, <t < txy1, k€ {0,...,N — 1}, solve @(t) = f(x(t), ug)
by forward integration. Evaluate J by integration of quadratures.

2. Initialize AT (t) = agf&f;x

3. For each sample interval ¢, <t < ty11, k€ {N —1,...,0}, solve

37 (1) = - PP ) O] ) 2D, )

0z(t) Ox(t) Ox(t)
by reverse integration and evaluate
01 _ ' (00000 9:(0) | 0p((0.ut) |\, O @(t) )
ouy, _/ ( 0z(t) Oouy, + Ou(t) FAT®) ouy, >dt

by reverse integration of quadratures.

A-2 Hardware and software

All the simulations have been performed on a laptop computer. Hardware and software is
listed below.
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Table 9.1: Simulation environment

Software

Hardware

Operating System: Mac OS X 10.5.7

CPU: Intel Core 2 Duo @ 2.4 GHz

MATLAB R2008a Memory: 4 GB DDR2 SDRAM @ 667 MHz
Bus Speed: 800 MHz

SUNDIALS 2.3.0

A-3 Software

Software

Folder

Main script

Runtime simulations of algorithms for
calculating V,,J

obj_grad

obj_grad.m

Runtime simulations of algorithms for
calculating = using integration of sensitivity
equations

cvodes_vdv

cvodes_vdv.m

Runtime simulations of algorithms for
calculating = using alternative method for
integration of sensitivities

cvodes_vdv

cvodes_vdv_alt.m

NMPC optimization for Van de Vusse reactor
using [; penalty method to handle output
constraints. V,J is calculated using
continuous time adjoint equations

nmpc_penalty_vdv

nmpc_penalty_vdv.m

NMPC optimization for discrete system using
l1 penalty method to handle output
constraints. V,J is calculated using

continuous time adjoint equations

nmpc_penalty_disc

nmpc_penalty_disc.m

Computation of = using finite differences and
solver routine ode15s in Matlab

finite_diff_vdv

finite_diff_vdv.m

Steady state solution of Van de Vusse reactor

vdv_ss

vdv_ss.m
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