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Abstract

Model Predictive Control (MPC) is an optimal control method. At each instant of time, a per-
formance index is minimized with respect to a sequence of nominal control inputs and the first
optimal control inputs are applied to the plant. At the next time step, the optimization problem
is formulated and solved based on new estimates of states. MPC for nonlinear systems can lead
to complex optimization problems, which can be computationally demanding and prevents the
real-time execution. In this thesis, we describe various low complexity computational schemes
for Nonlinear (NL) MPC controller.
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1. Introduction

1.1. Background and Motivation

Model Predictive Control (MPC) is a control strategy that calculates control inputs by solv-
ing constrained optimal control problem over a finite time horizon. At each instant of time, a
performance index is minimized with respect to a sequence of nominal control inputs and the
first optimal control inputs are applied to the plant. A new optimization problem will later be
solved when new estimation of states becomes available, this method is also called as Receding
Horizon (See figure (1.1)).

MPC arose in industrial and chemical industry in early 1960’s, called in its early version as
Identification and Command (IDCOM) and Dynamic Matrix Control (DMC). Since then, ex-
tensive research efforts have established theories for conditions on feasibility and closed-loop
stability of MPC [3], [2]. The emerging computational power paved to apply MPC to new ap-
plications. MPC is applied in power electronics [13], aviation [1] or vehicle safety [4], [9].

MPC can be computationally demanding for control of Nonlinear (NL) systems. The opti-
mization problem complexity depends on model, constraints and computational scheme. We
consider reducing the complexity of optimization problem by using approximate plant models.

MPC uses a plant model to predict its output trajectories. Nonlinear models arise in various
dynamical systems, which give rise to NL-MPC. Nonlinear MPC problems lead to nonlinear
and non-convex optimization problems, which can be computationally demanding. Hybrid
models can be used approximate nonlinear systems, however MPC schemes based on hybrid
models are often too complex. If the plant can be approximated by a Linear Time Invariant (LTI)
model, the computational-burden of MPC can be reduced significantly. However, LTI models
are often insufficient to accurately model nonlinear systems. Linear Time Variant (LTV) models
can approximate nonlinear systems more accurately. MPC based on LTV models (LTV-MPC),
can be applied to a broader class of nonlinear systems and they have less complexity than NL-
MPC.

1.2. Thesis Contributions

We have developed a MPC Toolbox capable of handling different low complexity MPC schemes.
Nonlinear MPC Toolbox can solve MPC problems based on Nonlinear, Linear Time Invariant
and Linear Time Variant models. LTT or LTV models can be used to approximate nonlinear sys-
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Figure 1.1.: MPC is done in a Receding Horizon scheme

tems, thus reducing the computational burden. Consequently, the most suitable formulation
should be chosen based on the computational power available and the accuracy of the approx-
imate models.

1.3. Thesis Review

In the next chapter, we formulate NL-MPC. In chapter three, we present LTI-MPC scheme. In
chapter four, we show the LTV-MPC. We will then extend MPC formulation to handle delayed
systems and offset-free control. In chapter five, MPC Toolbox is tested on a rich application.
The overview of the MPC Toolbox can be found in appendix.
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2. Nonlinear MPC

Hereafter, we will use the plant structure as defined in figure (2.1). The inputs of the plant
consist of manipulated variables or control inputs, measured and unmeasured disturbances.
The plant outputs consist of tracking and constrained outputs

Manipulated Yariables :
» Tracking Outputs
 —
Plant Measured Disturbances Plant Plant
an
—_— .
Inputs Constrained Dutputs Qutputs
———
Unmeasured Distrubances
———————————

Figure 2.1.: Plant with the inputs and outputs [7].

We assume the plant can be described by a set of first order nonlinear differential equations

X = fe(x(t),u(t),d(t),v(t)), (2.1a)
y =h(x(t),u(t),d(t),o(t)), (2.1b)

where x € R" is the state vector, u € IR™ is manipulated variables of the plant, d € R™ is
the measured disturbances and v € R*" is the unmeasured disturbances of the plant. We
partition the output vector y € RP asy = [y}, y!I yL]T where y;, € RV are the outputs to be
tracked, y. € IRP¢ are the outputs to be hard constrained and ys. € IRP* are the outputs to be
soft constrained.

We assume the state update function f., and output function / are continuously differen-
tiable. The plant model (2.1)) can be converted to the following discrete time model

For simplicity, we will assume the sample time (T5) to be one. Since we consider the optimal
control problem to be solved using a digital processor, we hereafter will use the discrete time



plant description (2.2). The control input rate can be calculated as

Ault+ilt) = u[t +i+1|t] —u[t+i|t]. Vie {0,.. N} (2.3)

We formulate Nonlinear MPC problem as follows

J¥(x(t), u(t), Au(t), ..., Au(t+H, — 1)) = fut, r&llnHHC Zl (t+ilt),u(t+1ilt). (2.4)
Subject to

x(E+i+108) = f(x(E+ilt), u(t +ilt),d(t +ilt)) Vie{0,.., H,—1}, (2.5a)

y(t+ilt) = h(x(t +ilt), u(t+ilt),d(t+i]t)) Vie {0,..,Hy—1}, (2.5b)

x(tt) = x(t), (2.5¢)

x(t+ilt) € X(t+ilt) Vie{0,..,H,—1}, (2.5d)

y(t+ilt) e Y(t+ilt) Vie{l,.,H,}, (2.5€)

u(t+ilt) eU(t+ilt) Vie{l,..,H}, (2.5f)

Au(t+ilt) € AUt +i|t) Vie{0,..,H —1}, (2.5¢)

The notation y(t + i|t) denotes that the output predicted at time t + i is based on the infor-

mation available at time f. The function / is the performance index function. X, Y, U, AU are
the set of admissible states, outputs, control inputs and control input rates, respectively. We
assume that the control input remains unchanged after a control horizon (H.) which is smaller
than the prediction horizon (Hp).
The optimal control sequence [Au*(t),..., Au*(t + H. — 1)] is found by minimizing sub-
ject to (2.5). The optimization problem can be solved using a nonlinear optimization solver
[10]. The first optimal control input is then applied to the plant. At the next sampling time the
plant states are estimated and a new optimization problem is solved over a shifted horizon.
However, the optimization problem is in general non-convex and can be computationally
demanding for real-time applications.

We use a quadratic function for the performance index, that is to use squared 2 norm to
penalize tracking error, control input and input changes. Additionally, we define the feasibility
regions with different polytopes. The following Nonlinear MPC formulation is defined in MPC
Toolbox

Hp

(0, u0), Sult), oy St He= 1) = | omin Y 1@ (¢4 8) — g (4 ]I
u(t),..., u —1); 3

[|Su(t+ i)+ ||RAu(t+i—1)|3
(2.6)
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Subject to

X(b+i+108) = f(x(E+il),u(t +ilt), d(t+ilt), o(t+ilt)) Vi€ {0,.., Hy}, (2.7a)
y(t+i|t) = h(x(t +ilt), u(t +ilt), d(t +i|t),v(t +i|t)) Vie{0,.., Hp}, (2.7b)
x(t|t) = x(t) (2.7¢)

ult +i+1t] = ult +ilt] + Au[t +i|t] Vie{0,..,H.—1}, (2.7d)

AU (t+1) < Au[t+ilt) < AU, (t+i) Vie{0,.., H}, (2.7¢)

Uj(t+i) <u[t+ilt] <U,(t+i) Vie{l,..H}, (2.7)

Yo (t+1) <ye[t+ilt] < Yeu(t+1i) Vie {O JHp}, (2.7g)

Yoo (t+1) <y [H—z]t] < Yeou(t+1) Vie {0,.., Hy}, (2.7h)

E; <yult+ilt] — yreflt +ilt] <E, Vie {O,..., Hp}, (2.71)

G; < E[x(t)..x (t—f—ch)] + Flu(t)..u(t + Hee)] < Gy, (2.7))

where U;, U, and AU,;, AU, are the lower and upper bound on control inputs and control
input rates. Y.;, Y., are the lower and upper bound on hard constrained outputs. Y./, Y5
are the lower and upper bound on soft constrained outputs. [E;, E, are the lower and upper
bound on tracking error. G;, G, are the lower and upper bound on general constraints.
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3. Linear Time Invariant MPC

NL-MPC defined in previous chapter can be computationally demanding. Optimization prob-
lem complexity, among others, can stem from model nonlinearities. In this chapter, we consider
linearizing the plant model around the operation point to obtain Linear Time Invariant (LTT)
MPC scheme.

3.1. Plant Model

The plant model can be linearized around the operation point to yield the linearized plant
formulation

x(k+1) = Ax(k)+ Bu(k)+ By d(k), (3.1a)
y(k) = Cx(k)+ D u(k) + Dy d(k), (3.1b)

where A € R"*", B € R"™*™ B, € R"™*md C e RP*" D € RP*", D; € RP*™md_We partition the
output vector y € RP asy = [yl yI' yL]T where y;, € RPY are the tracking outputs, y. € RF*
are the hard constrained outputs and y;. € IRP* are the soft constrained outputs. The matrices
A,B,B;, C,D, D; are calculated as

PR B (U

a)x:f,u:ﬁ,d:d_' @)x:x,u:ﬁ,d:d_l (3.2&)
d oh
By = (%)x:f,u:ﬁ,d:d_’ C= (a)x:f,u:ﬁ,d:d_’ (3.2b)
oh oh
D= (@)x:i,u:ﬂ,d:d’r Dy = (@)xzf,u:a,d:d‘- (3.2¢0)
where (x = %,u = @1,d = d) denotes the operation point.
By using (2.3), the state space model can be rewritten as
Z(k+1|t) = Az(k|t) + BAu(k|t) +d(k|t), (3.3a)
y(k) = Cx(k|t) + DAu(k|t) + &(k|t), (3.3b)



where

- A B < B
A= (Omxn Im) , B= <Im> (3.4a)
C

,C= (c D), DD, (3.4b)

g _ [ x(k[t)
d(k|t) = <Bd%(:|t)>, (3.4d)
€kt = Dd d(t|t) (346)
(3.4)

where 0,, and I, are zero and identity matrix of size n.

The predicted output at time ¢ + i can be written in terms of the state at time f and the control
inputs u(t),--- ,u(t+i—1)as

) ~i71 . 5
y(t+ilt) = CAx(tt) + C Y A1 BAU(t + k|t)+
k=0

i—1
C Y ATF1(t]t) + DAu(t +ilt) + &(t|t).
k=0

The output prediction vector ) (t) containing output predictions over a time horizon of H,
steps can be calculated as

V(t) = Yx(k|t) + OAU(t) +TD(t) + A(t), (3.6)

where Y (t) € RPHy, AU(t) € R™Ee, d(t) € R"™r and A(t) € RPHr. Accordingly ¥ € RPH <",
I € RPH>"Hrand @ € RPHy"He are defined as
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[ CB D 0 ]
CAB CB D 0
oA CAAB  CAB CB D
CAA
2 He~1  H—1 o
CHA C AB C H AB CB
Y= i=0 ,0 = i—1 i—2
_He _He o
ClIAB C||AB CAB
~Hp71 - i=1 i=2
¢ T] Ay |
- ) Hp—1 Hp—1 Hp—1
CI[] AB C]] AB CI[ AB
] L ~Z:1 i=2 . i=H. | (37)
C Opxn Op><n
CA C
F =
H,—1 H,—1
CITA CJT A C
L i=1 i=2 i
d(t|t) 0
d(t|t e(t|t
o |TUD| et
d(t|t) e(t|t)

Note here that the matrices ¥,I" and © are time independent and they can be computed offline.
Moreover, output predictions for the tracking and constrained outputs can be divided by

Vi (t) = Ap Y(1), (3.8a)
Ve(t) = Ac Y(1), (3.8b)
ysc(t) = Asc y(t)/ (38C)

where Ay, A:. and A, are defined as
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Ipyxpy Opyxpc OP.‘/XP”
Atr: Opcxpy Opcxpc Opcxpu ®1Hp><Hpr

Opuxpy Opuxpc Opuxpu pxp

OPVXP}/ OWXPC OP]/XP”
Ac = Opcxpy Ipcxpc Opcxpu ®1Hp><H,,/

Opuxpy Opuxpc Opuxpu pxp

OPJ/XW Opyxpc Opyxpu
Age = Opcxpy Opcxpc Opcxpu ®1Hp><Hp

Opuxpy Opuxpc Ipuxpu pxp

(3.9a)

(3.9b)

(3.90)

with ® denoting Kronecker product and 1;; is the matrix(i x j) of ones. Using the equation

(3.8), we can derive

Atry(t) =AY x(k\t) + A,© AL{(t) + AT CID(t) + AtrA(t),
—_—— ~—— ~— ——

ytr(t) Yir Oy Ty Atr(t)

AY(t) = AY x(k|t) + A.® AU(t) + AT ®(t) + AA(t),

N——" SN~ N~ SN~ N——
yc(t) Ye OF T. Ac(t)

A V(1) = AscY x(k|t) + Asc® AU(t) + Ascl O(t) + Asc Alt).
N—— N~ N~ N

———
ysc(t) Yec O Tse Asc(t)

CHALMERS, Master’s Thesis 2011:May
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3.2. Quadratic Programming Formulation

We convert the optimal control formulation defined as (2.6) with the predictions made as (3.7),
to a quadratic programming which can be solved by standard solvers. The standard quadratic
programming has the form

J*(X*(t)) = min XTAX 4 BX
x(h) (3.11)
subjectto : X; < EX < X,

The performance index (2.4) can be calculated as

J=11Q(& + B+ [SUM)5 + |[RAU()|[5 + pe? (3.12a)
Ef = Vres(t) — YirX(k[t) — T ®(t) — Ap(t) (3.12b)
£ = @y AU(H) (3.120)

We call & € RPHr free response tracking error, and £ € RPHr is control move improvement
of the tracking error. We can transform (3.12) to the following quadratic programming

AU*(t) = argg}}(n)] = [AUM)T, elH (LU, e]T + Fi[aU()T,e]T (3.13a)
t
T T mH:x1
Hp = <®trQ®trO_l|_X1’§ ; Ag5Aa 0 . ) (3.13b)
Ji = ngTQ@tr (3.13¢)
where A, € R"*H: js the lower triangular matrix defined as
1.0 0 0]
110 0
A, = |1 1T 1 0 ® Iy (3.14)
Do 0
R O e o
The constraints can then be converted to
AU < AU < AU, (3.15a)
u-u <A <AU, - U, (3.15b)
El S ymf(t) — Ttrf(k“) — l"trCID(t) — Atr(t) — @trAZ/{(t) S Eu, (315C)
Yo <Yex(k|t) + Te@(t) + Ac(t) + OAU(E) < Yeu, (3.15d)
YSC,I - GEJ S Tscj(k|t) + Fsc¢(t) + Asc(t) + @scAu(t) S YSC,M + GE, (3.158)

11 CHALMERS, Master’s Thesis 2011:May



where

Uy = u(t—1) ® 1yc, (3.16a)
E = 1pune (3.16b)

We finally can write the LTI-MPC formulation implemented in MPC Toolbox as the following
standard quadratic programming

AU*(t) = argglui(t})] = [AU)T, e]H U, €] + F[AU)T, e]T (3.17)
Subject to
Aoul - [ALé(t) - Aeu (3.182)
4 0mHZ><1 U, + U

®tr 1py Hox1 yref(t) - Ttrf(k’t) - rtrq)(t) - Atr(t) + Eu
o, 1 e AU(t) < ~Vrer(t) + Yo X(k|t) + T ®@(t) + Asr(t) — E
oy Hed = —¥ % (k|t) — T D(t) — A(t) + Yo,
Yo x(klt) + TcD(t) + Ac(t) — Yy
WX (k|t) — Tse®(t) — Asc(t) + Yscu
Yoo X (k|t) + Toe®(f) + Asc(t) — Yo

(3.18b)
O Opc.HC x1
-0 Opc.Hc x1
Osc 1pu.HC x1
__®sc 1pu.HC><1_

where ] is defined as (3.13).

CHALMERS, Master’s Thesis 2011:May 12



4. Linear Time Variant Model Predictive
Control

In the previous chapters, we presented the Nonlinear MPC and LTI-MPC. Although LTI-MPC
has reduced computational complexity compared to Nonlinear MPC, LTI models are often in-
sufficient to approximate nonlinear systems over wide operation region of the state and input
space. Accuracy of predictions can be improved by using Linear Time Variant(LTV) models. In
this chapter, we present MPC scheme based on LTV models, referred to as LTV-MPC. LTV mod-
els improves the accuracy of the predictions compared to LTI models while they have reduced
computational complexity compared to Nonlinear MPC.

4.1. Plant Model

We can approximate (2.2) as follows

x(k+1) = Agpx(k) + By (k) + di, (4.1a)
y(k) = Crx(t +1) + Dypu(k) + ek (4.1b)

The matrices Ay t, Bi+it, Cevit, Diviy are calculated as in (3.2) around the operation point (x(f +
i|t), u(t+1ilt), d(t +i|t)).

Using (2.3), the state space model (4.1) can be transformed to

x(k+118) = A x(kl) + Beg Su(klt) +d, (422)
y(k) = Crpx(kl|t) + Dy Au(k|t) + exs. (4.2b)
The matrices are defined as in (3.4), with the additional consideration that the matrices are time

variant as well.
The output prediction vector ) (t) for a horizon of H, steps is computed as

V(t) = Yix(k|t) + OrAU(E) + T D(t) + A(t). (4.3)
where Y(t) € RPHr, AU(t) € R™ and ®(t) € R"Mr and A(t) € RPHr. Accordingly
¥(t) € RPE>" T, € RPHEr*"Hrand @(t) € RPH"™He and A(t) € RPH>"p are defined as
in (.4).

In the control input is assumed constant after H, steps. We observe that the matrices in

(4.3) are time variant and they should be calculated at every time step, while in the LTI case the
matrices in (3.6) can be calculated offline.
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[ CrdA ]
110 o
+o A
y(t+2t)
Y(t) = . = : X Z(t|t)+
: t+Hp,—1
y(t+ Hylt) CrrHy,t H A
L i=t .
Yy
) C~t+1,tgt,t~ ) ﬁt—o—},t o 0
G AriBre  Cri2Brya  Driay o 0
CriapArr2t A1t Br CriatAria,tBria Ct+3,tBtiat Dirat
) bH1 o i H1 o i )
Cortit |[ AitBrr Civns [ AitBrsay CrH tBriH -1t
=t i=t2
i tHe HHe ) ) )
Costirrr || AiBrt Coomsre [] AipBesv o CrrHa b A Ho By a1t
=t i=t42
b+Hy -1 t+H,—1 b+H, -1
Corrpt | AigBrr Crompr [ AitBrovs o Counpr |1 AitBrrn-1
i i=t+1 i=t+2 i=t-+H, |
Aut|p)
Au(t+1]t)
Au(t + Hc - 1|t)
AU
[ ét+l,t Opxn T Opxn 1
CrropAiirs Ciia e : d(t|t) 0
: : : d(t+1|t) e(t+1]t)
X ) + X
i tH, -1 HHH -1 ) d(t+ Hp, —1|t) e(t+ Hy —1]t)
CrrHy,t l—[ Ait Criny H A+ Cryny e e e
L i=t+1 i=t+2 J
T
(4.4)
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4.2. Quadratic Programming Formulation

Similar to the derivation of LTI-MPC, we can transform the quadratic programming to the
following standard quadratic programming formulation ([4])

AU(t) = argmin | = [AUM)T, elH LU, €] + F[AUH)T, €] (4.5a)
t
O] QO; + R+ A;SA, 0mHxd
Hi = ( rQ R , (4.5b)
0
Ji = ngTQ@t, (4.5¢)
Subject to
Al _ [Aua)] AU, 63)
0 € €y
- " ) ]

OmH,x1 U, — U

—A Omnxa U+ u

—A  Omnxa S

yref(t) - "Ftr,tf(k“) - rtr,tq)(t) - Atr,t(t) + Eu

_%’;t }chj [Auu) | PO+ F k) 4 T ®(0) - Ars() — Er |y 0
) t' 0 chl € —TC,tJC(k’t) — TC,tQD(t) — Ac,t(t) + Yc,u
B (;Ct OpC‘chl Yo & (k|t) + Top®@(t) + A (t) — Yoy
®sc; 1;7;.1_; 1 _‘"Ijsc,tf(k“) - rsc,th(t) - Asc,t(t) + Ysc,u
’ P L lIrsc,tf(k’f) + rsc,tq)(t) + Asc,t<t> - Ysc,l

__®sc,t 1pu,Hc x1]
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5. MPC Additional Considerations

5.1. Delayed systems formulation

The inherent optimization process for solving MPC problems leads to a computational delay.
If computational delay is not accounted, controlling the plant with MPC leads to loss of perfor-
mance or closed-loop instability [12]. The delayed MPC scheme can also be applied to delayed
plants.

Consider the optimization problem (2.6), at each time instant the optimal control input is
generated as

u(t) = u*(t;, x(t;)), T € [ti, t; +1]. (5.1)
Considering the average delay of J, the open-loop optimal control input applied to the plant

is
u(t) = u' (T, x(t)), 7 € [ti +9,t; + 1 +4]. (5.2)

Note that the control input at time [t;, t; + ) is not determined by the optimization problem
solved for current time instant. Consequently, the following constraint should be added to
optimization formulation ([12])

a(t) = uj_1(T,x(t;)), T € [ti, t; + ). (5.3)

When all the control input channels have equal time delay the optimization problem formu-
lation, the constraint corresponds to letting the system run freely prior to time t + § with
the control inputs already fed to the plant, and the change of problem formulation corresponds
to updating the states. The approach is applicable for Nonlinear MPC formulation where sta-
bility can be proven for the modified MPC formulation. Assuming there is no model mismatch,
the previous optimal control inputs are feasible for the system [12].

5.1.1. Numerical Example

Consider a delayed double integrator system defined as

() =u(t—Ty), (5.4a)
y(t) = x(t). (5.4b)

We now simulate the discrete time version of the system (5.4) using a sample time of 10 ms
and delay of 25 samples. The closed-loop system controlled with MPC results in performance

17



loss and permanent oscillations (See Figure (5.1)). Using delayed MPC scheme, we achieve

stable closed-loop behavior (See Figure (5.2)).

3

s

Figure 5.1.: Delayed Double Integrator without delayed MPC scheme

Figure 5.2.: Delayed Double Integrator with delayed MPC scheme

CHALMERS, Master’s Thesis 2011:May
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5.2. MPC Scaling

Let us define the following transformation

=T x=T,% (5.5a)
i=Tusu= Tu i, (5.5b)
T=Twey= Ty’lyi (5.5¢)

(5.5d)

The system (4.2) can then be transformed in the following way

R (k1K) = Ay T % (k) + Bi T, (k) + die, (5.6a)
T, ' 5(k) = Cei Ty ' % (k) + Dy T, tit(k) + ex . (5.6b)
Which can be written as
%k +11k) = TeAy, Ty '2(k) + T By T, i (k) + Td, (5.7a)
§(k) = T,Cp; Ty *%(k) + Ty Dy, T, Hii(k) + Tyex. (5.7b)

The state space (4.2) can then be written as

x(k+1lk) = Ay px(k) + Bigu(k) + dis, (5.8a)
y(k) = Crpx (k) + Dypu(k) + &y, (5.8b)
Ay = TxAkth_lr (5.8¢)

Bkt = TuBy, T, ~, (5.8d)

Ck,t = TyCis T, ! (5.8e)

Dyt = TyDi T, (5.8f)
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5.3. Open Loop Prediction

At each instant of time, the optimization problem (2.4) yields open loop input trajectory. Re-
spectively, open loop output trajectory can be calculated for the open loop optimal control
inputs using (2.1). Open loop predicted trajectories are useful tools to verify MPC strategies.

File ~
Clutput Ma Input Na Time:
1 1 0.3s
q |0 | 8
— Open Loop Prediction
— Reference
0.5+ .
-1t 4
_‘I 5 I I 1 I 1 1
0 04 0.5 0.6 0.7 0.8 0.9 1
+  Open Loop Input Trajectory
-0.5- .
-1k i
-15} ]
oL i
-
900¢f"‘th.0¢¢+‘.."‘.“‘+*’.’*“”
_25 1 1 1 1 1 1 1
" ﬂlr';put o Output Reference MPC
Scope Scope Scope structure
ilp_scope post_proc ref_scope MPC

Figure 5.3.: Open Loop Prediction using MPC Toolbox
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5.4. Offset Free MPC

Non-zero steady state tracking error occurs if MPC is used to control a plant in the presence of
model mismatch. Model mismatch, among others, can happen when approximating nonlinear
plants with linear time variant models, it can also arise from unmodeled disturbance dynam-
ics. We will show that by modifying the MPC formulation, we can guarantee zero steady state

offset ([14], [5]).

As a motivating example, let us consider a stirred-tank reactor ( [8]). The plant can be de-
scribed by the following state space representation

dc  Fo(co—c) E
E = 77_”2}1 kgcexp( ﬁ)’ (5-93)
dT  F(Ty—-T) —AH E . 2Uh
TR + oC, kocexp( ﬁ) + G, (T. —T), (5.9b)
dh  Fo—F
il (5.9¢)

The output states represents molar concentration of the tank ¢, tank temperature T and level
of the tank h. The manipulated variables are coolant temperature T; the tank outlet flow F. We
consider the inlet flow Fy as an unmeasured disturbance acting on the plant.

FU,TU,CO

Figure 5.4.: Stirred Tank reactor [5]

Assuming a sampling time of one minute, the plant is linearized around the operation point
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to yield the following LTI model

x(k+1) = Ax(k) + Bu(k) + B,p, (5.10a)
y(k) = Cx(k). (5.10b)
(5.10¢)

where the state space is given as

0.2511 —3.3681073 —7.05610~*

A= 1106 0.3296 —2545 |, (5.11a)
0 0 1
—5.4261073  1.530107°
B= 1.297 0.1218 |, (5.11b)
0 —6.592102
—1.762107°
B, = | 7.784107% |, (5.11¢)
6.592102
100
C=1(01 0]. (5.11d)
00 1
(5.11e)

We assume that the inlet flow rate (p) is not measured. Assume that a constant inlet flow en-
ters the tank from time ¢ = 10. The objective of control is to regulate the system to zero steady
state. We simulate the system (5.10) while it is controlled with MPC. We can see that the output
states has nonzero steady state offset.

4.5k Ovutput
— — -Reference

Tank Level(m)

Time {min)

Figure 5.5.: Stirred Tank reactor, unmeasured disturbance causes non-zero offset [5].
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Using Open-Loop prediction tool, we find that the plant is not changing as predicted by MPC

because of model mismatch.

Elopen_loop_pred

=JOES

File

Output No

Input Mo
1

£

Tirme:
381

— Open Loop Prediction

Reference

0 - I 1 1
Byl 3512 35.13 35.14 35.15
10 : . :

Open Loop Input Trajectory
9t 4

8t

TF

6 1 1 1 hd L L
35.11 35.115 35.12 35.125 35.13 35.135 35.14 35.145
Qutput MPC
Scope structure
post_proc WPC

Reference
Scope

Input
Scope
ilp_scope

ref_scope

Figure 5.6.: Stirred Tank reactor, Open-Loop Prediction does not conform to plant

We assume that tracking outputs y;, is a subset of measured outputs by defining

yir = Hy(t).

Since, we are interested in steady states without loss of generality, we use the LTI model
(3.1). The plant is assumed to be observable and controllable. We augment the plant model
with additional states equal to the number of measured outputs

(5.12a)

x(t+1) = Ax(t) + Bu(t) + B,y ud(t), (5.13a)
ud(t+1) = ud(t), (5.13b)
y(t) = C x(t) + Cug ud(t). (5.13¢)

The Hautus observability condition for the system (5.13) to be observable, requires the matrix

A—1 By
C  Cu

7

(5.14)

to have full rank. This assumption in addition to the stability of the observer requires us to
have maximum number of p unmeasured disturbance states (5.15)). We restrict our attention to
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the case where the number of augmented states is equal to the number of measured outputs.
Assume our system (5.13) satisfies

A—1 B| |x% — B4 udso
- A 5.15
HC 0] [uoo] [y,ef,m — HC,y udm] (5.15)

where e and y,.f, are steady state inputs and references, respectively. It can be shown that

the observer based on the system (5.15) satisfies offset-free control [14]. Now we define the
change of variables

i(t) = uoo(t) + u(t), (5.16a)
Uref (t) = Xoo(t). (5.16b)

For the transformed reference and control input, we modify the MPC formulation (A.2) to
y

U (t) = argmmin | = Y lvr = Tyl Qe = ] + (e + 1) Sa(e+ )] + [Au(t + D R[Au(t + )

(5.17a)

Subjectto : (5.17b)

x(t+ilt) =Ax(t+i—1t) +Bu(t+i—1|t) + By d(t+i—1|t) (5.17¢)
y(t+it) = Cx(t+il|t) + Du(t+ilt) + Dy d(t +i|t) (5.17d)
x(t+ilt) € X(t+ilt) (5.17¢)

a(t+ilt) e U(t+ilt) (5.17f)

y(t+ilt) € Y(t+ilt) (5.17g)

Assuming MPC to be unconstrained at steady state, the formulation (5.17) guarantees offset-
free control of tracking variables.
Using the offset-free MPC scheme, we will have the offset free outputs for the system (5.9)
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Figure 5.7.: Stirred Tank reactor tank level, offset-free MPC scheme [5]
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6. Results and Conclusion

In this chapter, we apply MPC Toolbox on a rich application taken from [9]. The plant to be
controlled is a vehicle. A predefined steering maneuver is to be tracked while delivering the
requested break forces to the wheels. MPC enables us to maximize the regenerative breaking
while preserving the vehicle stability.

We use the plant model as the nonlinear vehicle model taken from [4], it can be written as

mij=—mip+ Y. Y Fue (6.1a)
xe{f,r} ec{lr}
mi=myp+ Y. Y Frue (6.1b)
xe{fr} ec{lr}
Ill] =a Z Fyf,- —b Z Fyr,o + C( Z Fx*,r - Z Fx*,l)/ (61C)
oc{lr} oc{lr} xe{fr} xe{fr}

where x € {f,r} denotes the front and rear axles, ® € {I,r} denotes left and right side of vehi-
cle, y is lateral velocity, x is longitudinal velocity, i is yaw rate, m is mass of the car, I is inertial
moment along the vertical axis, 2 and b are the distance of center of gravity from front and rear
axles, respectively. ¢ is distance of the left and right wheels from longitudinal axis.

Vo

F ¥y F Qe v,
}’* s, "\ Tss
F Vers /)_
1
=1, 1"
c FD” W 173 v{}\\f:x
£, b a //\ W‘Sf
y
s, AL

Figure 6.1.: Simplified vehicle dynamical model ([9])

The objective of the control is tracking the specified maneuver, while delivering the total re-
quested breaking forces (Fyst). The outputs of the controller are the breaking forces on each
wheel. The constraints are defined as follows, the commanded break forces are constrained to
add to the requested force. Yaw rate tracking error and lateral jerk should be bounded. More-
over, we add a constraint that 70 percent of break forces should act on the front wheels.
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The constraints can be written as

ControlInputLowerBound = U; = [0000 0] (6.2a)
ControlInputUpperBound = U, = [2000 2000 1000 1000 2000] (6.2b)
ControlInputRateLowerBound = AU; = [—2e5 —2e5 — 1e5 — 1e5 — 2¢5| (6.2¢)
ControlInputRateUpperBound = AU; = [2e5 2e5 1e5 1e5 2e5] (6.2d)

[ u(t+1)t) |

u(t+2\t)
[F’W'l“Hf] < [kron(eye(3), [11111]); kron(eye(3), [11 — 2.3 —2.30])] | u(t+1]t) | < [F"’St’l“HCI
01xH, : O1xH,

_u(t + ch|t)_

(6.2¢e)

where kron(.) is Kronecker product, and eye(x) represents identity matrix of size x.

The weighting parameters are defined as

TrackingErrorWeight = Q =1 (6.3a)
ControlInputRateWeight = R = [10000 10000 10000 10000 1e — 5] (6.3b)
ControlInputWeight = S = [5000 5000 4000 4000 — 1] (6.3¢)
The scaling parameters are
T, = [1/12001/1200 1/1200 1/1200 1/1200] (6.4a)
T, = [11/4] (6.4b)
Ty =1[1/21/201/0.14] (6.40)
S = [5000 5000 4000 4000 — 1] (6.4d)

The MPC will yield the following break forces, see figure (6.2)). The resulting yaw rate given
in figures ((6.3) and (6.4)) shows consistency with previous controllers([9]) on the same problem
formulation.
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‘awr Rate [degis]

1800 FL 3
RL
1600 FR Y
RR
1400 Feg H
= 1200 Fo H
o :
o5k Vo] S, SURRNIE SUNOPRE | W 0 NN SO R SR S r
= !
o 101 RR. SUNUNA SRR | N (08 1 N S— I e — A
o o ' ' ' | ' '
m : : : | 1 !
s . | & o (R CEEE SRR
400 L R I — ........ :
200 {1 : E 2 T R SE S
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Time [5]

Figure 6.2.: MPC yields the commanded forces

___________________________________________________

—— Reference
Actual

Time, t[s]

15 20 25

Figure 6.3.: Output yaw rate and Reference
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Yawr Rate [degis]

Figure 6.4.: Output yaw rate and limits
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6.1. Conclusion

The results in the previous section shows consistency of MPC Toolbox with previous MPC
controllers [9]. MPC Toolbox is also compared with the MATLAB'’s official version of MPC
Toolbox [7] on a double integrator, (See appendix), which verifies that we have similar results.
We thereby can assert that our Toolbox gives consistent results under different MPC schemes.
We hope that the MPC Toolbox is soon released and tested with more users. This can help us
to find possible needs or resolutions for future versions of the Toolbox.
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A. MPC Toolbox

In This chapter, we provide an overview of the MPC Toolbox. We describe how to setup the
model, specify the horizons, weights, constraints, scaling and estimator.

For a continuous time system described by the following state space formulation

&= f(x(t),u(t))
y = h(x(t), u(t))

The output vector y is partitioned into [y, ., ysc]T, Where y4, is the tracking output, y. is the
hard constrained output and vy is the soft constrained output.

The task is to control the system to follow special trajectory, and conforms to some constraints
on outputs or control inputs, the MPC formulation can be written as

(A1)

T (x(t), u*(t), .., u" (t+ H.)) = pae, 0
Hy—1 (A.2)
Xg 1 QLyer (t+[t) = yrep (¢ + ilE)]I[Z + [|Su(t +il1) |3 + [[RAu(t +ilt)] 3
Subject to
x(tt) = x(t) (A.3a)
ult+i+ 1t = ult +ilt] + Auft+i|t] Vie{0,.. H.—1} (A.3b)
AU (t+1) < Ault+ilt]) < AU, (t+i) Vie{o,..,H —1} (A.3¢)
U (t+i) <u[t+i|t] <Uy(t+i) Vie{l,..,H:} (A.3d)
Yo (t+1) <yelt+ilt] < Yeu(t+i) Vie{1,.., Hy} (A.3e)
Yoei(t+i) < yselt +ilt] < Yoou(t+1i) Vie {1,..,Hp} (A.3f)
E; < yult +ilt] — yres[t +ilt] <Ey Vi€ {1,..,Hp} (A.3g)
Gy < E[x(t)..x(t + Hge)] 4 Flu(t)...u(t + Hgc)] < Gy (A.3h)

In the following sections, we will describe how this formulation can be embedded in the
MPC Toolbox.
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A.1. Software Installation

MPC toolbox requires MATLAB and a compatible C compiler. It is required that MATLAB in-
cludes Simulink and Real Time Workshop. The toolbox is tested with Visual Studio 2005, and
MATLAB R2008a up to R2010a.

Download and extract the compressed archive MPC Toolbox_v1.zip, then use MATLAB ad-
dpath command to add the toolbox and its subfolder to MATLAB's default search path,i.e. run

>> addpath(genpath(' MPCToolbox v1'))
>> savepath

Alternatively, you can use File > Set Path to open the Set Path dialog box, and add the tool-
box and its subfolders to MATLAB's search path and save it. Make sure the compiler is set
correctly in MATLAB using
>> mex — setup
You can now start with one of the examples of the graphical user interface using
>> mpcdesign
When running the toolbox for the first time you will need to provide the directory where tool-

box is located,e.g. where the file MPC.C is located in. It is recommended to explore the GUI
and examples before starting your own project.
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A.2. MPC Model

We here present a double integrator example for illustration on how to use the correct syntax.
For the Nonlinear MPC formulation given as

1= fx(t),u(t))
y = h(x(£),u(t))
The model could be written in the form of Nonlinear MPC model formulation as
no_of _states = 2;
no_of _inputs = 1;
no_of _disturbance = 1;
no_of _outputs = 2;
no_hard_constrained_outputs = 0; %optional
no_soft_constrained_outputs = 0; Yooptional
sample_time = 0.01; %optional
time_delay = [0];
no_of params = 1;
%%StateSpaceModel

(A.4)

dx1 = x2;
dx2 = ul;
outl = x1;
out2 = x2;

%%LinearizedStateSpaceModel
The reserved words for the formulation are ‘xn,un,dn,pn,dxn,0uty’, which corresponds to

states, control input, measured disturbance, parameters, derivative function(f), output func-
tion h.
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The model also could be described by Linear Time Invariant system as

x(t+1) = A x(t) + Bu(t) + By d(t)

(A.5)
y(t) =Cx(t) + D u(t)+ Dy d(t)

which can be fully described for MPC design tool by the appropriate definition of matrices

0 1 0 0
(A.6)
10 0 0 0
C=lo 1|'P= |0 of /P 0]'
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The Linear Time Variant form described as

X(t +i+ 1) = Af+i,tX(t + l) + Bt+i,tu(t + Z) + dt+i,t

) . . (A7)
y(t+1i) = Crpipx(t +1) + Dypjpu(t +1) + eppiy

the corresponding model compatible for MPC Toolbox is defined as
no_of _states = 2;

no_of _inputs = 1;

no_of disturbance = 1;

no_of _outputs = 2;
no-hard_constrained_outputs = 0; Yooptional
no_soft_constrained_outputs = 0; Yooptional
sample_time = 0.01; %optional

time_delay = [0];

no_of params = 1;

%% StateSpaceModel

dx1 = 0;
dx2 = 0;
outl = x1;
out?2 = x2;
%%LinearizedStateSpaceModel sp_Al = 0;
sp-A2 =1,
sp-A3 = 0;
sp-A4 = 0;
sp-B1 = 0;
sp-B2 =1,
sp_F1 = 0;
spF2 = 0;
spCl =1;
sp-C2 = 0;
sp-C3 =0;
sp-C4 =1,
sp-D1 = 0;
sp-D2 =1;
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To specify the corresponding model for MPC Toolbox, you should specify the MPC formu-

lation and appropriate model. Using design tool you can choose MPC formulation (See figure
(A.1)) and choose the model (See figure (A.2)).

Bl mpcdesisn MEX
File Tools Examples Help ~
Shd B
[ MPC setup " Constraints " YWeights Scaling " Estimataor l
— Model — Horizans — Optimizer
l Brawse Model l Control Horizan -
Choose Optimizer ~
Prediction Horizon
— Reference Linear Time Invariant »
l Browse Reference l Constraint Horizon MPC Fo.rmulatlor?
Linear Tirme Invariant
Linear Tirme Yariant - Nurmerical Linearization
— Monlinear

Linear Tirme Invariant - Analytical Formulation
Linear Tirme Variant - Analytical Formulation

Compile l l Exit

Figure A.1.: MPC formulation can be specified in design tool
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Note: For a nonlinear model you can specify

o LinearTimeVariant — NumericalLinearization

e Nonlinear

where for Linear Time Invariant model you can specify

e LinearTimelnvariant

e LinearTimelnvariant — AnalyticalFormulation

and for Linear Time Variant model you can specify

* LinearTimeVariant — AnalyticalFormulation

The distinction between the analytical LTI and LTV formulation is due to the assumption
that LTV formulation is linearized around a nonlinear trajectory.

— Reference

File Tools Examples Help &
dhdEv@®
l MPC setup " Caonstraints ” Weights Scaling H Estimator
— Model ./— Haorizons — Optimizer
l Erowes Model l Contral Harizan - - -
40 Choose Optimizer 4
Prediction Horizon ) )
al |Linear Time: Invariant  |w|

|

Browse Reference

T

Caonstraint Horizon

1

MNumber of lterations

41

Cormnpile

‘ ‘ Exit

Figure A.2.: Using design tool you can specify you model
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A.3. MPC Objective

We then specify the MPC objective defined as

t+Hp
U(t) = argmin | = 2 [yer = Yres) Qlytr = yref] + U SUD] + [AURRIAUD)] (A8)

MPC objective is specified by indication of MPC horizons and weights. Using design tool you

can specify the horizons in MPCSetup tab. You then should specify the prediction horizon,
control horizon and constraint horizon.

Bl mpcdesign

= =%

File Tools Examples Help

£

Caonstraint Horizon

EEYlI=E2)
| MPC setup " Constraints " YWeights Scaling " Estimnataor ]
— Model — Harizans — Optimizer
Control Horizon
Browse Maodel — — -
3 Choose Optirnizer |
weh_madel.rm
Prediction Honzan
— Reference 15 |Linear Time “ariant :VT

[ Browse Reference l Murmber of lterations

1

Compile l ’ Exit

Figure A.3.: You can specify the MPC horizons in design tool
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The next step to define the MPC objective is to define the MPC weights. You can specify
the MPC weights inside the design tool under MPC weights tab.Moreover, you can specify the

weight penalty on control inputs, command changes(A.4), tracking error, and slack variable,i.e.
feasibility violation for soft constrained variables.

Elmpcdesign g@@
File Tools Examples Help £
ShdBv@

I MPC setup H Constraints Weights Scaling " Estimatar l

Input ¥Weights | Output YWeights ]
Name | Units | InputPenalty | Input Change Pen...|

1 o ) 5000 10000

2 Fbo_ir 1) 5000 10000

3 Fh_r [M] 4000 10000

4 |Fo_rr ] 4000 10000

5 F.RB Q] -1 185

Compile l ’ Exit

Figure A .4.: Input Penalties
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A.4. MPC constraints

Next we define the MPC constraints given in the form

AU, <U < AU, for AU(t)---U(t+ Hu) (A.9a)
U, <U < U, for U(t)-- U(t+ Hu) (A.9b)
Yo <ye <Y, for te[tt+ Hc] (A.90)
Yoe; < Yse < Yseu for t € [t,t+ Hc] (A.9d)

E; < |ytr — Yrerl < Ey for t €[t t + Hc] (A9e)
(A.9f)

Under constraints tab, you can specify control input upper and lower bound and bounds on
the command changes(A.5). You can also specify the constraints on output tracking,hard con-
strained, and soft constrained variables. Note the constraints on tracking variable is assumed
on tracking error.

mpcdesign _
File Tools Examples Help -
SRhEe@
[ MPC setup Constraints “ Waights Scaling " Estimator l
Input Constraints " Cutput Constraints “ General Constraints ]
Name Units Minimum Maximum |Minimum C... Maximum C...|Soft Constr... Soft Cc

1 [Fon ] i] 2000 Ze5 Ze5

2 Fb_fr ] 0 2000 265 265

3 Fbd ] i 1000 15 185

4 IFhirr ] 0 1000 -Te5 15

5 F.RE [M] 0 2000 -2eh 2e5
L

< ™
Compile l l Exit

Figure A.5.: Input Constraints
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General constraints has the form

[ x(t+1]t) ] [ u(t+1t) ]
x(t+2|t) u(t+2t)
GL—Ds<E | x(t+1[t) | + F| u(t+1[t) | <GU+ Ds (A.10)
| x(t + Hgclt) | | u(t+ Hgelt) |
Bl mpcdesign
File Tools Examples Help 8
CRd B
l MPC setup ” Caonstraints “ Weights l Scaling " Estimator l
[ Input Constraints "Output Constraints||§General Constraints§|
— Enter the matrices of form: GL - Ds < Ey + Fu = GU +Ds
& B | ) | 3 | ) | B
- I"(_t_“) } + [kronteye(3)[1 111 'lu_(f“) Il <
| at+He) | [ut+He) |
8]
Constraint Softness
(Default: Canstraints are soft) zeros(15,1)
General Constraint Harizon i
Carmpile ‘ ‘ Exit

Figure A.6.: General Constraints
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A.5. Real-Time Implementation

MPC Simulink Block can be used for Real-Time Hardware. The MPC Toolbox is tested success-
fully for dSPACE - MicroAutoBox-1401 Power Processors and for MATLAB - xPC target. We
here include the necessary steps you should take when using MPC Simulink Block for Real-

Time Hardware.

First, Make sure the correct Building Target is selected for Simulink. Using Simulation—
Configuration Parameters— Real Time Workshop— System Target file. The corresponding
target for xPC target is "xpctarget.tlc’. The corresponding target for MicroAutobox Power PC is

‘rti1401.tlc’.

&

Select:
- Sobver
Data Import/Esport
- Optimization
-Diagnostics
Sample Time
~Data “alidity
- Type Conversion
-~ Connectivity
- Cornpatiility
i~Madel Referencing
Saving
- Hardware Implementation
- Model Referencing
S-Sirnulation Target
Symbols
“Custom Code
-Real-Time ‘Wworkshop
- Report
- Comments
- Syrmbols
- Custom Code
- Debug
- Interface
=-HOL Coder
- Global Settings
- Test Bench
- EDé Tool Scriots

o

Figure A.7.: To setup the Real-Time Workshop you should choose the target correctly

Target selection
Systern target file: | rtil401.tlc
Language: C
Description:
Build process
TLC options:
IMakefile configuration
Generate makefile
Make command: rake_rti
Template makefile: rtil4ol.tmf
Select objective: Unspecified
Check model before generating code: | Off

[] Generate code anly
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Check maodel ...

[

O

H Cancel H Help ] Apply
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Second, Make sure the MPC libraries are included inside MATLAB Simulink window: Simulation—
Configuration Parameters—Real Time Workshop — Custom Code — Libraries

&

Select: [ use the same custom code settings as Simulation Target ~
~Solver Include custorm c-code in generated:
~Diata Import/Export s
~Optimization Source file Source file:
) Header file
S-Diagnostics

Initizlize function

~Samole Ti
ST Time Terminate function

~Data validity

~Type Conversion

~Connectivity

~Cormpatibility

~Model Referencing
Saving

~Hardware Implementation

~Model Referencing

<-Simulation Target

~Syrbols

-Custom Code
J-Real-Time Wworkshop

~Report

~Commants Include list of additional:

~Symbols Include directories  Librarias:

mg::::gm Core izr;:';gles D :\SD&Ware\ehsan_mpc\MPC\blas_.l\b..lib

D:\Softwaretehsan_rmpcitPChf2e_lib. lib

~Interface Dr\Enftwareehsan_mpcPChssal_lib.lib
=-HDL Coder D:\Softwaretehsan_rmpcPC mpc_lib. lib

~5lobal Settings

~Test Bench

-~ED& Tool Scripts hd
J [ oK } [ Cancel ] [ Help ] Apply

Figure A.8.: The MPC libraries should be added to build the system into the corresponding
Real-Time target
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Additionally, It might be necessary to use the MPC Toolbox exactly inside where your Simulink
block is located.

To build for xPC Target on MATLAB version higher than 2008a the following code should be
changed inside the file:
'(MATLAB_ROOT) \ toolbox \ rtw \ targets \ xpc \ xpc \ xpc \ xpc_vc.tmf’

LDFLAGS =" ../

Should be changed to

LDFLAGS = .../NODEFAULTLIB : MSVCRT.lib/ NODEFAULTLIB : LIBC.lib/ NODEFAULTLIB :
LIBCD.lib

Having done the previously mentioned steps, you can use the MPC Simulink block inside
your model and download it using Simulink Build feature to your desired target. The tests
taken so far, have shown consistency with the MPC Simulations.
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A.6. Advanced Features

You can specify the state, output, input scaling defined as

X =Tx
ﬁ:Tuu
y=Ty

Using the design tool, you can specify under the scaling tab as follows

49

(A.1la
(A11b
(A.ll1c
(A11d

Bl mpcdesign <
File Tools Examples Help »
EEYlI=E2)

[ MPC setup " Constraints " Weights l Scaling " Estirnator ]

| Input Scaling | Output Scaling l State Scaling

_ Name _ Units Scale

1 |Fon M) 141200

2 |Fh_fr [M] 11200

3 [Fh_rl [M] 11200

| 4 [Fom ) 141200

5 |F_RE [M] 11200

Compile l ’ Exit

Figure A.9.: Input Scaling

Finally, the estimator can be determined inside design tool
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Bl mpcdesign

=JOES

File Tools Examples Help

£
GhidDza
[ MPC setup H Constraints “ Wyeights I Scaling " Estimator
[ Input Scaling ‘ Output Scaling | State Scaling
Name | Units ‘ Scale ‘

1 [Yaw rate Tracking Output 1

2 |Lateral Jerk 174

3 [Yaw Rate Tracking Errar 141047 3)

Compile | | Exit

Figure A.10.: Output Scaling

Trachked Outputs(Hud)

State Disurbance(Bud)

Cutput Disurhance(Cud)

Bl mpcdesign g | ﬁ
File Tools Examples Help ~
Chd Bxa@
l MPC setup H Constraints H Weights Scaling || Estimator

— Unmeasured Disturbance Model — Tuning — Enahl

State Estimation

Cutput Estimator

Unmeasured

Estimation Disabled

e

Compile

| |

Exit

Figure A.11.: Estimator setup
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A.7. Simulink Block

The MPC can be simulated using MPC simulink block. The simulink blocks can be found by
entering
>> MPC_model

Note that the compilation should be done to be able to use the MPC simulink block.
The reference generator creates the reference corresponding to the reference model. When

no reference model is specified, it is assumed the reference is not changing over prediction
horizon.

Input
N State
Input Change p»
A Tracking Error Wyieight
Solver flag P

A Input Rate Weight
Predicted output f»
A Input Wisight MPC
Predicted input B

A Reference
ARef Qut_Ref b

Slack

Reference_Generator A Moclel Param

Estimated States P
A Measured Outputs

Estimated Unimd_dlist =
MPC Contraller

Figure A.12.: Simulink Block

You should specify the MPC Simulink Block’s input parameters. In main block, you should
give the MPC structure variable’s name. MPC structure should be available in the workspace.
Moreover, you should specify which input ports for MPC Simulink block is used. Default
parameters are assumed for the unused ports.
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Maode| Predictive Contral Toolkox (rmask)
Mode! Predictive Contral Toolbo,

Please specify the name of the structure used for Model Predictive
Controller and the parts which should be considered as input ports,

Main | InputPorts | Post Processing Parts
MPC structure name
MPC

[ CK H Cancel H Help ] Apply

Figure A.13.: Simulink MPC main, you should give the MPC structure variable name

IMode! Predictive Control Toolbox {mask)
Model Predictive Control Toolbaox,

Please specify the name of the structure used for Model Predictive
Controller and the ports which should be considered as input ports.

Main | InputPorts | Post Processing Ports
D Previous Inputs - external port
[] pisturbance - external part
[] solver - external port
[] Slack weight - external part
[ ] General Constraints Bounds - external port
[ ] Bounds Part - external port
D Use State port
[ ] Use measured outputs

[ K H Cancel H Help ] Bpply

Figure A.14.: Simulink MPC input port, you should define which inputs are given to the MPC
simulink’s block
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Model Predictive Control Toolbox {mask)
Model Predictive Contral Toolbo,

Please specify the name of the structure used for Model Predictive
Confroller and the ports which should be considered as input ports.

Main | InputPorts | PostProcessing Ports
[] Tirne - external part
[ ] Post-Process flag - external port

[ [0]¢ H Cancel H Help ] Apply

Figure A.15.: Simulink MPC Post Processing ports, you should define which inputs are given
to the MPC simulink’s block
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A.8. MPC commands

MPC Toolbox can be used inside your own MATLAB functions. In this section, we describes
the commands to embed MPC Toolbox in your functions.

A.8.1. General Formulation

To setup MPC you should specify a model for the plant, define constraints and weights on
tracking error, control input and command changes. Reference model can also be included
which enables MPC to anticipate the reference changes (look-ahead feature).

Horizons

You can define the following variables to specify the MPC horizons.

MPC.Hp, Hp should contain the prediction horizon, where the outputs are estimated for Hp
steps ahead, and the optimality and feasibility of the problem will be ensured for the Hp steps
ahead.

MPC.Hu, Hu should contain the control horizon. The optimal control inputs are obtained
by considering the optimality for Hu steps command changes. It is assumed the prediction is
bigger than control horizon, where the control inputs remain unchanged after Hu steps.
MPC.Hc, Hc should contain the constraint horizon. Where the constrained outputs and soft
constrained inputs are ensured to remain feasible in Hc steps.

Defining Constraints

For handling the constrained MPC, you need to specify the bound on input and output vari-
ables. The constraints can be of type hard and soft. The soft constraint is assumed to have a
tolerance on feasibility violations, in contrast hard constrained variables can not get violated.
The violation of the soft constraints will be penalized to ensure least violation of constraints.
MPC.constraints.u_ubnd, u_ubnd should contain the upper bounds on the control inputs.
MPC.constraints.u_lbnd, u_lbnd should contain the lower bounds on the control inputs.
MPC.constraints.u_sc_upper, u_sc_upper should contain the upper bounds on the control in-
puts.
MPC.constraints.u_sc_lbnd, u_sc_Ibnd should contain the lower bounds on the control inputs.
MPC.constraints.du_ubnd, du_ubnd should contain the upper bounds on the control input
changes.
MPC.constraints.du_lbnd, du_lbnd should contain the lower bounds on the control input changes.
MPC.constraints.y_c_ubnd, y_c_ubnd should contain the upper bounds on the hard constrained
outputs.
MPC.constraints.y_c_lbnd, y_clbnd should contain the lower bounds on the hard constrained
outputs.
MPC.constraints.y_sc_ubnd, y_sc_ubnd should contain the upper bounds on the soft constrained
outputs.
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MPC.constraints.y_sc_lbnd, y_sc_lower should contain the lower bounds on the soft constrained
outputs.

MPC.constraints.e_sc_.ubnd, e_sc_ubnd should contain the upper bounds on the tracking errors.
MPC.constraints.e_sc_lbnd, e_sc_lbnd should contain the lower bounds on the tracking errors.

Defining Weights

In the current version of the toolbox, enabling the user to have time varying weighting. Weight-
ing penalties can be matrices of the appropriate dimension.

Q, Weight on the tracking errors, where the dimension should agree with the number of
tracking outputs. R, Weight on the input rates, where the dimension should agree with the
number of control inputs. S, Weight on the inputs, where the dimension should agree with the
number of control inputs.
rho, Weight on the slack variable which is the maxiumum amount where the constraints are
violated.

Additional parameters

You can define the following parameters to specify the MPC controller solver.
MPC.solver, By determining this parameter you can choose from the solvers LSSOL ([11]),QPDANTZ,
NPSOL ([10]), gpOASES ([€]) -

MPC.buf fer_variables, This parameter forces the MPC to compute all the matrices once, which
improves the controllers speed for time invariant plants.

Saving the structure

>> MPC = savempcparams(MPC, model file, ref file);

The command savempcparams generates the model and generates the MPC structure for the
MPC Simulink Block. The inputs of the subroutine are MPC structure including the MPC op-
tions, model and reference files.

Compilation

>> compilempc(compile_type);

The command compilempc generates the MATLAB executable files to be used inside the Simulink.
compile_type could take the following types

all (Default) Where the MPC and reference, MATLAB executable files are generated.

all+ (Default) Where the MPC,reference and plant, MATLAB executable files are generated.
The plant will start initially with the initial state specified.
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MPC (Default) Where the MPC, MATLAB executable files are generated.
ref (Default) Where the reference, MATLAB executable files are generated.

For the double integrator example using the following code one can run the toolbox
model file =' funcs2lc.m’;
ref file =";
MPC.u_ubnd = [5];
MPC.u_lbnd = [-5];
MPC.du_ubnd = [1];
MPC.du_lbnd = [—1];
MPC.du_ubnd = [1];
MPC.Hu = 40;
MPC.Hp = 50;
MPC = savempcparams(MPC, model_file, ref file);
compilempe('all+");

A.9. Example

We define our state space formulation by

0 1 0 0
0 0]’ !1]’ d [O]’
(A.12)
10 0 0 0
C=lo 1|'P= |0 o/P™ 0]'

We introduce how this simple state space model can be embedded in Model Predictive Con-
trol Toolbox. We do it in the following steps. First, we define the Model Predictive Control
formulation using design tool as Linear Time Invariant formulation, and determine the state
space model, We then define tuning parameters. We define any positive definite matrix for
tracking error weight, input weight and output weight. Finally, we can use MPC Simulink
block to simulate the system(Figure (A.16)) , which yields the optimal output trajectory shown

in Figure(A.17)
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\nputJ
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MPC.Q Input Change Plant
Tracking Errar Weight
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MPC.R
R

Systern Output(s)

Input Rate Weight
Predicted output p X¥ Graph

Input Weight MPC
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Reference

Slackp
Model Pararm
Reference_consant Estimated States jp

1000 Y Measured Outputs
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MPC Contraller] I:I

Reference

Ready 131% adeZ

Figure A.16.: The MPC Toolbox can be embedded in Simulink software

Figure A.17.: The resulting optimal trajectory
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