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Model Predictive Control
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The idea is to use the dynamical model of the process to predict
its future evolution and optimize consequently the control input signal
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Model Predictive Control
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Model Predictive Control
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Model Predictive Control

Model-based Optimizer Physical Process (Plant)
reference input
> >
r(t) u(t)
measurements

w elWc (Ref X {0,1}61 ) are the external environmental inputs
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Example of Receding Horizon Control

Model-based Optimizer

~
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We consider a discrete-time approximation: X : x(tk)zfd(x(tk),u(tk),w(tk)), Vk>0,t,  —t, =At

A run of the system is: fz(xouowo)(xlulwl)(x uw
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U, 2) where x =x(t ), u =u(t ), w,=w(t),



Receding Horizon Control with STL

Model-based Optimizer Physical Process (Plant)
reference S input output
¢ u(t) y(t)

Bounded-time
STL formulas

For example:
P=0 019 6V

Toaa] e measurements

Vasumathi Raman, Alexandre Donzé, Mehdi Maasoumy, Richard M. Murray, Alberto L. Sangiovanni-Vincentelli, Sanjit A.
Seshia: Model predictive control with signal temporal logic specifications. CDC 2014: 81-87



Open-loop Controller Synthesis
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Open-loop Controller Synthesis

Mixed-integer linear
Programming problem (D,Zd ’]
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Closed-loop Controller Synthesis
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Closed-loop Controller Synthesis

Mixed-integer linear

Programming problem (D:Zd ]
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Mixed-Integer Linear Programming

min ¢’ x

Ax~Db
x=0

xieZ Viel

~={<=5|

maximize 3x + 2y
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Subject to
Ax+2y <15 ©
X+2y<8 \
X Eyi=5
X=0 2
y 2 0, integer ‘.
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optimal IP
solution: x=2,

y=3

(objective 12)

optimal LP
solution: x=2.5,
y=2.5
(objective 12.5)

optimal MIP
solution: x=2.75,
y=2

objective 12.25)




Generating Systems Constraints

Given an horizon 1,...N and X Wyseo oW,
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Boolean Encoding of STL constraints

Given a formula ¢ we introduce a variable z’
¢ _ —
2’ =1 é(xt,u,w) =0

We recursively generate the MILP constraints
corresponding to z;

o:=u(x)>0 =0 | 9,70, | o, vo, 1T, 0 |0.,0 | oU, @
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Boolean Encoding of STL constraints

Given a formula ¢ we introduce a variable z’
¢ _ —
2’ =1 é(xt,u,w) =0

We recursively generate the MILP constraints
corresponding to z;

o:=u(x)>0 =0 | 9,70, | o, vo, 1T, 0 |0.,0 | oU, @

\ )
Y

,u(xt) < Mt(zf)—et

—,u(xt) < Mt(l—zf)—et

Where M, are sufficiently large positive numbers and
€; are sufficiently small positive numbers to bound u(x;) away from zero
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Boolean Encoding of STL constraints

Given a formula ¢ we introduce a variable z’
¢ _ —
2’ =1 é(xt,u,w) =0

We recursively generate the MILP constraints
corresponding to z;
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Boolean Encoding of STL constraints

Given a formula ¢ we introduce a variable z’
¢ _ —
2’ =1 é(xt,u,w) =0

We recursively generate the MILP constraints
corresponding to z;

o:=u(x)>0 =0 | 9,70, | o, vo, 1T, 0 |0.,0 | oU, @
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Boolean Encoding of STL constraints

Given a formula ¢ we introduce a variable z’
¢ _ —
2’ =1 é(xt,u,w) =0

We recursively generate the MILP constraints
corresponding to z;

p:=u(x)>0 =0 | 9,70, | o, vo, 1T, 010 0ol 0
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Boolean Encoding of STL constraints

Given a formula ¢ we introduce a variable z’
¢ _ —
2’ =1 é(xt,u,w) =0

We recursively generate the MILP constraints
corresponding to z;

p:=u(x)>0 =0 | 9,70, | o, vo, 1T, 010 0ol 0
\_Y_l

a’ :min(t+a,N) b! =min(t+b,N)

Compute z” such that:

v _ Abe

P
2y =

7.
z:ai\r [/
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Boolean Encoding of STL constraints
Given a formula ¢ we introduce a variable z’
z? =1<:>§(Xt,u,w)|=q)

We recursively generate the MILP constraints
corresponding to z;

p:=u(x)>0 =0 | 9,70, | o, vo, 1T, 010 0ol 0
;Y_l

a’ :min(t+a,N) b! =min(t+b,N)

Compute z” such that:
NS
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Boolean Encoding of STL constraints

Given a formula ¢ we introduce a variable z’
¢ _ —
2’ =1 é(xt,u,w) =0

We recursively generate the MILP constraints
corresponding to z;

p:=u(x)>0 =0 | 9,70, | o, vo, 1T, 010 0ol 0
;Y_l

Compute z” such that:

V=000 =F0.1P1 A V01?2 A V] (o.U9,)

<<<o1u%>>t-{{zfzv(zflA<<(p1u%>>m),

?,
ZN
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Algorithm for Open-Loop

Algorithm 1 Algorithm for Problem

1: procedure OPEN_ LOOP(f, zo,w, N, @, J)

2 LOOP_CONSTRAINTS <« Sec. IV-B|

3: SYSTEM_CONSTRAINTS < Sec. IV-Al

4: STL_CONSTRAINTS <« Sec. OR Sec.
5.

u* < argmin J(zo,u, w, )

ucUN
s.t. LOOP_CONSTRAINTS
SYSTEM_CONSTRAINTS
STL_CONSTRAINTS

Return u®
6: end procedure




Quantitative Encoding of STL constraints

o:=u(x)>0 -0 | 9,70, | 0, vo, o, 0 | 0,0 | oU,, @
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u_ Vo
rt —/,L(Xt) r=-r
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Quantitative Encoding of STL constraints

o:=u(x)>0 =0 | 9,70, | o, vo, T, 0 |0.,0 | oU,,@
)
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Quantitative Encoding of STL constraints

o:=u(x)>0 =0 | 9,70, | o, vo, T, 0 |0.,0 | oU,,@
\ )
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Quantitative Encoding of STL constraints

o:=u(x)>0 =0 | 9,70, | o, vo, 1T, 0 0,0 | oU,,@

As defined before
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Model Predictive Control for Closed-Loop

Algorithm 2 MPC Algorithm for Problem

1: procedure MPC(f,zo,¢ = doympc,J)
2 Let M be a large positive constant.

3 Let 1:[ be the bognd of oprpe. _

4: Set hp=0and P, =—-M VY0<i< H.

5. w' < PREDICT_W(0).

6:  Compute u’ = ug,uf, ..., upp_; as: Transient Phase applies

u® < OPEN_LOOP*(f, 20, w®,2H, Doz ¢umpc, J, P, 0) until an initial control

7. for t=1; tj=H;t=t+1 do sequence of length H has
. Set P,=0for0<i<t, PbL=—MVt<i<H.

10: w! < PREDICT_W(t).

11: Compute u® = ufj, ut,....,uby,_ as:

u® < OPEN_LOOP*(f, ¢, w', 2H, Opo 1) earpc, J, PH, ubyy)

b end for

13: while True do

14: Set uty =mb bt kel

15: Set P, =0 for 0 <1i < H. Stationary Phase
16: w' < PREDICT_W(t).

u’ « OPEN_LOOP*(f, z, w*, 2H,Ojo g ompc, J, PH,ubyy)

1 end while
18: end procedure

L0



Case Study: Building Climate Control

Room 3 Temp.

T3
1

» Building a thermal model 2 VRuss

/
1T
c"*'133 N
. . . . . Room Temp ) Ri31
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Room 4 femp. 3 QHVAC rad § Room2 Temp
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n — m are walls. ] )
» T,-, temperature of room r; v
. . R “rad
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Building Climate Model

c". ol E £ L s A Q Ao 2
1,7 , 4,077, 7 "Wi,5 ¥ TAG4,

(6)

W; Ty, sz’n,,; Qradi + antz 9 (7)
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Building Climate Model

d

Ext — f(xtJut' Wt)r

Where state vector x; representing the temperature of the nodes in the
thermal network

U, is the input vector representing the air mass flow rate and discharge air
temperature of conditioned air into each thermal zone

w; stores the estimated disturbance values, aggregating various unmodelled
dynamic

y; is the output vector, representing the temperature of the thermal zones.



Simulation Building Model
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Simulated temperature, measured temperature and unmodelled dynamics of a thermal zone in Bancroft library on UC
Berkeley campus. 33



MPC for Building Climate Control

Maintaining a comfort temperature given by thomf whenever the room is
occupied while minimizing the cost of heating.

H-1
I’Illnz I|Ut_|_k|| S.T.
Y k=0

Tt4+k+1 = f($t+k, Ut+k, wt+k-),
zi = with ¢ = O g((occ; > 0) = (T3 > T°™)
Utk = Z/{H_k, k= 0, ,H —1

34



MPC for Building Climate Control
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BIUSTL tool

Volume 34, 2015, Pages 160-168

ARCH14-15. 1st and 2nd International Workshop on
Applied veRification for Continuous and Hybrid Systems
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Computer
Science

BluSTL: Controller Synthesis from Signal Temporal Logic

Specifications

Alexandre Donzé! and Vasumathi R

! Department of Electrical Engineering and Comp
UC Berkeley,
Berkeley, CA 94720, USA donze@berkeley
2 (alifornia Institute of Technology, Pasadena, CA, USA

Abstract

We present BluSTL, a MATLAB toolbox for automatically generati
written in Signal Temporal Logic (STL). The toolbox takes as input a
expressed in STL and constructs an open-loop or a closed-loop (in a
dictive fashion) controller that enforces these constraints on the syst
function. The controller can also be made reactive or robust to some
The toolbox is available at https://github.com/BluSTL/BluSTL.

2.1 System dynamics

We consider a continuous-time system ¥ of the form

z = Az+ Byu+ Byw 1)
y = Cx+ Dyu+ Dyw (2)

where
o £ ¢ X CR"is the system state,
o u €U CR™ is the control input,
e w €W CR!is the external input,
o yc Y CR?is the system output.

Given a sampling time At > 0, we discretize ¥ into ¥4 of the form
o(tks1) = A%(te) + Bju(ty) + Byw(ty) ®3)
y(tr) = C%(ty)+ Diu(ty) + Dgw(ts) (4)

where for all & > 0, tx4+1 — tx, = At and to = 0. Given an integer N > 0, zyp € X, and two
sequences u € UN~1 and w € WV noted

u =1UUr...UN-1
W =WoWi...WN-1
we denote by &(zo,u,w) € XV the 4-uple of sequences (x,y,u,w) = £(xo,u, w) such that x,

y, u and w satisfy (3-4) with z(tx) = z, y(tx) = Yk, u(ty) = ux and w(tx) = wg for all k.
&(zo,u, w), or sometimes simply £ is called a run of .



Limitations and other recent works

= Solving MILP problems is NP-hard

* Only physical systems with linear dynamics
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