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Model-predictive control: Problem statement

= Optimality with respect to performance index

J=>YwJ;, neNVie{l,...,n}: J,w;>0. (COST)
1=1
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= but not necessarily “optimal” with respect to sub-cost J;

o How to choose weighting factors w, ..., w,,?
= “Increase w; to “optimize” sub-cost J;” does not hold in general [1]!
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Model-predictive control: Problem statement

= Optimality with respect to performance index
J=>YwJ;, neNVie{l,...,n}: J,w;>0. (COST)
1=1

= but not necessarily “optimal” with respect to sub-cost J;

o How to choose weighting factors w, ..., w,,?

— “Increase w;, to “optimize” sub-cost J;” does not hold in general [1]!
o Does (COST) reflect the “human performance index” adequately?

= Is the use of adaptive weights beneficial [1] ?

= How to achieve “good” control performance under disturbances or
uncertainties (i.e. steady state accuracy and/or no overshoots) ?

o Use of a Pl controller (but not admissible) ~~ Integral error feedback
o Use of long prediction horizons (not feasible) ~~ MPC with analytical solution
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Model predictive control

Considered system class

LTI MIMO system (discrete) with disturbances

[k + 1] Axz[k] + Bulk] + Byd[k], x[0] =z, R" }
ylk] = Calk],
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Considered system class

LTI MIMO system (discrete) with disturbances

z[k +1] = Az[k] + Bulk] + Byd[k], z[0] =x,eR" }
ylk] = Calk],

Standard assumptions [2, p. 48] on system (1):
(A;) controllability, i.e. rank[B, AB, ..., A" 'B] = n.
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Model predictive control

Considered system class

LTI MIMO system (discrete) with disturbances

ylk] = Calk], 1)

[k + 1] Axz[k] + Bulk] + Byd[k], x[0] =z, R" }
Standard assumptions [2, p. 48] on system (1):
(A;) controllability, i.e. rank[B, AB, ..., A" 'B] = n.
(A,) full state feedback, i.e. z[k] is available for all k
C

CA

( or observability, i.e. rank [ ] = n (observer design).)

n—1
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Model predictive control

Considered system class

LTI MIMO system (discrete) with disturbances

[k + 1] Axz[k] + Bulk] + Byd[k], x[0] =z, R" } )

ylk] = Culk],

Standard assumptions [2, p. 48] on system (1):

(A;) controllability, i.e. rank[B, AB, ..., A" 'B] = n.

(A,) full state feedback, i.e. z[k] is available for all k
C

CA

n—1

( or observability, i.e. rank [ ] = n (observer design).)

(A3) model-based prediction, i.e. A, B, B, and C are known and d(-) is measured.

What if model is not accurate / disturbances are only roughly know?
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Model predictive control
Problem & Solution
Problem: Find optimal control action (vector)

H

w (k] = (w [k + 107, [k ] T) T

€ Rmnp
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Model predictive control

Problem & Solution

Problem: Find optimal control action (vector)

ufl‘[k] = (uflp[kJr 1]T7,,.,u*[k+np]T)T c R™ @)
over H,(k) := {k +1,...,k +n, + 1} which maximizes performance index

Jo(k,u, z,v) = ~(k, u,x)Tv + %'UTA(k,u, z)v,

Whel‘e V(k, u, ZI?) € NO x R x Rnl (3)
(C,) 0 < A(k,u,z) = A(k,u,z)" e R"*™ and

(Ca) Ak, u, @) y(k,u, @) = 0, < y(k,u,x) =0,
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Model predictive control

Problem & Solution

Problem: Find optimal control action (vector)

ufll‘[k] = (uflp[kdr 1]T7,,.,u*[k+np]T)T c R™ @)

over Hy(k) := {k +1,...,k +n, + 1} which maximizes performance index

Jo(k,u, z,v) = ~(k, u,x)Tv + %'vTA(k:,u, z)v,

Whel‘e V(k, u, ZI?) € NO x R x Rnl (3)
(C,) 0 < A(k,u,z) = A(k,u,z)" e R"*™ and

(Ca) Ak, u, @) y(k,u, @) = 0, < y(k,u,x) =0,

Analytical solution: (unique and globally optimal)
wl?[k] = arg;nin(Jo(k:,u[k;]ﬁc[k],v)) — Ak, ulk], 2[k]) "y (k, u[k], z[k]).
(4)
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Model predictive control

Integral error feedback and system extension
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Model predictive control

Integral error feedback and system extension
Additional state for integration of error
x;[k+ 1] = x;[k] + T k; (Z‘A/ref[k] - Cm[k‘]), k; >0, 5)

=:e[k]
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Model predictive control

Integral error feedback and system extension
Additional state for integration of error
x;[k+ 1] = x;[k] + T k; (Z‘A/ref[k] - Cm[k‘]), k; >0, 5)

=:e[k]

Extended system

:=T[k+1] :'ZEL{<W+W)X("+W) :.EELQ(W+W)Xm
—— —_—~

zlk+1] _ A Orim | - B ’
<mz[k+1]> = LMC A LI PR L

L[ B 0w (iR
Ot TkiLn] \uilk])
Ot Jihiim) Welh))

I+m

—B,erCHMXEm) _gnaep

gkl = [C k.I,] =Z[k], k. > 0.

Yyt integral error feedback |
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Model predictive control

Integral error feedback and system extension
Additional state for integration of error
x;[k+ 1] = x;[k] + T k; (@ref[k] - C‘E[k‘])a k; >0, 5)

~~

=:e[k]

Extended system

(n+m)x(n+m) (n+m)xm

=m[k+1] =:Aek! =:BeR

—— ——
) R R s L I R

L[ Be 0w (diH]
Ot kL \Glk])
Ot B Ind et

_B,er( XM _ gregltm

gkl = [C k.I,] =Z[k], ke > 0.
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Model predictive control

Implementation of MPC with analytical solution (AS) and integral error feedback (IEF)

oo (z) . Performance index (with tracking and control weights):

u
= Tk, Eul™) = @)W, (ku,@) ™ + (ul) W, (b, u.3) ul®

d= ( d f) —id, (kouEur?) T (ur®)

MPC with
AS
and IEF

Q| Q| = | =

®

S| =
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Implementation of MPC with analytical solution (AS) and integral error feedback (IEF)

Performance index (with tracking and control weights):
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=-) :
xi u
- Tk, T ul™) = @)W ww) &+ (T (b w7 ul®

a- ( d f) BT =t (i)
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AS
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£ Qlf = | &

®
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Model predictive control

Implementation of MPC with analytical solution (AS) and integral error feedback (IEF)

oo (z) . Performance index (with tracking and control weights):
- .
¢ |, Tk, E ul™) = @)W (5w w) e 4wl TW (. z) ul
_ /a — 0
d= (y'cf) " =:J (ku@u, ) =:J,(u, ")
wi
@H? SH, ~H — - i i = H,
&™[k] = G, [k] — (B[k] + Fulk] + Fqd[k] + God "[k] + Gu."[K])
gt =:3[k]
d where
u ca B cB,
MPC yuth Be| N Fe | e | T G AD @@ AB)
E ang?EF Tat CANE A B,
F
Fy
G
Gy
W,
W,

C.Hackl | 05.09.2017 | MPC with analytical solution and integral error feedback for current control of DFIGs with LC filter 8/13



Model predictive control

Implementation of MPC with analytical solution (AS) and integral error feedback (IEF)

_ (z) . Performance index (with tracking and control weights):
T = »
& |, Tk, T ul™) = @)W ww) &+ (T (b w7 ul®
— d — . Hp . Hp
d= (ymf) " =:J, (kumu, ) =J,(u, ")
wi

~H,

Yret &[] = 9 [K] — (Balk] + Fulk] + Fyd[k] + Gad "[k] + Cu."[K])

~Hy =:glk]

d where

u ca °B ©B,

MPC with B=| | F=| | F=| T |,GC.AB),G(CABY

E ang?EF A CTANE A B,

FE Performance index (reformulated):

ad Jo (kuf ufi”) = —y(lc,u,f)Tuf{” + %(uf{")TA(k,u.E)uf{"

Gy where

W, yku2)" = 2(= g+ 2 B+ u F A E a (1 )Wk u, @)G.

W and A(k,ulk], Z[k]) := 2(§TWe(k,u[k] Z[k])G + W, (k, u[k]. Z[k]) )

wlP[k] = —A(k, u[k], Z[k]) "'y (k, ulk], Z[k]). ‘
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Model predictive control

Implementation of MPC with analytical solution (AS) and integral error feedback (IEF)

_ (z) . Performance index (with tracking and control weights):
T = »
& |, Tk, @ ul™) = @YW w2 8 4 (W () ul
d= (y‘if) . —id, (kouE s ?) =iy (ua®)
wi
~H,
Yret &0 [k = k] — (Balk] + Fulk] + Fyd[k] + God "[K] + Gul*[])
~H, —:3lk]
d where ’
u . o4 OB eL]
MPC with E—| " | F=| | F= | T | GCAB).GC(CABY
E ang?EF A CANE A B,
FE Performance index (reformulated):
éd Jo(k,w, =, uflp) = 'y(k,u,E)Tuf{P + %(ufi")TA(k,u,E)uf{"
@d where
W, yku2)" = 2(= g+ 2 B+ u F A E a (1 )Wk u, @)G.
W and A(k,ulk], Z[k]) := 2(§TWe(k,u[ ), Z[K)G + W (k, ulk], Z[k]) )
— wl[k] = —A(k, ulk], Z[k]) "y (k, u[k], [k]). ‘
(Almost) arbitrary lengths n, > 1 of prediction horizon feasible!
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Outline

Application
m Rotor current control of doubly-fed induction generators with LC-filter
m Simulation results

C.Hackl | 05.09.2017 | MPC with analytical solution and integral error feedback for current control of DFIGs with LC filter 8/13



Application: Block diagram

Rotor current control of doubly-fed induction generators with LC-filter

Clarke & Park X
controller wansformation | PWM vSI filler DFIG PCC egrid
-k k b
Y ref MPC (6) Ui ref [4, Uflvep
or MPC (6) + (21) (IEF) a%
1w fm
u;
W
x = (38, dF, i uf)T [dg/] x¢ = (igbe,qabe, igbe, yabe)T

implementation

abc
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Application: Block diagram

Rotor current control of doubly-fed induction generators with LC-filter

Clarke & Park d
controller wransformation . PWM  VSI filter DFIG PCC gri
-k k b
Y ref MPC (6) Ui ref [4, Uflvep
"|lor MPC (6) + (21) (IEF) a%
[ wm fm
ug
“y
&
@ = (if, i if ul) T [dg],_me0e = (i, 4, i, uge)"

implementation

abc

Assumption: Full state feedback available (otherwise observer design needed).
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Application: Block diagram

Rotor current control of doubly-fed induction generators with LC-filter

Clarke & Park d
controller transformation PWM VSI filter DFIG PCC g&r
ik k b
4 vof MPC (6) UWret [gg,/] Yeret
AN
or MPC (6) + (1) (IEF) bl
[ oo O
uy
“
&
T = (1\577/:9’71;“7“5)7 B; pabe — (igbc,#lbc,ifbc,ugbc)T
implementation abe

Assumption: Full state feedback available (otherwise observer design needed).
= system is controllable
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Application: Block diagram

Rotor current control of doubly-fed induction generators with LC-filter

Clarke & Park d
controller transformation PWM VSI filter DFIG PCC g&r
ik k b
Y ref MPC (6) Uy vef d ultfrgf
AN
or MPC (6) + (1) (IEF) bl
[ oo O
Uy
W
&
T = (1\577/:9’71?7“5)7 rd? pabe — (igbc,#lbc,ifbc,ugbc)T
implementation abe

Assumption: Full state feedback available (otherwise observer design needed).
= system is controllable
= (system is observable; if speed is measured)
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Application: Block diagram

Rotor current control of doubly-fed induction generators with LC-filter

Clarke & Park d
controller transformation PWM VSI filter DFIG PCC g&r
ik k b
Y ref MPC (6) Uy vef d ultfrgf
AN
or MPC (6) + (1) (IEF) bl
[ oo O
Uy
W
&
T = (1\577/:9’71?7“5)7 rd? pabe — (igbc,#lbc,ifbc,ugbc)T
implementation abe

Assumption: Full state feedback available (otherwise observer design needed).
= system is controllable
= (system is observable; if speed is measured)
= grid voltage is measured
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Application: Simulation results

(d, q)-signals: —— MPC, MPC with IEF & —— MPC with IEF and y,.7 (ny = 24)
380 — T ]
=340 [ —\—\_
<§ 300 = - . . N . 4
260 Copp i m‘ TR R S I St
whE T T i AN ‘id;

i [A]
ﬁ |

i (Al
|

0 02 04 06 08 10 12 14 16 185 20
time ¢ [s]
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Application: Simulation results
Phase (a) signals: —— MPC, MPC with IEF & —— MPC with IEF and yff'“ (np = 24)

(A]

Ja
s

it (4]

ul [V]

V)

0 0.2 0.4 0.6 0.8 ‘ 1.0 1.2 1.4 1.6 1.8 2.0
time ¢ [s]
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Summary

To take home and open questions

= MPC with integral error feedback
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o is beneficial (compensates for disturbances and uncertainties)!
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o are feasible with analytical solution (computational load does not increase
exponentially)!

C.Hackl | 05.09.2017 | MPC with analytical solution and integral error feedback for current control of DFIGs with LC filter 12/13



Summary

To take home and open questions

= MPC with integral error feedback

o fits theory (extended system with additional state(s) is still a LTI MIMO system) and
o is beneficial (compensates for disturbances and uncertainties)!

= Long prediction horizons

o are beneficial (faster tracking performance; e.g. without overshoots) and
o are feasible with analytical solution (computational load does not increase
exponentially)!

= Exploitation of non-constant weights W .(k, w,®) and W (k, u, ) feasible?
E.g. to incorporate soft-constraints for

C.Hackl | 05.09.2017 | MPC with analytical solution and integral error feedback for current control of DFIGs with LC filter 12/13



Summary

To take home and open questions

= MPC with integral error feedback

o fits theory (extended system with additional state(s) is still a LTI MIMO system) and
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= Long prediction horizons

o are beneficial (faster tracking performance; e.g. without overshoots) and
o are feasible with analytical solution (computational load does not increase
exponentially)!

= Exploitation of non-constant weights W .(k, w,®) and W (k, u, ) feasible?
E.g. to incorporate soft-constraints for

o saturated control actions [1], i.e. wuoc% or
T,

uI]l‘dX
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Summary

To take home and open questions

= MPC with integral error feedback

o fits theory (extended system with additional state(s) is still a LTI MIMO system) and
o is beneficial (compensates for disturbances and uncertainties)!

= Long prediction horizons

o are beneficial (faster tracking performance; e.g. without overshoots) and
o are feasible with analytical solution (computational load does not increase
exponentially)!

= Exploitation of non-constant weights W .(k, w,®) and W (k, u, ) feasible?
E.g. to incorporate soft-constraints for

o saturated control actions [1], i.e. wuoc% or
T,

uI]l‘dX

. . ) . 1 o
prescribed transient accuracy, i.e. We O G rE = TR [1,3] 7
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Summary

To take home and open questions

= MPC with integral error feedback

o fits theory (extended system with additional state(s) is still a LTI MIMO system) and
o is beneficial (compensates for disturbances and uncertainties)!

= Long prediction horizons

o are beneficial (faster tracking performance; e.g. without overshoots) and
o are feasible with analytical solution (computational load does not increase
exponentially)!

= Exploitation of non-constant weights W .(k, w,®) and W (k, u, ) feasible?
E.g. to incorporate soft-constraints for

o saturated control actions [1], i.e. wuoc% or
T,

uI]l‘dX

. . ) . 1 o
prescribed transient accuracy, i.e. We O G rE = TR [1,3] 7

= Apply results to nonlinear systems (with online linearization) ?
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Simulation results

Implementation data

descr. symbols & values

DFIG Ly=78mH, L, =80mH, L, = 72mH, n,, = 2,
R =050, R, =0,41Q, w, = 100 2,

grid  w, = 2750 24, 4, = /2. 230V,

filter ~ L,=15mH, C.=50pF, R;=0,5Q, R.=0,25Q

VSI Jowm = 8kHz, u4. = 800V

MPC W,=0,5 % Ty, W, = 1000% Iy,
k; = 30, k. = —0.5 (IEF), n, = 24,

sampling time 7, = 1,25-10"*s.

Table: System, implementation and controller data.
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