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ABB Case Study: Overview

Gen. 2

bus 3

Capacitor

bank T

bus 4

Vi=Via +1Viq
Vim = Hbs(vi)

Generator 1:
> Infinite bus

Generator 2:
> Interna controller (AVR)

Transformer:
» internal controller (FSM)

L oad:
» aggregate dynamic load
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Collapse Scenario

- . _ 3. generator overexcitation
Linetripping (L3) at t=100s ... L\”miter ~ctivated |
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v Load Timeldl
... leads to voltage collapse.
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Why do we need Control?

» Power system designed for N-1 stability
» Power system collapse extremely expensive
» Time-constants rather small

» Power system operated closer to stability limit

because of
» deregulation of energy market
e environmental concerns
 Increase of electric power demand
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Generator 2: Overview

Gen l A.VR -;"-:VZm,rcf
® s
f/\-'! [3 +jT
turbine :,I g;é:hh_l];o;l ous : d:‘- = from network
buga [Vaati Vi
.
L3
pur pose:
bus 3 ne—— » generates limited power
Capacitor _L_ assume:
bank @ Transf. > quasi-steady state behaviour
2 (static) components:
< — > automatic voltage regulator (AVR)
) » synchronous machine
Vi=Via +1Viq V Load

Vim = abs(V;)
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Generator 2: Modd

AVR satur ating e
AVR |2 Vamet) P-controller | V2m = yVaat Vs
controls terminal ith i t dE¢qg = 50(Vop, rer — Vom)
5 with inpu . oo I
fd . . =
voltage Vo, nonlinearity sd min(Es maz, dEfq+ Eyog
X Tgtj Vo —F
turbine i synchronous: | 14 V=™  AVR = Eg
| machine \ ;
) J\fdﬂﬂ [
Synchronous static |/O- Prno = Epaiq + (24— 24)igiq
: behaviour vd = —qlq
machine ve = Epat waia
<— Vo ref —I>qg = —sin(6)ig+ cos(d)iq
generates elect. AVR —Ixy = cos(6)ig + sin(6)iq
power .
Vog = —sin(6)vg + cos(d)vg
) V Vo, = cos(6)vg + sin(d)vg
; (3 synchronous e
tne '_\ | machine Vi ¥, E_b_ synchronous [ Lq
ot machine —= Iy,
[ ]
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Transformer: Overview

purpose:
» steps down voltage
> controls load-voltage V ,
by adjusting tap ratio 1:n

(E
-
@

L3 L2

Via+iVq | 2 components:
I, ;@‘% JERR 1 5™ » transformer

Eﬂcitur il I PG R4iX » controller of tap ratio
N\ I - manipulated variable:
:f:‘i{; <V, ot > voltage reference V.
V . L+l
vi= Vet Vi Vgt Vig
Vi, = abs(V;)
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Transformer: Controller

input nonlinearity: v, = \/Vfd + Vi,

|OgiC: too_large = Ly IF Vam > Vﬁlm,cref + Vﬁlm‘,err
0, else
too_small = L 0f Vam < Vamrefr = Vamerr
0, else
exc = too_large V too_small

finite state machine;

action:

too_large » n>{.8 ==> n=n-0.02
too_small » n< 1.2 ==> n=n+).02 B
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Transformer: Equations

. ] 1
transformer equations: Vag = —Vaq— Rnlsq+ Xnlg,
T
> nonlinear equations | v, = v, — Xnl., - Rula,
T
> rdateV,, V1,1,
depending on n T = ey
&P g I3 = —nly,
block diagram:
"{I-m,rcf \#
Via— — Vaa
Vi l:n — Vi
1 3d ™ transformer [— Iq_d
I3q_ [ I4q
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| oad: Overview

Gen. 1 Gen. 2 _
L1 pur pose:
Q — O » power consumption
bus 1 bus 2 assume: aggregate dynamic load
I3 - » aggregate: distribution network with

various loads (motors, heating, lighting)
» dynamic: sdf-restoring following a
disturbance

bank Transf. manipulated variable:
> |load snedding s,

bus

1V -
I5 N * >V4d+_]V4q
Load/ —T | %,
= Lsg+jlsg
Vi = Via +1Viq
Vim = Hbs(vi) SL
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| oad: Salf Restoration

Following a disturbance in the supply voltage, the active and reactive powers
drawn by the load are restored by internal controllers (like thermostats).
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L_oad: Modé

T
—Ti + Pro(1 — V2,)
P

I

€I
= (1-0.05- SL)(T% + Prg - de-m)

p

active power : Tp
Pr
reactive power . iq
QL

£
= —,ﬁ + Qro(l —VZ2,)
q

|

i

£
(1-0.05- 1) (= + Qro- Vidn)

where V2, = V2, + V2,

and s, = load shedding (discrete manipulated var.)

output equations:

PrVag+ QrVa,

iy 1=
R Va+ Vi
— _ P Va, — OV,
>V4d+JV4q Isg = —3 +?ffé -
V I\ 1! —
+) 5q
. Vi ——
block diagram: 4d —= 1
G [romon efoafe
S — > >
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Linear Submodels

Gen. | Gen. 2

O

bus 2

L2

bus 3

Y|

}/ L
Capacitor @ Transt.
bank

bus 4 mnm—

generator 1:
> Infinite bus
» supplies constant voltage V, = 1.03

capacitor bank:
» stabilizes power system
» discrete manipulated variable

network:
» algebraic equations at the buses
according to Kirchhoff’slaws

. Load
Vi=Via +1Viq v
Vim = Hbs(vi)
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Hybrid Modéel

Gen. 1 Gen. 2

Ot O

bus 1 bus 2

L3 L2

bus 3 me————

F:uc—l::- —

C i <—Vitin,ref
b;ﬁ?mmr Transf.
bus 4 m—
%
Ve
Vi = Viq+jViq Load

Vim = 'dbS(Vi )

Hybrid system:
» saturation
» finite state machine with logic
» nonlinearities - pwa functions
» discrete manipulated variables

Dimensions:
» 2 ordinary diff. equations
» 29 algebraic equations:

> 11 linear, 18 nonlinear

> 3 states:

» 2 continuous, 1 discrete

» 3 manipulated variables;

> 1 continuous, 2 discrete
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Hybrid Model (ctd.)

zy, € R? [ ;"L ] € {0,1,2,3}2 Vamref ER n€{08,...,1.2}
| | |
nonlinear DAE: discrete events:
le — f(xL,Efd,n,SC,SL) Efd’n . -
y = g(xL7Efd>naSCaSL) AVR: Efd —mln(VQm...)
. FSM: n/ =...
0 = h(xLaEfdana‘SCaSL)

2 ODEs 29 agebraic constraints saturation, FSM, logic

ng & ]RB
Tr.

approximate by PWA functions
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MLD Formulation

#(t+ 1) Axz(t) + Byu(t) + B2d(t) + Bzz(t)
y(1) Cx(t) + Dyu(t) + D2d(t) + D3z(1)
E26(t) + E3z2(t) < Eqx(t) + E1u(t) + Es

where: 4(¢) € {0.1}"¢ auxiliary binary variables
z(t) € R" auxiliary continuous variables

If problem is well-posed:
for agiven x(t) and u(t) the inequality
E56(t) + E32(t) < Ejz(t) + E1u(t) + Es
definesuniquely §(t) and z(t).

... leadsto 490 , 86z variables and 409 constraints
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Control Problem

Gen. 1

e

bus 1 bus 2

L3 H L2

bus 3 me————

Gen. 2

O

o _b. = +—Vim,ref
(b?:;?l?mmr Transf.
bus 4 m—
%
Ve
Vi = Via +jVig Load

Vim = 'dbS(Vi )

» Control objectives:
> stabilize Vi,

» min. load shedding s

> keep bus voltages within
certain limits

» Manipulated variables:
> ultc voltagereference: Vo
» capacitor switching:  s.

» |load snedding: S,
» Fault:
» line outage &

V2m, V3m, V4m
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Model Predictive Control

N-1 N—-1
J= ) (IIV4m(t+f<:t)—lll+llmt(t+klt)lR,m) + > S(t+kt)
k=0 =1
subject to
> MLD moddl:

z(t+1) = Ax(t) + Byu(t) + B24(t) + B3z(t)
y(1) Cxz(t) + Diu(t) + D26(t) + D3z(t)

Ezﬁ(t) -} E3z(t) < E4:I?(ﬁ) -+ El?..t(i) + Es

Vo,, € [0.95.1.05]
Vam, Vam € [0.9..1.1]

ETH === ifa



Controller Structure

Controller of tap changer highly sensitivetoVa,,, .
- Decompose MPC in cascaded controller

|

w5 () An(t)
}f@j ]—» MPC sc(t) —> datic
sr(t)

prediction model with An(¢#) asman. variable I

sc(t)
sp,(t)

Vélfrn,;ref (t) }

o MPC sets tapping strategy An.(t)
* Static controller chooses Vy,,, ... ; accordingly
* Mechanical wear results from tap changes
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Tuning of Cost Function

Penalty on u:
N-1 N—-1
J= ), (IV4m(t+kt)—1|+lﬁu(t+kt)lH,m) + ) S(t+klt)

@e R such that:

» nominal control (no constraint violated).
allow ultc voltage reference and capacitor bank
> emergency control (constraints violated):

\al low all controls including load-sheddi ng/

o e e



Tuning of Cost Function (ctd.)

Penalty on violation of soft constraints:

N-1 N—-1
7=3 (|v4m(t+m)—1|+|ma+wR,m) + 3 (kI
k=0 k=1

2 ;

=pY {bi(t + RJt) + sl (t + klf)}
=2

‘ >> || Aumacl|R oo violation of

I-th constraint
€{0,1}
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Prellmlnary Results

Gen. 1

O

N rup

bus S p— 5 0 60 120 180 240 300 360 4 480

Capacitor L S :
o @ Transf. g gaRF == 5

bus 4 - UBE
0
" 5

TRV (.
‘g : .

capacitor bank | —_ nload |
switching I AP

0 60 120 180 240 300 360 420 480
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Compensation for Output Error

gt —1) =g —1) —y(t - 1) filtered |

dm,ref cR n € {0.8,...,1.2}

l l

discrete events:

nonlinear DAE:
o, = f(zr,Efq,n,8¢0,8L)
= g(zr, Efq,m,8¢,81) + ¥
= h(zr,Efq,n, 8¢, 5L1)

Efd?ﬂ’

AVR: Efd =min(V2m...)
FSM: »n' =...

Vom
Vam
V4 m

y:

€R’ ... leads to reduced output error

R e e
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Nonlinear Hybrid MPC

Questions;
e |Isthe MPC cost function tuned properly?
 How large isthe max. tolerable approximation error?

—> Simulate nonlinear hybrid MPC with exact model

| mplementation:

 branch on discrete inputs over prediction horizon

 use bound techniques

o Smulink (Modelica): used to smulate the model response
and to evaluate the cost function

e e



1.05

t=120s:
cap. switching

controlled variables

t:180, 57OS _u--. =

constraint viol.
predicted

tap changer: n_

no load shed.

tap changer: V4m ref

Nominal Ceee

— V2m mod
" pred

— \4m mod
e " pred
V3m mod

= " pred

1 1 1 1 1 1 | | 1 l | 1 1 1 |

108 o

300 380 420 480 540 600 &80 V20 T8O B840 900 960 1020

120

180 240

9 96606004
$ D i A $ Y L et . . . i
1 1 1 | | | 1 1 L L 1 1 1 1 1 | |

120 180 240 300 3680 420 480 540 600 &80 720 Y80 8B40 900 960 1020

— Vam_ref

— Vam_ref+1/2d,

— "u"-lrn_re1'-1f2-d.r :
S Vd4m

| 1 | 1 1 1 | | 1 1 1 1 | | 1 1 |

60 120 180 240 300 360 420 480 540 600 660 720 780 B40 900 960 1020
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Parameter Uncertal nty PO +O 5%

t=120s:
cap. switching

controlled variables

— s

S —— V2m mod
= " pred
— Wd4m mod
o= * pred
Wam mod
= pred
"*-'—'9—--:-.—_'

no load shed. ot

B

small offset in
bus voltages

tap changer: n_
R

=t

: o
- G—Q—]

240 300 380 420 480 540 600 660 V20 VBO 840 900 960 1020

120 180

" o | %G—
i....i‘Hf".'.'ii

8

0

60

120 240 300 360 420 480 540 600 660 T20 TE-CI' 340 Eﬂﬂ 96!3 1[120

180

_wmref'

— Vdm ref+1f2|:lr

tap changer: V4m ref

—— ‘I.Mm rerEd
| — Vdm

— | .

1 1 [ —

0 B0

480 540 600 660 720 7BO 840 900 960 1020

time [5]

120 180 240 300 360 420
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Conclusions

» MPC cost function:
e use cascaded control scheme,
e penalize tap changes,
« alow for short constraint violations and

e prediction horizon N=2 sufficient.

» Max. tolerable approximation error:
» small parameter uncertainties lead to output offset,
e if PO > +1%: nominal control moves can’'t stabilize system,
o system parameters and structure are known very accurately (PMU)
except PO (variations of up to 0.3% per minute)

—> high accuracy for PWA approximation mandatory

S et ifa



Qutlook

Reformulate MLD model using subdivided model
Compensate for output error

Reduce computational time

e search heuristics

» exploit model structure

Large-scale power system

» Reachability analysis

Controllability and observability
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Reformulation of MLD Model

1 Rz [ fé & {0,1:2,3}2 Vﬁl:rn,;r*ﬁf cR ne {0-8:---;1-2}
nonlinear DAE: discrete events:
le — f(xlnEfdvnaSC?SL) Efd’n . . )
Yy — g($L,Efd,n,SC,SL) AVR: Efd o m'”(VQm---)
_ FSM: n/ =...
0 = h(ZIZ'L,Efd,n,SC,SL)

approximate by PWA functions formulate as MLD model
with 4 real inputs
for all 16 combinations of
discrete inputs

o e e



The end
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Penalty on V4m,ref and PO +0.5%

t=120s:
cap. switching

1

controlled variables

ﬂlg_.........:...................'...-'.-.....-.....!._. e PR e SIS PSS S SOl IS I By

t=180s: 0 60 120 180 - 240 300 360 420 480 540 500
constraint viol.
predicted, but
changein

V4m,ref not . .
effective A S S s

8

tap changer: n
i
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Y

r3

=
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e
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2
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3
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t=210s:
load shed.

1 ) MY PR A SO S S e
3 : : : — Vam_ref+1/2d_

- = Vd4m

2

:

tap changer: V4m ref

o
w
T

1] 60 120 180 240 300 380 420 480 540 600
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Penalize aII Constral nt V|oI and PO +O 5%

constraint viol.
for k=0
penalized, too

t=120s:
cap. switching

t=840s:
constraint viol.
NOT predicted

t=870s:
load shedding

controlled variables

tap changer: n.

changer: Vdm ref

-

=]
o
[

'!.-._.._—'.. l- g, x L e T e = .,_,._|_.

1 L 1 I | | 1 | 1 1 | | | | ]
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13!] 24!3 ﬁﬂﬂ Eﬁﬂ 420 480 540 600 660

| — vam_ret+ir2d.
S Vam ref-1/2d
e — VM
: ot .

e
3‘—¥4m_ref

60 120
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1680 240 300 360 420 480 540 600 660 720 7BO B40 900 960 1020
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Static State-Estimation

min Y Vi — Vim (e, + 7))

V4m;r‘ef ceR ne{08,...,1.2}

l l

discrete events:

ry, € R? [SL e {0,1,2,3}4

|

nonlinear DAE:

2y, = f(zr,Epg,n80,80) + ZL Erg:n R o

: = min
y = g(zp, Efdalngs(?gsj;) f/d (Vo .- .)
0 h(mﬂ‘-'Efd& ﬂ,SCj,SL) FSM: n -

Vom
Vam
V4 T

y = c R3

... leads to reduced output error
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Instability: line outage

&
<

0.8

0.6

<

0.4

P+jQ

0.6
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Countermeasures:. |oad shedding

1 1
tang =0:V?2 = —:lz\/——PzX2
2 4
B vV
L e
0.6 | new operati ' o
v : perating point
0.4 | el
P+jQ A
o2} i i #‘.__.-'. s
0 = : ; \ A 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6
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