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Smart Grid in the Stockholm Royal Seaport

(1 Smart homes/Buildings and Demand Response

0 Distributed Energy Systems

o Integration and Use of electric vehicles

O Energy Storage for customers and the grid

0 Smart electrified harbour

o Smart Primary Substations

0 Smart Grid Lab (part of an innovation Center)
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Two Royal Seaport Projects

 Smart grid communications over 4G LTE

— Can power grid control loops be closed over the mobile
communication infrastructure?
* Appliance scheduling and storage in smart buildings

— Control architecture and mechanisms for demand-response
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From Centralized to Distributed Control




Example

.’J‘.T]_(k + 1) — !'I.]_]_.’J'.T]_{rtf) + ﬂ.]g.’]‘fg[k} + T.i.]_{.lii?)
.’J'.Tg(k -+ 1:] — !'1.5,31.’1?1{#::] -+ ﬂ.ggﬂfg[k} + TLE(R‘)

Keep .J small, when
2 2
e Controller 1 knows a;; and a» J = Z H"I H + H“( )H

e Controller 2 knows as; and as9

ur(k) = —anz1(k) — ar222(k) achieves J < 2.J*
uz(k) = —anz1(k) — azewa(k) -

No limited plant model information strategy can do better.

Langbort & Delvenne, 2010



Distributed Control with
Limited Model Information

. shared
sensors

shared
actuators




Plant

Plant graph Adjacency matrix
Gp

1 1 0

Sp = [ﬂ 1 1]

0 1 1
Plant

P=(ABx,) E4AXEXX
A={A€RV"A;; = 0e€ R"" " foralll <1i,j < qsuchthat (sp);; = 0}
€={BeER""|ag(B)z¢Bjj=0eR" " foralll<i# )< q)

xie+1) = Axi(k) + . Ay (k) + Bigws (k)
j#i
x; € R and u; € R™



Controller

Control graph Adjacency matrix State feedback gain
Gy
1 0 0 Kll ﬂﬂ]':!i:l'lz ﬂH]HHj
Sk = [1 1 0 K=| Kz K32 Dn;:u:n;
0 1 1

ﬂﬂ3Hn1 KEE Kgg

Controller

ulk) = Kx(k)
R={ K € R""|K;; = 0€ R""" forall 1 =i,j < q such that (sg);; = 0}
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COntrOI DeSIgn Method ......................... ,4 _________ o

Control design graph Adjacency matrix
G
1 0 0
0 1 1
Control design method [y1 -0+ Ty
["H#XE—-%Z I'= .
_Fql qu_

-

[Fﬂ Fiq} is a function of {[Ajl qu} ,Bji | (s¢)i; 7&0}
K =T(A,B)

R={ K € R""|K;; = 0€ R""" forall 1 <i,j < q such that (sx);; = 0}



Performance metric

Jp(K) = a(k)"Qz(k) + > u(k)” Ru(k)
k=1 k=0
given
Gp E > Gk 3 ) Ge f
Assumptions

@ e={BeRV"|ag(B)z¢€Bj=0eR"™ " foralll<i#j<q]
is a set of diagonal matrices
® Gy is a complete graph
® Q=R-=1.
e for every plant P = (4,B,x,) € 2, there
exists an optimal controller K" (A, B) € % such that

Jp (K'(A,B)) < Jp (K), forall K € ¥



Motivating HVAC Example

x(k+1)= x(k)




Competitive Ratio and Dominance

The competitive ratio of a control design method [: & X & — &

. w Jp(I'(4, B))
rp(l) = F:{A,Bin)EP Jp(K*(P))

I dominates another control design method [ if

Jp(I'(A,B)) < Jp(I"(A,B)), VP = (A,B,xy) € P,

Langbort & Delvenne, 2011



Deadbeat Control

The deadbeat control design method T2 . A(S;a::) % B(e) S KCis

The control design for subsystem i depends only on subsystem i’s controller gains:
{Pﬂ(A:«B) [i2(A,B) --- Fig(A:B)] = B;:l [Ail Ajp -+~ Az’q—‘ .
Lemma Suppose Gp contains no isolated node. Then,

rp(T2) =1+ 1/€

é
®

The performance of the deadbeat control design method is at most 1 + 1/52 times
the performance of the optimal control design method as

_ 1 Jp(I'(A, B))
rp(l) = F:(A,Binjex”? Jp(K*(P))




Cheap Control

For the performance metric

Jp(K) =3 a(k)"Qz(k) + Y u(k)” Ru(k)
the competitive ratio =t k=0
rp(l) = sup Jp(L'(4, B))

P=(A.B.zo)ep JP(K*(P))

re(I') =14 a(R)/(a(Q)e?)

Hence, as a(R)/ a(Q) goes to zero, the LQ controller converges to deadbeat.




Competitive Ratio

Theorem Suppose (Gp has noisolated node, Gy is a complete graph, and

and G is totally disconnected. Then, the competitive ratio of
any control design method T" € C satisfies

ro(T) > 14 1/¢€

Gp Gr Q"‘ 6)
%

rp(T) = sup Jp(I'(4, B))

P=(A,B,z0)ep JpP(K*(P))



Deadbeat is Undominated

Theorem Suppose (Gp has noisolated node, Gy is a complete graph, and

and G is totally disconnected. Then, deadbeat is undominated
if and only if G» has no sink

: N &
@u ¢

If Gp has one or more sinks, then the control method should be modified
to do “local optimal control” for each sink and deadbeat for the other nodes.




Influence of Design Information

Theorem Suppose (Gp and G are complete graphs. If G # Gp then
rp(T) > 1+ 1/62

Achieving a better competitive ratio than the deadbeat design strategy requires
each subsystem to have full knowledge of the plant model in the design of
each subcontroller.




Servomechanism Design

Extensions to plant with disturbance:

z(k+1) = Az(k) + B(u(k) + w(k)) ; z(0) = =z,
w(k + 1) = Dw(k) ; w(0) = wyg

Deadbeat controller with deadbeat observer

wi(k)
Corresponds to Pl control for step disturbance (D=l) é

! uy (k) = z(k) — B~'Dx(k)

k
() Plant %%
+ : ___________ i
H —B7lA [
' | z(k+1) = Dz(k) — B-1D?x(k) |



Conclusions

Smart energy systems often lead to distributed control
problems with limited information exchange

Considered the role of plant model information

Achievable performance in terms of competitive ratio can
be derived for certain cases

Provides insights on control
information topologies
(not necessarily design)

http://www.ee.kth.se/~kallej
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