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Dynamics & Constraints
Given: 7 € N subsystems (smart homes)

wa  System equation of subsystem j € [1: 7] .= {1,2,...,7}
attimeinstants ne€ [k : k+ N — 1], k € Ny, xi(k) = X;:

xi(n+1)
zj(n)
Notation Constraints: For all
@ State of charge x;(n) ie[1:Z]andall n € Ny

@ Power demand z;j(n) € R
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Goal: Flatten aggregated power demand profile

Idea: Trace some steady reference trajectory, e.g. overall average
net consumption

. 1 ¢ 2.
¢(n) = Z-min{Ny,n+1} Z Z wilj)

j=n—min{n,Ny—1} i=1
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Goal: Flatten aggregated power demand profile
Idea: Trace some steady reference trajectory, e.g. overall average
net consumption

- 1 d =
<(n) = Z-min{Ny,n+1} Z Z wil))

j=n—min{n,Ny—1} i=1

for some N; € N>p
Problem: Future net consumption w; unknown
~ prediction of w;(j),j e [k : k+ Ny — 1]
(Ny = N> = N prediction horizon)
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© Implement u*(k) and increment k.
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@ Measure current SoC X = x(k) and predict (exogenous) input
w=(w(k),...,wk+N-1))T.

© Compute optimal input u* = (u*(k),...,u*(k + N —1))T.

© Implement u*(k) and increment k.
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Model Predictive Control
Open loop Closed loop
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@ Measure current SoC X = x(k) and predict (exogenous) input

w=(w(k),...,wk+N-1))T.
© Compute optimal input u* = (u*(k),...,u*(k+ N—1))T.
© Implement u*(k) and increment k.
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@ Measure current SoC X = x(k) and predict (exogenous) input
w=(w(k),...,wk+N-1))T.

© Compute optimal input u* = (u*(k),...,u*(k + N —1))T.

© Implement u*(k) and increment k.
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Optimization Problem
Centralized formulation

_— 5
KiN-1 /4 T )
i — w;(n) + uf (n U (n)] —C(n
,min HZ:;( I;[ i(n) + ui"(n) + viu; ()] — ¢(n)
s.t. system dynamics and constraints
_—
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Centralized formulation
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Optimization Problem
Centralized formulation
=z;(n) 5
KEN-1 /4 I )
i = (n) + U (n) +~iu ()] —¢(n
SO CTINERTOR)
s.t. system dynamics and constraints

Distributed formulation

k+N—1 o,
min > (a(n) - ()
’ n=k

s.t. system dynamics and constraints

T
. 1 _
zi—a =0,ie[1:71], fi ai—a=>0
i=1
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Optimization Problem
Centralized formulation

=z(n)

n=k i=1

kN1 (4 Z 2
u:(rm?u_) Z (I Z [wi(n) + uF(n) +~u; ()] — C(n))

s.t. system dynamics and constraints

Distributed formulation

k+N—1 o, 0

min > (a(n) —{(m)” =[la-{|l; = 9(@)
(z.3) n=k

s.t. system dynamics and constraints

T
. 1 -
zi—aj=0,ie[l:1], fZa,-—azo
p
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Alternating Direction Method of Multipliers
[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,)) a) + Z (AT(Z, - g 1z — a,-Hg)
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Alternating Direction Method of Multipliers

[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,)) a) + Z (AT(Z, - g 1z — a,-Hg)

Basic ADMM Scheme

@ Parallel step

zZt = arg mingep, Z' AL+ 5|z — a:ZHE
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Alternating Direction Method of Multipliers
[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,)) a) + Z (AT(Z, - g 1z — a,-Hg)

Basic ADMM Scheme
© Parallel step

0+ : TyE L P 5 2

z;" = argmingcp Z Aj+ 5 HZ/ - asz
@ Central step

2
i 3 z 041
a*t! = argmin, g(@) - X7 a X + 8 ‘ 2+ ai”z
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Alternating Direction Method of Multipliers
[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,)) +Z (AT ' gHz,-— aiH%)

Basic ADMM Scheme
© Parallel step
- 2
Zif+1 = argmin,cp, ZI A+ 5|z — a:ZHQ
@ Central step
2
a*! = argmin, g(a) - Z/'I:1 al\ + 5 ‘ zf“ _ aiH2
© Dual update
41 41 1
A=Az - e
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Alternating Direction Method of Multipliers

[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,\) +Z <>\T gHz,- - aiH%)

Modified ADMM Scheme [Braun et al., 2018]

@ Parallel step

2! = argmingep, § |2 —2f + 1V
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Alternating Direction Method of Multipliers

[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,\) +Z <>\T gHz,- - aiH%)

Modified ADMM Scheme [Braun et al., 2018]
@ Parallel step

1 - 2y _ A 02
Zj = argMinzep, 3 HZ’ -z +0 Hz
© Central step: Compute average z‘*"
12
F+1 — ; Z L ||504+1 _ 54 M
2+ = argming g(a)—f—%Hz+ —at o,
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Alternating Direction Method of Multipliers
[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,\) +Z <>\T gHz,- - aiH%)

Modified ADMM Scheme [Braun et al., 2018]
@ Parallel step

1 - 2y _ A 02
Zj = argMinzep, 3 HZ’ -z +0 Hz
© Central step: Compute average z‘*"
12
F+1 — ; Z L ||504+1 _ 54 M
2+ = argming g(a)—f—%Hz+ —at o,

© Dual update
- N1 — )\K_{_p(zZ-H _éZ-H)
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Alternating Direction Method of Multipliers

[Boyd et al., 2011]
wn  Augmented Lagrangian: dual A and p > 0

L,(z,a,\) +Z <>\T gHz,- - aiH%)

Modified ADMM Scheme [Braun et al., 2018]
@ Parallel step

£+ : 2
Z/.Jr = argmin,cp, gHzi—Zf—l—I_leHz
© Central step: Compute average z‘*"
12
— . — — — 14
a*+! = argminy g(a) + % HZE‘H —a+ )‘7 )

© Dual update
MNAT = X4 p(21 — 3T)
© Broadcast variable )
M1 = z+1 g+t A
P
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Distributed Optimization using ALADIN

(joint work with Yuning Jiang, ShanghaiTech University)
]
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Distributed Optimization using ALADIN

(joint work with Yuning Jiang, ShanghaiTech University)
wun  Additional Local Costs

Penalize the (dis-)charging of the batteries by introducing
fi: R2N 5 R

fi(up) = lluill%,

with some scaling matrix Q; € R2V.
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Distributed Optimization using ALADIN
(joint work with Yuning Jiang, ShanghaiTech University)
Additional Local Costs

Penalize the (dis-)charging of the batteries by introducing
fi: R2N 5 R

fi(up) = lluill%,

with some scaling matrix Q; € R2V.
Optimization Problem

min - g(2)+ > fi(w)

zZ,u

1
s.t. Z:W+I;IN®(1 i) Uj

uieb; = U;ERZN’D;U,'Sd/}, ie1:7]
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Distributed Optimization using ALADIN
[Houska et al., 2016]
W @ Parallel step: Solve

. 1
min fi(vi) = AT A + 5 Vi~ uill?,
and compute g; = AT A + H;(u; — v;) in parallel.
—

Distributed Optimization of Smart Grids Current Research

Philipp Sauerteig TECHNISCHE UNIVERSITAT
Institute for Mathematics Seite 13/25 ILMENAU




Distributed Optimization using ALADIN
[Houska et al., 2016]
W @ Parallel step: Solve

1
. N AT A g 112
\TEIIB/ fi(vi) — A A,V,—F2 |vi — uill,
and compute g; = AT A + H;(u; — v;) in parallel.
@ Terminal condition: Terminate if max;cy.7; |V — ujl| o, < e.
_—
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Distributed Optimization using ALADIN
[Houska et al., 2016]
W @ Parallel step: Solve

. 1
min fi(vi) = AT A + 5 Vi~ uill?,
and compute g; = AT A + H;(u; — v;) in parallel.
@ Terminal condition: Terminate if max;cy.7; |V — ujl| o, < e.
_—

© Consensus step: Update i and H; = 2Q; + uD;‘?CtT Dyt
optionally, solve
T 1 5
: >+ + . T+
min - g(Z)+ )5 |luf =il + 9y
’ i=1
a
st Zh=w+) Ayt AT
i=1
andupdate z=z", u=u", A= \".
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Comparison of Both Algorithms

. ADMM ALADIN
requirements
convergence rate
communication 1
communication |
]
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Comparison of Both Algorithms

. ADMM ALADIN
. convex objective
requirements functions
convergence rate
communication 1
communication |
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Comparison of Both Algorithms

. ADMM ALADIN
requirements convex objective C? objective
9 functions functions
convergence rate linear
communication 1
communication |
]
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Comparison of Both Algorithms
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requirements convex objective C? objective
9 functions functions
. globally linear
convergence rate linear locally quadratic
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Comparison of Both Algorithms

. ADMM ALADIN
requirements convex objective C? objective
9 functions functions
. globally linear
convergence rate linear .
locally quadratic
communication 1 N 4N or (4 +2n¥)N
communication | N
_—
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Comparison of Both Algorithms

ADMM ALADIN
requirements convex objective C? objective
g functions functions
. globally linear
convergence rate linear .
locally quadratic
communication 1 N 4N or (4 +2n¥)N
communication | N 2N or 2N + 1
_—
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Comparison of Both Algorithms

requirements

convergence rate
communication 1

communication |

ADMM ALADIN
convex objective C? objective
functions functions
linear globally Ilnealj
locally quadratic
N 4N or (4 +2n¥)N
N 2N or 2N + 1

Outlook: ALADIN could be applied to

@ more complex (in particular non-convex) objective functions
@ nonlinear battery dynamics
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Multiobjective Optimization Problem
[S., Worthmann, 2019]
|
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Multiobjective Optimization Problem
[S., Worthmann, 2019]
wn  Objective 1 Flatten aggregated power demand profile:

min  g(z) = 12— ll5-
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Multiobjective Optimization Problem
[S., Worthmann, 2019]
wn  Objective 1 Flatten aggregated power demand profile:

min  g(Z) =z - EHE

ZERN

Objective 2 [Braun et al., 2018]: Stay within time-varying tube
constraints, i.e.

c < z < ¢ (1)

for some ¢, ¢ € RN
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Multiobjective Optimization Problem
[S., Worthmann, 2019]
wn  Objective 1 Flatten aggregated power demand profile:
. - B L
min 9(2) = ||z = Cll;-
Objective 2 [Braun et al., 2018]: Stay within time-varying tube
constraints, i.e.

c—-s < z < C+5 (1)

for some ¢, ¢ € RN and auxiliary variables s, 5 € R’;’O:

. 2
min  h(s) = ||s]||<.
min (s) = |s|
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Multiobjective Optimization Problem
[S., Worthmann, 2019]

wn  Objective 1 Flatten aggregated power demand profile:
. - B L
Z)=|lz— .
min 9(2) =1z -,
Objective 2 [Braun et al., 2018]: Stay within time-varying tube
constraints, i.e.
c—s < z < cCc+s (1)
for some ¢, ¢ € RN and auxiliary variables s, 5 € Rgo:
in  h(s)=|s|?.
min, h(s)=1sl
Multiobjective Optimization Problem Formulation
- 9(2) - -
min s.t. system dynamics and constraints and (1)
zs  \N(s)
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Consider )
. g(z
o (59): @

where S denotes the feasible set.
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Consider )
. g(z
o (59): @

where S denotes the feasible set. A point (z*,s*) € S is called
for (2) if for all (z,s) € S:

9(z) <9(z') = h(s") <h(s)
and h(s) < h(s*) = 9(z") < g(2).

NI
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Consider )
. g(z
o (59): @

where S denotes the feasible set. A point (z*,s*) € S is called
for (2) if for all (z,s) € S:

9(z) <9(z') = h(s") <h(s)
and h(s) < h(s*) = 9(z") < g(2).

NI

The set
{ (9(27), h(s*)) € R? | (2%, s*) is efficient for (2) }

is called
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Proposition (S., Worthmann, 2019, Ehrgott, 2005)

Consider
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Proposition (S., Worthmann, 2019, Ehrgott, 2005)

Consider

oo, (50) @

min  f,(2,8) = kg(2)+ (1 —k)h(s). (3)
(z,5)es

and for k € [0, 1]
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Proposition (S., Worthmann, 2019, Ehrgott, 2005)

Consider

oo, (50) @

min  f,(2,8) = kg(2)+ (1 —k)h(s). (3)
(z,5)es

and for k € [0, 1]

The following statements hold true:
Q (z*, s¥) efficient for (2) = 3« € [0,1] : (z*, s*) optimal for (3)
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Proposition (S., Worthmann, 2019, Ehrgott, 2005)

Consider

oo, (50) @

min  f,(2,8) = kg(2)+ (1 —k)h(s). (3)
(z,5)es

and for k € [0, 1]

The following statements hold true:
Q (z*, s¥) efficient for (2) = 3« € [0,1] : (z*, s*) optimal for (3)
Q x < (0,1), (z*,s*) optimal for (3) = (z*, s*) efficient for (2)
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Proposition (S., Worthmann, 2019, Ehrgott, 2005)

Consider

oo, (50) @

min  f,(2,8) = kg(2)+ (1 —k)h(s). (3)
(z,5)es

and for k € [0, 1]

The following statements hold true:

Q (z*, s*) efficient for (2) = 3 € [0,1] : (2*, s*) optimal for (3)
Q x < (0,1), (z*,s*) optimal for (3) = (z*, s*) efficient for (2)
© « =0, (z,s*) optimal for (3) = 3 z* : (z*, s*) efficient for (2)
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Proposition (S., Worthmann, 2019, Ehrgott, 2005)

Consider

oo, (50) @

min  f,(2,8) = kg(2)+ (1 —k)h(s). (3)
(z,5)es

and for k € [0, 1]

The following statements hold true:
Q (z*, s¥) efficient for (2) = 3« € [0,1] : (z*, s*) optimal for (3)
Q x < (0,1), (z*,s*) optimal for (3) = (z*, s*) efficient for (2)

Q =0, (z,5s*) optimal for (3) = 3'z* : (z*, s*) efficient for
Q «=1,(z*s) optimal for (3) = 3! s* : (z*, s*) efficient for

2)

(
()
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Efficient Control

Setting
] 14

—
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P T

0.2 I I I I I I !
2 4 6 8 10 12 14 16 18 20 22 24
Time in hours [h]
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Efficient Control

Open Loop Performance
_—
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Efficient Control

Open Loop Performance
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Efficient Control

Open Loop Performance
] 1.4 —
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Efficient Control

Open Loop Performance
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Efficient Control
Pareto Frontier

| 3 ‘
¥ rgla)+ (1— m)h(s)
linear approximation
25
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Proper Efficiency
Pareto Frontier
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Proper Efficiency

Pareto Frontier Interpretation
_— T e efficient points = non-dominated
points
_—
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Proper Efficiency
Pareto Frontier Interpretation

@ efficient points = non-dominated
points

.y

A point (z*,s*) € S is called properly efficient for (2)
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Proper Efficiency
Pareto Frontier Interpretation

@ efficient points = non-dominated
points

e

A point (z*,s*) € S is called properly efficient for (2) if it is efficient
and there exists L > 0 such that for all (z, s) € S:

92) <gz) = W?f’(z)q

h(s 5*)
" h(s*) — h(s)
h(s) < h(s*) = 03 -0 = <L
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Proper Efficiency
Pareto Frontier Interpretation

@ efficient points = non-dominated
points
@ trade-off is bounded for x € (0, 1)

e
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Proper Efficiency
Pareto Frontier Interpretation

@ efficient points = non-dominated
points
@ trade-off is bounded for x € (0, 1)

~- information on costs of
improvement w.r.t. one objective

A point (z*,s*) € S is called properly efficient for (2) if it is efficient
and there exists L > 0 such that for all (z, s) € S:

92) <gz) = W?f’(z)q

e

h(s 5*)
" h(s*) — h(s)
h(s) < h(s*) = 03 -0 = <L
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Coupled Microgrids
(joint work with Philipp Braun (University of Newcastle),
s [Braun, S., Worthmann, 2019])
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Coupled Microgrids

(joint work with Philipp Braun (University of Newcastle),
s [Braun, S., Worthmann, 2019])

@w »ﬁ% @ = c N number of MGs

® 0., <€ [0,1] exchange between
MG,. and MG,

@Sﬁ ﬁ@ ® 1, € [0, 1] efficiency of the
exchange
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Coupled Microgrids

(joint work with Philipp Braun (University of Newcastle),
s [Braun, S., Worthmann, 2019])

@ﬁ ﬁ% @ = c N number of MGs

® 0., <€ [0,1] exchange between
MG,. and MG,

@Sﬁ MQ@ ® 1., € [0, 1] efficiency of the
exchange

Optimization Problem

— 2
méin J(é) = Z Z (I’{E’Q(n) - Zéy,ﬁ(n)nuﬁlyzy(n))
v=1
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Coupled Microgrids

(joint work with Philipp Braun (University of Newcastle),
s [Braun, S., Worthmann, 2019])

@m\ ﬁ% @ = c N number of MGs

® 0., <€ [0,1] exchange between
MG,. and MG,

@Sﬂ;, MQ@ ® 7, € [0, 1] efficiency of the
exchange
k+N—1 = . = 2
méin J((s) - Z Z (IHCH(n) - Zé’/v’i(n)nVﬁIVzV(n)>

idn,y(n) =1and d.,(n)-0,.(n) <0 (k#v) }
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Bilevel Optimization Scheme

@ MG, : Solve minz, cp, g«(2.) and send z, to CE.
]
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Bilevel Optimization Scheme

@ MG, : Solve minz, cp, g«(2.) and send z, to CE.
© CE: Collect z,, k € [1 : ], solve minsca J(d) and compute

_—
I zt(n) =
—
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Bilevel Optimization Scheme

@ MG, : Solve minz, cp, g«(2.) and send z, to CE.
© CE: Collect z,, k € [1 : ], solve minsca J(d) and compute

_—
zt(n) = S (MNukZu (NI, re[l:Z]
© CE: Communicate Az, =z —zto MGy, k € [1: Z].
—
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Bilevel Optimization Scheme

@ MG, : Solve minz, cp, g«(2.) and send z, to CE.
© CE: Collect z,, x € [1 : =], solve minsea J(J) and compute

_—
zH(n) = Z Mz, (M, ke[l:3)
© CE: Communicate Az, =z —zto MGy, k € [1: Z].
O MG,: Update w,” = W, + AZ, and solve min; ;- g.(Zx).
—
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Bilevel Optimization Scheme

@ MG, : Solve minz, cp, g«(2.) and send z, to CE.
© CE: Collect z,, k € [1 : ], solve minsca J(d) and compute

_—
zH(n) = Zayn Vw2 (M, we[1:3)
© CE: Communicate Az, =z —zto MGy, k € [1: Z].
O MG,: Update w,” = W, + AZ, and solve min; ;- g.(Zx).
—

Results oy o
1Z=¢ll; [ZF =<l
920.57 451.44
124.85 85.07
32.25 79.82
4 34.03 85.07
overall | 1111.70 701.39
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Bilevel Optimization Scheme

@ MG, : Solve minz, cp, g«(2.) and send z, to CE.
© CE: Collect z,, x € [1 : =], solve minsea J(J) and compute

zt(n) =

n L

771/ sz(n) Vs

ke[l:=].

2 =z —ztoMG,, ke [1:Z].

and SO|Ve m|nz 'CD,; g,‘i(sz)

]
© CE: Communicate
Q MG,: Update w =
ResuHs
S =2
]

W, + AZ,
lz—cll; 11z - 2ll;
92057  451.44
12485  85.07
s | w790
4 | 3403 8507 -
overall | 1111.70  701.39
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© CE: Communicate
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ResuHs
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Bilevel Optimization Scheme
@ MG, : Solve minz, cp, g«(2.) and send z, to CE.

zt(n) =

n L

© CE: Collect z,, x € [1 : =], solve minsea J(J) and compute

771//421/(”) vy KE [1 : E]

_—
© CE: Communicate 2, = zH —zto MG, k € [1: Z].
O MG,: Update w,” = W, + AZ, and solve min; ;- g.(Zx).
Results oy o
|12 —cllz |12+ =]l;
920.57 451.44
124.85 85.07
— 3 3225  79.82
4 34.03 85.07
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Bilevel Optimization Scheme

@ MG, : Solve minz, cp, g«(2.) and send z, to CE.
© CE: Collect z,, x € [1 : =], solve minsea J(J) and compute

_—
zH(n) = Z Mz, (M, ke[l:3)
© CE: Communicate 2, = zH —zto MG, k € [1: Z].
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Surrogate Models for Microgrids
(joint work with Sara Grundel and Manuel Baumann, MPI
W Magdeburg, [Grundel, S., Worthmann, 2019])
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Surrogate Models for Microgrids
(joint work with Sara Grundel and Manuel Baumann, MPI
mas Magdeburg, [Grundel, S., Worthmann, 2019])
Approach for single MGs
@ Model Predictive Control (MPC)
~+ solve optimization problem in each MPC iteration
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Surrogate Models for Microgrids
(joint work with Sara Grundel and Manuel Baumann, MPI
mas Magdeburg, [Grundel, S., Worthmann, 2019])
Approach for single MGs
@ Model Predictive Control (MPC)
~+ solve optimization problem in each MPC iteration
@ Alternating Direction Method of Multipliers (ADMM)
~ time consuming + communication effort
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Surrogate Models for Microgrids
(joint work with Sara Grundel and Manuel Baumann, MPI
mas Magdeburg, [Grundel, S., Worthmann, 2019])
Approach for single MGs
@ Model Predictive Control (MPC)

~+ solve optimization problem in each MPC iteration

@ Alternating Direction Method of Multipliers (ADMM)

~» time consuming + communication effort
Surrogate Models

( Xq (k)XI(k) ) ADMM
w(K)...w(k+N—1) ~ (z(k)...z(k+ N —1))
C(k)...C(k+N—-1)
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Surrogate Models for Microgrids

(joint work with Sara Grundel and Manuel Baumann, MPI

mas Magdeburg, [Grundel, S., Worthmann, 2019])
Approach for single MGs
@ Model Predictive Control (MPC)

~+ solve optimization problem in each MPC iteration

@ Alternating Direction Method of Multipliers (ADMM)

~» time consuming + communication effort
Surrogate Models

( X1(k)...XI(k)
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Surrogate Models for Microgrids

(joint work with Sara Grundel and Manuel Baumann, MPI

mas Magdeburg, [Grundel, S., Worthmann, 2019])
Approach for single MGs
@ Model Predictive Control (MPC)

~+ solve optimization problem in each MPC iteration

@ Alternating Direction Method of Multipliers (ADMM)

~» time consuming + communication effort
Surrogate Models

( X1(k)...XI(k)

|7|£(k)...|ZV(k+N1)) ADMM(z(K) .. 2(k + N — 1))
C(k)...C(k+N—1)

| - =
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Introduction to Neural Networks

Basic Scheme incorporating 5 layers
]

@ 1 input layer with 2 neurons
@ 1 output layer with 3 neurons
@ 3 hidden layers with 3 or 4 neurons, resp.
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Introduction to Neural Networks

_1
14+e=X

o Weights wle+1] c RMer1xme
@ biases pli+1] € RMe+1

@ sigmoid function o(x) =

\\
S

9;.,‘@

@'0‘@ \

with number m;, of neutrons in layer ¢.

Output of layer ¢ + 1 given output y* of previous layer
y£+1 _ U(W[E-H]yé + b[Z-H])
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Introduction to Neural Networks
@
N O
0 @,Q@ N4
O(‘ ““‘@ @
ENCaaa
() @

Output of neural network given input x

@ sigmoid function o(x) = 1=

o Weights wle+1] c RMer1xme
@ biases pli+1] € RMe+1

with number m;, of neutrons in layer ¢.

z = F(x) = o(WBla(WBlo(WPRx 1 pPl) 1 pBl) 1 pl4)
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Introduction to Neural Networks
@
N O
0 @,Q@ N4
O(‘ ““‘@ @
ENCaaa
() @

Output of neural network given input x

@ sigmoid function o(x) = 1=

o Weights wle+1] c RMer1xme
@ biases pli+1] € RMe+1

with number m;, of neutrons in layer ¢.

z = F(x) = o(WBla(WBlo(WPRx 1 pPl) 1 pBl) 1 pl4)

Sigmoid function

!
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Introduction to Neural Networks

_1
14+e=X

o Weights wle+1] c RMer1xme
@ biases pli+1] € RMe+1

@ sigmoid function o(x) =

\\
°:>:»
SOR

9;.“@

@'0‘@ \

with number m;, of neutrons in layer ¢.

Output of neural network given input x
z = F(x) = o(WBlg(WEBlg(WPB x 4 b2y 4+ pBI) 1 pl4])

Sigmoid function
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Introduction to Neural Networks

_1
14+e=X

o Weights wle+1] c RMer1xme
@ biases blf+1] € RMe+

@ sigmoid function o(x) =

\\
e

9;.,@

SOt
e O

with number m;, of neutrons in layer ¢.

Output of neural network given input x
z = F(x) = o(WBlg(WEBlg(WPB x 4 b2y 4+ pBI) 1 pl4])
Sigmoid function @ "smoothed" step function

@ imitating neurons in brain:

@ 0 =1 < neuron firing
@ o = 0 < neuron inactive

@ [Higham, Higham, 2018]
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Results
Coupled MGs

|
MG1 MG2
MGs3 MGy
___|
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Results
Net consumption

] MG, MG,
60 - 20
50 15
40
10
30
200 - 5
10 0
0 w
-5
0 6 12 18 24 0 6 12 18 24
Time in hours [h] Time in hours [h]
MGs MGy
15 1 10 .
8
10 ]
6
5 4
0 2
|
0
-5 =
0 6 12 18 24 0 6 12 18 24
Time in hours [h] Time in hours [h]
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Results

Reference trajectory

60
50
40
30

201

MG,

6

12
Time in hours [h]

MGs

18

6

12
Time in hours [h]
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Results
Solution without additional exchange

] MG, MG,
60 - 20
50 15
40
\ 10}

30 |- 8
ol 3 5
10 0

0 N

-5
0 6 12 18 24 0 6 12 18 24
Time in hours [h] Time in hours [h]
MGy MG,

15 1 .
10 f

5

0

___|
5 !
0 6 12 18 24 0 6 12 18 24

Time in hours [h] Time in hours [h]
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Results
Solution incorporating exchange within MGs

] MG, MG,
60 - 20
50
40
30 |
20}
10
0 N
-5
0 6 12 18 24 0 6 12 18 24
Time in hours [h] Time in hours [h]
MGy MG,

0 6 12 18 24 0 6 12 18 24
Time in hours [h] Time in hours [h]
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Results
Approximation (using MatLab’s Neural Network)

] MG, MG,
60 - 20
50
40
30 |
20}
10
0 N
-5
0 6 12 18 24 0 6 12 18 24
Time in hours [h] Time in hours [h]
MGy MG,

P

0 6 12 18 24 0 6 12 18 24
Time in hours [h] Time in hours [h]
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= Thank you for your attention!
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