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144 168

« problem: increased volatility of demand

» goal 1: constant control energy

« approach: exploit energy storage devices <7
» goal 2: reduce charging cycles

» today’s talk: find a compromise
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Modelling Residential Energy Systems

(see also Worthmann et al. 2014)
Dynamics of i-th system, i € {1,...,Z}

xi(n+1)
Notation Constraints
« SoCx; € R 0< xi(k) <G
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Modelling Residential Energy Systems

(see also Worthmann et al. 2014)
Dynamics of i-th system, i € {1,...,Z}

x(n+1) = x(n+T7( g (n)+u (n), xk) =%
Notation Constraints
+ SoCx; € R 0< xi(k) <¢
« (dis-)charging rate u; = (v, u) " u < u; (k) <o
* timestep T > 0 0< u (k) <7
o< w8 E0 <y
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(see also Worthmann et al. 2014)
Dynamics of i-th system, i € {1,...,Z}

x(n+1) = x(n)+T( u(n) +u (), x(k)=%
z(n) = w(n)+u (n)+ u (n)
Notation Constraints
+ SoCx; € R 0< xi(k) <¢
« (dis-)charging rate u; = (v, u) " u < u; (k) <o
« timestep T > 0 0< u (k) <7
« powerdemand z; € R 0< %fk) + @ <1
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Modelling Residential Energy Systems

(see also Worthmann et al. 2014)
Dynamics of i-th system, i € {1,...,Z}

xi(n+1) = ax(n) + 7By (n) +u (), x(k) =%
z(n) = w(n)+u"(n)+ 7y (n)
Notation Constraints
+ SoCx; € R 0< xi(k) <G
« (dis-)charging rate u; = (u", u; )T u < u; (k) <o
« timestep T > 0 0< u (k) <7
+ power demand z; € R 0< %Ek) + %(,k) < 1

+ net consumption w; € R
- efficiencies «v;, (;,; € (0, 1]

« current time instant k € N, n > k
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Modelling Residential Energy Systems

(see also Worthmann et al. 2014)
Dynamics of i-th system, i € {1,...,Z}

X,‘(n + 1) = oz,-x,-(n) + T(ﬁ,uﬁ(n) + uf(n)), X,‘(k) = 5\(,'
z(n) = w(n)+ g (n)+vu (n)
Notation Constraints
» SoC Xi € R 0 S X,'(k) S Ci
« (dis-)charging rate u; = (u", u; )T u < u; (k) <0
- timestep T >0 0< u (k) <t
+ power demand z; € R o< W uk |
s IS
+ net consumption w; € R ~~
Diu;<dj

- efficiencies «v;, (;,; € (0, 1]

« current time instant k € N, n > k
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Problem Formulation
Objective 1: Peak shaving, c.f. Worthmann et al. 2014

k-+N—1 2
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Problem Formulation
Objective 1: Peak shaving, c.f. Worthmann et al. 2014

JRN L T 2 1 Z
N >, (IZZ:'(")—C(”)) = ;Afw—b

n=k i=1
Objective 2: Group sparsity (p € {1 , 2}), c.f. Yuan and Lin 2006

2
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Problem Formulation
Objective 1: Peak shaving, c.f. Worthmann et al. 2014

k+N—1 2 7
il Z ( Z )_g(n)) = — ZA,-U,-—b

Objective 2: Group sparsity (p € {1,2}), c.f. Yuan and Lin 2006
T

HU||;,1 = ZU/'HUin —  min

i=1
Sparse Optimal Control Problem (OCP)

ZAV, b —|—hZO’,”U,||

s.t. Vi = U ‘)\, I€{1,...,I}
D <dg i€{1,...,7}
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ADMM for Sparse OCP (1/2)

(see also Boyd et al. 2011)
Input: initial guesses (u°, v°, A\°), step size p° > 0, stop tolerance £ > 0, tuning
parameter 77, 1t > 0.
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ADMM for Sparse OCP (1/2)

(see also Boyd et al. 2011)
Input: initial guesses (u°, v°, A\°), step size p° > 0, stop tolerance £ > 0, tuning
parameter 1, it > 0.
For m = 0 : Maxlte
1. Parallel Step: Compute for all i € {1,...,Z} in parallel

pm m 2
m—+1 H ~ i m
gt = argmin &|\ullp + — ||lu — —= — V]
/ P P m i
Diui<dj 2
m+1 __ \m m({. m m-1
Ai = A"+ p"(v" = u™)
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ADMM for Sparse OCP (1/2)

(see also Boyd et al. 2011)
Input: initial guesses (u°, v°, A\°), step size p° > 0, stop tolerance £ > 0, tuning
parameter 1, it > 0.
For m = 0 : Maxlte
1. Parallel Step: Compute forall i € {1,...,Z} in parallel

m m 2
m+1 . ~ i m
u; = arg min U[”U,'Hp—i-? Ui—im—Vi
Diui<d 2
m+1 __ \m m({. m m-1
Ai = A"+ p"(v" — ™)
2. Consensus Step: Solve unconstrained QP (analytically)
2
o1 p A
V™ = argmin —||Av — b||3 + = ||v — v 4+
v N 2 [
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ADMM for Sparse OCP (2/2)

For m = 0 : MaxlIte
1. Parallel Step
2. Consensus Step
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ADMM for Sparse OCP (2/2)

For m = 0 : MaxlIte
1. Parallel Step
2. Consensus Step

3. Stop Criterion: If rP™* < ¢ and pdual < g, then terminate, where
pri __ m+1 _  m+i dual __ m+1 _ om
P =pllu VIl = pll(v V")
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ADMM for Sparse OCP (2/2)

For m = 0 : MaxlIte
1. Parallel Step
2. Consensus Step

3. Stop Criterion: If P < ¢ and pdual < g, then terminate, where
pri __ m+1 m-+1 dual __ m-+1 m
P = pllu™T = VT |z, T = pl| (VT = V7)o
4. Adaptive Dual Step Size: Update p™ ' by
npm if rpri > Mrdual
pm+1 — pm/77 if pdual > Mrprimal
pm otherwise
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ADMM for Sparse OCP (2/2)

For m = 0 : MaxlIte
1. Parallel Step
2. Consensus Step

3. Stop Criterion: If rP*I < & and rdual

< g, then terminate, where

m+1 Vm+1||2 , rdual _ p||(vm+1 . vm)

P = pllu 2-

4. Adaptive Dual Step Size: Update p™ ' by

npm if rpri > Mrdual
pm+1 — pm/77 if pdual > Mrprimal

pm otherwise

Output: optimal control sequence u* and dual \*
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Local solver (1/2)

Note: parallel step of ADMM

m m 2

u"™ = argmin &l|ull, + Pl =20 —y ,

i i
Diju<dj 2 pr 2

i.e. a constrained least absolute shrinkage and selection operator (lasso) problem.
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Local solver (1/2)

Note: parallel step of ADMM

p" r :
u™ = argmin Gillull, + — [ju — == — V||,
Diui<dj 2 P 2

i.e. a constrained least absolute shrinkage and selection operator (lasso) problem.
Two solvers depending on p € {1,2}:
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Local solver (1/2)

Note: parallel step of ADMM

2

u™ = argmin Gil|ull, +

i
Diju<dj

2

i.e. a constrained least absolute shrinkage and selection operator (lasso) problem.
Two solvers depending on p € {1,2}:
1. p = 1: shift £; term into the constraints (Boyd and Vandenberghe 2004) by
introducing auxiliary variables s; € R2V:

p" r ?
min &1 s+ = |y — 2L — v
SisUi 2 pr 5

s.t. D,‘U,‘Sd,‘, *SSUSS,

~ existent QP solvers, e.g. qpOASES as in Ferreau et al. 2014.
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Local solver (2/2)

pm m 2
m+1 . ~ i m
u"™t = argmin Gllull, + — |lui— — — Vv,
Diui<dj 2 P 2
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Local solver (2/2)

pm m 2

m+1 H ~ i m

ul = argmin &illullp + — |4 — — — v
Djui<d; 2 P 2

2. p = 2: local ADMM solver (Boyd and Vandenberghe 2004):
D N
Si — &i/pm <V,-m + U{ + Ipm> 5

A
pm

m
U7 = argmin P
Diui<dj

g =g+ —s)
with soft thresholding operator S, : R®N — R2N defined by

Sa(x) = max {1 —a/||x[[,,0} x

Ui — i )

2
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Open-Loop Results

sparsity pattern 100 charging cycles 02 peak shaving loss
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Open-Loop Results

sparsity pattern charging cycles

peak shaving loss
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Open-Loop Results

sparsity pattern 100 charging cycles 02 peak shaving loss
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Model Predictive Control

Past | | | | , Future
+

| | N=4 | 1

State ! ! ! !

| | | |

e

-— | I | 1

| | | |

| | | |
| | | | N

| | | |

| | | |

! | N=4 |

Control | | | |

| | | |

b | | | |

""" | | | |

| o— | | | |
| | | | -

1. Measure current state and predict exogenous quantities.
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Conclusions & Outlook

What have we achieved?

» a sparse optimal control problem formulation to extend lifetime of batteries

 design a distributed optimization scheme

What might come next?

» a more sophisticated method to choose local weights o;

« take net topology into account
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Appendix

Parameters for implementation

expected value || standard deviation
Ci || 2.0563 [kWh] 0.2431 [kWh]
Ui 0.5229 [kW] 0.1563 [KW]
u; || —0.5105 [kW] 0.1474 [KW]
(% 0.9913 0.0053
B; 0.9494 0.0098
Vi 0.9487 0.0100
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Appendix

Impact of the number of subsystems 7 on the percentage of non-zero
components of the optimal control u € R2M for k = 1073

Z | mean | stddev | median
6271 25 | 30.67 0.85 30.33
50 | 24.41 0.46 2417
100 | 18.73 0.26 18.75
li1 || 25 | 848 | 0.36 8.38
50 4.65 0.10 4.65
100 | 3.82 0.06 3.81
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Distributed Predictive Control Scheme
Offline:

Initial guess (u®, \°), set k = 0, v* = u° and choose weights o; and a

tolerance € > 0.

Online:

Subsystems measure current SoC x;(k), predict future net consumption w;
and send it to grid operator.

2) Grid Operator computes the reference trajectory (.
3) Optionally update weights ;. Solve sparse OCP to obtain u™ and \*.
4) Subsystems apply u’ (k) if ||u;(k)||2 > € and 0 otherwise.
5) Reinitialize
O = k+ D) o uk+N=1)T0])T
A= (N (k+1) ... X (k+N—=1)0)"
foralli € {1,...,Z}. Then, setk <— k + 1 and go to Step 1).
13/13 Philipp Sauerteig ‘ 21st IFAC World Congress d N
s Institute for Mathematics ‘ 12-17 July 2020 he SPIRIT  TECHNISCHE UNIVERSITAT

of science ILMENAU



	21st IFAC World Congress

