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|
Meshed DC microgrid

Meshed topology provides reliability: Isolating fault lines ensures:
@ Power can be provided various sources. o Continuity and reliability of the power
supply.
@ Power flows through multiple paths among p.p-y o
the nodes. o Efficiency of the power transmission.

Utility grid

Characteristics

@ Strongly nonlinear systems

o Distributed in space

o Multiple timescales

@ Hard constraints

@ Variable profiles and costs

Global
Supervisor
Controller

EV station
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Modeling and control methods

Fuzzy modeling
[Takagi, 1985]

Agent-based modeling
. . [Logethiran, ?008]
Differential equation
based modelingknati, 2002)
Port-Hamiltonian ¢ —
modeling;, ;. q.m. 2009

Passivity-based methods
[Schiffer, 2014]

\(iradient—based methods

[Feijer, 2010]
\Robust optimization
[Batistelli, 2012]
Constrained optimization
based controlirawings, 2009]
Simple dynamics g~ A MPC via machine
[Sechilariu, 2014] / \ 1eaming (Drgéna, 2018]

Multi-layer approaches MPC with mixed integer
[Gupta, 2018] Programmingp,;io 2015]
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Flat systems and their trajectories

Consider the continuous nonlinear system

x(t) = f(x(t), u(t)),

it is called differentially flat if there exist z(t) s.t. the states and inputs can be algebraically
expressed in terms of z(t) and a finite number of its derivatives:

x(t) = ®o(2(t), (1), -+, 29 (2)),
u(t) = d1(2(t), 2(2), -, 29 (1)),

where

\

2(t) = 7(x(t), u(t), i(t), -+, D (®)) NG

o For any linear and nonlinear flat system, the number of flat outputs equals the number of
inputs Lévine (2009), Fliess et al. (1995)

@ For linear systems, the flat differentiability is implied by the controllability property
Sira-Ramirez and Agrawal (2004)
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B-spline curve generation

Considering a collection of control points

P:{povpla"'7pn}7

we rewrite the knot-vector as

T = (70,71, ++»Td—1,Td> Td+15 - - - Tn—1> Tn, Tn+1sTntd )
——

d equal knots n—d+1 internal knots d equal knots

and define a B-spline curve as a linear combination of the control points and the B-spline basis
functions

z(t) =Y Bja(t)pi = PBy(t)
i=0

Example of B-spline curve properties

Position z [m]

Time [s]
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B-spline curve properties
P1) Smoothness and differentiability: z(t) is C> inany t ¢ T and C9~Linany t € T;

P2) End point interpolation: the control points with a knot of multiplicity d — 1 coincides with
the B-spline curve, thus making it a clamped B-spline curve;

P3) Convex hull property: at a time instant 7; < t < 741, z(t) depends on the B-splines
Bi_g+1,d(t),..., Bjq(t); hence, z(t) lies in the convex hull generated by points

Pi—d+1;-- -5 Pis

P4) Local support and local modification property: the ‘r' order derivatives of B-spline basis
functions can be expressed as linear combinations of B-splines of the same order (due to
relations B((;)(t) = M;B4_,(t) and By_,(t) = L,By(t) with matrices M,, L, are of
appropriate dimensions and content).

ConvHull{po,p1,p2,p3}

Pe
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|
Constrained parametrization — |

Let us consider a collection of N+ 1 way-points and time stamps associated to them Prodan (2012):

forany k =0,...,N.

W = {wi} and Tw = {t«},

The goal is to construct a flat trajectory which passes through each way-point wy at the time instant ty, i.e.,

find a flat output z(t)such that

x(t) = O(2(t), - .. 27 (t)) = wi, Yk =0...N.

O(By(t), P) = wy, Vk=0...N,

where 8(B4(t), P) = ©(PBy(t), . .., PM,L,B4(t)) is constructed along property (P5).

—15

-3 =25 -2 —-1.5 -1 =05 0
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Constrained parametrization — ||
Solve an optimization problem De Don4 et al. (2009), Suryawan (2012), Stoican et al. (2016):

t) ~
P =argmin / " IE(B4(2), Pl gdt
o

s.t. O(By(tx),P) = wi, Vk=0... N
with Q a positive symmetric matrix.

@ The cost =(By(t), P) = =(6(B4(t), P), ®(By(t), P)) can impose any penalization we deem to be
necessary (length of the trajectory, input variation, input magnitude, etc).

@ In general, such a problem is nonlinear (due to mappings ©(-) and ®(-)) and hence difficult to solve.
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Meshed DC microgrid architecture

Meshed DC microgrid architecture

DERs: Utility grid
kT
o Utility grid DC breaker
v
o PV system H
Switch

o Lead acid batteries
DC bus node:3

PV system
——— Split-Pi converter ——»|

node:4 node: 1

x

Slow dynamics:

o Power generation and o
distribution
9 v 7 Split-Pi converter
Global 4 H

Supervision W acid

batteries
ewe
vew
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Split-Pi converters:
@ Buck-boost converter
o Bidirectional

@ Four functions

—— Split-Pi converter —= Loads

Fast dynamics:

@ Switching activity of the
converters
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Meshed DC microgrid architecture

Objectives
Utility grid
@ Minimization of the T=T= @ Minimization of the power losses
electricity cost by VDCbreak‘ff within the transmission lines.
optimizing the energy H
L Switch
consumption.
DC bus l node:3
PV system —
o 77 = Split-Pi converter —»y| \e & Split-Pi converter —— Loads
n node:4 node: 1
@ Satisfaction of the o o Constraints satisfaction
consumers’ demand by node:2 concerning the power, the current
taking advantage of the and the voltage.
PV and the energy « v __Split-Pi converter
storage. Global 4 ‘ ‘
Supervision T acid
batteries
L1 1]
ege
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Meshed DC microgrid architecture

RLC circuit network

The meshed DC microgrid system will be globally represented as an RLC electrical circuit for
proceeding to the modeling part.

PV cell
Ropy

Split-Pi Converter

[SW}SC SW2SCL

iph(1) TFC2sc
o . Swise | Swisc
photo : I
curren g
KiBaM . Split-Pi Converter
battery ; Swise | Swase
Rob vp(t): Rip Lone Iise
ip(1);
TCZbTCIb} SW[S(.I Clse
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Modeling methodology

DC microgrid modeling

Bond Graph representation Schiffer et al. (2016):

Source (Sf, Se)

es | fs

ec €r S
Storage (€. ) — @ R Dissipation (R)
C

Port-Hamiltonian formulation van der Schaft et al. (2014):
x(t) = [J(1) — RIQx(t) — Gu(t),
¥(t) = GTQx(t) + Du(t),

with x € R” the state vector, u € R™ the input vector, y € R the output vector, J(t) € R"*" a
skew-symmetric matrix, R € R"*" contains the dissipating elements, G € R"*™ the input matrix, Q € R"*"
contains the circuit parameters and D € R"™*™ depends on the relation among the port variables.

Total energy of the system (Hamiltonian): H(x(t)) = 1x(t)" Qx(t).

Advantages of the PH dynamical formulation:
The power exchange, the dissipation and the energy storage are given explicitly. J
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DC microgrid modeling

Bond Graph representation Schiffer et al. (2016):

Source (Sf, Se)

es | fs

Storage (C, ) ——C R Dissipation (R)
orage > - ‘v
“ — ) —

Port-Hamiltonian formulation van der Schaft et al. (2014):
x(t) = [J(t) — RIQx(t) — Gu(t),
y(t) = GTQx(t) + Du(t),

with x € R” the state vector, u € R™ the input vector, y € R” the output vector, J(t) € R"*" a
skew-symmetric matrix, R € R"*" contains the dissipating elements, G € R"*™ the input matrix, Q € R"*"
contains the circuit parameters and D € R™*"™ depends on the relation among the port variables.

Total energy of the system (Hamiltonian): H(x(t)) = :x(t)" Qx(t).

Example for the RLC circuit:

2 2
o the total energy is: H(x(t)) = 124 4 19 C) ;
@ the state vector is: x(t) = [p(t) q(t)] (magnetic flux of the inductors and charge of the capacitors);

@ the current-voltage relations are: p(t) =1 - ij(t), q(t) = C - vc(t).
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Modeling methodology

Detailed presentation of the Energy Storage Unit

Split-Pi Converter

KiBaM battery [l—djs‘-(t) I-ngc(t)]. :
vb(®) 1 Vsc_out(t) D2sc Lo, Iisc  1vsc_in(t) vDC()
T ——— T “sc —— -«
Rob |ip(®) Rip isc_out(t) lise in(UR] iDC(t)
TCo FCip | Lz .[dzxc(t) 42sc(t).[ Crse! s se
Cab Cip I2se Sw3sc Swsc I1sc Risc
J‘?Zb:’?b [('l]bﬂ]b P2sc=V2sc T Ld]sc‘[( ]'dZ‘vc"( F’)]Sc:v]sc
0 P Pam— —— 0 1k 0§ 0 10 1k ob—— 11—y
P q2sc= i
J( J{ ‘[‘1330—13.90 d ]X(‘J( P25 l d_?ch( qlsc=i]sc
Rab Rib C3sc Swgse  Cose  Swisc Cise
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Port-Hamiltonian model of the Split-Pi converter and the battery

Consider the dynamical nonlinear model:

).(es(t) = [Jes(t) - Res] Qesxes(t) +

L 00 o o]
1sc 1 ues(t)

0 0 0 -1 0
ipc(t) = Flac - i 0:| Qesxes(t) + Fac O:| |:_VD'C(t):|
00 0 01 -1 0 o o | —ir,
0 0 1 —(1—die(t) O 0 0
0 0 0 (I-dx(t) -1 0 0
-1 0 0 0 0 0 O
with Jes(t) = |1 — diac(t) —(1 — douc(t)) O 0 o o0 o,
0 1 0 0 0 0 O
0 0 0 0 0 0 O
0 0 0 0 0 0 O
1,1
Res = diag(diag(0, 0, Rlsc 0, 0), Rlb_ LRZb Eh ) € R7%7,
Rop Rop
the state vector xes(t) = [p1sc  P2sc  Gisc  G2sc  G3sc  Gib  Gob) TR,
the input vector ues(t) = [~vpc  —iRy,] T e R2

the output vector yes = [iDC leb} T € R2,

11 1 1 1 1 1 77
the circuit parameters’ matrix Qes = dlag( he e O’ Gon? Cac? Clb’ CZb) eR
and the duty cycles: disc(t), dasc(t).
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Modeling methodology

Flat outputs of the Energy Storage Unit

Split-Pi Converter

Flati outputs:

KiBaM battery E ‘E'dlsc(f) I'dZSC(t)]\ '
Vh(t) Lo Vsc out(t) Dsc Leo, I1sc EVSCJ”(Z) vDC(1)
N\ T 1, 3 VVV . 3
Rop |ip(1) 'Rlb isc_ out(l) d daselt) vise_in(R [sc iDC(t)
=Cy =Cip: ; =L C35c .[ Isc(t) 2sc¢ ] Clge= |

_ 1 Plsc( ) 1 pZSC(t) qZSC(t)Z
z = d2sc\t)
1(t) hse + losc + CZsc 2

(

Q(t) = q3sc(t) + Q1b( )
(
(t

N

3(t) = qap(t)
) = qasc(t)

N

2

Zafeiratou, |., D. Nguyen, |. Prodan, L. Lefevre et L. Pietrac, Flatness-based hierarchical control of a meshed dc microgrid, in
Proceedings of the 6th IFAC Conference on Nonlinear Model Predictive Control (NMPC18), Madison, Wisconsin, USA, 19-21
August 2018, pp. 3340, 19-21 August 2018.

Zafeiratou, |, I. Prodan, L. Lefvre et L. Pitrac, Dynamical modelling of a DC microgrid using a port-hamiltonian formalism,
IFAC-PapersOnLine, Proceedings of the 9th Vienna International Conference on Mathematical Modelling, t. 51, no 2, pp. 469474,
2018. 2018

Prodan, I. et E. Zio, A model predictive control for reliable microgrid energy management, International Journal of Electrical
Power and Energy Systems, t. 61, no 1, pp. 399409, 2014. 2014, ISSN : 0142-0615.
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Hierarchical optimization-based control

Hierarchical control
ip(H)=0(z3(1), Z3(1))
Vh(D)=D(Z3(1), Z3(1))

P (i - .
’ %mﬂectylty price

UG
ref, ref
. de:3
vilo |kl i) |
External temperature VDC Ogi’ggpﬁrs

Solar irradiation

\ node: 1 l

PV —,VDC VDC«t— Loads

U %) node:4
926(1‘) VDC Dynamical models:
2 - PV system
VSC_Out(t)lisc_out(t) (t) Tnode:2 - Split-Pi converter
- Batter
Low level / Primary level - _MC(L ES Y
Control of the duty cycles Reference profiles: Control variables:
dpse(t) and dpge(t) following - External temperature - Duty cycles of the
the profiles of vsc_out(t) and isc_out(t) - Solar irradiation Split-Pi converters
Local supervision - Load demand - Voltages at the nodes
- Electricity price (approximately 400 V)
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Hierarchical optimization-based control

Hierarchical control

in(H=0(z3(0),
Vb(H)=0(Z3(1),

Pyg(t)=p, Ioads(t)+Pes(t)'P pv(t)
Iy

73(t))
(1)

Electricity price

uG
ref, ref .
vb(t) l ib(t) node.3u
External temperature VI;C C%gsnlgrlll%rs
Solar irradiation
N\ node: 1 l
PV —,VDC VDCl*— Loads
q]b(fr) node:4
> q.

bik) VDC

d' 3
Vsc_out(t) lisc_out(t) Pb() T node:2

ES

Low level / Primary level dysc(t), dasc(t)

Control of the duty cycles
dpsc(t) and d2ge(t) following
the profiles of vg¢ out(t) and ige out(t)
Local supervision -

lonela PRODAN (LCIS - Grenoble INP) Hierarchical control of a meshed DC microgrid

June 13, 2019 10 / 24



Hierarchical optimization-based control

High level control

Goal: Generate optimal profiles for the battery charges and discharges while minimizing the
electricity purchase from the utility grid.

KiBaM
battery
Rop  ip(t) Rypisc out(t)

vh(t) Vsciout(t) DC l‘,&'(,'iin(l)
T2 TC1b DC vsc_in(t)

vDC(1)

Solution: Use the flat representation of the Split-Pi/Battery system and generate optimal
reference profiles for the battery current, i, and voltage, vp, while ensuring continuous-time
constraints validation through B-splines parametrization.

Flat outputs of the system Split-Pi/Battery:

21(8) :éplscz(r)z +ipzsc2(t)2 +éqzsc2(t)27 i(2) :Cle2b23(t)+(%+l)z'3(t)7
2(6) = drelt) + (), w(t) = Rata(t) + cza(1).

z3(t) = qap(t),

24(t) = q2$c(t)~
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Hierarchical optimization-based control

High level control

Obtain optimal profiles i, v, by solving the continuous-time optimization problem:

tf

min / e(£)( Pes(t) +Prosas(£) — Pou(t))dt,
in(t),vp(t) J ~——
ip(t)vp(t)

power balancing equation: Pes(t) + Pioads(t) — Pov(t) = Pug,

battery voltage constraint:

battery current constraint:

V[Tm’h S Vb(t) S Vl:nax,h7

’-ll)nm,h < ib(t) < I-tr)nax,h7

subject to min,h max,h
charge of the capacitor limits: Gy < qan(t) < gy 07,

. .. in,h h
external grid power limits: Pug™" < Pug(t) < Pig™",
battery dynamical model: Kibart

R2p  ip(t) :Rppisc out(t)
. Vb(Y) Vse_out()  DE L isc_in(1) .
T 26 I( b %_‘_M_uu,,m vDC()
Main idea:

o rewrite the problem in terms of the flat output z(t) = [z1(t) za(t) z3(t) za(t)]7;
o the flat output z(t) is projected over N B-splines of order d:

2(t) = 1 pi - big(t) = PBy(t);
@ ultimately, the problem is rewritten in terms of the control points.

lonela PRODAN (LCIS - Grenoble INP)
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Hierarchical optimization-based control

ngh level - simulation results
use a set of DS-100 PV modules by collecting real external temperature and irradiation data

of a whole day in June;
@ consider a collection of AGM 12-165 model of lead acid batteries;
@ consider a variable electricity price, commercial and domestic consumers’ demand profiles.

Commercial load profile Domestic load profile
Flat output z(t) Flat output z(t)

E = 78
o~ LE
2k o 72E
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24

Battery current during charging 10 Battery current during charging

0
0 0
=10
0 2 4 6 8 10121416 18 20 22 24 0 4 6 8 10 12 14 16 18 20 22 24
Battery voltage during charging Batterv voltage during charging
= < 128
=8 = 8
3L -
0 2 4 6 8 101214 16 18 20 22 24 0 2 46 81012141618 20 22 24
Power of utility grid Power of utility grid
4000 g 400
2. 2000 2. 2000
2 0 2 0
2000 .~-2000
0 2 4 6 8 1012141618 20 22 24 0 2 46 810121416 18 20 22 24
Time [h] Time h]
v ing| Power Balancin;
6000 Power Balancing| P 6000 2

-2000

-2000
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24
Time[h] Time [h]
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Hierarchical optimization-based control

High level - simulation results
@ use a set of DS-100 PV modules by collecting real external temperature and irradiation data
of a whole day in June;

@ consider a collection of AGM 12-165 model of lead acid batteries;

o consider a variable electricity price, commercial and domestic consumers’ demand profiles.

Table: Simulation results for different no. of control points N

Load profile [ N [ Electricity cost [euros] [ Computation time [s] [ ES discharges
18 4.090 146 2
27 4.029 257 3
Commercial 36 3.614 514 7
45 3.447 854 9
54 3.226 1322 11
18 2.534 667 2
27 2.577 779 2
Domestic 36 2.265 1013 7
45 2.074 1230 8
54 1.869 1230 9

The cost without using the battery is equal to 4.173 and 2.644 euros respectively.
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High level - simulation results

Power balancing and reference trajectories profiles generation for one week (domestic load profile):

Power Balancing
6000

Flat output z(t)

5000
4000

3000
i
2000

1000

Power [W]

o

-1000

-2000

-3000 - :
0

d [ N [ Electricity cost [euros] [ Computation time [h] [ ES discharges ]
7 [ 109 | 19.018 T 3 T 16 |

l Load profile [
[ Domestic |
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optimization-based control

Hierarchical control

ib()=0(z3(), Z3()
Vb(=D(Z3(1), Z3(1)

Electricity price

. .
(\/ug(t)‘Ploads(t)‘FPés(t)'va(t)

UG
node:3l ’
¥ Consumers
External temperature VDC demand

Solar irradiation

\ node: 1 l

PV —»VDC VDCl¢t— Loads

vsc_out(t)
Low level / Primary level M ES

Control of the duty cycles
dysc(t) and d2ge(t) following
the profiles of vge out(t) and igc out(t)
Local supervision
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Hierarchical optimization-based control

Middle level control

Goal: Solve a tracking reference problem according to the reference trajectories obtained in the
high level for the voltage and the current of the battery.

Solution: Consider an MPC based controller for tracking the Split-Pi converter output voltage

Ve out- ‘
KiBaM
battery :
Rop  ip(t) :Rypisc out()
T @ vse_ou DE isc_in()
+C2b T BDE o ut P
k+Np—1 :
S G0 = 7N T Q) — 7 () + (@) — @ ()T Ry (a(7) — (7))
i=k
battery voltage constraint: vl')"""’m < (k) < v,
battery current constraint: i <y (k) < i,
) charge of the capacitor limits: ay" < qop(k) < gy,
su b-JeCt to . . min,m max,m
external grid power limits: Pug"" < Pug(k) < Pog T,
X(k+1) = Ax(k Bii(k
battery dynamical model: )f( +1) )i( )+ Li( )
y(k) = CX(k) + Dii(k),

with X( ) [qlb( ) Q2b(k)]Ty ﬁ(k) - Vsc,in(k)r )7(k) = [ib(k) Vb(k)]T' ib(k) = iSC(k) and
vp(k) = T& k)
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Hierarchical optimization-based control

Middle level - simulation results

Simulations under perturbation of 5% of the difference between the minimum and the maximum
ref
value of v ;.

Parameters: N, =10, Ts = 300 [s], Q, = diag(1,1), R, = 800.

Commercial load profile Domestic load profile
——tracking reference|
——reference profile .

Tracking Reference of battery current _ 10Trackmg Reference of battery current

0
-1

A

10
—
10
0 2 4 6 8 10121416 18 20 22 24
Tracking Reference of battery voltage
13

s =
= M £ M
> 12

0

0 2 4 6 8 1012 14 16 18 20 22 24
Tracking Reference of battery voltage

13

=
>" 12

0 2 4 6 8 10 12 14 16 18 20 22 24 0 2468 1012141618 2022 24
- Control input — Control input
S 13 SEE]
125 £125

|

[T B2

0 2 4 6 81012 14 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24

Time [h] Time h]

Power Balancin; Power Balancing
6000 8|— P 6000

0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time[h] Time [h]
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Middle level - Tracking error dynamics

Discrete-time model of the system in R?: Construct a RPI set S for the dynamics:
Xw(k + 1) = AXw (k) + Biw (k) + w(k), Z(k 4+ 1) = (A+ BK)Z(k) + w(k),
weWcCR? with 2(k) = % (k) — %(k) € S
Nominal model of the system: and fiy (k) = Gi{k) + K2(k) a stabilizing
controller

%(k + 1) = A%(k) + Bii(k)

Discrete time events and their ultimate bounds for constraint verification

—— nominal profile
|| real profile

In our case:
so [Tt s <[220 1)

with K = [-0.688-10~% —0.210-10*]

290 295 00 305 310

3
q, [Ah]

Tighter constraints are considered at the high level which account for the error dynamics at the
middle level.
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Hierarchical optimization-based control

Hierarchical control

ib(O=P(z3(1), Z3(t))
Vh(O=D(Z3(1), Z3(1))

Pyg(t)=p. Electricity price
g 1
— O PRy

UG
ref .ref .
vb(t) l ib(t) node.3u

v
External temperature VDC C%gfggll?irs
Solar irradiation
\ node:1 l

PV —, VDC VDClt— Loads

915@ 2 node:4
. vDC
Vsc_out(t) : isc_out(t) 20 T node:2
Low level / Primary level dsc(®), d2sc(®) ES

Control of the duty cycles
dpsc(t) and dage(t) following
the profiles of vge out(t) and igc out(t)
Local supervision
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Hierarchical optimization-based control

Low level - explicit solution for the duty cycles

For the Split-Pl/Battery system we have:

Vsc,out(t)
Vsc,in(t)
Vsc_in(t) = vpc(t) — ipc(t) Risc

Vsc,out(t) = Vb(t) + ib(t)Rlb

=1- d25c(t)

From the power conservation equation in the
RLC circuit:

ipc(t)vpc(t) = ip(t)Vscout(t)
We conclude in the following relation:

vpc(t) — ¢

dQSC(t) =1- m

c = \/V%C(t) - 4(Vsc,out(t) - Vb(t))(Vsc,out)
The i, and v, are the references we need to
track.

[UK Patent, 2005] Power converter and method for power conversion.

GB2376357 B. Date of publication: 04.05.2005

lonela PRODAN (LCIS - Grenoble INP)

Split-Pi Converter

KiBaM battery 1-d5c(0)| 1-d2sc(1)

Vb(t)

ut(t) I2s¢ ivsc_in1) vDC(t)

TC2sc
ut()

1

(R | sc ipc
t0c diselt) | daselt) VR s <

Output current of the battery

Curren!lb[A]
o « B

&

Output voltage of the battery

Vo\tagevb I\

16 18 20 22 24

10_ 12 14
Time[h]
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Comparison optimal profiles generation with MPC

Simulations parameters: N, =24 h, Ts = 1800 s.

Commercial load Domestic load
i P Power balancin;
000 Power balancing v 6000 2
—— Py fOr commercial use - Py
b fromMPC — Ploads for domestic use
5000 — Py —— Pug from MPC e N
. N o P,y fromflainess 4000 | —o— Pug from flatness e K
4000 —— P_fromMPC —— PesfromMPC ’
o s —+— Pesfrom flatness
2000 — P, from flatness g 2000 5=
: £
g 2000 0
1000
e . T N -2000
-1000 hame 0 2 4 6 8 10 12 14 16 18 20 22 24
Time[h]
-2000 - - - - - L L L L L . ! Output voltage of the battery Output current of the battery
0 2 4 6 8 10 12 14 18 20 2 24 10
Time [h] -;12.6 E
Output voltage of the battery 10Output current of the battery :;12.4 :no
= 2122 z
< 4 3
= 5 12 o
0 > 118

. -1
02 4 6 81012141618202224 0246 81012141618202224
Time[h] Time [h]

. -10
024 6 81012141618202224 0246 81012141618202224
Time[h] Time [h]
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Comparisons

Comparison optimal profiles generation with MPC

Simulation results for different N, and Ts for optimal profile generation with MPC

Prediction horizon Sampling time Calculation time

’ Load ‘ N, [h] Te [ Electricity cost [euros] [s]

Commercial 48 1800 4.416 2853
24 1800 4.657 1384

24 1200 4.491 1670

24 600 4.319 1862

10 1800 4.322 1475

10 1200 4.281 2075

Domestic 24 1800 2.912 1868
24 1200 2.815 2062

10 1800 2.894 1533

10 1200 2.889 1491

10 600 2.774 1530

Advantages on using differential flatness for optimal profiles generation:

@ no discretization - profile generation in continuous time (results not affected by discretization
approximations or under-sampling)

o profile generation in its entirety for the full simulation horizon (not piece by piece as in a
discrete optimization problem with MPC)

o total economic cost and required computational resources are lower than with MPC
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Undergoing work

Utility grid

T
. DC break
o Consider the power H SR
losses of the DC

microgrid system.

o Consider the fault mitigation and
Switch reconfiguration control problem.

DC bus l node:3

PV system

Ve —— Split-Pi converter ——»l| {&—— Split-Pi converter —= Loads
b node:4 node:1

Y

o Analyze the a—
combination of node:2
differential flatness,
Bond Graph and

@ Analyze different architectures.

 J Split-Pi converter

! N Global 4 H
port-Hamiltonian Supervision :
. Lead acid
formalism. )
batteries
L1
eae
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Undergoing work

Analyze different architectures

DC microgrid elevator system arhitecture

Three phase
utility grid

Elevator
system

. (O

T
T

3Pham, T., I. Prodan, D. Genon-Catalot et L. Lefevre: Dissipated energy minimization for an electro-mechanical elevator of a dc microgrid, in
Proceedings of the 25th IEEE European Control Conference (ECC18), Limassol, Cyprus, 3-6 July 2017, pp. 17-24.

lonela PRODAN (LCIS - Grenoble INP) Hierarchical control of a meshed DC microgrid June 13, 2019 24 /24



Undergoing work

References |

J. De Don4, F. Suryawan, M. Seron, and J. Lévine. A flatness-based iterative method for
reference trajectory generation in constrained NMPC. Int. Workshop on Assesment and Future
Direction of Nonlinear Model Predictive Control, pages 325-333, 2009.

M. Fliess, J. Lévine, P. Martin, and P. Rouchon. Flatness and defect of non-linear systems:
introductory theory and examples. International journal of control, 61(6):1327-1361, 1995.

J. Lévine. Analysis and control of nonlinear systems: A flatness-based approach. Springer Verlag,
2009.

I. Prodan. Control of Multi-Agent Dynamical Systems in the Presence of Constraints. PhD
thesis, Supélec, 2012.

|. Prodan and E. Zio. A model predictive control for reliable microgrid energy management.
International Journal of Electrical Power and Energy Systems, 61(1):399-409, 2014. doi:
10.1016/j.ijepes.2014.03.017.

Johannes Schiffer, Daniele Zonetti, Romeo Ortega, Aleksandar M Stankovi¢, Tevfik Sezi, and
Jorg Raisch. A survey on modeling of microgridsfrom fundamental physics to phasors and
voltage sources. Automatica, 74:135-150, 2016.

H. Sira-Ramirez and S. Agrawal. Differential Flatness. Marcel Dekker, New York, 2004.

Florin Stoican, Vlad-Mihai lvanusca, lonela Prodan, and Dan Popescu. Obstacle avoidance via
b-spline parameterizations of flat trajectories. In Proceedings of the 24th Mediterranean
Conference on Control and Automation, pages 1002-1007, Athens, Greece, 2016.

F. Suryawan. Constrained Trajectory Generation and Fault Tolerant Control Based on Differential
Flatness and B-splines. PhD thesis, 2012.

Arjan van der Schaft, Dimitri Jeltsema, et al. Port-hamiltonian systems theory: An introductory
overview. Foundations and Trends in Systems and Control, 1(2-3):173-378, 2014.

lonela PRODAN (LCIS - Grenoble INP) Hierarchical control of a meshed DC microgrid June 13, 2019 25 /24



Undergoing work

Port-Hamiltonian representation of the KiBaM battery

The storage system is represented by a two tank Kinetic Battery Model (KiBaM).

1-cp
1
_— ch
. _ R
%p(t) = [(t) — Ro]Quxp(t) + 0“’} (—Vsc_out(t)) - ”
h2b hip
. 1 1
ireour(t) = [~ 7 0] @ox6(t) + [~ 7 | (—Vic.ou(t)) o
— —_] < Vsc_out)
1 1 1 bound charge  available charge
. - _ | Ry T Ry ~ R 2%2
with Jy(t) =0, Ry = | ™16 | ™2 1| € REXZ, KiBaM
Rop Rop battery
Rop  ip(t)'Rypisc_ou(t)
T Vb vse_ou®] PESL isc_in() ,
the state vector xp(t) = [qlb qu} € R2x1 C2p 3C1b : e %e ‘: ::m vDC(Y)

the input vector up(t) = [—Vsc_out] TeR,

the output vector yy(t) = [isc_out] TeR, P i

q2b=i2b 1‘?1b=”b

the circuit parameters matrix Q, = diag(%b7 C%b
c R2><2

=
—
=]
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Undergoing work

Flat representation of the KiBaM

KiBaM
battery

Rop  ip(t)'Rip ".V(:J)ut(’)

The Battery model:
o linear system
@ controllable and flat

@ one input and one flat output

Battery state-space representation:

G1p(t) =
1 1 yaus(t) | 1 ap(t) | 1
_(RTb + @) 1Cblb + 2 2Cbzb + Rib Vsc_out (1)
() _ 1 92p(t)
Ga6(t) = sz Cp R Cop

Flat output of the Battery:
z(t) = qop(t)

lonela PRODAN (LCIS - Grenoble INP)

vh(t): vse out®) DC isc in(t)
=Cop = : - ——w—VD((1)
2 TC1b : DC vsc in(1) “

Hierarchical control of a meshed DC microgrid

Battery flat representation:
G1(t) = RopCrp2(t) + & arz(t)
qb(t) = 2(t)

Vsc._ out(t) = (R2bC1bz(t) + Clb (t)+
+(,:;Tb + @)szz'(f) + cjbz(f) -
g )R

Rop Cop

Taking into account the relations
within the RLC circuit components:
ip(t) = irop(t) + i1p(t) =

= i2p(t) + 1o = qup(t) + Gab(t)

vo(t) = wip(t) = %)

Flat representation of the battery
current and voltage:

ib(t) = CiRopZ(t) + (&2 +1)2(1)
vp(t) = Ropz(t) + @Z(t)
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B-spline parametrization
[Boor, 1978]

Flat output parametrization: B-splines:
N-1 A'l(t): 1, T,'St<’7','+]_,
z(t) = Z PiAid(t) = PAy4(t). " 0, otherwise,
i=0 Ai,d(t) = O41(t)>\i,d—1(t) + Oé2(t)>\,'+1,d_1(t).

conv {p1,p2,p3,p4}

p7
z(t) € R?
Advantages:
z(t) : time-dependent vector g
P : control point o local convexity property (the spline curve
d ¢ order of B-splines lies in a union of convex regions)
i a(t) . ith B-spline of order d !
N : number of B-splines o d-degree smoothness and easy
T - ith knot

computations of the derivatives.
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High level control problem written in function of B-splines curves
and control points

We describe the B-splines as it follows:

Bff)(f) = My,g—rBa—r(t) = Ma,d—rSk,d—r,aBa(t), Vt € [Tk, Tky1)- (1)
We obtain the following for the battery’s output current and voltage:
N
1
ve(t) = {api + Rab (PMd,d—1Sk,d—1,d);| Bi.a(t), Vt € [Tk, Tky1)
: 2
()

N
. G
ip(t) = Z [(1 + a“;) (PMd,d—15k,d—1,d); + CioReb - (PMy,d—25k,d—2,d) ;| Bi,d(t).
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