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» Develop a toolsuite that systematically designs all aspects (plant & control) of a microgrid
(MG), given a set of design objectives and performance constraints

» Tool predicts & achieves the desired MG performance & reliability metrics with significantly
smallerand/or less capable & less expensive components.

___ Metric | ___Stateof theArt

Oversized DER Right-sized components

Stability/Damping stabilizes system; no coord.majce 10 EIEIEE
. stability; guarantee
guarantee of stability

of stability
L : Achieved Achieved through
Rellablllty/Co.ntlng through redundancy/oversizi resource coordinationand
ency planning
ng control
Plug & Play Small generators/loads Any generator/load
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» Design tool identifies low-cost, non-trivial MG | i_ |
design (plant & control) .Requ rements

» Validation t_ool verifies p_redllcted p_erformance and s ——— i
generates implementation, including code and 1 8 Q;@
configurations for control, communications and Co-design/

. . Optimization Controller/
(o{0]0) rd IN at| on | " plant r:.:ode!
» Implementationis executed on MCP: ARPA-E il -
Validation
- parameters
funded open-source platform (RIAPS) extended | (Simuistion)

with time sensitive networking capabilities [1] \ - - y
MOdular'Control' Operation time > CILFENERC
MCP: Modular Control Platform,;  Platform | [——— < "ops

RIAPS: Resilient Information Architecture Platform for the Smart Grid

| Deployment /

Operation

arpa-@

CHANGING WHAT'S POSSIBLE



=R\ A
FREEZWV, Presentation Outline NC STATE

SYSTEMS CENTER UNIVERSITY

»Project Objectives
» Approach

» Co-design Overview

\.in ﬂkﬁ

SSSSSSSSSSSSSSSSSSSSSS



e Y L W
FREE—:-'W Overview of Co-design Approach

SYSTEMS CENTER

NC STATE

UNIVERSITY

.

|
MG topology
DER portfolio & cost data
Site weather & load data
User specific design constraints|
______fI”’

2. System Steady State Performance Evaluation

-

Plant Design Space
generation, P;

—_— .

Cotralier”
Plast
PAMSEErT

Critical operating points

3. System Dynamic Performance Evaluation [ Updated MG topology ]

3.1 Generate Steady
State System
Nonlinear Model [

3.2 Generate dynamic System
] Linear State-Space Model

Steady state
currents & voltages

Tune controller parameters,
K; (droop and inertia) using
exhaustive search/H2
norm) to maximize damping

C)

T

3.3 Generate dynamic
Nonlinear Model

Evaluate time domain
response of frequency,
ROCOF, voltage and power in
accordance with a predefined
standard (IEEE 1547)

IEEE 1547 Standard limit
violation

4. Train a neural network
between P; and o;

Simultaneous Plant-Control
optimization
Cug(P )+ 2o (P)

arpa-@

CHANGING WHAT'S POSSIBLE

5. Plant Cost-Control
Pareto Front
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> Formulation type Mixed Integer Linear Programming (MILP) [2, 3] .' Input Parameters
> DER portfolio: Photovoltaics (PV), diesel generators (DG), and battery % MG load profiles
energy storage systems (BESS) & DER pamoentatdata
> Optimization period: One year, 864 datapoints; Weekday, Weekend, o Syatom orcleny g
and Peak day for each month on an hourly basis 3
» Cost function: Microgrid investment cost, operation cost and carbon MG Plant Optimization Tool
em iSSion COSt |*:t‘},tEhaosr;/ ::1?:ger2tion with MG simulation
> Constraints: Power flow constraints, DER physical constraints, design | _ piatforms (Simulink Opal-RT)
constraints and reliability constraints [4] # Unonsrained o
» Power Flow: Lossless linearized distribution flow (LinDistFlow) [5] # Norotating nerta g RO
» Multiple Solutions: PoolSolutions, Gurobi [6] @ python
Tool Output

% Optimal DER sizing

% Optimal DER placement
% Optimal DER dispatch

% Minimum annual MG cost

\_/_

Flowchartofthe developed plant-
alaaleaWe optimization tool
QrpQ-e
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> DER Portfolio: One Diesel (3 MW), One BESS (1.75 MW, 7 MWh)
» Maximum DER Installation at a given bus: 1
> DER power output at peak load: Diesel (3 MW), BESS (0.29 MW)
> Grid power exchange limit : 1 MW
> System peak load = 4.29 MW

Utility

3 MW

Solution Space

2%

v

3MW  250kVA

Feasible Solution

BESS location pre-ood

Diesel
location

1000kVA
P
ala ala N e Power limit of line connecting Bus 5 and Bus 6 is violated Fig. Feeder 1 of Banshee Microgrid
QrpQ-e
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Simplified modeling of DERs with droop and LPF control loops

Pres I PLL
X 2 ) 6 |
b“ Mp 96‘ %‘ J ) ref
Prmeas T T Plog [ —
LPF _ w Aw ' |
Qumeas Inertl_a ref PLL ch_ref =0 2 | A\ Phaed
w Emulation —_— 0 Grid
V] 8IVIew 8 : =
J (] Inertia - A\ Fhee B — 29
Qref 8 Vcd_ref g Emulation o
T nq ¢ ¢ I §- e Phase C —
Stiff Voltage Source (generates I
Ny f e reference voltage without using PQ PI ! lo_ref .
T loops) e i
| Grid Connected mode only | Primary control loop |
(PQ Droop controlloop) £ g I

BESS (GFM) PV (GFL)
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.

|
MG topology
DER portfolio & cost data
Site weather & load data
User specific design constraints|
______fI”’

2. System Steady State Performance Evaluation

-

Plant Design Space
generation, P;

—_— .

Cotralier”
Plast
PAMSEErT

Critical operating points

3. System Dynamic Performance Evaluation [ Updated MG topology ]

3.1 Generate Steady
State System
Nonlinear Model [

3.2 Generate dynamic System
] Linear State-Space Model

Steady state
currents & voltages

Tune controller parameters,
K; (droop and inertia) using
exhaustive search/H2
norm) to maximize damping

C)

T

3.3 Generate dynamic
Nonlinear Model

Evaluate time domain
response of frequency,
ROCOF, voltage and power in
accordance with a predefined
standard (IEEE 1547)

IEEE 1547 Standard limit
violation

4. Train a neural network
between P; and o;

Simultaneous Plant-Control
optimization
Cug(P )+ 2o (P)
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> Inputs: System Topology, Load location, Generation Mix and DER setpoints
» Nonlinear model outputs:
= Steady state operating point parameters (frequency, currents and voltages in the dq
reference frame)
= Time domainwaveform using differential algebraic equations [6]
» Model currently handles: GFM and GFL with droop and LPF control loops and RL loads

Qarpa-e
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: | Inverter dynamics , _ We
Develop a nonlinear P = (Vodiod + Voglog) = P =p- ——
dynamic model of the ] . _ We
. . c . Yo [ q = (Uodzoq o quzod) — Q = g
microgrid having multiple £ Inverter - . s + we
. . . v I ‘ .
grid forming inverters and ' W= Wy, —MP,d = W — Weom
IOadS Power diod _ _—Tc?:gd ¥ wiyy + Vod  Ubd Vod = ’U;d = nQ: 'U;q =0
| | Controller | v, i, dt Le 7 Le L
: ] diog —Tec. R R State variable model forinverter
Figure 1: Inverter model T = heg ~Wihea+ 70— 7
Line current and load dynamics - — .
I I Linvy = [53 PaQ:?’od:?’oq]T e R’
d'if.'i'mz 7 —Tlinei . . UbDj UvDk . O T 4
T
] Nine i L;,‘,,e,‘ diEmeQi i _Tlme-é.i _ R UbQj  VbQk Xiny +— [m, n,We, Te, LC] € ]RE)
dt Llin.e'i b et Ltmez’ leei
Liaadj Lipaar
) ) diioadDj ~Tloads , 4w | UeD; _
Lioad j Lioad k At Ligag l0adQi T T s State variable model for network
di ; —r ; VpOi
Fioad j Foad k loadQj — and_;.'?: oadri — w oadDi + bQj . . . . T 2n—1
dt Ligagg %97~ 0PI Tnet ‘= [UineDis WineQi» lloadDjs toadQj] € R (n=1)
T n
: o i Ynet ‘= [VoDj> Vbj, Vopk, Vogr)™ € R
Figure 2: General network model with line Power balance expression = 3> YoQ3 > 7eq
and load internal dynamics vop; = TN (toDj — t10adDj + HlineDi) et := [Tlines, LI’&'HEiaTioadijIoadj]T c R4(n—1)
. e, - ; _ ,
\il |j\i° G UbQj = TN(6Qj — HoadQj + UineQi)

CHANGING WHAT'S POSSIBLE
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» Takes the operating point information from the non-linear Algorithm 1: Eigenvalue Analysis

model to find the Steady state Operating point 1 Find the eigenvalues () of the parameterized
. . . . small-signal model A(p) matrix
» Linearize the DAEs around the Operatlng pOIﬂt and 2 Find the real part of the eigenvalue closest to
eliminate the algebraic part to get the small-signal model the imaginary axis (A" = —min(|Re(})|)

3 Run an exhaustive search for

» Model Currently Used for Inverter Parameter Tuning
using exhaustive search (alternative H2 norm
optimization)

mg.xlA*l YV p € [pPmin; Pmaz]

Algorithm 1: Hs norm optimization

1 Assign p* < p, and choose 0 < 3 < 1.

2 Apply a perturbation Ap; to the ith element of p*.

3 Find the perturbation in G(s) due to Ap;
AGt —G1 A G3 —03(3[ A“) 133

4 The total perturbatlon of all parameters is
AGa, = Y72, (AGY,)

5 Find the final perturbed transfer function
ka+Ap = ka - AGAp — Cp(sf = Ap)~1

6 Solve the Lyapunov equation to get P
PA,+ A ' P+C,7C,=0

7 With Bp = [Bl Bz] , find descent direction
[0J/0p] = 2BT PB;.

8 Compute pFt1 = p* — B[0.J/8p].

P g vy - 9 Assign p* « p**! and goto Step 2.
QrpQ-e
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Develop nonlinear dynamic
model of the microgrid

{i=ﬂ%%w%)

O — 9(33, ya ’U,; ac)

where,

T = [minv: mnet]

Yy = [yinv:ynet]
u = [iinj]

Qe 1= [ainv: anet]

UNIVERSITY

Find the steady state
operating points

0= f(z*,y*,0; )
0= g(z*,y*,0; )

Tinw 1= [0, P, @, %0d; tog]” € RO
Yirw = [Vids Vaigs Vi, Vi) " € R*
i = [m, W5 s LC]T € RS
Tnet = [blineDi, lineQis HloadDj» bloadQj] | € RH™™D)
Ynet := Vs, Vos, Vopk, Vagr]® € R™

— f & 4(n—1
Qpet = [Tlinei; Llineisrloadj; Lloadj] eR ( )

QrpQ-e
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Linearize the DAEs around the
operating point and eliminate the
algebraic part to get the small-signal

model
o O O, OF
g = 8:1:A$+ ayAer auAfu,
dg dg 9g
=——A —A —A
¢ ox i Oy y+8u “

. _(9f _9f 99,109
Ad = [8:1: Sy(c'?y) 6$]Am
of _9f 99,1909
+[8u ﬁy((‘?y) 8U]Au

!

Az = A(p)Ax + B(p)Au
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A single feeder of Banshee Network that
requires seamlessislanding and has critical
loads that are ROCOF sensitive.

BUS 102 BUS 105 BUS 103

L CB
Description Constraint/Metric 104 + i1°5 108 107%
Power Flow 47 %Buswa i
DER Power and 300V c1 250kVA
C t 1200 kVA
Component/System apaclly b
Limits ROCOF Constraint BUS 106
CB
Voltage Limits ol |
Frequency Limits BUS 107 v
CB c2 —
Resiliency Seamless Islanding el To00KA v G = Critea
. g . V | = Interruptible
Stability Damping, ROCOF 200m0 o P P
Small-signal and time-domain evaluations are unique to MicroC3. Fig. Feeder 1 of Banshee Microgrid [7]

arpa-e
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Plant Optimization formulation like DER-CAM 36
» Seamlessislanding with no load shedding

= Design 1: Generation exceeds load

= Design 2: IBR (BESS) generation exceeds load o o
» Seamlessislanding with no critical load shedding

= Design 3: Generation exceeds critical load

= Design 4: IBR (BESS) generation exceeds critical

load
3 |

32 |

Cost (M$)

o
o

1 2 3

Resilience

1: Blackout 3: Seamless Islanding
2: Seamless with load shedding

arpa-e
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IAE — Integral Absolute Error
» Design1: 2 05

40

= = - — ‘ ‘ ‘ Design 1 | ‘ ‘ o Design 1
GFM1: Droop: 1e™, LPF= 20 Hz o g g~
- — © Desion3 . L D:::: j
GFM2: Droop: 1e®, LPF=10 Hz w0 | S e | °© o
[o] o 0.3 L o
W 20 | E
S o 2 02
2 10 | | §
o (o] 01 | o o
’ 1 é 3 1 2 3
Resilience Resilience
34 o ol Design 1
Design 1 - GFM1 esign
i : ) O Design
I e e B = T Eaeaw] — s rocor & | 3.3 O pesgns|
60.5 — 200 1 © Design 4
s 100
g = o
& 3
E g-mo- (o]
=200 | _ | | | o | |
-302-95 5 5_65 | 5.'1 S_I15 5j2 . 4495 5 5.08 Tin{:.e1 {s) 5.15 52 LT O 1 2 3
e Resilience
AroG-@ % - OId Design 1: Blackout 3: Seamless Islanding
. _ ; : : :
o R R O : New Design 2: Seamless with load shedding
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» Design1:

GFM1: Droop: 1e’, LPF=10 Hz
GFM2: Droop: 1e’, LPF=10 Hz

Design 1 - GFM1

————————————————— _l Frequency (Hz) -

61 .
N
I 605
&
5 60
=)
o
@ 595
L

59

58.5 ; : ;
495 5 5.05 5.1 5.15 5.2 5.25

Time (s)

arpa-e

CHANGING WHAT'S POSSIBLE

|AE — Integral Absolute Error

1.5
o Design 1 25 T
o Design 2 o Design 1
(o) Design 3 20 i [o] Design 2|1
© Desin4 w % | O Design3
1 15 ign 4/°
o o (o) o) < O Design 4
L
g O 10
5 Q X
£ O 5 X
Tl « l v
8 X
X 0 [o] (o] (o]
X | X | -5 ‘ ' '
1 2 3 4 2 3 4
Designs DeSIgnS
36 ‘
o DDDDDDD
o DDDDDDD
0 ; ; i gt St M g oo P e = g S L W © Desion3
——ROCOF - Eq. (Hzis)] —— Avg. ROCOF - Eq. (Hz/s)| 34 | Q Desin4
05 31
L. &
I =3
1} 8 0 r— g 32 |
2q- - X ==—p O
151 < 3
=D b et e 1 2 3
-2 - L : - 4.95 5 5.05 5.1 5:15 52 525
495 5 5.05 5.1 515 52 5.25 Time (s) Resilience
Time (s)

: Old Design
: New Design

1: Blackout
2: Seamless with load shedding

3: Seamless Islanding
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> Successfully scaled down the size of the DERs while still meeting the resiliency metrics

36 | (o) Design 1
o Design 2
o Design 3
34 I o Design 4
X
g 32 |
8 8
3 lz l
8l o
2.8 |
1 2 3
Resilience
% - Old Design 1: Blackout 3: Seamless Islanding

\.ilﬂj\ﬁ (S : New Design 2: Seamless with load shedding

CHANGING WHAT'S POSSIBLE
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» Use detailed models for GFM and GFL
» Replace exhaustive search for controller tunning with H, norm
» Automate the plant design improvement step

» Modify plant optimization to include other DERSs like wind turbine, flywheels, etc.

Qrpa-e
Cl GING W '8 POSSIBLE
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Grid File 2. Upload (0) |

Mo selection

] verbose

File Upload + % 'i
i( iﬁriaps ! projects microC3 co-design l tests | grids ‘ b |

1.BkB Text 19Dec2023 |

2. Find and select
grid file

Data Path  Select Mo selection —_—— £ Upioad ©
Run Optimization [ verbose oata Path D Ao
Run Optimization
(" =
1. Opens File 5 nessie
explorer to select £ Home
grid file to upload E":E
~ / ) Downloads
J3 Music
B Pictures
i Videos
., sfshared
rrirenC 3
Grid File & Upload (1) '‘BanshgeFeederl23.grid’
Data Path  Select No selection \

[ 3. Open the file

Run Optimization

4. Filename appears in
dialogue

arpa-e
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LineType 5@0kcml R ©.1206 X ©.1878

PCC PCC1 {
export limit 5.0 kW
import limit 106.6 MW
impedance R .85
impedance X ©.85

PCC 1 :

C1 02 10 Line C102 {
5500ft 11 connect PCC1 to BUS1e5

O o NV A W N

12 length 5500 ft
1'#500 13 nominal ampacity 512 A
BUS 105 14 type 500kcml
15}

CB 16

17 Bus BUS105 { voltage 13.8 kV }

[]
107 T1086 18

\M‘} 5OOKVA ;z Switch CB1@7 { terml [BUS185] term2 [T106.primary_term] closed }
Y'Y 138/0208kv 21 Transformer T106 {
22 rating 500 kVA
5%, X/R=49 23 impedance 5.0%
‘;7 24 XR_ratio 4.9
I:Z 25 primary_voltage 13.8 kV
26 secondary_voltage ©.208 kV
250kVA 27 primary_term [CB107.term2]
28 secondary_term [I2]
29}
30

31 Load I2 { is_critical true }
QrpQ-e
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Grid File & Upload (1) 'BansheeFeederl23.grid’

Data F‘ath‘ Selec Mo selection
AR : g Bpens file chooser widget 1o selectihe

data direntnry

X Upload (1) 'BansheeFeederl23.grid’

Grid File 2 Upload (1) 'BansheeFeeder123.grid’ Grid File

Data Path | /home/riaps/projects/microC3/co-design/te v - Data Path  Change fhome/riaps/projects/microC3/co-design/tests/data/

Run Optimization [C] verbose

o .. '

| BB CTRL

:ﬁi?i@ ( 6. Find and select directory 8. Path appears in the dialogue

e containing meta data files
| Bm fixtures L

Bs grids
conftest.py

: Select Cancel Mo selection
Run Optimization 7. Select the path

arpa-e
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Grid File 2 Upload (1) 'BansheeFeederl23.grid’
Data Path  Change fhome/riaps/projects/microC3/co-design/tests/data/
Run Optimization [C] verbose

Runs the Codesign
np’rimi7a’rinn toolchain

Grid File 2 Upload (1) 'BansheeFeeder123.grid’
Data Path  Change fhome/riaps/projects/microC3/co-design/tests/data/
Run Optimization ] verbose

Running optimization
PCC indices in bus wariables: [@8]
PCC variable indices: [@]
shape of electricalLoad: (7, 864)
Plant Optimization complete
Number of solutions found: 1
DG_allec: [G6. 0. 1. 0. 6. 0. 0.]
Batt alloc: [0. 8. 0. 6. 0. 0. 1.]
PV alloc: [0. 0. 0. 8. 6. 0. 0.]
objective: 5655343.30554272
Adding path /home/riaps/projects/microC3/co-design/src/coop/interfaces/mfunctions
Getting operating points for design @
Run Matlab function
best parameterization:
BUS103 BUS107
mp 5.000000e-07 0.000004
wC  5.000000e+01 50.000000
Time taken for @: @ days 00:00:02.076982

l I !QSlgD ” 2 '|= Total time taken: 0 days 00:00:02.077110
esign O. Cost: $5655343.31. Stability: -25.17.

arpa-e
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DGs Batteries PVs

BUS101 O 0o 0 i

BUS102 0 0 0
BUS103 1 0 0
BUS104 0 0
BUS105 0 0
BUS106 0 0
BUS107 0 1 0
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The metadata file contains:

* data for reading bus load and solar
data files.

* Financial context parameters

* Alist of bus names, where installing
DERs is permissible.

+ designation of a slack bus.
* Plant optimization constraints:

+  Control optimization parameters

Qarpa-e

CHANGING WHAT'S POSSIBLE

data
points_per_day
typical_days_per_year
num_points
load
path
units
headers

header_names

date_collected
weather
path
units
date_collected
financial
nominal_interest_rate
expected_inflation_rate
project_lifetime_years

CURTAILMENT_PENALTY_PER_KWH

bus_names

slack_bus

constraints
MAX_BUS_VOLTAGE_PU
MIN_BUS_VOLTAGE_PU
BATT_INI_SOC
CURTAIL_MAX
MAX_DGS
MAX_PVS
MAX_BATTERIES
ALLOWED_DER_MODELS

control
NOMINAL_OPERATING_FREQUENCY
BUS_RESISTANCE_OHMS
GRID_IMPEDANCE_RX_OHMS

LOAD_OPERATING_VOLTAGE_V
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