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Synergic problems in terrestrial, naval and aircraft microg

Figure 3: An example TeDP system comprising synchronous ma-
chines connected through an AC-DC-AC converter
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Challenges and opportunities

x Technical challenge®esign and control to enable stable
operation for wide ranges of input variations and topological
changes.

x Business challenges$taximize DER deployment, while
minimizing load shed, and need for expensive fast storage.

X Technical opportunitiesMajor innovation at value.
x Business OpportunitieSé) for utilities (high tech business of electricity services at valhje);

for vendors(massive development and deployment of smart hardware and system cyber softyéoe);
electric energy user&choice at value).

X Societal OppOrtunitieS:Clean, secure electricity service at choice and value.

llic, M. D. (2016). Toward a unified modeling and control for sustainable and resilient electric energy dysterdations and Trends® in Electric Energy Systélv®), 1-141.



Outline

x Microgrids studiedAzores Islands, Puerto Rico; distribution feeders (Sheriff,
Banshee; large continental IEEE 8500 bus grelyP$or hybrid aircrafts

A Scaled up in size; diverse resources (wind, PVs, CHPs, storage), loads (priority,
controlled, uncontrolled), grid topologies (staiadbne; reconfigurable with T&D)

X Lessons learned, Challenge problems

A Systems thinking key; need for transparent contrebesign essential for meeting
any metrics desired; numerical evidence w/r to metrics dependence on control

x Rethinking the first principles: Unified modeling, design, control
A Modular, interactive modeling of component§O characterization
A Unified multilayering of interactions for robustness and efficiency
X Three technologyagnostic principles to make it work

X New high tech business opportunities to innovate at value;
collaborations ==
HIT
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Flores Island Power Systergpical micregrid of the future*
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Complexity of emerging microgrids
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Real world feedeg¢ Banshee distribution system

Sample Load Profile
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Effect of new technologies

Sample Load Profile
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Sample Load Profile
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Existing and emerging challenges/needs
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Overall technical challenge

x Need systematic tools to assess operating problems

--when and why the grid may not wonk could trigger
protection and cascading failuregpower cannot be delivered
within given constraints; conditions sensitive/unstable w/r to
input disturbances and model uncertainties)

x Must design control to manage technical problems

A enhanced hierarchical control: fail/safe distributed coordination:
protocols for coordination

A primary control capable of meeting specifications
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Flores Island Power Systergpical micregrid of the future*
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Effects of microgrid controller (AC Ob4sed)
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Fig. 12.6 Voltage profile of the island in three different scenarios



Potential to add PVs and support them with EV
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Major concern: Frequency regulation?
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How to make it robust/smatignal stable?
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Transient stabilization in systems with wind pow&VC
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Fig. 19.2 Wind disturbances simulated in the Flores e:

rotor frequencies

Fig. 19.14 (a) Voltage on the buses and (b) the electric power output of the generators if the
system is controlled by the proposed energy-based controller
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Fig. 19.16 Mechanical frequency of all generators in the system during a long-term low-
magnitude wind perturbation: (a) dashed (without control on the SVC). (b) solid (with control
on the SVC)



Transient stabilization using flywheels
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The key role of grid reconfiguration to use DERSs for reliable and resilient ser
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Fig. 18.4 The locations to install NCSs and NOSs

Table 18.1 Comparison of total costs between the original and modified system
Original system Modified system
No. of installed switches 0 20
Switch cost 0 20485000 = $100,000
Total interruption cost 567,709/vear = 10 year = $677,090 $16,585/year = 10 year = §165,850
Total cost $677,090 $265,850
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Four TEM cases

x  TEM1 (sunnyday, fixedtariff) ¢ a baselinecase,acombinationof plug-loads
andsolarPVsduringnormalcondition PVsare negativeloads

x TEMZ2 (stormy day, fixed tariff)---The same plug-load with suddendip In
solar

x TEMS3 (TOUpricing)}- Giventime-of-use (TOU)price, DERgesponsivepro-
active decision makers about power consumed with the objective of
minimizingtheir energyhbillls.

x TEM 4 (dynamic pricingy DERsand their aggregatorscreate bids in
anticipation of electricity prices,and, at the sametime, they affect them
(pricemakers)

A TEMA4.1 (Unlimitedutility generation)
A TEMA4.2. (ConstrainedUtility generation)

Holmberg, David, Martin Burns, Steven Bushby, Tom McDermott, Yingying Tang, Qiuhua Huang, Annabelle Pratt et al. "&tl6d” Transa
Energy Modeling and Simulation Challenge Phase Il Final R&I&T.'special publicatig®019).



MIT demonstration of TEM usmg SEPSS*
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Admin - Bids
*

[ am—
Computing resources I
Allocation Weather Forecast Network
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l " WH Type # \

| DERInstance of PVType ¢
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House Instances SR /._.. instances ‘ et ,l
\ =i e b o o \___________/j
A Based on DyMonDS frameworlagents with embedded A Third party software (NETSSWorks) integrated to exploit
decision makingnteracting through weltlefined its voltage optimization capability in its OPF problem
binding information exchange A SGRS scheduler utilized to initiate the simulation,
A A scalable platform aligning embedded spatial and eliminating the need for having a-@mulation master
temporal hierarchies with the computer architecture program
*Holmberg, David, Martin Burns, Steven Bushby, Tom McDerxiogyingTang,QiuhuaHuang, Annabelle Pratt et al. "NIST Transactive I I I Tm

EnergyModelingnd Simulation Challenge Phase |l Final Re@dt8T special publicatig?019).



Comparison of pricing and effect of utility generation cos

Possible tariff structure for each

Timevarying LMRiriven of the TEM cases, for assumed TOU Tarifdriven
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Impact of TEM on utiliy technical and economic metrics

Utility bus Voltage
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OBSERVATIONSIlity COULD PLAY A MAJOR ENABLING ROLE; BASIS FOR
LOAD PRICING AND PERFORMANCE BASED REGULATION

NEED FOR ASSESSING AND IMPROVING HOSTING CAPACITY A



Performance with/wo economic signals

Energy dispatch of a group of 10 DERs Reserve Capacity Dispatch of a group of 10 DERs
T T T T T T I T T T T T T T T T T
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More granular decision making at prosumer level results in possibly larger
reserve capacitydispatchand more flexibility in energyadjustment schedules
of DERs



Technical, business and societal challenges and opportunities

5.3.7. Roles and performance metrics of different TEM participants
Shown in Table MIT-1 1s an illustration of roles and performance metrics of TEM participants
tor the four TEC cases.

Case

1. normal
sunmny
day

2. Storm
in the
middle of
Case 1

3. Time-
of-Use

4.
dynamic
electnicity
pricing

Table MIT-1 Roles and Performance metrics in TEC cases
Distribution Grid

End-users

Role
Passive

Passive

decide
on

power
to use

decide

bidding

Sub-Objective
utilize solar
power

have power
during both
normal
conditions and
during storm
energy ball;
maximize local
efficiency;

ensure comfort;

support voltage
or not.

energy ball;
maximize local
efficiency;

ensure comfort;

support voltage
of not.

Role
Critical,
mcluding
possible reverse
flows
Fole of
distribution
grid--critical

less critical; end
users could
support their
voltage;
participate in
delivery

less critical; end
users could
support their
voltage;
participate in
delivery; MUST
GIVE SIGNAL
TO MARKET

Sub-Objective
feasible power
delivery; ANSI
4.1

Sub-objective —
feasible power
delivery; ANSI
4.1

feasible,
physically

efficient delivery;

if supporting
voltage. build
smart
infrastructure
feasible,
physically
efficient delivery
AT VALUE; if
supporting
voltage, build
smart infra-
structure; GET
PATD FOR THIS

Market
Role Sub- Objective
minimal Economic
efficiency
minimal Economic
efficiency
minimal Economic
efficiency
Critical; Efficient
create market clearing
dynamic mechanism by
prices which | considening
reflect not | bids at value
only real from both end
power but | users and gnid
also
VOLTAGE

Notes

Operating
problems time-
varying.
Baseline case.
Potential
problems
during storm

Could be
conflicting
sub-objectives;
Need for
voltage support
protocol

Potentially
win-win fair
case



System enhancements neededtidden traps

x A (microgrid controlle): should have adaptive performance metric
and optimize over all controllable equipme(mtot the case today)

x B (secondary contrallroops):modeling often hard to justify
(droops only valid under certain conditions)

x C (primary control) A combination of primary and secondary
control should guarantee that commands given by microgrid
controller are implementable (stable and feasibléjuge issue
hard to control power/rate of change of power while maintaining
voltage within the operating limits!

X Note: Control calesign key to improved performance e



Coordinating Increased penetration of
renewables and demand response

CRITICAL LOADS
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llic, Marija D., Rupamathi Jaddivada, and Magnus Korpas. "Interactive protocols for distributed energy resource manastems{DERMS)IET Generation, Transmission & Distribufidnno. 11 (2020): 20e3081.
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Highfrequency

injections of solar P
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Emerging system; needs for enhancing SCAL
x Multi-layered operations/ownerships

X Need to integrate renewables; DERs; demand side

x No endto-end communications for cooperative electricity

service

A Bulk power system (BPS) with SCADA; the rest has no information exchange for
proactive participation

x Needminimal, carefully designed communication platform
that builds on the existing BPS SCADA



General DyMonDS
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Temporal Decomposition of inflexible demand for
market operations
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Hiearchical control in microgrids

—
A

zi‘*f[knﬂu?f[km zaef[knﬂuaef[km

—

B

Y{ef[nTsMuief[nTs] Y{ef[nTsﬂugef[nTs]

*Foundations and Trends in Electric Energy Systems, Vol. 1, No. 1 (2etf) 2016 Marija D.

my [kT;]

|

COMPONENT
1

m; [kT;]

COMPONENT
2

my [kT;]

|

COMPONENT
N

k=12 J
- "”.Ft

TERTIARY CONTROLLER — AREA LEVEL

SECONDARY

CONTROLLER

COMPONENT
1

14 [nT]

PRIMARY
CONTROLLER
COMPONENT

1

m, [pT,]

lllief[p

Tp]

SECONDARY
CONTROLLER

COMPONENT |2 [n7]

2

PRIMARY
CONTROLLER

-
COMPONENT | Mz [pTy]

2

i ref

u; [pr]

z&‘*f[th]JVLu?f[th]
7

n=12..|—
SECONDARY T
CONTROLLER |, Mn[nT5]
COMPONENT

N
y{ef[nTs]ltgef[nTs]
T,
e

PRIMARY
CONTROLLER
COMPONENT

N

- Tp
‘_mN [pr]

l ref

Uy [pr]

[licDOI: 10.1561/3100000002



Question 1: Resilient and reliable scheduling
From voltage constrained decision making (DCOPF + AC power flow) to coupled AC Optimal Power FI

N

. -
Given an existing sy_stem, how t_o operate ACOPF is the key
new power plants without experiencing software for co
power delivery problems. optimizing power

: . generation and

x Glven an existing system, how much new, voltage setting
renewable, generation to build and at whic
locations.

. o Why is DCOPF insufficient?
x Assess the effect of different pricing rules fqr with increased renewable

penetration, it no longer is

Integrating renewable resources on Ierand | possible to dispatch real
short-term economic efficiency and the power with DEOPE wel

enough without optimizing

ability to recover capital investment cost. _J e voltage settings T
T




+2f 01 3S 60602y3ISailAzyé Yl
X The need to havACOP#ased schedulinghstead ofAC
power flow-based analyse$ools

x| RedzaldYSyida | NB &adzLlLi? a
GFEOoOY2NXIfé O2YRAUAZ2YAD
significantly by using AC OPF*

x ACOP¥based mitigation for notiime-critical abnormal
conditions Is very similar to the one with normal conditions

x Major assumption:sufficient automation Is in place to
ensure stable system over operating ranges

2

él-’zti
{ SND

*|lic, Marija, Carvalho, Pedro, Lessard, Donald, > Minimal Coordination of Dynamic Reserves for Flexible Operationi&afValud 8 S 2F ! 1 2NB&a LatlyR&aéX L999 t9{ Da HJ



From anal}/ss to op timization: Features of ACPF

x Having the ability’to find a solutl within specified network and hardware constraints

x Having the ability to optimize with respect to all available decision variables, such as re
power generation, demand, and T&D voltagentrollable equipment

X Providing as part of its output optimization sensitivities

x Providing support of effective resource management according to several optimization
objectives

x Providing as part of its output LMPsvhich are sensitivities of the performance objective
with respect to power injection change at each node in the network

o0J

LMP; = =
1

AGXOPFHs capableof adaptivelyswitchingbetween usingdifferent performancemetrics

Thisis essentialfor reconcilingreliability and efficiencyon-line when systemconditions
andtopologychangesignificantlyovertime




Potential of using AC Optimal Power Flow (AC OPF)

for identifying grid operation bottlenecks*

Challenge Actions requiredg Actions requiredcbased QUANTIFABLE

problem: based on typical ED | on advanced microgrid DIFFERENCES
MICROGRID microgrid controller controller
CONTROL
Case S1 No steady state solution PV must produce reactive  Can operate without
(Sheriff, high load, within limits power load shedding
low PV power) Need to add shunts at

critical buses

Case B1 No steady state solution Battery serve in grid forming Can operate without

(Banshee, within limits mode; optimized taps on load shedding
interconnected, critical transformers
all NoS)
Case B2 No steady state solution Both PV and battery serve in Can operate without
(Bansheeislanded within limits grid forming mode; key load shedding
all NcS) transformer taps optimized

*[lic, Marija, Potentialof AdvancedVlicrogrid Control Case®f Sheriffand Banshee,
EESG@MNMWhite paper WR-2017-1.



Question 2:Enabling feasible and stable modeling and contr
Possible way forward: Mullayered functional specificatiorsnergy dynamics

X |Interactive model of interconnected systems
--multi-layered complexity

--component (modulesq designed by experts for common
specifications(energy; power; rate of change of reactive
power)

--Interactions subject to conservation of Instantaneous power
and reactive power dynamics; optimization at system level in
terms of these variables

--physically intuitive models
Ui
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The main objective for understanding physics

x Understanding how to think of a staralone component within
the grid

x Understanding how to think of the interconnected power grid

x Based on this, understand the fundamental variables which

- must be sensed and controlled at the component level

-must be exchanged between the components

-make the case for physicsl 4 SR LINRPOSaaiAy3a
design

aAl 2z - ®3X LEAGZ adr {YAGKIE / ®X h@SNIAY:Z ad | yR 2 AS QkRigidgids. wzdD2D IBEE Energy ConGeiisBrdo Congtess argl ExpdsiRon(BECGE) NA 6 dzi SR/
46344641). |IEEE.

https://patents.justia.com/patent/10656609Patent humber:10656609, April 2018. l W —
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Basic ideas underlying the energgised dynamical mode|

Inertia used as a
proxy to rates at
which energy can
be generated

4 )

@

XX

@

Synthetic inertia
used instead; non-
physical

e

~

AN

Inverter
controlled
solar PV

\- J

Fast varylng
generation

; | M' l UW M —

X X

Controlled
WHs

Slowvarying

demand

Heterogeneous en&nd energy conversion processes
modeling is becoming criticalnertia (or synthetic inertiag
based approximated system analysis no longer are valid

Power conservation laws always hold at the interfaces of
components and/or susystems.

Not all power produced can be delivered fundamentally due t
mismatch in rates at which energy conversion processes of
connected components take plagenon thermal losses ought
to be captured.




Unified multHlayered functional specifications

PP
Higher Bid 2
layer model | generation
(E,P,P) A(E,P,P)
p* 1 pmin_pmin pmin pmin -
p* Pma_x'Pmﬂr _P?’nax‘ Pmﬂx cﬂmmn‘ent ‘I'
: ———
Generalized dr:)op Bid functions Ei
Electrical and non- Qo Ploctrical and
electrical consumer| - Consumption
QoS: Specifications Lower layer deign and estimations
v control h

Fig 3 Energypower model of a general component
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7 \%
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. N | X /(
N\ i
/ q
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Fig 4 Energypower model of an interconnected microgrid

LEAOY a® 5d3 g WHanRdrell Bter&live enavgh space modglivgdor rmalizhali edectrification of terresial, shipboard and aircraft systemSnnual Reviews in

Control 45, 5275. - -
llic, Marija D., and Rupamathi Jaddivada. "Fundamental modeling and conditions for realizable and efficient energy 2048 i<EE conference on decision and control ((l)l)l I I
IEEE, 2018.



Provable I'T-enabled prosumer participation?..

Understood by engineers

» Common energy-based modeling of | Zc = 2 .

heterogeneous prosumers

** Unified specifications

~or operations: (E, P, P)T triplet for operation

-or markets: Bids for each of the triplet A(E, P,P)T

“* Modeling and control for implementing prosumer
specifications

“* Signals for markets and operations aligned!
M



Multi-layered interactive model ENERGY DYNAMIC

Interaction model: Interaction model:
b
R | T.

J g ; J
= 4Ei=0 | |o, = o b = 4By~ O,

H;(.)

Xi X.i

Stand-alone model: - ' . Stand-alone model:
X = failxs, ug, my, Py) ’ N | % = fr, (% w5 my, Py)




Basic R&D control challenge:

Overcoming complexity of modeling and control

Increased power electronics

Increased i
renewables @\P“ P
'\m

Main utility
connection
/ (
Electric
vehicle

Residenti
load

Crux of the problem: Present controls
are designed for P,(t) without
considering its dynamical effects

~

Pmd

Radiation
dependent
current
source

de

Battery Control

Qodel of solar PV droop3tarting from physics!!!
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Control cedesign in energy space

x Control cedesign, and rationale for using it for microgrids
X Problem posing for edesign of Sheriff microgrid
x System design enhancements needdudden traps
X The cedesign problem formulation in energy power space

x Unified component specifications and interaction conditions
for feasible and stable service Iin energy space

x Case studies 1) comparison of dynamical performance with
02RIFIeQa LINAYINE O2YUNRET H (
dispatch



© b

Unified control cedesign concept

Case studies Start Components
SR .’ redesign, reinfarcement, reduction
(] af Cas5es
. . Cantrol systems
f;f;r:f:;*::: | Definition/design of components, control systems, models nedestone getwatere. sentors. algsrnS
scenarios, etc,) * (i) * i3] Redesign
‘ncluding: e e ~ . -
:N. ) & /— Control systems - Sub. g;’f&m mterac:tlmm
ind, waves, . .---};;-:«;x ,, ',i--'--..,.L
feean Aerodyna Ihﬁ | Rot _I Drive trélin Electrical End
currents... R R o e ) objectives? End
| =oAL\ generator .
- Parameters i = [i1]
) | Macelle .
of dynamic | [i5) - \“P | Power
dels * ]
me Toswrer . alectrenics
Grid voltage, ;’ Outputs
frequency... Hydrodynamics | Flatform Substation Mechanial losls, alacirical
- Events,.. . < : currents, violtages,
Data [i4) Mocring Grid mechanical fatigue, power
Ex rim;nt5 systerm Dynamics generation, economics,
pe envirenmental...
Approaches *
(Al) Control-inspired parodigms, [A2) Co-Optimization, (A3) Co-Simulation

DFENOAF{ Iyl =X alNAR2d b/ 2y iNR{ /Advansel EdntBblfor Appligatichs/ Bngiye&iSg\aRdylrighli SHsteM$S noO1K2019H &18LIP h



Unified component specifications and interaction conditions In ene
space for stable/feasible operations

Ry —

Input Specifications

PE + AP, —

Smart hardware

dp,"

/

Control Saturation

PH_|__
€~ dt

Output Specifications

dap.t
PL_|__e
€ = dt

Contradicting “We want to sell as much as
Interests of entities: possibleio maximize our profit ”

Load profile E ! !

— Tikal rindl rzvwid cismiensd (i KW
~Total reaciive power demand {in KVAR)
Intesrrugibie Lioad (in k)

Tirme ([ mindtEs

“We want to buy at a
low price”

ey
g

i

'I'IM il ';! W
.‘“‘u‘s-’e have no control
on ourselves”

Sufficient conditions feasible and stable
system in energy space:

A Components in closed loop dissipative
A Cumulative power over time into the
component larger than cumulative power
out of the component

Distributed near optimal controlopen R&D
(still need for minimal coordination)



Potential of plugand-play primary/secondary controllers*

Challenge problem

State-of-the-art control primary control

Energybased Plueand-Play primary
control (with microgrid control)

Case S1

(Sheriff, high load, low
PV power)

Case S2.1

(Sheriffislanded
feederl)

Case S2.2

(Sheriffislanded
feeder 2)

Case S2.3

(Sheriffislanded
feeder3)

CaseS 3(sheriff,

reconnecting)

*Marija llic, XiaMiao, RupamathiJaddivadaAidanDowdle, & DistributedMulti-LayerEnergybasedControlfor Stabilizingg A O N2 MNEFSSE € >

Stable; does not settle to the right voltage w/o
retuning; Induction motors when simulated result in
poor voltage profile

Stable; settles to right voltage if tertiary control set
points are accurate. Dynamic loads when used resuli
poor voltage profile

Stable; Grid forming mode requires either lot of tunin
or requires proper selection of filter parameters to
ensure current evolves much faster than voltage.
Switches might hit saturation for large disturbances.

Stable; Short line model when used can result in ove
voltage; Large Hnush current produced by Induction
motors results in poor voltage profile

Stable; but the load is not served; might also damage
loads because of sudden drop in voltage; sensitive tc
control gains on generators and solar PV

WorkingPaper,Februarys, 2017, 2017-2

*Marija llic, XiaMiao, RupamathiJaddivadaAidanDowdle,dNonlinearControl Designfor Plugand-Play Integrationand Operation in Electric

EnergySystems RIT-EESGVorkingPaper,Februarys, 2017, 2017-3

Stable; voltage profile aroundf.u. is ensured by
generators readjusting their power output

Stable; voltage profile is good irrespective of the
load model used.

{GFroft ST 52SayQi NBI dzA
for different modes of operation. Same control
can be used in all the modes

Stable; Regulates voltage irrespective of the
line/load model

Stable; desired load is always served as the
generators reschedule themselves during sudde
islanding and ensure good voltage profile with
overshoots being within the protection limits



Application on Test System 1: Sheriff grid to evaluate pri
control performancein srystemN%uly;@mmia@ghuction motors

System simulatedUtility connected Sheriff wit 7 .
. . . machines if prytection
two large industry scale induction motors / does not exist

Real power output of sy i .

Constant 25— T S T T T Terminal voltage of synchrofious machines
Fo1 T T T T T T T T T
PG22

] T T
gain vi \ —
—v22|{ 4 —v14] |
V.

Terminal v}ltage of induction machines

©
]
©

control

Concept of
quaststatic
droops used ta
calculate
control gains
might not hold-

u.)

—

p.

VOltage(in
o - N w £ (4} (o>} ~ o
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h e re Time(in seconds)

Real power output of synchronous machines Terminal voltage of synchronous machines

Terminal voltage of induction machines

— — 1o - R
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Energy ) | Voltage
n 11 1
based 3 3 regulated 12l ]
Control £ 1 ¢ 5
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Application on Test System 2: Banshee-gtiaty
connected

Controller implemented: 1. PV in grid following mode 2. Battery in grid forming mode

Constant gain control Energy based control

s Generator real power outputs
s emmgsieran mode, s sp o Sorrp oy
—— G100 speed ' e —P100
— G103 speed G100 spee —P103
1 G306 speed 1.005 —— G103 speed| P306 ||
G306 speed 25
~ 1 - S
20% 5k 3 -
£ 3 209 1 2
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Application on Test System 2: Isolated Banshee grid

Controller implemented: 1. PV in grid following mode 2. Battery in grid following mode

Constant gain control
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