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VirGIL Scope

Develop a modular co-simulation platform integrating:
 Power systems

« Communication networks

* Building models

» Control and Optimization

Objectives:

» Capture the interactions between building dynamics and power systems
for real-time grid operation and planning

 Build an efficient co-simulation platform

« _Integrate legacy tools to decrease the barriers for adoption to the industry




Motivation

* Most demand response tools focus either on the grid
(neglecting building dynamics), or on the buildings
(neglecting their impact on power flows)

 Distribution system operators need tools that they can
seamlessly integrate with their simulation platforms to
control DER and deploy Demand Response

* Modular architecture based on open-standard - integrate
future tools; e.g. EV simulation, convex optimization, and
PV inverter control, Hardware in the Loop, etc.

* Reduce barriers for the commercialization of LBNL tools by
offering full functionality with widely accepted software
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VirGIL Co-Simulation Framework

Master
Algorithm

ﬂ

Buildinﬁs
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What is FMI?

« Functional Mockup Interface

« Standardized interface to couple different models and simulation engines
in a common simulation platform

e FMI 1.0 released in 2010; FMI 2.0 released 2014; LBNL active in the
development of FMI 2.1 specs

* FMU: Functional Mockup Unit

- Every model or simulation engine is exported as FMU




FMI for Model Exchange FMI for Co-Simulation

Inputs

Master
Algorithm

FMU: Model 1

x = fi(x,u)
0 = gl(xru)

Simulation Engine

\//

X = fz(x;u)

FMU: Model 2 l
0=g,(x,u)

Outputs




FMI for Model Exchange FMI for Co-Simulation

- Master
nputs .
Initial Algorithm Final
— —
Mast Inputs Coordinating the Outputs
FMU: Model 1 aster Simulation Modules
‘= o) Algorithm (t=t+1; event handling)

0 =g:(x,u)

- i : Inputs A
Simulation Engine / Inputs
FMU: Model 2 /Outputs \‘ Outputs

i = fo(0,0) l A

0=g,(x,u) FMU: FMU:
Outputs Simulation 1 Simulation 2

\//

r(k+1)=
f(x(k), u(k))




Use Cases Milli-secs

Short-term
(ms to s)

Transient phenomena
Comm. Role: Critical

Main components: Inverter-connected elements with
storage (i.e. storage devices), Evs, PVs, small wind
turbines

1. Symmetrical injection of 1-phase inverters

2. Virtual Inertia

3. Provision of reactive power

* Autonomous operation of the
agents

» Periodically receive a setpoint or a
band within which they should move

Seconds Minutes Hours

Medium-term
(min to h)

Regulating/Balancing
Congestion mgmt.
Voltage problems

Main components: Storage elements,
both inverter-connected and not, such as
buildings

1. Overloadings

2. Overvoltages

3. Voltage drops

Simulation and optimal control

Communicate the optimal
setpoint to the devices

(Model predictive control could also be
used for a short time horizon)

Days

Long-term
(h to days to years)

Planning

Day-/Week-ahead:
Provide incentives for specific
DR units to enter the market

Years:

1. Deferral of new T&D
Investments

2. Impacts/Investment on PVs vs

DR

Day/Week Ahead:

* Model predictive control to plan
the operation of all storage
elements, including thermal
storage (buildings, water heaters,

etc.)



Implementing DR* for buildings in VirGIL

Demand
Response

Client

DR Amount
to Shed

Consumption
Active &

Reactive Power

Load Consumption
—{Current and Forecast)

—* DR Potential F

<

DR Amount
to Shed

DR Shed
{0,1}

Confirmation Signa

Building
Model

I yp Operator -
Optimization Algorithms,

State Estimation, etc.

Measurements
e.g. SCADA, uPMU
Events
e.g. Line Outages

P, Q for

Generation

A

System State
Switch Status
Controller
Setpoints

Forecasts

Overloadings,

Voltage Problems,

Stability

P,Q Consumption
Load Model

ower System

Simulator
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DR: Demand Response

for PV, Wind, etc.

freersre L

BERKELEY LAB



Software

Powerfactory

GridLabD
Matlab/Simulink

Modelica
Powerworld
CYMDIST
PSS/SINCAL
PSCAD

Master Algorithm
Ptolemy Il

OMNET++

ns-3
Modelica

ns-2

Matlab/Simulink
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Modelica

EnergyPlus

Etc.




Outline

1.

VirGIL Co-simulation Framework

. Master Algorithm — Quantized State System

Building Modeling
Communications
Power System
Use Cases

Conclusions and Future Steps

12




Ptolemy Il — Coordination of FMUs

« Ptolemy Il can handle both FMI for
co-simulation and Model Exchange

Example of simulating two opaque Ptolemy Il actors
over different time horizons using the DE domain

file:/Users/mwetter/Desktop/ExecuteActor.xml

File View Edit Graph Debug Help f

|Eaea® el A&l

[t

LILIL IR

Find: Expression

== RepaintController
[ CompositeClassDefinitic
[B2] CompositeActor
ModalModel
¥ | Decorative
T— ModellD
-A- e

* Discrete Event Simulator

Line
T Arrow
[ Rectangle
/7 Polygon
O Ellipse
D Arc
2 image
[ ShadowColor
-N- Namelcon

* |t coordinates the FMUs over time

« Ptolemy Il integrates QSS* solvers
for Model Exchange FMUs (Building)

DE Director ’M@“e“m' This model demonstrates how to execute {
| two opaque actors of which each completes

| a simulation over a different time horizon. {
The actor Simulate1Step simulates one step,

and the actor Simulate5Steps simulates five steps.

Both of these actors are instances of RunCompositeActor.
The only difference between these two instances are

the value of the parameter TimeHorizon.

For VirGIL, in a more sophisticated model, these actors
may be different opaque actors, and the output of one
actor can be used to set parameters of the other actor,
for example to reset state variables for an MPC, or to
reset state variables in one actor to the values that are
measured or estimated by the other actor.

Simulate1Step

Expression

“output from Simulate1Step * + in

Simulate5Steps Display

Expression2

“output from SimulateSStep * + in

execution finished: 12 ms. Memory: 316416K Free: 205259K (65%)

file:/Users/mwetter/Desktop/ExecuteActor.xml#FRunCompositeActor

.ExecuteActor.Display

File View Edit Graph Debug Help | File Help

=TSN LTI IE I IE SIS

output from SimulatelStep 1
output from SimulateSStep 5

Find:

*QSS: Quantized State System oy IR
(] utilities

Y

(] MoreLibraries

(] UserLibrary
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output from SimulatelStep 2
output from SimulateSStep 6
output from SimulatelStep 3
output from SimulateSStep 7

DE Director eX: 8

X

h output from Simulate1Step 4
loutput from Simulate5Step 8

@ TimeHorizon: 1

> startTime: 3

DiscreteClock

Ramp
trigger SetVariable
" ﬂ




Master algorithm uses Quantized State Systems
methods to advance through simulation time

QSS solves a differential equation of the form

= f(x,u,t)
QSS rewrites this system as
z = f(q,p,t)

where:
* q: quantized state; low-order polynomial estimate of the state trajectory

* . quantized version of inputs u(t)
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QSS reduces the work needed to integrate the system

* QSS decouples slow and fast dynamics

Each FMU shares g, rather than x, with the rest of the system

« Cuts the cost of communication and computation between FMUs

The system steps forward in time until some g has to be refreshed

Allows integration to take the longest step possible
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Quantized State Systems
Two main modules:

1. Integrator of & = f (q,u,t), where q is just a polynomial

2. Quantizer that, given x(t), calculates q(t)

=)

[*]

R di] [k]

*] f] dt f

P ——

jfey

Ljk] .
quantize ———

=)

« If AQ larger than a specified tolerance, requantize the state and produce
a new polynomial
([):{ Xj(t) ilei(t_)_xi(t)‘:AQh
ai gi(t~) otherwise.
» Broadcast this polynomial to any other component

* QSS integrates each ODE through a series of discrete events
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QSS1 vs. QSS2

» Solving the exponential
problem:

« QSS1: piecewise constant
QSS2: piecewise linear

e QSS2 can be much more
efficient than QSS1

» Currently using QSS2;
planning to move to QSS3

0.8

0.6

0.4

0.2
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Qss1 (952 points)
O Qss2 (36 points)
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Buildings — Model Flow

VirGIL needs a building model that captures all the relevant
dynamics, but without placing an undue burden on the solver

* ok BuildingsPy***
DRQAT BRCM puallUCING

\ 4

RC Reduced

Linear Order Modelica

Model

Building Buildings

Info Model Model

FMU

*DRQAT: Demand Response Quick Assessment Tool, LBNL.
Using prototypical building models, it converts building information to EnergyPlus models.
**BRCM: Matlab Toolbox developed by ETH Zurich.

----------------------------- Facilitates the physical modeling of buildings-in R-C equivalent models. -
***BuildingsPy: LBNL tool to convert to Modelica models
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Building FMU

DR signals

L, FMU

Set point/s Local building

controller
T TsuppLy | MpLow
RET Electric power
+
HVAC e
—
Plug loads
QcooL Y7+
E++ i++
Trer Qine Lights
Building

thermal model

— [ 1]]

Tave SE SV SN S5 Towp

Occupancy
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EnergyPlus (E+) Model

» Entire description of building geometry .ST*T.;"‘.;’;‘:.,::*“:::' “—~.¢
. MOFIeIs conductivity of the wall layers, E;\ SPELsL ey LT ==
their thermal capacitances, solar heat ~ ¥=/| ' ,
gain coefficients of the windows, etc. S \ <
<
X
. : : o
» This information will be used to x4
generate a simplified first-principles
model of the building
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DR signals

l """""" l Building FMU
— — FMU o
Set point/s |  Local buiidmg Simplifications EnergyPlus>RC Model
controller
F— « HVAC and controller not part of the
TTRET l l Blects building thermal model (control input
ectric power )
;? modeled as “disturbance”)
HVA R g
™ VAC « Output: Tret; weighted average of the

Qcoor ¥s <_Plug — thermal zones temperature
W @ " z(t) = Ax(t) + Byu(t) + Byo(t)

y(t) = Cx(t) + Dyu(t) + Dyov(t)

Building
thermal model Occupancy v

1111 R

C
TAMB SE SW SN SS TGND C . Vi L. h O .. O !
22 — Vror Vror :




RC Model

 Models thermal mass and effect of solar radiation

Description of a single thermal zone <

Internal mass
node i q i
IM

)

777
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Cooling Load (kW)

EnergyPlus vs. RC Model EnergyPlus vs. RC
+ LBNL Building 71 | | S
RC model calibration for the summer

period - highest probability for DR events

Sensitivity analysis to rank the key RC
parameters to tune

150

Load RC [kW]

Data points: 5 min resolution May-Oct.

100f l-'
Smaller relative error in high consumption
) , ) Relative error
Larger error during night-time (low 74 green: 5%
consumption); RC model does not capture yellow: 10%
the nonlinearities of the long-wave red: 15%

radiation o5 % o 5 55

Load E+ (kW]
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Building Model

RC Model Reduction: 108 states = 8 states

Less than 1% difference between the full and the reduced RC model

Res2 sum3 Ind 12
e DI S

Model transferred to Modelica

Modelica is an acausal object- N

: - = EE {3 |
oriented modeling language oo ]
Models can be inverted for R
specific analysis or control | . |
purposes TR
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x10° TimedPlotter

Building 71

3.010
3.005
3.000

2.995

- 1 day (86400 sec) -

« Temp. setpoint: 20 C -

- Black: ambient temp. =

2.925

« Blue: building temp
« Red: HVAC setpoint

2.885

2.880

2.875
2.870

frecrre
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Computation Time [s]

Why OMNET++ for Communications?

OMNeT++ has good performance and scales well

Validated modules for both wired and wireless communication

[ ]
[ ]
 Good documentation
1400
OMNeT++
ns-3
1200 -~ JiST o
SimPy 5
ns2 -
1000 | -
800 - 22
ru
AIF
600 - ,r‘—m
o » OMNe[T++
400 - FLJ“ A &
- d
iy %'++**H”++
wa ife%*ii*xf’f*x;exxxxex********
500 1000 1500 2000 2500 3000 3500
Network Size
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Memory Usage [MB]
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JiST
SimPy
ns-=2

OMNe[++

1
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1 1
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Communications in OMNET++
Modeling the OpenADR Protocol ey

()
configurator
PULL - DR Event
I
. — Wﬁ
Pp)
——————————— 1 . 1007t
[~ | Buildin ,s Ata first stage, controller Ppj
| ¢ DRAS | DRAS 9 e e AP
[ . as only one ent
| Server | Client operation system This wouid mean ‘0_033_ »%": eth0_etho
I | < communication is pppterneip? .040530.18;
| Utilty's instantaneous 10.0.9/30/8M0. srouter[2]
|info+optirxization | beﬁr:am PPj - :/:: i
System 10.0.429/30  10,0.0,5/30
I | S
| |
w1 F — — 2 New Event? etifouter
ee:na‘a;y one 10.0.9°25/30
No new event
J/Polling period
New Event?
New Event? N )
(from other DRAS Clients) 2 new event
— T DRAS clients)
°
—Tonewevet | . . . . . -
(to other DRAS Clients) L] = +
New Event? 25L -
New DR Event * s N ¥

(Amount to shed) DR Event
X% 201 1
+

>, + + +
Processing time? a 15
Response S wrovare £ 15) |
g (_/ﬁw/?_—;‘-—’/ s o i R E ;
" <}
& 10 ; i |
0 I i i 7 m r‘rrrrrr o
29 1 Client 5 Clients 10 Clients 15 Clients 20 Clients
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Power FMU

» Powerfactory requires Windows. The rest of our tools operate on Linux.
» Developed a Python interface between Powerfactory APl and the FMU

 FMU developmentin C

Linux

FMU
C Code

Socket
Comms

Windows

FMU C code

Load_P_Set;
Load_Q_Set

Load_cosphi_Se

Switching Status

of the Lines>

Python Code

Load_P

Load_Q :

Line_Loading

| Line_Names

Terminal_\/iltage

Load_Names,
Terminal_Names

BERKELEY LAB
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LBNL Distribution Grid to Building 71

* Model developed in DigSilent
Powerfactory

» Real Network Data from LBNL facilities — sws =

» Real Consumption Data for the

Aggregated Loads

] Grizzly Peak
Substation

PGEE/PGEE e

Bus1/BuUs-12.47-BK2 reeeeee

Modeling the rest
of the LBNL load
on this feeder as
an equivalent
load

SW-AB/SW-A6

GS2-71/GS-2-71

B71-1/B71-12.47KV g

B71-2/B71-480V s

Building 71
31 BERKELEY LAB




VirGIL in Ptolemy

DE Director

Comms

~
: clentl ut. load2ShedR egue: lent
~ dientl ;rvimplul‘ood'zr?vedﬂe?-fsl ’CE out é 0 e&wnx
2 2 clentd_input. cumConsumtpig omms FMC ’m ONSLIMERON
di 1 _input. DRCapabill o
. diemz_*" Clod? chent2_output. nomzx:;:yeqwswmem
TambThvacTbui clent2_input.amC F M q :nma,m;m lad2shedResponse
2 DRCapabiliy fent2 rCy
0 og- dlent loput lowd2shedheg DLz output DRCapobty
= clent3_input.cumCs clent3_cutput.load2ShedRequestatClent
B u I | d I n g M O d el diént3_input. DRCapatil D cient3 input kiad2ShedResponse
> C1N1t3_output CunTC cnsumipica
y_shed
871‘::*"(15710 Q. VirGilControl_GridController_0SCH
. FM (=
JIhui
Building prs— R
SP v
Pshdh
{ DEI Q B71
Jamb J
T j i
| 1 = NJ Control and
Netloadminus®WiSubtract
+ N . . .
- Optimization
P E71 set,
- T
o DiscreteClock GrizZly A6 gy 3 — : j owerfmupELA:ea
P E}D p—— ] = CADF 17T
od, A5 P
_ : ] V| e
SingleEventZ Lita X 2
a PV-E71 0 sa TAF-RageS1d
O Rl T
°
1 % *

frecrre

Power Grid
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External Grid

B3

PG&E/PG&E

Case #1: Demand Response
(DR) to reduce cable loading puntus 1247842

BANK-2
116kV-12 47KV

SW-A1/SW-A1 :
B71: Load and Net Load (with PV) o3
450 é § grizzliz ﬁggrega’{e
3 rizzly Aggregate
s 400 NetLoadminusPV SW-ABISW-AG Ex-
= 2(5)8 e===|oad B71 gg ;
GL) %i A6 Aggregate
3 250 627168271 — iy POAdgrEgAe
a 200 '
2 150 |
€ 100 B71-1/B71-12.47kV .
< ~ e
50 28
0 : . : : i @
0 20000 40000 60000 80000 & |
i .

1 day (seconds)

! Building 71
& Building 71 Type

BVSptem T

o



Line and Transformer Loading

Demand Response (DR) to

60
50 ? reduce cable loading
40
X 30
£ 2
B | Must Send
()
S /DRSlgnaI\
0 10000 20000 30000 40000 50000 60000 70000 80000 \
1 day (seconds) 57
56 ot v
< 55 Jﬁfr
Demand e Wi \..,,.
T 53
3
= 1 INoDR {
51
50

0 10000 20000 30000 40000 50000 60000 70000 80000
1 day (seconds)
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Building 71 consumption
with and without Demand Response

450
400 —\_\
~—~ 350
5 300 >~
3 — —Shed
a 250 - \
v —=NoShed
T 200
<
150
100 T T T T T T T T
0 10000 20000 30000 40000 50000 60000 70000 80000
1 day (seconds)
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Buozilding 71 Control Actions

TimedPlotter
KO L L L L O O

Ambient

30 Temp SetpOint Actual Temp ~~~~~~~~~~~~~ N / Temperature

# | (demand resp.) AN

2.98

4
/
7/

297

2.9

2.95

2.94

293
292

291

II
Il
I'I'
29
2.89
HVAC Temp

281
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External Grid

B3

PG&E/PG&E

Case #2: Voltage Control with Battery

Bus1/Bus-12.47-BK2

-

= o
=
=
o<
o
z3
=
03

Too.

L]

uPMU = micro-synchrophasor SWATSAT |
» Measure Voltage, Current, and
Voltage Angle with High Fidelity °1| gz Aggregate
_ _ SW-ABISW-AG - : s
- LBNL has installed 3 microPMUs ’\i !
in the LBNL system ooy _ O3y MRATReRe

Control the Battery Inverter TR :
Voltage at B71 should be L /ﬂ

equal to Voltage at SW-AG6 3
Battery |?| l

Building 71
Building 71 Type

Battery, PV, B71 PV System
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1.002

0.998
0.996
0.994
0.992

0.99
0.988
0.986
0.984
0.982

0.98

Voltage Control with Battery Inverter

Voltage

£

—HPV start

B71 HVAC

01234567 89101112131415161718192021222324

External Grid

PG&E/PG&E

Bus1/Bus-12.47-BK2

BANK-2
116kV-12 . 47kV
ats @4.“.4'4@

SW-A1/SW-A1

CBL-A118

Grizzly Aggregate
Grizzly Aggregate

Aggregate
AR Aggregate

SW-AB/SW-A6

[Cable-3-500kCMIL}  Cable-8-750kCMIL

Cable A-618

GS2-71/GS-2-71

!

B71-1/B71-12.47kV —5

Bank-514
12.47kV-0.48kV
e (D

B71-2/B71-430V

- ) Building 71
Battery 6 EI Building 71 Type

ﬁ ” E;; ﬁ;i PV System
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Voltage Control with Battery Inverter

Voltage Voltage

1.002
X SWAG o —SW_A6
0.998 —B71 0.998 —B71
0.996 0.996
0.994 0.994
0.992 \ /\/_ 0.992 - N/ -
0.99 ﬁ-‘\ 0.99
0.988 WVL 0.988
0.986 0.986
0.984 0.984
0.982 0.982
0.98 - 0.98 ~FT T T T

01234567 89101112131415161718192021222324 01234567 89101112131415161718192021222324

AY
i
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Expanding

VirGIL Capabilities Powerfactory
Grid Simulation
Novel Algorithms for Control and Software

Optimal Power Flow, | [8JeiilgylF4=1ilelaiRelo)ls
Demand Response,

Volt/Var Control Modelica
Master Algorithm |
Ptolemy Il
Currently integrating the Electric Vehicle simulation &
Vehicle-to-Grid Simulator Integration optimization

Simulation
Software

OMNET++




Next Steps
« Paper on VirGIL submitted to “Proceedings of the IEEE”"

» Application of VirGIL to the SONGS* Region

- Use of micro-synchrophasor data for advanced real-time
demand response and control algorithms with VirGIL

- Solar PV penetration scenarios coupled with Demand
Response

« SONGS went offline in 2012 (steam generator problems)

- Generated on average 16 million megawatt-hours
annually (~8% of the electricity generated in California)

- Close to Los Angeles and San Diego

*SONGS: San Onofre Nuclear Generating Station

42 BERKELEY LAB




Next Steps

« CyDER
SunShot SuNLaMP DOE Solicitation; concept paper accepted - full proposal

Extending VirGIL to perform QSTS (quasi-static time series), hardware-in-the-
loop, EV charging, and have seamless integration with the utilities tools

 ExaGrid
Plans for LDRD FY16, FY17 with Computational Research Division

- Parallelizing VirGIL: simulating ODEs in a discrete event domain on exascale
architectures

Stochastic Optimization

Bringing VirGIL to the “cloud” (NERSC) to offer real-time services to utilities
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Conclusions

» VirGIL allows us to investigate in detail the effects of Demand Response
and DER to the power system

- Captures the interactions between different complex systems

- Enables the design of appropriate policies and control strategies for further
integration of Demand Response and DER in power system operation

» Provides the foundations for a real-time Demand Response Dispatch tool

» A modular co-simulation platform which allows the integration of several
novel tools developed at LBNL in existing commercial simulation and
control software
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