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Motivation

Uncertainty Distributed
Renewables t Generxation

Regulatory Oversight
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Motivation

As-is
Static policies
+

Off-line data
+

Manual operation

Smart Energy Management Systems (EMS) are a MUS
In a smart energy society

MATLAB EXPO 2019



Traditional EMS

Smart EMS
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Develop Smart EMS

Data Analytics

Prediction Model

-

Forecast data

Optimization

Control Algorithm
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Community EMS

CEMS — community with variable loads

PV Panels:
-  MPPT Control
- Power electronics

|

Decision Logic: Battery System:

- Store/draw power . - Charge controls

- Use external grid - Discharge controls
- Optimize energy - Power electronics

MATLAB EXPO 2019



Community EMS
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Community EMS

Variable Load |
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EMS Logic
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EMS Logic
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Simulation Results
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What do you need to build a smart EMS?

= Integrated development environment
— Data analysis
— Predictive modeling
— Optimization
— Control
— System Design

= Virtual prototyping

= Deployment options
— Deploy to embedded systems
— Deploy to enterprise systems

MATLAB EXPO 2019
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EMS Development Workflow

[yiso =]
[ 01018x12 table
1 B 2 3
Date CAPITL  CENTRL

1 01-Jan-2004 00:00:00 1015 1651
2 01-Jan-2004 01:00:00 927 1562
3 01-Jan-2004 02:00:00 891 1507
4 01-Jan-2004 03:00:00 NaN 1440
5 01-Jan-2004 04:00:00 NaN 1434
6 01-Jan-2004 05:00:00 NaN 1449
7 01-Jan-2004 06:00:00 NaN 1490
8 01-Jan-2004 07:00:00 NaN 1525
9 01-Jan-2004 08:00:00 960 1529
10 01-Jan-2004 09:00:00 1046 1628
11 01-Jan-2004 10:00:00 1111 1706
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EMS Development Workflow

Date

MATLAB EXPO 2019

Mar 2005 May 2005 Jul 2005 Sep 2005 Nov 2005

Jan 2006

| nyiso | 2000
0191812 table Aotual
— — Si thed
1 2 3 4 31500 et
Date CAPITL CENTRL DUNWOD C g 1000
1 01-Jan-2004 00:00:00 1015 1651 618 3
-
2 01-Jan-2004 01:00:00 927 1562 568 500
2 01-Jan-2004 02:00:00 891 1507 341 Jan2004  Apr2004  Jul2004  Oct2004  Jan 2005
4 01-Jan-2004 03:00:00 NaN 1440 517
5 01-Jan-2004 04:00:00 NaN 1434 499 400
3 01-Jan-2004 05:00:00 NaN 1449 496 5 20
7 01-Jan-2004 06:00:00 NaN 1490 524 s
8 01-Jan-2004 07:00:00 NaN 1525 526 £
9 01-Jan-2004 08:00:00 960 1529 518 200
10 01-Jan-2004 09:00.00 1046 1628 541 -400 : . : :
Jan 2004 Apr 2004 Jul 2004 Oct 2004 Jan 2005
11 01-/an-2004 10:00:00 1111 1706 570
DUNWOD Region
2500 : ‘ ‘
Date x4725 x4781 x14714 x14732
2000 B1-May-2007 @8:45:88  MNal  NaN  NaN  NaM 5@ 34 Nall  MNaN
P1-May-2007 @@:51:@8  NaN  NaN  MNaM  NaN  NaM  Nah 58 38
21-May-2007 @@:53:00 46 26 NaN  NaN  MaM  MaN  MaN  Nal
1500 01-May-2807 @@:54:80  NaN  NaN  MNaN  NaN  NaM  NaN  MaN  MNal
@1-May-2807 ©@:55:80  NaN  NaN  MNaN  MaN  NaN  NaN  MaN  MNaN
z 21-May-2007 @@:56:88  NaN  NaM 51 32 NaM  NaN  MaN  MNal
= 21-May-2807 ©1:45:80  NaM  NaN  MNal  NaN 16 3 NaN  NaN
e 21-May-2007 ©1:51:88  MaN  NaN  MNaM  NaN  NaM  Hah 58 28
ki 21-May-2807 ©1:53:80 a1 26 NaN  NaN  NaN  NaN  MNaN  NaN
21-May-2807 ©1:54:88  NaN  NaN  MaN  NaN  NaM  MaN  MaN  MNal
500 @1-May-2807 1:55:@8  NaN  NaN  MNaN  MaN  NaM  NaN  MaN  MNaN
21-May-2007 ©1:56:88  NaN  NaM 58 33 NaM  MaN  MaN  MNal
T r
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« Electric load: user's electrical load, cooling load, ...
« Sensor data: irradiance, wind speed, temperature, ...

Business Data

» Market information: electricity prices, gas prices,
equipment costs, interest rates, ...

and

4\ MathWorks
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EMS Development Workflow

overall

Actual
Smoothed

W

Error (MW)

| nyiso |
[ 01018x12 table
1 - 2 3
Date CAPITL CENTRL DUNWOD
1 01-Jan-2004 00:00:00 1015 1651 618
2 01-Jan-2004 01:00:00 927 1562 568
3 01-Jan-2004 02:00:00 891 1507 541
4 01-Jan-2004 03:00:00 NaN 1440 517
5 01-Jan-2004 04:00:00 NaN 1434 499
6 01-Jan-2004 05:00:00 NaN 1449 496
7 01-Jan-2004 06:00:00 NaN 1490 524
t 01-Jan-2004 07:00:00 NaN 1525 526
9 01-Jan-2004 08:00:00 960 1529 518
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Data Preprocessing Messy Data

« Missing data, outliers, sampling, ....
* Filtering and smoothing, resampling, ...
 Join, stack, group, discretize
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Access and Analyze Data

Access and Explore Data Analyze Data

Working with
Messy Data

Files

Data Reduction/
Transformation

Databases

l Databases

Sensors = Point and click tools to access " Built-in algorithms for data Feature

Signals

» ,f' variety of data sources preprocessing including sensor, Extraction
' i0, Vi 4
_ = High-performance environment ~ Image, audio, video and other .
for big data real-time data
N Y %% w
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Access
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unitl.csv - Excel Jianghao Wang m|
Insert Draw Page Layout Formulas Data Review View Add-ins Team Q Tell me what you want to do ,Qr Share
o W = (=1 B
\lja rr!le db cut Calibr: M A A = £# Wrap Text Genera - # | Normal Bad Good ("I' 'jx El 2 AutoSum QY p
g Copy - i b - 3] Fill - .
Paste . I uU- - & A~ § -9 » < Conditional Formatas| Neutral I | Inser‘l Delete Format Sort & Find &
- ¥ Format Painter - - °** Formatting = Table o - Clear™  Fijtor + Select -
- Clipboard ® Font & Alignment & Number & Styles Cells Editing ~
| unit81.csv :
A1 - fo | unit v
C D E F G H | J L M N o P Q R S T ) \ W -
1 LPCOutlet' HPCOutlet LPTOUtlet TotalHPCC PhysFanSp PhysCoreS StaticHPCC FuelFlowR |
2 642.208 1587.03 1403.206 554.164 2383.07 9049.566 47.328 522.282 ﬁ Variables - labeledData
3 642.264 1585.984 140276 554.226 2388.062 0050.264  47.266
4 642.33 1586.084 1401.686 554.344 2388.058 9053.276  47.24 522.294
5 642.372 1585.078 1401.04 554.262 2388.042 9050.848  47.234 522.304 PLOTS VARIABLE VIEW
6 642.326 1586.716 1399.626 554.11 2388.03 9050.244 47.266  522.09
7 642.194 1588.394 1398.474 554.028 2388.028 9049554 47.216  522.01
8 642,23 1587.85 1398.028 554.002 2338.034 0040.54 47.214 521.954 .
9 642.146 1586.068 1399.404 554.038 2388.048 Q047.588 47.178  521.85 Lu_l 0 ~ | B Col T
10 642.248 1585.914 1399.376 553.956 2388.072 9048.792 47.206 521.726 pen oWs olumns ranspose
1 642.204 1586.308 1400.248 554.114 2388.08 9048.974 47.236 521.702
12 642.438 1584.824 1400.582 554.124 2388.002 9049.078  47.29 521.844 - -
. w w
13 642.408 1586.07 1401354 554,004 2388.002 0040.024 47.308 521.862 New from  [— Print 3 1 Insert Delete Sort
14 642512 1586.38 1401314 553.86 2388.086 9050.134 47296 52188 | Smlaction W - -
15 642.422 1588.15 1400.372 554.012 2388.072 09050.68 47.262 521.862
16 642.31 1587.072 1400.61 553.952 2388.062 9052.004 47.254 521.906
17 642.432 1586.53 140123 554.186 2383.05 0050.74 47.238  521.82 WVARIABLE SELECTION EDIT
18 642.48 1586.148 1399.956 554.214 2388.062 9050.502  47.22 522.006
19 642518 1587.742 1400.08 554.18 2388.058 0905176 47.244 522.0
20 642.422 1587.172 1399.806 554.136 2388.058 9051.106 47.252 521
21 642.54 1587.826 1399.498 553.998 2388.074 9049.06  47.26 522.0)
2 642.486 1500.424 1398.33 553.836 2388.068 9050.712 47.288 522.
23 642.444 1501.026 1397.018 553.842 2383.06 0050.504  47.31 522.08k
24 642.378 1500.534 1398.172  553.93 2388.056 9047.854 47.336 522.098 2 32 4 5 6
25 642.42 1589.464 1399.048 554.07 2388.07 9048.566 47.368 522.308
2 642.336 1588264 1300.484 554.22) 2388.056 0040.008 47.328 522.364 -
7 642212 1583108 1308.877 556295 2385065 9482 47335  522.29 Time  LPCOutletTem HPCOutletTemp LPTOutletTem|TotalHPCt
28 642.184 1587.168 1398.088  554.3 2388.068 0050.534 47.366 522.224 3 9P o - . -
29 642162 1587.35 1398.692 554.478 2388.072 9051.136  47.342 522.208 w12 2080 1.5870e+03 1.4032e+03 55
30 642.234 1588.462 1399.352 554.464 2388.056 9050.594 47.316 522.076
31 642,36 1587.70 130025 554.474 2388.052 0040.792  47.362 521.934 20
2 642.408 1587.086 1400.634  554.46 2388.046 0049.82 47.344 521.846 1.4028e+03
33 642512 1586.594 1402.362 554.54 2388.032 0046.976 47.312  521.92
34 642.444 158414 1402.07 554.474 2388.038 G0047.87  47.32 521.994 y1e+03 1.4017e+03
unit1 :.E

MATLAB EXPO 2019

¥oo=l ohn h =W =

642.3720 1.5851e+03 1401DU+DJ

642.1940

642 LJDD
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Make it easy to handle Data for Data Analytics

Table

Timetables

MATLAB EXPO 2019

For:

ans =

4\ MathWorks

data(1:10,["begin_timestamp", "state","event_type","event_narrative","damage_total"])

— Mixed-type tabular data
— Include metadata 3
— Time-stamped tabular data :

Provides: :

— Flexible indexing
— Data organization

= joins, stack/unstack, etc.

— Indexing by time, time range, or :
within a tolerance around a :
time f»

— Retiming to create a constant :

begin_timestamp state event_type event_narrative damage_total
1 02-May-2003 13:55:00 ALABAMA Hail "tennis ball size hail... 0
2 20-Apr-1999 10:20:00 FLORIDA Dust Devil "a dust devil caused... 1
26-Mar-2014 04:17:00 MASSACH... |Blizzard "the automated surf... 65
4 21-Oct-1996 14:00:00 | CALIFORNIA | Wildfire "santa ana winds av... 37400
08-May-2001 18:17:00 KANSAS Tornado "tornado entered mi... 0
6 15-Jun-2017 20:55:00  GEORGIA Thunderstorm... | "the twiggs county 9... 6
7 27-Dec-2008 12:50:00 | TEXAS Strong Wind "a large tree was do... 1
8 11-Oct-1997 21:10:00 COLORADO | Thunderstorm... |"the supercell thund... 0
29-May-2015 17:40:00  ARKANSAS | Thunderstorm... "a tree fell on a hom... 25
data(timerange("91-Jan-2017","17-Mar-2017"),:)
ans =
begin_timestamp state event_type event_narrative damage_total
1 21-Jan-2017 13:02:00 | GEORGIA Thunderstorm... | "a tree was blown d... 0
21-Jan-2017 05:14:00 ALABAMA Tornado "the tornado first tou... 750
3 05-Jan-2017 04:00:00 OHIO Winter Weather | "the county garage ... 0
05-Mar-2017 18:00:00 | OREGON Snow "there were reports ... 0
5 04-Feb-2017 12:15:00 | WYOMING Wind "the wydot sensor a... 0
08-Feb-2017 08:00:00  INDIANA Winter Weather | "the observers locat... 0
7 18-Jan-2017 18:00:00 | CALIFORNIA | Winter Weather |"a spotter in moonri... 0
07-Feb-2017 07:00:00 | CALIFORNIA |Flood "major flooding from... 0
13-Jan-2017 15:00:00 | KANSAS Ice Storm "ice accretion was 3... 0

sample rate -
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Files * Data

Name

ﬂﬁ] unit81.csv
unit82.csv
unit83.csv
unit84.csv
unit85.csv
unit8b.csv
unit87.csv
unit88.csv
unit89.csv
unit90.csv
unit91.csv
unit92.csv
unit93.csv
unit94.csv
unit95.csv
unit96.csv
unit97.csv
unit98.csv
unit99.csv
unit100.csv

MATLAB EXPO 2019
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Access Data

LIVE EDITOR

EFmd Files é g BIUM
Efl:l u Q Cnmpa'e anTo :ﬁx
Pri =] o

g |

MNew Open Save

(=] z Equation w Run Section

= AaBbCc ‘ Aaabc::{ ‘ AaBb({ - E ) Run and A
Section Run

: Normal

Heading Title

TEXT STYLE RUN

Ee -
Access all data using a tall array

Tall arrays are a powerful big data tool we will use throughout the rest of this example. Tall arrays can seemlessly spill over to disk when there is too much data. and can do so in serial or in parallel, and on a local machine or across a cluster. They use a delayed evaluation framework, meaning

the operations on tall variables are not evaluated until we ask to gather the results to local memory (this assumes they will fit) or we write the results to disk (which does not require any of the variables to fit in a single machine at any time). It delays execution so it can optimize execution of the out
of memory algorithms.

% To use a tall array, we start by creating a datastore that points to
% where the data lives. This could be large text files, large collections

ds = datastore(dataFolder);
% We then use the 'tall command on the datastore to inform MATLAB that we

% of small files, or pageable databases (requires Database Toolbox) .
dataFolder = * ‘\Data\';

% will treat this data as a tall array. We could also create a tall array
% from a local in-memory variable for prototyping
tallDataAll = tall(ds)

Star

w% To use ajtall array] we start by creating a datastore that points to
"% where the data lives. This could be large text files, large collections

% of small files, or pageable databases (reqguires Database Toolbox).
dataFolder = '.\Data\';

-»ds = datastore(dataFolder) ;

% of
% th
tallbDataUnsup = tallDataAll(tallDataALL. lime <= 125,:);

Plot sample all data

The total data is too big to fit into memory and plot, but we can randomly sample some data to get a sense for what it Iooks like. Note that we must use 'gather’ to pull the random sample info local memory for plotting. Only once we run 'gather’ does MATLAB execute the out of memory
calculations. |

Now we can visualize all 100 engines plotied on top of each other. We can now see that there is not a clear signal over time, but rather a range of values that the sensors could take.
% randomly sample 5000 points from the tall table

samplePlot = datasample(tallDataUnsup,5000, 'Replace’,false);
% gather the result, which triggers execution of the tall functions

<
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Tall Arrays

- Data is in one or more files

= Typically tabular data

= Files stacked vertically

- Data doesn't fit into memory
(even cluster memory)

Create tall table from datastore

ds = datastore('*.csv')
tt = tall (ds)

MATLAB EXPO 2019

Single !}
Machine }1
Memory

Cluster of
Machines

B
E=H

Single |
Machine i

Memory i

4\ MathWorks
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Tall Arrays T Snge tall array o S
ii Machine ii 1\ Machine i
1 Memory 1} Memory 1
1 ¥ 222 |
- With Parallel Computing Toolbox, i
process several pieces at once HEN i
i _B Cluster of i Mai:iﬂignl: i
| Machines ! Memory i
L_| B [ Memory i
D
MATLAB EXPO 2019
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Enterprise Data Access

Data Analytics

/"»7(%? Cassandra

Databases % gcr(ojolfi Server
mongo

Azure

'A‘ e
SQL mum@

Cloud

Storage

0T &

Big Data
H?,‘.%m,ms cloudera

MATLAB EXPO 2019
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Analyze Data

Output Pressure Measurements (Raw)

= Pre-processing

— Data Cleaning
Missing Data

Output Pressure Measurements (Processed)

Output Pressure (bar
oo

Merging Data 7.5
Outliners and Smoothing A 73l
= Filtering 6.5 °
. . ) ] 0.5 1 57.2
— Normalization/Calibration &3
7€
— Agogregation/Resamplin 2
ggred _ Piing _ S . Leak P1 Leak P1, Block P1
— Data Reduction/ Transformation T 0.02 -
6.9 =
. 0 ( '€ 0.01 0.01
= Post-processin o A A
P J g A LA AL
— Feature Extraction 0 2000 4000 6000 0 2000 4000 6000
. Block P1 Leak P1, Worn Bearin
— Grouping 2 0,02 0.02 J
=
— Regression £ 00 AJJJ{ 0.0 | )
— Classification = 0= : 0 e

0 2000 4000 6000 0 2000 4000 6000

MATLAB EXPO 2019
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EMS Development

| nyiso
(5 91918x12 table

1 -
Date

01-Jan-2004 00:00:00
01-Jan-2004 01:00:00
01-Jan-2004 02:00:00
01-Jan-2004 03:00:00
01-Jan-2004 04:00:00
01-Jan-2004 05:00:00
01-Jan-2004 06:00:00
01-Jan-2004 07:00:00
01-Jan-2004 08:00:00
01-Jan-2004 09:00:00
01-Jan-2004 10:00:00

© o J o 0B~ W0 =

=
o
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EMS Development Workflow

W ‘ . . . T S T == I i
E 9191812 table | Actual = L] 5 L] N mglﬂ Validation Performance is 42279.9183 at epoch 108 ‘ Day Ahead Forews‘gm v Map Chart
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EMS Development Workflow

Laad
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: =L = Ot System Simulation Models
« Plan strategies of system function and performance on desktop
: 1 « Simulate physical system performance with high fidelity

b - » Analyze edge conditions
= W . . . . . . .
« Simulate multiple scenarios quickly with low fidelity

MATLAB EXPO 2019

» Perform statistical analysis on results

4\ MathWorks
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Prediction Example: Energy Demand

= Make prediction model using the pattern of energy demand with the data of

the grid > Regression

= Find the important variables for the prediction of energy demand

= Important variables:
— Customer behavior

— Temperature

— Price

— Illumination

— Hour, holiday, month

MATLAB EXPO 2019
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Evaluate all Regression Models
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Regression Models
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Optimization: Community EMS with PV and Battery

—-— S T = —a
1 function optW¥ec = fcn(SO0C,Ebatt.dt.Cost.Pev.Pload)
2 Efcodeaen
[ g
4 - M= 241;
3 - opt¥ec = Oi

B— Pbatt = zeros(M,1):
X battSolarOptimize.m 0
( 1 ) soc T — Energy'ﬁ'e | th - ] J 1 Elfum:tiun [Pgrid, Pbatt,Ebatt] = battScolarCptimize (N,dt,Ppv,Pload,Einit,Cost, FinalWeight,batteryMinMax)
B 2
socC 3 -1% Minimize the cost of power from the grid while meeting load with power
battEnergy Ebatt q % Energy constraints 4 L% from PV, battery and grid
) s
- 10— batteryMinMax .Emax = 0.8+Ebatt . _ b = oprimproblems
Nominal Charge . ) . pren = oprimprobisnt
dt 11— batteryMinMax . Emin = 0.2«Ebatt
8 % Decision variables
Forecast 4 optvec 12 S | boriay - cpmamvar (Eamiar Ny
Cost fen ¥ 10 = PbattV = optimvar ('PbattV', N, "LowerBound',batteryMinMax.Pmin, 'UpperBound’',batteryMinMax.Pmax) ;
- 13 - I: ower C ',nbtl al I"It > 11 - EbattV = optimvar ('EkattV’',N, 'LowerBound’',batteryMinMax.Emin, "UpperBound’ ,batteryMinMax.Emax) »
Algorlth n 14— batteryMinMax.Pmin = -400e3; 127 | Psriddeica = oprimvar(‘gricbeica’ N-i);
' 13
= Ppv 15 = batteryMinMax .Pmax = 400e3; 14 % Minimize cost of electricity from the grid
FOreCaStAIgOrltth 15 % - Account for final battery storage
Pload 15 16 % - Smooth period-to-period changes with a penalty
oa W o - £ b b o F -t N 17 = prob.CbjectiveSense = "minimize’';
" % Declare function (contains I1a— b.Objective = dr*Cost'*PgridV — FinalWeight*EbattV (N} + PgridDelta);
CostForecast Optimization-based . . - . prob.Objective GaF:) gri inalWelig] a (M) sum (PgridDelta)
Energy Management 18 — coder .extrinsic( 'battSalarOptine )
Sliding Cost 20 % Power input/output to battery
Vi Ig 19 21 - prob.Constraints.energyBalance = optimconstr (N);
alues 20 o E}" Hary pars ITF"l' e 22 - prob.Constraints.energyBalance (1) = EbattV(l) == Einit;
- aliery parameters 23 — prob.Constraints.energyBalance (2:N) = EbattV(2:N) == EbattV(1:N-1) — PbatcV(1:N-1)*dc;
21— | Einit = SOC/100=Ebatt; 2
vaForecast H % Satisfy power load with power from PV, grid and battery
22 26 — prob.Constraints. loadBalance = Ppv + PgridV + PbattV == Pload:
Sliding PV - - .27
Power 23 - [ ,Pbﬂt‘t, ] batt30|ar0ptlmlz‘25 % Track change from period to period in electricity from the grid
24 Enerqywe mza = prob.Constraints.deltaPlus = PgridV(2:N) - Pgridv(l:N-1) <= PgridDelta;
30 - rob.Constraints.delcaMinus = Pgridv(1:N-1) - Pgridv(2:N) <= PgridDelta;
PloadForecast o5 : E GRIAVILITL) - FgRAVIZIN) <= Fo
_ . . 32 % Solve the linear program
Sliding Load 26 — opt¥ec = mean(Pbatt(1:5)); 28 |= options = optimoptions (prob.optimoptions, "Display’, 'none’);
Power 34 — [values,~,exitflag] = solve (prok, 'Cptions',options);
' 35
36 % Parse optmization results
37 - if exitflag <= 0
38 — Pgrid = zeros(N,1);
39 - Pbatt = zeros(N,1);
40 — Ebatt = zeros(N,1):
41 - else
42 - Pgrid = wvalues.Pgridv;
MATLAB EXPO 2019
44 - Ebatt = values.EbattV;

45 — —end



Optimization: Community EMS with PV and Battery

Cost [$/kWh]

>

>

Time

Storage to
Grid

Grid to
Storage

MATLAB EXPO 2019
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Optimization: Community EMS with PV and Battery

B4 Editor - C:\Demos\Microgrid_EMS\battSolarOptimize.m

| battSolarOptimize.m | + |

" » . N N 1 1 lf'.mc:tion [Pgrid, Pbatt,Ebatt] = battSolarOptimize (N,dt, Ppv,Pload,Einit,Cost, FinalWeight, batteryMinMax)
minimize|),;—; 0¢;Gy — WEN + )i=1 Gt :
. % - Smooth period-to-period changes with a penalty
SUb]eCt to prob.0bjectiveSense = 'minimize';

El — Einitial prob.Chijective = dL*Cost"*PgridV - FinalWeight*EkattV (M) 4+ sum(PgridDelta):
E,,= E — 0B,

St +Gt +Bt= dt

14

< 15 ¥ g
Gt+1 - Gt —_— gt lé % - Smooth periocd-to-period changes wWith a penalty
1T = prob.CbjectiveSense = 'minimize';
G — G < 18 |= prob.Objective = dt*Cost'"*PgridV - FinalWeight*EbattV(N) + sum(PgridDelta):
t t+1 = Yt s
20 % Power input/output to battery
&= prob.Constraints.energyBalance = optimconstr (H):
22 — prob.Constraints.energyBalance (1) = EbattV (1) == Einit;
23 - prob.Constraints.energyBalance (2:H) = EbattV(2:HN) == EbattV(1l:N-1) - PbattV(1:N-1)*dt;
24
25 % Satisfy power load with power from PV, grid and battery

prok.Constraints.loadBalance = Ppv + PgridV + PkattV == Pload;

G, Power from grid n

lp < B; < ug Power from battery
% Satisfy power load with power from PV, grid and batter
prob.Constraints. loadBalance = Ppv 4+ PgridV + PhattV = Plnad;

[r< E; < ug Stored energy

It Change in power from grid

% 50lve the linear program
options = optimoptions (prob.optimoptions, 'Display', "none') ;s

MATLAB EXPO 2019 [values,~,exitflag] = solve(prob, 'Options',options);
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Optimization Toolbox

Solvmg Problem Types and Algorithms

Global Optimization Toolbox

Linear programming

— Simplex and interior point = Nonlinear optimization

— Interior point

— SQP

— Trust region

— Nelder-Mead simplex

— MultiStart & GlobalSearch
— Pattern (direct) search

— Genetic algorithm

— Simulated annealing

= Mixed-integer linear programming
— Branch and cut

= Quadratic programming
— Interior point and trust region

,,,,,,,,, o Least-squares and nonlinear equations —  Particle swarm
: T — Interior point, trust region, Levenberg- — Surrogate optimization
i Marquardt
- a*.%*www: —
o S S _.*7.. = Mixed-integer nonlinear
: Multlobjectlve optlmlza_tlon T optimization
— Weighted and goal-attainment 1 l e _ Genetic algorithm
— Genetic algorithm !

— Pattern (direct) search

MATLAB EXPO 2019
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System Simulation — Model Configuration

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Simulation platform | #es<cor e w0 1D physical modeling
MATLAB, Simulink — Simscape Electrical™

B 4 g

]

|—e—»<JislandCmd]|
L’com a 4
p—dA a A ') v 5 - )

P i & " [time loadFluc]
LN A P | R 74 Db

CP—4CY0 Yg [ c ; %
Utility Variable Load

Point-of-Connection
A

Phasor -
60 Hz Load
e P =350e3 W
Microgrid Measurements
Cloudy Day
Freq (Hz) [—»—]
[Varid >z,
— e e valage V) C] E— A"'ay :
asor is
Sequence Analyzer Power: (kW)
D taOff = s'::vi:: b_>attM “m Pref
Microgrid A i
rldPnce f
c Mode

Energy Storage

Speed-up of parameter study\wﬁ

>

Parallel Computing Toolbox™ e e

Optimization solver

- Optimization Toolbox™
-+ Cost p_elr(g)ay
MATLAB EXPO zolev -
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System Simulation — Plant Modeling

- Advantage of Simscape Electrical

4\ MathWorks

— Easy to build a circuit model g
— Fidelity change for each component e facence I
— Integration with data SORIrAYAY
— High scalability and reusability
|
-, (¢ :T) » -u [time clearPpy]
Utility 1 . E MOS1 [ mos3 2 m:l
Point-of-Connection | = c d d Or . ::Q | P
Lo e | fFQ : Yo LT [ (D e :
1 . ] = MOS2 MOS4 3 : @ l:m‘emr Pov ) Profile Select
High Fidelity Low Fidelity
for Accuracy for Simulation Speed

MATLAB EXPO 2019
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System Simulation — Smart EMS

P =350e3 W

4\ MathWorks

=  Optimize electricity cost every few hours MATLAB script By @ =
Energy Storage
— Linear programming solver in Optimization Toolbox M -
— Input Battery
- Battery stored energy stored
= Control Parameters energy '
- Predicted data S
- OUtpUt -optTime | »| Cost e ptitio
= Charging/Discharging command opimzatons o .
g g g g frForecast Algorithms\ C h arg | n g/
CostForecast = Optimization-based DISCharglng
Sliding Cost Eneroy Hanagemen C 0 m n] an d
. Values MATLAB
Predicted data mv— function block to battery
«  Consumed power _
«  Buying/Selling Soower "
electricity price PloadForecast

MATLAB EXPO 2019
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Policy Comparison - Cloudy Day

Comparison

Cuml.:latwe Grid Calst () ¥
100 Heuristic 14%
Optimization _r
Mo Storage

Rolling Cost ()
(%)

5 10 15 20 25
Time (hours)
Cumulative Grid Usage (kW-h)

G000 — — ]

= m—— Heuristic
L Optimizafion
__-‘? 400 Mo Storage
[1¥] o
S
© 20001 - —

p L

0 A

5 10 15 20 25
Time (hours)

14% lower cost with optimization

MATLAB EXPO 2019
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Community EMS

CEMS — community with variable loads

PV Panels:
-  MPPT Control
- Power electronics

|

Decision Logic:

- Store/draw power | |

- Use external grid
- Optimize energy

Battery System:

- Charge controls

- Discharge controls
- Power electronics

MATLAB EXPO 2019

4\ MathWorks
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EMS Development Workflow

4\ MathWorks

| nyiso | 2000 — | 2o | |
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Deployment

« System integration, system test

« Continually monitor performance
« Monitor for predictive maintenance
« Use models as digital twins
« Analyze against system objectives

Desktop apps

Enterprise

systems

Embedded
devices

MATLAB EXPO 2019
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Integrate Analytics with Systems

W\ N

' i] |

I For k=1:max

x = fft(dat ‘
v = 20*logl b or k=1:max

=z = fft(dat
v = 20*logl

L]

x = fft(dat

IEor k=1:max

i3

v = 20*logl o
[ nexT |
Embedded Hardware Enterprise Systems
Standalone MATLAB
" Excel Hadoop/ )
Application : Production
( f:\‘ ( A
—~ ; Alf <
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Deployment Workflow on Embedded Systems

/ Design \ / Implement \ / Test \

Om @ Bl
i}
I %y
S
I |
g
=
&
T
§

-
\\ ”

Desktop Slmulatlon

\_ /

MATLAB EXPO 2019

PLC Development Industrial Controller

Environment / \ /
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Deployment Workflow on Cloud and Business Systems

MATLAB Compiler SDK

4\ MATLAB Compiler SDK - Untitled! prj*

Click the ‘Package’ button and
wait for the compiler to generate

the deployable archive AT AB
Setecas
~ = 20*log
.ctf file e N
cuoue / test
Enterprise
s N Application
MATLAB Production Server
. =
Copy .ctf file into the
) Mattorks jbalis,  auto_deploy folder or use
MPSDemo web dashboard -
v VE :n‘,ers‘h ‘ Overview | Applications Logs  Seftings @
v @l Appiications MObI Ie / WEb
: Application
) o mpinterest/
\_ y, N
3 party
dashboard

MATLAB EXPO 2019

4\ MathWorks
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Integration with Enterprise IT

Data

% Cassandra

Microsoft*
7861 server
mongo

Databases

Analytics

4\ MathWorks

Business System

Azure Azure ﬁ
Cloud Blob sQL @

Storage
: % amazon|S 3

=
e H

LN

ﬁ\r/I-ATLAB Production Serv—eﬁ

o> 4
Request € » :
Broker <»

MATLAB

1
Azure
10T & §€ katka | T hub I:%

Big Data  [WEY ¢ 1S P

HORTONWORKS®

\ < . J

MATLA
Paralle
Server

@?Spotfire“‘ Qlik@
{1—} +ableauw

Visualization

B Microsoft
I

WebSphere.
KApache
Tomcat

Custom App

gl Microsoft

: T
... Z
Wl Azure sv‘rt!lsgrvi(c)ergw

I
(.”)rackspace@

vmware

Public Cloud

MATLAB EXPO 2019

Platform

Private Cloud
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EMS Development Workflow

[ nyiso |
(5 91918x12 table

1 2 3
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Access Data

MATLAB EXPO 2019

&

5

o
®
o

a

Error (MW)

2000 T T T
‘T: Actual
1500 Smoothed
1000 - m
500 -
ol — L L L0 .
Jan 2004 Apr 2004 Jul 2004 Oct 2004 Jan 2005
400 T T T T
200
ok
-200 - 4
400 L L L L .
Jan 2004 Apr 2004 Jul 2004 Oct 2004 Jan 2005

Analyze Data

4\ MathWorks

[
Hewral Netwark

ree——.
Dions Diisien: Raekom, (v
[ -

Pertomance: Mean Sauared Eror

ool (Dol

B ——— =IEI®
Fle ESt View Imed Took Dedip Window belp -
e Bast Validation Performance s 42279.9183 at apoch 108
T

Mean Squared Error (mse)
2

Coninire WATAS o
Progress 10t
o f errr—
Time: [ I ]
oSl [ v om w e ow om
pu e mr 108 Epachs
R | L P e =
8 Fie Edit View lsei Took Window  Helg.
Pots 10° Error Histagram with 20 Bins
fir— .
—— o
e — ™
e §oo -
fein £
B 1
- i
os

Pt tervat |

£ Training neursi network

Lepochs

CE T T

Data processing

Prediction

Optimization

Develop

Page

Day Ahead Forecast

Load(Mw/)

DateTime

Data table:
Forecast

Color by:
(Column Names)
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BuildinglQ Develops Proactive Algorithms for HVAC
Energy Optimization in Large-Scale Buildings

Challenge

Develop a real-time system to minimize HVAC
energy costs in large-scale commercial buildings via
proactive, predictive optimization

Solution

Use MATLAB to analyze and visualize big data sets,
Implement advanced optimization algorithms, and \,
run the algorithms in a production cloud environment Large-scale commercial buildings can

reduce energy costs by 10-25% with
BuildinglQ’s energy optimization system.

Results
= Gigabytes of data analyzed and visualized
= Algorithm development speed increased tenfold
= Best algorithmic approaches quickly identified

‘MATLAB has helped accelerate our R&D and deployment with
its robust numerical algorithms, extensive visualization and
analytics tools, reliable optimization routines, support for object-
oriented programming, and ability to run in the cloud with our

production Java applications.”
- Borislav Savkovic, Building 1Q

MATLAB EXPO 2019
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Shanghai Electric Builds and Deploys Cost-Saving Enterprise
Software for Planning and Designing Distributed Energy Systems

Challenge

Develop web-accessible software for planning and
designing distributed energy systems

Solution

Use MATLAB to develop algorithms that compute
Investment return based on models of energy
production subsystems, loads, and grids, and then use
MATLAB Production Server to deploy the algorithms in
a production IT system

Results
= Delivery time reduced by six months
= 2 million Chinese yuan saved on a single project

= Updates deployed immediately and without IT
assistance

MATLAB EXPO 2019
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DES-PSO web user interface

“My team’s expertise is in energy modeling or algorithm
development, not in deploying software into production.
MATLAB saved us months of development time on the
models and algorithms, and then made it easy to deploy
them as part of a stable, reliable web application without
recoding.”

- Yunjiao Gu, Shanghai Electric
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MATLAB & Simulink help you build a smart EMS

= Integrated development environment
— Data analytics
— Predictive modeling
— Optimization
— Control
— System Design

4\ MathWorks

= Virtual prototyping

= Deployment options
— Deploy to embedded systems
— Deploy to enterprise systems

MATLAB EXPO 2019
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Learn More

On the web

= Microgrid System Development and Analysis - video series

= Data Analytics with MATLAB - webinar

« Linear and Mixed-Integer Linear Programming in MATLAB - webinar

MATLAB EXPO 2019
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https://www.mathworks.com/videos/series/microgrid-system-development-and-analysis.html
https://www.mathworks.com/videos/data-analytics-with-matlab-99066.html
https://www.mathworks.com/videos/mixed-integer-linear-programming-in-matlab-91541.html

Products

In the microgrid demo
MATLAB
Simulink
Simscape
Simscape Electrical
Stateflow
Optimization Toolbox

MATLAB EXPO 2019

&\ MathWorks

Additional products for EMS

Statistics & Machine Learning
Toolbox

Model Predictive Control Toolbox
Signal Processing Toolbox
Control System Toolbox
MATLAB Compiler

Embedded Coder

Simulink Test

MATLAB Production Server
MATLAB Parallel Server
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