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1. FARM capability overview

 FARM: Feasible Actuator Range Modifier

 FARM is a RAVEN plugin to meet the supervisory control needs.

 FARM helps validate the issued actuator value, to meet both
 Explicit constraints, and
 Implicit constraints.

Set-Point “r(t)”
Desired Power Output

* Q1: What are these constraints?

Let’'s use a Gas Turbine to explain: "[ | N P/

Explicit constraints:

* Power output to grid; SRS REU =l |

* Power ramp rate, etc. [ | ] : . T P q ="
Implicit constraints: |

rElec_b

0]

* Firing Temperature, etc. s
Output Power .,‘%'> I::
~ %
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1. FARM capability overview

 FARM: Feasible Actuator Range Modifier
* Q2: Where is FARM in the feedback loop control?

Set-Point “r(t)” Set-Point “r(t)”
Desired Power Output Desired Power Output | When integrated with HERON,

| FARM can provide feedback to
: the power dispatcher.
Adjusted Set- Pomt v(t
Control Action “u(t)” Control Action “u(t)”
Measurement “y(t)” Measurement “y(t)”

Without FARM With FARM

< SIES
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1. FARM capability overview

 FARM: Feasible Actuator Range Modifier
* Q3: What’s the effects of FARM?

a5 Le7 sl
- — — ] e - e r
=) = i — v
£ 401 2404 .. Ll
& Without FARM: g —
g 35 « System run on original power 5 35
2 0 =
g setpoint &
301 * Implicit constraints were el ; ’ : —
q 0.q 0 20 40 60 80 100
iy violated (Firing temperature) le
T yl_max
~ = — vyl
544 54_ —— yl_min
%34 = 3
> >
24 I T
. 0 20 4IO 6IO 80 1(IJO
oo With FARM: _ :
E-»lm ” » Power setpoint was adjusted g 14001 L_L_
- . . [a]
2 1200, — y2_mi * Implicit constraints were met u e 2 max
£ (Firing temperature) 21 — 2
g 13504 2 —— y2_min
£ £
@ 1300 @ 1300 -
> 1250 £ v .
(IJ 2|0 4'0 6‘0 8'() 1(:‘!0 '
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2. Software installation

 FARM Is an open-source software

* https://qithub.com/Argonne-National-Laboratory/FARM
* In order to run FARM, RAVEN and HERON are pre-requisites.

 FARM Installation can be done in 2 ways:

* |nstall the submodule version of FARM within RAVEN

haoyuwang@p075722 MINGwW64 (devel)
$ ./scripts/install_plugins.py -s FARM

« Or: Download FARM source code using git
haoyuwang@p075722 MINGW64
$ git clone https://github.com/Argonne-National-Laboratory/FARM.git

Then register FARM plugin in RAVEN
haoyuwang@p075722 MINGwW64 (devel)
$ ./scripts/install_plugins.py -s /d/GitProjects/training/FARM/

o:()e;’) I ES

L\ Integrated Energy Systems

https://ies.inl.gov



https://github.com/Argonne-National-Laboratory/FARM

3. Regular Usage: FARM as set-point regulator p¥q

@ FARM

3.a. Input creation and running the code

®J File Edit Selection View Go Run -+ input_2_FARM_RG_para_SES.xml - Visual Studio Code O8 @o - O b4
 FARM uses XML file as input T oo
D: » GitProjects > wanghy_fork > FARM > Training > 2023Apr06 > & input_2_FARM_RG_para_SES.xm )
imulation verbosity="silent"
* One example is in L
. . 12 </TestInfo>
FARM / Training / 2023Apr06 / -
. 14 <RunInfo>
|nput 2 FARM RG para SES Xml 15 <WorkingDir>DMDc_FARM_Folder</WorkingDir> B
— — — —_— —_— - 16 <Sequence>RGrun, printTOfile</Sequence>
- H 17 </RunInfo>
* We will focus on some key entries. -
19 <Files>
Ve N N ] o 28 <Input name="ABCMatrices" type=""3»>DMDcCxCoeff.xml</Input>
al. An XML file containing the state-space 2| fFiles
. . 23 <Models>
S representatlon matrlces; ) 24 <E><ter'nal'1ode1 name="RG1" subType="FARM.RefGov_parameterized SIMO">
25 <! - output variables -->
26 <outth riables»>V, V_min, V_max </outputVariables>
27 <l-- 4 variables: Issu nt (Pwr sted Setpoint(V), bounds of V(vmin & \Jinax] --»
28 <variables> PwrSet, V, V_min, V_max </v

a2- FARM external model name; 39 <!-- steps in HOAS“ca]..culati‘c?n,_"g” value -->

<constant varlame="MOASsteps”> 36@ </constant>

L.
@

</Distributions>

€ 4

31 <!-- lower and upper bounds for y wvector, will be internally checked -->
32 <constant varhlame="Min_Targetl"> 28.8E6 </constant>
33 <constant varhame="Max_Targetl"> 58.8E6 </constant>
34 <constant varhlame="Min_Target2"> 1278. </constant>
. 35 <constant varhlame="Max_Target2"> 1418. </constant>
a3. Input and output variables for FARM; o [l I
° ’ 37 <!-- <constant varName="Sys_State x"> 38.8E7 </constant> --»
38 </ExternalModel>
39 </Models>
18
/ \ 41 <Distributions>
. . . . . 42 <Uniform name="one">
a4. Prediction time horizon, operational -
4. upperBound>55</upperBound>
. 45 </Uniform>
Constralnts’ and System State; 46 ¢l-- distribution for PwrSet sampling -->
47
as
49 <Samplers>
58 <MonteCarlo name="RG_Sampler™>
/ \ 51 <samplerInit>
. 52 <limit>28</limit>»
a5. Random number generator for input
54 <variable name="PwrSet">
1 1 55 distributi /distributi
variables creation - @

-
1

</MonteCarlo>
I develr <& ®@o0A0 Ln27,Col92 Spaces:2 UTF-8 CRLF XML & 0

https://ies.inl.gov



3. Regular Usage: FARM as set-point regulator

3.a. Input creation and running the code FARM

- al. An XML file containing the state-space representation matrices

A state-space matrix set [A,B,C,D] is required to describe the system.

: : Input
* One example is available at b ER™ State-space model

FARM / Training / 2023Apr06 / x(k + 1) = Ax(k) + Bv(k) >

DMDc_FARM_Folder / DMDcCxCoeff.xml y(k) = Cx(k) + Dv(k)
State x € R"

Output

« Can be generated

W e fdt Selection View Go DMDeCContir - Visial Studio Code = & %
th h RAVE N D I\/I D * @ Autosave @ O DataFile 0.csv v ge) Wang, Haoyu @) X T 5
ro u g C " File Home rt  Page Layout  Forrgllas  Dal Review View Automate Help stats">
- - Al v ﬁc Time ~
° E Xam p | e IS aval | a b | e at 55 ena chesugarsmear, 56, 5. RGO 4,125, 5650 srsrts
A o D E . angets:Tine,SES. S, feedback W_gen.u2, SES. ED. sensorBus.W_gen, Electric_power, Firing Temperatu
1 |Time _ ISES Del and_MW Electric Power Firing_Temperdture SES.CS.feedback W_ge€n.u2 SES.ED.sensorBus.W_gen ' SdesceipElons.Tha SN f11a Cantals the Sein: {aforaatio’cf the: OHOC: AN:The: Bethodis:axpl
2 1.80E+03 1706401 1706407 1.05€+03 1.706407 1.70E407 2
H 3 | 1.81E+03 170401 1.70E407 1.05€+03 1.70€407 1.70€407 S ol
FAR M / Tral ni ng / 4 1.82E403 170401 1.70E407 1.05€+03 1.70€407 1.70€407 1 urators)SEs_Demand W</acturatorsy o
5 183403 1708401 1706407 1056403 1706407 1706407 : el e e T S e e AT
6  1.84E+03 1.70E+01 1.70E+07 1.05€+03 1.70E+07 1.70E+07 R AVE N _pouer. Firing Temperature > el
o 1810 1520 1836 1640 1850 70 1850 1890 1900 1910 1520 1930 1940 1950
2 O 2 3 A p ro 6 / 7 | 1.85€+03 1.70E+01 1.70E+07 1.05€+03 1.70E+07 1.70E+07
8 | 1.86E+03 1.70E+01 1.70E+07 1.05E+03 1.708+07 1.708+07
. 9 | 1.87e+03 1.70E+01 1.70E+07 1.05E+03 1.708+07 1.708+07 D M D
I n p ut 1 D M D C p ara S E S 10| 1.88E+03 1.70E+01 1.70E+07 1.05E+03 1.70E+07 1.70E+07 C
e — i " |11 L.89E+03 1.70E+01 1706407 1.05E+03 1.70E407 1706407 >
I 12 | 1.90E+03 1708401 1706407 1.05E+03 1.706407 1708407 A
Xm 13| 1.91E402 1706401 1708407 1.05E+03 1706407 L.70E+07 ation schedulingParameter_0-2.400000esfi” samle="0">
14| 1.92€+03 1706401 1706407 1.05E+03 1706407 L.70E407 coppidis gy g ° ‘ i
15 1.93£+03 1706401 1706407 1.05€+03 1.706407 1.70E407 5-1.606440990-11 -1,68644099-11 1,686426060-11 1.686428060-11</real>
16| 1.94E+03 1706401 1706407 1.05€+03 1.706407 1.70E407 : e s
17 1.95€+03 170401 1.70E407 1.05€+03 1.70€407 1.70€407 <tnagirarye . 0 /1nagtnary> :
18 | 1.96E+03 170401 1.70E407 1.05€+03 1.70€407 1.70€407 S G T ot s i TR i T bt v eits
19| 1.97€+03 170401 1.70E407 1.05€+03 1.70€407 1.70€407 a
20| 1.98E+03 1.70E+01 1.70E+07 1.05E403 1.70E407 1706407 3 - s R 3 -
21| 1.99E+03 1.70E+01 1.70E+07 1.05€+03 1.70E+07 1.70E+07 2,2¢/matrixshape>
22 | 2.00E403 1.70E401 1.70E+07 1.0SE+03 1.70E+07 1.70E+07 R TLL SR S A
23| 2.01E+03 1.708+01 1.70E+07 1.05E+03 1.708+07 1.708+07 Rk eer =4 Soo000e i 3>
24 2.02+03 1.708+01 1.70E+07 1.05E+03 1.708+07 1.708+07 aatrixshape>2, 2¢/matrixshape>
75 | 2.03E+03 1.70E+01 1.70E+07 1.05E+03 1.70E+07 1.70E+07 v >»f.08'§44@99€»]l -1,68644099e-11 1.68642806e-11 1,68642806e-11</real>
.. Datafile.0 + s - s avomeesi somien'ss
Ready T Accessibility: Unavailable i) B ——a—+ 10, @ o o . =2 utre cF oML & O

https://ies.inl.gov *For more details, please refer to RAVEN user manual Section 15.3.11, DMDc



3. Regular Usage: FARM as set-point regulator p¥¢

3.a. Input creation and running the code @ FARM

* a2. FARM external model name;
* To use FARM, “FARM.RefGov_parameterized SIMO” need to be specified as the external
model.

e Source code* is available at
FARM / src / RefGov_parameterized SIMO.py

 a3. Input and output variables for FARM,;

* Input: “PwrSet”, the power setpoint before any adjustment;
« “PwrSet” should share the same unit as the actuator signal in DMDc training data;

* Qutput: “V”, adjusted power setpoint; “V_min” and “V_max”, the min & max allowed V value.
« a4. “"MOASsteps” for the prediction time horizon;

_ Time Horizon
" MOASSteps = yatrices interval

« Example:

* To predict the response for 1 hour;
« Matrices are in 10s interval

*+ MOASSsteps = 3600s / 10s = 360.

‘:()4;7> I ES
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3. Regular Usage: FARM as set-point regulator

3.a. Input creation and running the code

« a4. "Min/Max_Target*” for the operational constraints;

“Min_Target,” and “Max_Target.” defines the bounds for the it" system output y..

Example:

In training data, Yy, is Electric Power (W), vy, is Firing Temperature (°C)
Then in the FARM input file,

* Min_Target,=20.0E6, Max_Target,=50.0E6 - 20.0MW < Electric Power < 50.0MW
* Min_Target,=1270.0, Max_Target,=1410.0 - 1270°C < Firing Temperature < 1410°C
* Mind the units. RAVEN
Matrix File FARM
* The structure of entire FARM Plugin: Prediction time horizon
Input “MOASsteps” Output
“PwrSet” Y Yy V, V_min, V_max
> Reference Governor >

Operational Constraints o7 I ES
“Min/Max Target*” I~ ),ﬁ >
L \} Integrated Energy Systems
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3. Regular Usage: FARM as set-point regulator p¥¢

& FARM

3.a. Input creation and running the code

« The FARM Iinput file can be executed like other RAVEN input files:

haoyuwang@p075722 MINGW64 (devel)
$ ../raven/raven_framework Training/2023Apr06/input_2_FARM_RG_para_SES.xml

o:()e;’) I ES
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3. Regular Usage: FARM as set-point regulator

3.b. Output analysis

 The FARM output can be found in:
FARM / Training / 2023Apr06 / DMDc_FARM _Folder / RefGovOutput.csv

20 entries, with 4 column in each entry
* Issued power setpoint “PwrSet”;
 Adjusted power setpoint “V”;

* Minimum allowed value “V_min”;
« Maximum allowed value “V_max”;

The “PwrSet” are regulated to “V”, to
meet both explicit and implicit
constraints.

ﬂ AutoSave C. Off) RefGovOutput.csv v

File Home Insert  Page Layout  Formulas

N3 v i fx

A B = D E
1 |PwrSet W
2 | 38.54915 38.54915
3 | 20.10992 30.363604
35.29392 35.29392
5 | 48.44655 39.27273
6 | 50.16854 39.27273
7 | 53.07609 39.27273
8 | 38.86035 38.86035
g 33.4605 33.4605
10| 28.64934 30.36364
11| 10.00984 30.36364
12 | 10.44066 30.36364
13| 35.49113 35.45113
14| 43.59219 39.27273
15| 33.17924 33.17924
16 | 41.34421 39.27273
17 | 44.69032 39.27273
18| 29.14135 30.36364
19| 33.95285 33.95285
20| 41.89882 39.27273
21| 41.78424 38.27273

V_min
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364
30.36364

V_max
39.27273
39.27273 co
39.27273
39.27273
39.27273 50
39.27273
39.27273 20
39.27273
39.27273
39.27273
39.27273
39.27273 20
39.27273
39.27273
39.27273
39.27273
39.27273 0
39.27273
39.27273
39.27273

A

30

10

< > RefGovOutput +

Ready ?:3: Accessibility: Unavailable

2 search

Data

Review View  Automate

Help

J

Chart Title

Wang, Haoyu e) 5 - O X

1 2 3 4 5 6 7 8 5 10 11 12 13 14 15 16 17 18 1% 20

— Py Set

V_min

V_may ——

.| »

fH f ——3—+ 100%

https://ies.inl.gov




4. Advanced Usage: FARM as HERON validator

4.a. Overview

 FARM validates the power set-points issued by HERON:
« Ensure the implicit constraints are met within the dispatch interval;

* If not, provide feedback to HERON for re-optimization

HERON Power
Dispatcher

.

Explicit Constraints

Pmin < P(k) < Pmax
dP dP dpP
— =—(K) <

|

7).

_/

FARM Validator
(Sanity Check)

-

p

Implicit Constraints

Tmin < T(k) < Tmax

Pmin < P(k) < Pmax ]
Winin < W(K) < Wiax

B

v(k).

J

PID Controllers

u(k)

Plant Model

y(k)

~
<>

(N

IES

Integrated Energy Systems
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4. Advanced Usage: FARM as HERON validator

4.b. Example

« Two-plant IES unit:
- Balance of Plant:

« Steam Turbine, 1350MWe, Cost of Generation $100 USD / MWh
« Secondary Energy Source:

« Natural Gas Turbine, 50MWe, Cost of Generation $200 USD / MWh

) M arket D e m an d : Cont\r:b\ution of :::h Power Source
« 12 hour-long sinusoidal trajectory 1200 B
¢ 1137435 MW 150
 Sale price: $400 USD / MWh 100

1050

« Economically preferred solution:

* Run BOP at maximum allowed power (due to low cost) = s
« Use SES during peak demand

Power (MW)
=]
3

I BOP Output Power

["1SES Output Power
—
8

Market Demand
https://ies.inl.gov

900

850

Question: Why is SES at non-zero power at low demand? o0

9 10

0 1 2 3 4 5 6 7
Time (Hour)

1" 12



4. Advanced Usage: FARM as HERON validator

4.b. Example

« Constraint Enforcement giz
e SES: (_%m
- Electrical Power: 13.5 MW — 50.0 MW g0

0 1 2 3 4 5 6 7 8 9 10 1 12

* Firing Temperature: 1089.0 K — 1673.0 K Time (Hour)
- BOP: S 500 {= “UpperBound| - = - = —mmmm - oo — o

) 240-0 " |= =Lower Bound I |
- Electrical Power: 825 MW — 1350 MW »| 3300 s
@ 20.0 + =
: i - S < . —
« Turbine Pressure: 51.8 bar — 53.8 bar 8 100 £ 1200
0 ! 2 3 ‘085-1100 0r E— ——
3 i
Contribution of each Power Source 5]
1200 ; : T T : T T < = = =Upper Bound| = % 1080.0 -
~ 1600.0 Output #2 o ) ) ) 3 _ 3 3 ) )
g = =Lower Bound 0 1 2 3 4 5 6 7 8 g 10 11 12
1150 kS 1400.0 Time (Hour)
£ 1200.0 MO0 _ _ o o o e e e e e e e e e e e m oo
1100 E = ——— =
1000.0 : 5 1200.0
1050 o 1 2 3 8 o
2
§ © 1000.0 = =Upper Bound
= g —— Qutput #1
Tu_; 1000 _ Dc_: F=1010 00} = =Lower Bound™ ~
g I BOP Output Power =
o [T SES Output Power 0 1 2 3 4 5 6 7 8 9 0 1 12
950 e Market Demand Time (Hour)
8540 _ _ _ o __
900 o ]
o
850 a I = =Upper Bound
_E 520 - e I S — Qutput #2
800 24 @ S-S smsmsm=sm=s=s=- = =Lower Bound™ ~
= | =Lower Bound|
0 1 2 3 4 5 6 7 8 9 10 1 12 = 1 4 7 1 11 1
Time (Hour) 0 2 3 5Time ?Hour) 8 9 0 2

https://ies.inl.gov



4. Advanced Usage: FARM as HERON validator

4.b. Example

L - - - - - Ll
* Optin 1al solution Is achieved after n |uIt|pIe feedback iterations
FARM Iteration #1, SES FARM lIteration #2, SES'. FARM Iteration #3, SE% Contribution of each Power Source
45 45+ 45} 1200 T T T T T T T
@ Setpoint by HERON @ Setpoint by HERON @® Setpoint by HERON
40 A Ssetpoint by FARM 40 |4 Setpoint by FARM { @ 40 |4 Setpoint by FARM [A) @
1150
35 35 351
g 30 g 30 g 30 F 1100
= = @ = @ @
Eos E25 E25
s == s —p -4 1050
3204 A A A A A A A A A A A $ 2 [a) 90000 O s
3 7290000000 579000000 g
@ 15 15| ® 15 = 1000
g I BOP Output Power
10 10 10 a 1 SES Output Power
950 e Market Demand
5 5r 5r
200000000000 0 0 900
0 2 - 6 8 10 12 4] 2 - 6 8 10 12 0 2 4 6 8 10 12
Time (Hour) Time (Hour) Time (Hour)
850
FARM Iteration #1, BOP. FARM Iteration #2, BOP FARM Iteration #3, BOP
1170 170 1170
@ Setpoint by HERON . . @ Setpoint by HERON @® Setpoint by HERON 800
1160 A Ssetpoint by FARM 1160 - A Ssetpoint by FARM 1180 A Setpoint by FARM 0 4 5 6 7 8 9 10 11 12
[ ) [ ] Time (Hour)
1150 1150 1150
g g g
1140, 1140 1140
s e 4 s s
g 1130 S 1130 £ 4130}
£ A AAAArALr & o000 2 o000 O
@ 1120 [ ] [A) @ 1120g ® @ 1120g 0
2 2 2
1110 110 1110
[ o
1100 e 100 @ @ 100 @ [ ]
1090 1090 . . 1090 . .
@ @
0 2 e 6 8 10 12 4] 2 - 6 8 10 12 0 2 4 6 8 10 12
Time (Hour) Time (Hour) Time (Hour)

Example is available at: FARM / tests / heron_validator / FARM_Gamma_FMU /

heron_input FARM_gammaFMU_BOP_SES.xml

o:()e;’) I ES
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5. Future Directions

 Multi-Input-Multi-Output version of FARM will be implemented as set-point
regulator (ETA: June 2023)
« The prototype is developed as HERON validator (“FARM-Delta™[1]);
« Some redundancy reduction algorithms need to be optimized.

« FARM will aid operations in experimental facilities (ETA: 2024)

References
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system for multi-system coordination via a single reference governor. No. ANL/NSE-
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