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Standard of Living Is Related to Energy Use

For standard of living, use the UN Human | S o e '_
Development Index (HDI) 3 ft ]
— Combines three metrics: life expectancy at birth, a é 0.8 g., 3
measure of the expected education level, and per e I &
capita national income %‘ . 2
— http://hdr.undp.org g 0'6_‘ " .
°. <&
For energy use, use US Energy S :"
Information Administration statistics for = 04} * ”’ %, -
- . * 0
national energy consumption s [ *7*°X
— http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cim Z 4,[ ]
?tid=44&pid=44&aid=2 ~°é-’ I
D L
0_0_ 111111111 L v vy [P [P
-1 0 1 2 3

Log(Per Capita Annual Energy Use (MBTU))

2022 European HDF5 User Group - May 2022

Page 3
© 2022 ITER Organization



Standard of Living Is Related to Energy Use

How much energy does the world need for
a “reasonable” standard of living?

— Use the slope of the correlation of HDI and Log(EU)
to project the energy associated with the whole world
at HDI = 0.8

— The resulting incremental energy is >800 108 J/yr or
more than 1.6x the present energy use (~500 108
Jlyr)

— This does not take into account population increase

If we want to increase the standard of
living of the world population we need
to increase the production of energy
(in addition to use it more efficiently)

United Nations Human Development Index
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Fit gives HDI = 0.2833+0.2378 log (EU)
with R2 = 0.860 -
| |
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Log(Per Capita Annual Energy Use (MBTU))
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The Role of Fusion

Why is fusion energy attractive?

* Fusion fuels are widely available and
nearly inexhaustible

* There is no risk of any fission type accident

 Fusion reactors produce no CO, and no
high activity, long-lived nuclear waste
(the rest product is non toxic Helium)

2022 European HDF5 User Group - May 2022
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“Fusion on Earth

Energy-from fusing 1 gram of fusion fuels'=
Energy from burning 8 tons of oll 2H <

= A plasma of Deuterium + Tritium is heated to more
than 100 million °C (set by fusion cross-section)

= The hot plasma is shaped and confined by strong
magnetic fields

= Helium nuclei sustain burning plasma
« Neutrons transfer their energy to the Blanket

4
=2 In a.fusion power plant, a conventional balance of o s = M?V
plant will transform the heat into electricity n+ 14.1 MeV

2022 European HDF5 User Group - May 2022
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What are the technical challenges?

temperature [keV]

—Lawson triple product

T 1048 10° 10° 10°
— emperature g
— Density £ 10°
— Confinement time A
1&52101- _ BI)
— DT fusion reaction has been proven < — D-He3

by TFTR (US) and JET (UK) in the 19 e e o
1990’s and again by JET in 2021’ temperature [million Kelvin]
but without break-even

P. /P, (=Q)=0.65<1
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ITER my

To demonstrate the scientific and
technological feasibility of fusion
power for peaceful purposes

Achieve fusion power of 500 MW with
P;.s/Pin (= Q) 2 10 for 300-500 s (i.e.,
stationary conditions)

Input (heating power): 50 MW
Output (fusion power): 500 MW

The output of ITER is DATA

2022 European HDF5 Usel ‘Group - [+ 28
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An integrated project:

Central Team & Seven Domestic Agencies

The 7 ITER Members make
cash and in-kind contributions
(90%) to the ITER Project.
They have established
Domestic Agencies to handle
the contracts to industry.

The ITER Organization Central
Team manages the ITER
Project in close collaboration
with the 7 Domestic Agencies.

The ITER Members share all
intellectual Property generated
by the Project.

2022 European HDF5 User Group - May 2022
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A staged approach to DT plasma

SC = System Commissioning

Stage 4 IC = Integrated Commissioning

Stage 1 Stage 2 Stage 3 rated I
EO = Engineering Operation
PFPO = Pre Fusion Power Operation

D) e
T < ) o MRS XD o0 MES) X)) o M

Today 2035

» Each stage consists of assembly, system
commissioning, integrated commissioning and

| Assembly . ?ystem Commissioning , Integrated Commissioning Operation
~ « Each stage adds more hardware and systems
‘ * Assembly and system commissioning can be
it e T executed partly in parallel (different locations,
| ‘ different systems)

KoM for CCR/dCCR K

scpP2
CCR/ACCR Meeting K, .
“ CCR Certificate

r System X ready for Op ions/ d C

>3/ System X required to support Integrated Commissioning

S ieer | ]
KoM for ORR ' o ieer |
ORR Meeting *v

<57 e ORR Certificate L ert

signed —_—
“*y¢ First Plasma

6 months
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The ITER Tokamak

_— %
 i— P
b 0O <§ v
A -
g
-

An intense magnetic field,
generated by powerful
superconducting magnets shapes
and confines the hot plasma, and
keep it away from the vacuum
vessel wall.

* Vacuum Vessel: 8 000 t. 850 m3

« 18 TF Coils: 360 t. 17-m high

« 1 Central Solenoid: 1 000 t. 13-m high

« 6 PF Coils: 200-400 t. 8 to 24 m diameter
 Cryostat: 30 x 30 m

2022 European HDF5 User Group - May 2022
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What do we need to get plasma

Electricity

+ Take the power from the grid, transform
and distribute
« Control System to ensure the right currents
are flowing in the right places and take
actions if faults appear or configurations
are changed

»  Started operation in 2019 and adding more

and more load centers

400 kV/

Steady State Electrical Network <«——————— Pulsed Power Electrical Network

60 MVA
400/22 [

60 MVA
400/22 KV

60 MVA
400/22 kV

60 MVA

400/22 kV

,4

22kV

300/250/150 MVA
400/66/22 kV.
YIYID

300/250/150 MVA
400/66/22 kV
YIVID

zﬁw

400V

6.6kV Emer ergency
Safety Train A
3.5MW

ImIPII

35MW

nB

35MW

400V
0 ®
SGkVEm g
-~
S mwéé gg
55

| |
sNo2 | 22KV BusNo3 | 1
[ [
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["]caAs [aliess
[ cooac [ ]cIs

HOME

ELC

Pulse ID
SUP

1289
###

ELECTRICAL POWER SUPPLY AND DISTRIBUTION

aShow Info

‘2022 -04-12T08:15:06.

ALARMS HISTORY|PV WRITE|TREE
Current Alarms (3 of 4791 Seleats pr
Acknowledged Alarms (6 of 429 alarn

Ac - Description Alarm Ti
Y ELC TO MAJOR Fault 0O

[XJELC T5 MAJOR Fault 15
[XJELC T4 MAJOR Fault 15

B36

Status Trends
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5.27
5
4.8
4.6
4.4
4.2
4
3.8
”3.5
3.4
3.2
3
2.8
2.6
2.4
2.2
2
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What do we need to get plasma ...

Demin water storage tank levels

| 1
13:00 13:15 13:30 1345
Mar 18, 2022
Demin water flow

BUIL-B38-DWMFT0001-FT-STATE f i

+ Control the environment (temperature, pressure, fo—samenmocmonan | !

humidity) and provide services like fire protection, ° ——
compressed air, demineralized water, etc. in all ITER e e I
buildings " B

+ Control System to ensure environment is correct and e =
services are provided and take actions if faults appear —

or configurations are changed

+ Started operation in 2020 and adding more and more

s Pulza 1o iz
b .I d. [eomc e sin —9 B33 HVAC AHU CL CODAC RGOM 1
EEn
P
— =
&




What do we need to get plasma ...

Cooling Water

* Cool equipment around the site and reject
the heat through cooling towers

*+ Control System to control valves, pumps
etc., regulate flows, pressures and
temperatures and take actions if faults
appear or configurations are changed

+ Started commissioning in 2020 and starting
to serve first clients now

€C2D Pumps (0=stopped, 1=running, 2=starting, 3=stopping, 4=travel)

Mar 31 Aor03 Apr 06 Aor0g Apr 12
2022
€C2D Flow in B61
Aor 03 Apr 06 Apr 09 Apr 12
2022 S
€C2D Flow in B50s - 4
e —— - —
- - —-— — -
1 . [ 0
Apr 03 Apr 06 Apr 09 Apr 12

€C2D Flow in cryo clients - cold boxes

Mar 31 Aor 03 A5 Aor 09 a2

pos P — p ]W )22 European HDF5 User Grou
2022 ITER Organization

ute 2022



[Jcas [Jcss Pulse ID 1289 .
[coac [ cIs qp e HRS: COOLING TOWERS, BASINS AND PUMPS
cans2 Lo, e ry 2
HEX 14.8 °C 7.5 °C - 5 u -k
E> i i 0.0 rpm
SFU-0001 0.0 (=)
cows-2 L_D i [J<}
VENTURI SKID 0.0 rom
. 0.0 rpm
SFU-0001 0.0 rpm
0.0 rpm
12. VENTURT KD — oK
0.0 rpm -i i-
0.0 rpm [
L o
1 c “'w -I 1 0.0 rpm

SFU-0002

SFU-0003

o E B E— E—

1609.1 kg/s -

2 !

pR—

- 245.7

PR —

kPa

ol 7LD e

HOME SCwW HRS

PFD

ML-0204(V)
3831.0 mm

P1:HREJ_CPHP_W

P3:HEX

1 ing. ing, 3=starting)

HRS pumps (|
4
il
0 I I I 1 I
13:15 13:30 13:45 14:00 14:15
HRS pump flow
2000 — pump
N
e [
S 1000 —
2
| , ‘ ‘
13:15 13:30 13:45 14:00 14:15 14:30
Apr 08, 2022
HRS ling tower fans (0: pped, 1-running, 2=stopping, 3=starting)
4
2
|
0 I I 1 I I
13:15 13:30 13:45 14:00 14:15 14:30
Apr 08, 2022
0 HRS cooling tower fan oil, bearing and winding temperatures
——— CWS-SCSU-HROO:MTEO201-TT-STATE
(¢} CWS-SCSU-HR00:MTE0001-TT-STATE
[~ 40 fj  CWS-SCSU-HROO:MTEQ00S-TT-STATE
[ - ——— CWS-SCSU-HR00:MTEQ002- TT-STATE
| CWS-SCSU-HRO0:MTE0003-TT-STATE
20 LI cwsscsu TT-STATE
13:15 13:30

Apr 08, 2022



What do we need to get plasma ...

Cryogenic Cooling

* Generate and distribute coolant (80K LN,
and 4K LHe) to magnets, cryopumps,
current leads and thermal shield

+ Control System to control and monitor the
production (cryoplant) and distribution to all
clients, regulate and monitor flow rates,
pressures and temperatures and take
actions if faults appear or configurations are
changed (e.g. high power pulsing)
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What do we need to get plasma ...

Coil Power Supplies

The magnets need well controlled currents
to generate the required magnetic fields.
Control System to control and monitor the
AC/DC converters to produce the right
current at the right time to the magnets and
take actions if faults appear or
configurations are changed

Control System to control and monitor the
switching networks, busbars, protection
circuits, all current and voltage
measurements, etc. and take actions if faults
appear or configurations are changed.

In construction. Commissioning starts in
summer

)

2022 European HDF5 User Group - May 2
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What do we need to get plasma ...

Vacuum
+ The torus vessel, cryostat, neutral beam, o Qh I D, 7\ s SO ,
ECH and some Diagnostics need to operate o el Wy v L e o i u
in vacuum. S A AT iy
§ - 1
+  Control System to control and monitor many . =t % : . s 3
different types of pumps, valves, cryopump ii : e W Ty o - ;k ,5
regeneration, pressures etc. and take action il -8 I
if faults appear or configurations are P e . S ¥ e
changed y TR 2

* In manufacturing and construction




What do we need to get plasma ...

Structures

+ Vacuum vessel, cryostat, thermal shield,
port plugs and first wall (blankets, divertors
and breeding test blankets)

+ Control System to monitor the structure
(temperatures, mechanical deformation and
stress) and take actions if fault appears

*+ Control System to control and monitor all
functions of the test blankets

* In design, manufacturing and construction




T4 7‘; = —.r‘ :§
Magnets fIeE=
»  Superconducting magnets and conventional K=
in-vessel coils to confine and control the % i 2
plasma. 17 :
+  Control System to monitor the temperatures, 3 A A
coolant flow and mechanical integrity of the = - i
superconducting magnets and feeders, to = Vs e

detect fault, in particular quenching, and
take corrective actions.

\\\\\\\\\\\\

Lropean HDF5 User I
.‘ITER Organization e




What do we need to get plasma ...

Fueling

* Inject fuel in vacuum vessel to create and
maintain the plasma

+  Control System to control the injection of the
right amount of fuel, gas or pellets, at the
right time

+ Control System to control the plasma
density by providing fuel in real-time based
on feedback control

+ Control System to mitigate disruptions by
massive injection of impurity fuel

* In design, manufacturing and construction

Page 25
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What do we need to get plasma ...
Additional Heating

* Kick-start the plasma, heat it and drive the
current by injecting additional energy

+ Control System to control and monitor the
three heating systems (ICH — lon Cyclotron
Heating, ECH — Electron Cyclotron Heating
and NBH — Neutral Beam Heating)

* In design, manufacturing and construction




What do we need to get plasma ...

Diagnostics B
X
* Measure the plasma (current, density, oiaanosTIC i —‘/
temperature, shape, position, confinement cemme 7 ol o - <
time, fusion power, impurities...) by more TR e o O - e

than 50 different Diagnostics

+ Control System to control and monitor the
diagnostics so they can provide the required
measurements

+ Control System to treat the produced bt
measurement (data) to be wused for PORT RACK
protection, plasma control and scientific
exploration

T DIAGNOSTIC
L ——"  EQUATORIAL
PORT PLUG

DIAGNOSTIC ¥

DIVERTOR
CASSETTE new-all-diag-02

* In design, manufacturing and construction

Bioshield

Inner | Outer
Cryostat

LENPA PCSS

reservation

2022 European HDHIRETE
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TER Control System Architecture

Central supervision & automation, monitoring and data handling

Legend

PON = Plant Operation Network
TCN = Time Communication Network
SDN = Synchronous Databus Network

DAN = Data Archiving Network
ntral Interlock Networks
CSN = Central Safety Networks

CIN=C

Human Machine Interface

ITER_D_Q4PZZ6 v1

] ] ]
CODAC Server CODAC Server CODAC Server CODAC Interlock | Occ;:‘:t‘l;nal
ICODAC services[ K ] Applications [ Archiving | fLeminat A Desk
]
[ Ison
DAN
. | |
CODAC CIS CODAC CSS-0S8 CODAC CSS-N
Interface Interface Interface
ITER Control Group Cogfg‘:"c :
CODAC Server CODAC Server (x 18) e Central Central Safety
Interlock |- System
CODAC services| | Channel Access | L, System Occupational
and applications —% Gateway % P 7
ol | ooy 5w Ton o =
AETY
-— -’ _F
-’ SDN CIN |
T oo eoeooeoeooeoeoeoe i i | |
[ | I
Plant System 18C (x ~171) 4
y (]
TCN - DAN TCN TCN .
PON | I |
Plant .
S salre‘m Slow Slow Fast Fast Interlock PSS-0S 0
)}’-Iosl Controller Controller Controller Controller Controller Controller 0
| ||| || oo
Signal I/FF Remote I/O Remote I/O Signal IIF Signal IIF Signal IIF Signal IfF -
Front-end Front-end Front-end Front-end Front-end Front-end Front-end

Sensors / Actuators
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Pulse Operation Dataflow

ITER is operated in pulse mode, with a
pulse duration between 100 ms and one
hour.

All configuration parameters for a pulse
are defined in advance by the scientist
using the Scheduler system.

The Shift Operation Manager fetches a
schedule from the storage for execution
(validation, configuration of systems and
pulse countdown)

The plasma control system executes the
pulse

The data handling system acquires,
streams, pipelines and archives the
data.

The scientist access and analyze the
data

Support for remote participation is
provided by the operation gateway and
data diode.

Schedule
Preparation
and Validation

of

D Plasma Control
D Data handling

D Remote participation

Operation
Regquest
Gateway

Schedule
Preparation
and Validation

Data Access
Plant Operation Zone

2022 European HDF5 User Group - May 2022
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Temporary
Storage

Supervision
Automation

Plant System 1&C

Archiving

@ Execution
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Pulse Operation Timing Diagram

/ ¥ » Plasma current

» CS current

_I I L » EC power

] 1 » Gas
Ready | Countdown | Post Supervisor

Data Acquisition and Archiving | Archive

| Plasma Control | PCS

N o= : > b
'+start Tfpcs 0 Pulse time

’\T A\ » lurc
15:30 T 16:00 16:10 T1 6:12 16:15 16:30 Operational time

Start Countdown Pulse Time of day

Authorization

Authorization
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Control System Functions

Coordination

Coordinate all systems described previously to operate in an

integrated fashion

Control System to ensure every system reports its synthetic

state using one of the following five states (Common Operation

State)

Shutdown
Not Ready
Ready
Starting
Running

The composite of all states from required systems allows the

operator to know the ITER state at a glance and to allow the
system to decide if the next actions are permissible or not

2022 European HDF5 User Group - May 2022

© 2022 ITER Organization

Qi Shutdown
4
[Safe] Off P Absent
PS-13 PS-1 PS-2
A
ol Not Ready
Fault NotReady | Local
PS-5 PS-3 PS-4
g
— Ready
Ready
. Ps-6
v
Starting
Initialising
. PS-7
e [Aborting] v
Ps-9 Initialised
PS-8
1
¢ Running
Terminating Executing
PS-12 PS-10
Post Checks
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Control System Functions

XPOZ

Configuration - o[
. i M Confi gurationObject ConfigurationObject ) leflows
»  Configure all parameters required to perform an i : :
i ransform an: Transform and
experiment — | idae

<wF &)
«  Control System must (”’

— Provide interface to scientist to specify
the experiment information

— Derive machine parameters from planned TS| PG A
experiment information in the schedule | | |7 vesion conibolied snd

managed.

— Conduct multi-stage engineering I
verification

— Load machine parameters in the plant
systems as part of the experiment
preparation

_____ The ame ibrary,
verson controlied and

managed.

2022 European HDF5 User Group - May 2022
© 2022 ITER Organization




Control System Functions

TCNd perf. - POSIX time error wrt. NI-SYNC time - Avg -0.2 [us] - Std 0.1 [us] - Max 1.1 [us]
T T T T

Synchronization
A . -
* Synchronize all systems to start actions at the right time and to E L [ 1T 'l N
time stamp data consistently 3
+  Control System must ensure actions on different systems are ,x10' N
synchronized, distributed feedback control loops are sl |
synchronized and data from different systems can be correlated g
«  The ITER timing system distributes absolute time to all systems T 1 1
on the platform with an accuracy in the sub ys range % 4 s 2 4 o 1 2 3 4 s
Synchronization error [us]

EPICS TCN AP Ve
device ([ =
support

CODAC Core System

1Pd

Network .
-SYNC RHEL Operating System
NESYI iy g Sy

— PXI-6683 Hardware layer

2022 European HDF5 User Group - May 2022
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Control System Functions

Sequencing
Error M Not Ready [ | Local Test
* Sequence the systems in the right order to
execute plasma pulse, cool-down, baking, Ready
glow discharge cleaning, etc. feedy o
—
. . . ort L L 2
Example pulse execution using plasma operation o P Countdown
State l - Countdonn Starts
Pulse Number N=N+1
«  Supervisor  fbon . £
. “T 1 Wait for Sy 3
. Controls operations Iniialised ¥
3
. Performs pre-pulse checks and countdown to . N
S
pulse Pre-pulse §
. Passes control to the PCS Engneer chects
«  Plasma Control System (PCS) —
. Terminate Pulse Started
. Performs final pre-pulse checks Final Preparation g’
° Begins pl"IIse energiZing CS/PF Terminate Pulse Countdown Ends SI
v B,
. Performs plasma initiation, ramp-up, flattop, Start of Plasma T= 0 f‘;
ram p-down o End of Plasma §
; ; 5
. After plasma termination, controls CS/PF I -
currents to zero - Pulse Finished
. 2022 H Ag:r P':Jlse
Returns control to Supervisor © 2022

‘ Plant under Supervisory Control ‘

Plant under PCS Control

Pulse

Preparation

'

PF Magnetize

!

Plasma Initiation

|

Plasma

|

Termination

b

CS/PF/CC
Reset and
Cooldown




Feedback control

Feedback control is everywhere, locally and globally

Control System Functions

Open/close a valve
Start/run a pump
Drive a current
Drive a flow
Plasma control

Measured

Reference error

Measured output

System

input

Controller

Y

System

System output

Control System needs sensors, actuators and control laws

Control System needs sampling rates ~10 times larger than the
control bandwidth

-

Sensor |«

INPUT:
DIGITAL CHANGE
OR ANALOG STEP —
I S _
OUTPUT
RESPONSE /
V1
ta
SETTLING TIME ——|

2022 European HDF5 User Group - May 2022
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Control System Functions

ITER Plasma Control Data Flow

Plasma control

Source 1

«  Control the plasma Process P1O$eSS process P
Source 2 Gy fl
— Current ( - LI Monitoring/
_ - Arbitrary Point-to-point Visualization
Shap_e Source n Connectivity
— Density Iy "

. Process Process
— Disturbances < Progess 2

— Disruption avoidance

|-time

hive

+ Sensors:
— Diagnostics
* Actuators:
— Coil Power Supplies
—  Fuelling
— Heating

R

Diagnostic Data

2022 European HDF5 User Group - May 2022
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Control System Functions

FE5 - SUMMARY_2 - E:\iScoped.0\summary_java_2¥2.scp

Data Handling

+ Data, not energy, is the deliverable of ITER

+ Collect, archive and give access to all data produced.

 All archived data are stored in HDF5

+  Control system needs to ensure all data are acquired and safely
archived and provide access to this data for understanding what
is happening and to scientifically explore ITER

Disgmostic nfr..,,\ ndnation| 0,2 [{1,013, 1,672 prine]

—_— e soecan

2022 European HDF5 User Group - May
© 2022 ITER Organization
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Control System Functions

Real-time visualization

2563 at 7.40s

2022 European HDF5 User Group - May 2022
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Some Control System Key Parameters

Total number of I&C cubicles/racks ~3.000

Total number of plant 1&C signals (wires) >300.000
Total number of process variables (PV) >5.000.000
Total number of active operator stations >100
Number of central-plant 1&C interfaces 330

|I&C cables (sensors/actuators to controllers) 6000 km
Multi-core single mode fiber optic network cables 300 km
Multi-pair copper network cables 170 km
Number of identified machine protection 1&C functions 150
Number of identified nuclear safety I&C functions 252
Maximum sustained data flow on plant operation network 50 MB/s
Total archive capacity 90-2200 TB/day
Accuracy of time synchronization <50 ns RMS

Maximum communication latency sensor to actuator node (real-time network) 50 us
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Metrics (hardware)

Energization of I&C cubicles
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Metrics (software)

# of integrated Process Variables
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Some pictures from recent assembly activities
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The “Big Lift” May 11, 2022

* First out of nine subsectors lifted and installed in the

Tokamak Pit
A subsector consists of one 40° vacuum vessel sector with

thermal shield and two toroidal field coils weighting 1200

to | I | I eS 360 — B13 750T Crane Loads
T B T T r— -
— e o ot fead
gsso e A i BRI e W M
L I I I I
07:00 08:00 09:00 10:00 11:00
Position
I







Summary

ITER can contribute to secure energy supply

ITER construction towards first plasma 75 %
complete

ITER Control System is in design,
construction, commissioning and operation

ITER is producing (HDF5) data today
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