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Abstract

This paper introduces the strategy for operating the cry-
ogenic system of the ESS superconducting linac, empha-
sizing the integration of individual cryomodules and valve
boxes within a unified system. The study focuses on the
practical implementation of this strategy at Test Stand 2
(TS2) as a pilot project, validating the proposed control
system in a real-world setting. The paper evaluates the pri-
mary goals which include performing functional tests, suc-
cessful implementation, identifying control system short-
comings, and collecting valuable operator feedback for
continuous improvement.

INTRODUCTION

The superconducting linac of the European Spallation
Source (ESS) is currently under construction in Lund,
Sweden. The first run is planned for the last quarter of
2024, where a total of 27 cryomodules (CM) housing 82
superconducting cavities will be submerged in a superfluid
helium bath at a temperature of 2K, under these conditions
the proton beam can be accelerated up to 870MeV [1].

In its final configuration the accelerator is expected to
comprise a total of 43 CM allowing for a beam energy of
2GeV and SMW beam power [2].

The Accelerator Cryogenics System Architecture

The cooling power required for operating the supercon-
ducting cavities is produced in the accelerator cryogenic
plant (ACCP). It is supplied and distributed through a cry-
ogenic distribution system (CDS) comprised of a multi-
channel transfer line, an end box and valve boxes (VBox)
interconnecting to each CM forming a unified system.

CMDS Integration

A CM and associated VBox houses various cryogenics
circuits and dozens of devices each requiring monitoring
and control to execute a series of complex and controlled
actions. The integrated operation of these components is
paramount for the seamless functioning of the linac.

The various cryomodules and valve boxes part of the
cryo-module and distribution system (CMDS) have to be
operated in an orchestrated manner. Without an automatic
control sequence (ACS) this process would require a sub-
stantial number of operators to promptly execute actions,
as well as to monitor the system.

The goal for the linac cryogenics is to have these opera-
tions automated, allowing multiple devices to be actuated
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simultaneously following a pre-determined ACS. Opera-
tors are still required to monitor the system, acknowledge
faults, or take control in case of specific needs.

INTEGRATED CONTROL SYSTEM
STRATEGY FOR LINAC CRYOGENICS

Integrated Control System Architecture

The ESS Integrated Control System (ICS) utilizes a dis-
tributed control and computing setup centralized around
EPICS software. This structure ensures smooth integration
across the facility. The system's architecture is layered, de-
fining clear interfaces between physical processes, equip-
ment, control elements, programmable logic controllers
(PLCs), communication networks, supervision systems,
and human operators. This layered approach facilitates
comprehensive management and interaction across various
components of the facility [3].

Master PLC as a Strategy for Coordinating
Cryogenics Operation

The various systems composing the accelerator cryogen-
ics are controlled by independent PLCs. One PLC per
Valve box and Cryomodule cell to allow independent op-
eration and increase redundancy. This strategy also stream-
lined the installation and commissioning of the control sys-
tem following cryomodules installation.

A Master PLC is introduced as a way to centralize the
necessary coordination function as a global system.

ACCPPLC CMDS Mastor PLC

Cryo Endbox PLC

Figure 1: Master PLC coordination between systems.

The Master PLC main function is to manage the signal
exchange between the various PLCs (Fig. 1), providing
seamless data flows and synchronization whilst ensuring
that the whole system is operating in a unified way by using
a dedicated PLC-PLC Profinet network.

PILOT IMPLEMENTATION AT TS2

TS2 Environment

The TS2 is a state-of-the-art facility dedicated to per-
form the site acceptance testing of all Elliptical
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Cryomodules [4, 5]. Designed to verify the performance of
cavities and cryomodules whilst simulating conditions
similar to those in the accelerator. It ensures that all cry-
omodules meet the rigorous operational demands they will
face once installed in the main accelerator. The test bunker
at TS2 is constructed with a similar cross-section to the
LINAC tunnel, ensuring that the cryogenic interfaces and
thermodynamic conditions closely mimic those in the ac-
tual accelerator environment [6, 7].

TS2 has a dedicated cryogenic plant (TICP), which en-
sures that similar thermodynamic conditions can be realis-
tically achieved in the cryomodules under test as when
mounted in the linac, where cool-down, stabilization and
warm-up cycles are required to evaluate the cryomodule
cryogenics performance [8].

TS2 Controls Setup

The control system at TS2 is equipped with a Siemens
S7-1500 CPU, facilitating advanced control and monitor-
ing capabilities. This CPU is connected through a
PROFINET communication network to an ET200MP Re-
mote Input/Output Module, and it utilizes PROFIBUS
communication to manage cryogenic valve positioners.

The CPU's integration with the Experimental Physics
and Industrial Control System (EPICS) is managed
through an Input/Output Controller (IOC) running on a vir-
tualized Industrial PC (IPC). This setup enables robust re-
mote monitoring and control capabilities from the Operator
Panel Interfaces (OPI).

The I0C's primary responsibilities include managing
data transfer between system components. It feeds critical
operational data to the Archiver and Alarm services and fa-
cilitates data exchange between the PLC and the OPI, en-
suring seamless operation and quick response to any sys-
tem anomalies.

TS2 also acts as the foremost site for implementing in-
novative design solutions prior to deployment in the accel-
erator, such as defining the Automated Control Sequence.
The technical setup provides a robust framework for test-
ing the ACS’s integration with existing systems and for
simulating various operational scenarios, thereby identify-
ing potential improvements before broader deployment.

The Automated Control Sequence

Over the past 4 years of manual operational experience
at TS2 [X, X], the needed cryogenic process was improved,
streamlined and made more resilient to abnormal scenar-
ios. This experience allowed a simplified breakdown of ac-
tions and transition conditions into a sequential process.

The ACS is subdivided into operating modes (OM).
Each OM is a collection of states and the needed transitions
connecting them, constituting a procedure for transitioning
the cryomodule systems from one stable state to another.

A state represents the current condition or status of a sub-
system, component, or process. Each state is defined by a
specific set of parameters, variables, or attributes that de-
scribe the operational characteristics of the system at a
given moment. States are crucial for monitoring the
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system’s performance and ensuring that it functions within
the defined operational parameters.

The system follows a sequential progression with wait-
ing steps, ensuring a methodical flow, constituting what is
called a Finite State Machine (FSM).

When a state is activated in the ACS, it triggers a series
of pre-defined actions tailored to manage or adjust the sys-
tem according to its process needs. Importantly, some ac-
tions may be interlocked, which prevents them from exe-
cuting despite the state's activation. This safety mechanism
ensures that certain operations only proceed when all nec-
essary conditions are satisfied, thereby preventing unsafe
or inefficient system behavior.

Transitions are elements within the FSM, dictating the
shift from one state to another. A transition occurs only
when predefined conditions are met, ensuring that the sys-
tem’s progression is based on safe and correct operational
statuses. Each transition is uniquely identified by a name
and number for precise control and documentation. Some
transitions, known as empty transitions, do not have pro-
grammed conditions and serve specific operational strate-
gies or system testing purposes. Transition delays are also
employed, setting up a timer that must expire before the
system progresses to the next state, which is critical for op-
erations requiring time-based stabilization or preparation.

Managing these transitions carefully is essential for
maintaining a smooth operational flow and ensuring that
each state is prepared to handle the subsequent demands.
In practice, when a transition is activated, the steps associ-
ated with the current state are deactivated, and those perti-
nent to the successor state are initiated. If transition condi-
tions are not met, the current step remains active, maintain-
ing the system in its current state until conditions change.

ACS Implementation at TS2

The implementation of the ACS at TS2 was systemati-
cally organized to optimize both the design and operational
effectiveness of the cryogenic processes.

The creative process began by establishing the general
architecture of the system, which involved defining the
necessary operating modes to achieve the intended process
goals. This strategic phase set the groundwork for the de-
tailed development of each OM [9].

Within each operating mode, the cryogenic process was
meticulously split into manageable discrete actions, condi-
tions, or verifications. This simplification was guided by
years of accumulated operator expertise, ensuring that the
system’s design was both practical and efficient. From this
foundation, a sequential progression of states, transitions,
and potential fault conditions were systematically devel-
oped.

To minimize the discrepancy between process definition
and control system execution, a simple semantic structure
was adopted. This approach facilitated clear and consistent
communication across the development team.

A shared spreadsheet document with robust version con-
trol was employed as the primary tool for representing each
OM. Each sheet in the document corresponded to a specific
state, with systematic data entry fields designed to ensure
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that all necessary information was captured clearly and
could be easily managed by subsequent automation scripts.

Two main scripts were used in the system's automation:

e fsmgen: This script is responsible for the generation of
the Programmable Logic Controller (PLC) code using
Structured Control Language (SCL), which is then im-
plemented using Siemens TIA Portal software. This
script transforms the structured data from the spread-
sheet into functional control code, streamlining the de-
velopment process.

e bobgen: This script is used for the generation of the
Operator Panel Interfaces (OPIs), commonly referred
to as operator screens. This script ensures that the in-
terfaces are intuitive and meet the operational needs of
the system, enhancing usability and efficiency.

Through these innovations, the implementation of the

ACS at TS2 not only adheres closely to the defined process
parameters but also leverages advanced automation tools
to reduce manual coding errors and accelerate system de-
velopment.

OPERATOR ENVIRONMENT

The design of ACS related operator screens and control
interfaces are focused on enhancing usability and real-time
monitoring capabilities.

The sequence console (Fig. 2) provides the operator with
the high-level status of the ACS (e.g., active state number,
presence of faults, transition delay progress bar or system
status mode). It allows for flexible control of the sequence,
allowing the operator to stop or start the sequence, or set
the sequence to auto, manual, or assisted auto where each
step is confirmed through a ‘push’ button.

SEQUENCE STATUS SEQUENCE CONTROL

@nerve STATEACTIVE 501 Devices control: ALLTOAUTO EHTO MANUAL
TIME FROM TRANSITION
Onvro vumsuﬁou DELAY (5] sl 210 Sequenceactions: STOPSEQUENCE  INITSEQUENCE  ACKNOWLEDGE
Qmawvua.  ° O Mode select: AUTO MANUAL PUSH
TIMEOUT 5]
@t 409 200 Select manually: 315 STATEENABLE  STATEDISABLE

Figure 2: Sequence console.
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ACTIVATE STATE
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COOL-DOWN 300K-4K WARM-UP 4K-300K
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ACTIVATE STATE | ACTIVATESTATE |

COMBINED CD

‘%
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Figure 3: Operating modes display.

THPS13
3756

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2024-THPS13

The operating modes layout is displayed as high-level
information on the operator screen (Fig. 3) It highlights the
active OM and outlines the possible process routes availa-
ble. In specific modes the operator needs to activate but-
tons the start the following mode. Also available to the op-
erator are relevant setpoints that can be modified within a
stable OM.

A clear and intuitive view of the sequence structure
within the OM is available to the operator (Fig. 4). The
state information panel provides the operator with visual
information on interlock and supervision conditions that
need to be satisfied for the state to progress. Actions and
transitions of the state are also contemplated in the panel
integrating consistent color schemes to indicate similar
types of information or alerts.

STATE: 500 = OMName:  Cool-Down 4K-2K
ENTRY STATE

OMNumber: 5

State Name: RAISE LEVEL State Number: 501
Interlock () Supenvision

Raise level to 80% with CVO1 on PID

Description:

T500
INTERLOCKS & SUPERVISIONS

STATE: 501 wro)|
RAISE LEVEL

Interlock () Supenvision

T501

STATE: 502 wro
STABILIZE LEVEL

Interlock () Supenvision

502

STATE: 503 wro
TICP COMUNICATION

Interlock () Supenvision

Ts03

STATE: 504 wro
PUMPDOWN

Interlock () Supenvision

TS04
STATE: 505 wro. TRANSITIONS
REGULATING PRESSURE Transition: TS01 Successor: 502

Interlock () Supenvision LOGIC: 1 AND 2 AND 3 AND 4 AND 5 AND 6 AND 7 AND &

False FALSE
T505

STATE: 506 wro
HEATERS BACK ON

Interlock () Supenvision

Figure 4: Sequence visualization (left) and state infor-
mation panel (right).

RESULTS

The pilot CMDS control system was successfully imple-
mented at TS2 during CM09 SAT, allowing for the com-
plete cool-down to 2K, verifying six out of eight OM.

Operators feedback confirms that the necessary func-
tions for the linac implementation are being addressed.

The design shows the required robustness, flexibility, re-
sponsiveness and aesthetics, offering a common point-of-
truth between process and controls integration.

Based on these results, recommendations for future im-
provements have been identified and are being addressed,
such as: Customized device controls fine-tuned to suit the
specific requirements of the ACS, ensuring seamless inte-
gration and optimal performance; Empowering operators
with the capability to make necessary adjustments to set-
points, thereby enabling real-time optimization and re-
sponsiveness to changing conditions or demands; Imple-
menting robust safeguards and proactive measures to an-
ticipate, detect, and address potential failures, ensuring
system reliability, uptime, and operational continuity.
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