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A B S T R A C T

A system for connecting the Plasma Control System and a model of the tokamak Plant in closed loop co-simu-
lation for plasma control development has been in routine use at DIII-D for more than 20 years and at other
fusion labs that use variants of the DIII-D PCS for approximately the last decade. Here, co-simulation refers to
simultaneous execution of two independent codes with the exchange of data between them during execution.
Interest in this type of PCS-Plant simulation technology has also been growing recently at other fusion facilities.
In fact, use of such closed loop control simulations is assumed to play an even larger role in the development of
both the ITER Plasma Control System (PCS) and the experimental operation of the ITER device, where they will
be used to support verification/validation of the PCS and also for ITER pulse schedule development and vali-
dation.

We describe the key use cases that motivate the co-simulation capability and the features that must be
provided by the Plasma Control System to support it. These features could be provided by the PCS itself or by a
model of the PCS. If the PCS itself is chosen to provide them, there are requirements imposed on its architecture.
If a PCS model is chosen, there are requirements imposed on the initial implementation of this simulation as well
as long-term consequences for its continued development and maintenance. We describe these issues for each use
case and discuss the relative merits of the two choices. Examples are given illustrating uses of co-simulation to
address plasma control problems during operation of DIII-D and other devices that use the DIII-D PCS.

1. Introduction

A system for connecting Plasma Control System (PCS) and Plant
models in co-simulation for plasma control development has been in
routine use at DIII-D for more than 20 years and at other fusion labs
that use variants of the DIII-D PCS for approximately the last decade
[1]. Use of closed loop control simulations is assumed to play an even
larger role in the development of both the ITER PCS and the experi-
mental operation of the ITER device, where they will be used as tools
for verification/validation of the PCS [2] and for ITER pulse schedule
development and validation.

It is for these latter purposes that the ITER-supported Plasma
Control System Simulation Platform (PCSSP) is being developed [3].
Although the focus of PCSSP is on ITER − the most demanding device
in terms of required functionality − several of the use cases are moti-
vated by existing uses on devices using the DIII-D PCS, and therefore
relevant for other existing programs.

Several use case classes have been defined for ITER PCS develop-
ment, four of which are discussed here: pulse schedule development,
pulse schedule validation, control problem diagnosis, and control
system development. There are a large number of use cases for co-si-
mulation listed in the PCSSP final requirements (an ITER project

internal document [4]), but we focus here on a few representative ex-
amples to allow more detailed descriptions.

All use cases identified could be supported either through use of a
PCS simulation largely comprised of the PCS itself or use of a PCS
model. If the PCS itself is chosen to provide them, there are require-
ments imposed on its architecture. If a PCS model is chosen, there also
are requirements imposed on the PCS and on the initial implementation
of this simulation model as well as long-term consequences for its
continued development and maintenance. The remainder of this paper
is focused on describing the issues relevant to the various use cases and
discussing the relative merits of the two possible methods of PCS si-
mulation.

Although discussions in the paper are written in the context of ITER
needs, most issues also apply generally to Plant-PCS co-simulation for
any tokamak. From here on we will refer to PCS and Plant simulations
as PCS-Sim and Plant-Sim respectively.

2. Representative use cases

The total set of use cases for co-simulation covers a wide range of
applications, which can be summarized approximately using Fig. 1 (see
[4] for detailed descriptions). Various versions of the PCS are
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represented by boxes on the left and versions of the Plant are shown on
the right. The bottom pair of boxes represents use of the actual PCS in
controlling the tokamak and plasma.

In this section, we examine four use cases that use some of the
connections shown. They represent uses that drive most of the more
challenging requirements on PCS-Sim.

2.1. Pulse schedule development

Developing a pulse involves defining reference trajectories needed
to produce a desired scenario evolution and specifying controller
parameters that generate sufficiently good control to follow those tra-
jectories. This is typically a trial-and-error process that requires use of
connected PCS and Plant simulations (e.g., PCS simulation and PCSSP
or IMAS (Integrated Modeling and Analysis Suite [5]) Plant simulation
in Fig. 1). If the pulse is long enough that plasma conditions change so
as to require re-tuning of references or controller parameters at multiple
times of the discharge, then this tuning takes place in (simulated dis-
charge) chronological order, i.e., tuning first near the beginning of the
pulse and then progressing forward in simulated time. Control at the
start of each later phase of the discharge clearly depends on the state of
both the plasma and the PCS created by their evolution during prior
phases. To make simulations of the PCS a practical tool for this process,
it requires a capability to archive and restore PCS states to enable re-
starting the simulation at times t > 0. Otherwise, the iterative devel-
opment process would require starting every new simulation at a time
far in advance of the portion of the discharge under development,
consuming in total an enormous amount of time and effort.

We can use rough estimates of simulation times to illustrate. Assume
that the Plant simulation is always the limiting factor in these co-si-
mulations, since PCS codes can run on separate cpu(s) and are designed
to run in real-time. In the Plant simulation, equilibrium evolution can
be simulated with execution time comparable to ITER real-time, e.g.,
requiring around 400 s clock time for simulating a 400 s ITER dis-
charge. Including models of multiple other Plant subsystems (see list of
controlled plasma parameters in Table 2 of [6]) in the simulation may
multiply this time roughly by a factor of 5. Thus, around 30min clock
time would be needed to simulate a full 400 s ITER discharge assuming,
e.g. that the behavior of interest is relatively near to the end of the

discharge.
Contrast this with the simulation time needed if PCS state in-

formation were stored every second. Then only a second or two would
need to be simulated, which would consume approximately 5–10 s ex-
ecution time, a factor of approximately 40–80 reduction in time
“wasted” waiting for simulations to complete. This issue is especially
relevant when a PCS problem is found during operation that must be
fixed and the PCS put back into operation quickly.

In addition, one objective of PCSSP is to provide a common platform
for researchers at existing tokamaks to develop ITER-relevant control
solutions for their devices that can then be applied in ITER. Timescales
on existing devices are significantly less than those on ITER, so the
execution times to simulate short pulse (∼10s) discharges might be
comparable. However, long-pulse devices (whose controls are particu-
larly relevant to ITER) have pulse lengths comparable to ITER, so si-
mulation times could be reduced from tens of hours to simulate a full
pulse to a few seconds or minutes by initializing at a stored state of the
discharge.

For confidence that a developed discharge will actually evolve ac-
cording to the simulation, good predictive capability from both the
Plant and PCS models is required.

At DIII-D, co-simulations of the PCS with a Plant model are routinely
now used to develop the DIII-D equivalent of an ITER pulse schedule.
They are used, in particular, for development of scenarios that are
unusual [7] or difficult to control [8].

2.2. Pulse schedule validation

Validation of ITER pulse schedules is intended to provide a method
to approve only schedules that, if executed experimentally, pose little or
no risk to the device (see the description of how ITER will operate [9]).
Use cases for schedule validation have not been officially defined, but it
is envisioned that the overall approach will include executing a PCS
simulation (whose input is the pulse schedule under test) in closed loop
with a Plant simulation (Validation Simulation in Fig. 1) to generate
signals that can be used to evaluate whether the behaviors of the
plasma or Plant systems represent a risk. Thus it would represent a two
step process− first executing the simulation, then a second process that
evaluates the signals generated from the simulation to verify that

Fig. 1. Illustration of connection use cases. The term “device” refers to the
actual tokamak. It is used generically since a similar connection model is
needed to support existing tokamaks, to facilitate control algorithm de-
velopment for ITER.
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