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New control method of the unstable operating point in the helical reactor FFHR makes the ignition study
on the high density and low temperature operation possible. Proportional-integral-derivative (PID) control of
the fueling with the error of the fusion power of e[, .(Pf) = —(P, — Pr) can stabilize the unstable operating
point. Here Ps,(?) is the fusion power preset value and P¢(?) is the measured fusion power. Although the large
parameter variation would lose its control due to the inherently unstable nature, it is possible to control the ignited
operation by pellet injection with the pellet size between 12 mm and 16 mm. Unstable ignited operation is robust
against disturbances such as impurity increments by fueling feedback alone. However, if the heating power
feedback control is added, robustness to the disturbances is improved, and an operational regime with respect to
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the integration time and derivative time is expanded.
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1. Introduction

Achievement of the superdense-core (SDC) plasmas
in LHD experiments [1,2] stimulates the study on the sta-
bilization method of the thermal instability in a fusion re-
actor. Recently, new, simple and comprehensive control
method of the unstable operating point is proposed for the
high-density and low temperature ignited operation for the
FFHR helical reactor [3,4]. PID feedback control of the
fueling based on the error of the fusion power with an
opposite sign of ep,.(Pr) = —(Pg, — Pr) can stabilize the
unstable operating point and the desired fusion power is
obtained at the same time. Here P; is the measured fu-
sion power and Py, is its preset value. Using this con-
trol algorithm, the operating point with the box type den-
sity profile can reach the high-density and low temperature
steady state condition (n(0) ~1 x 10*' m=3, T(0) ~6.4 keV,
and < 83> ~2.5%) from the initial very low temperature
and density regime [5]. Although this control was demon-
strated using the zero-dimensional analysis, it can be also
applied to one-dimensional simulation code and imple-
mented in a reactor because linearization is not necessary
in equations different from previous studies [6—11].

Although the high-density and low temperature ig-
nited operation is inherently unstable, it is demonstrated
that the steady state can be maintained even when plasma
parameters are disturbed by pellet injections [5]. So far
feedback control was used for fueling, and not for the ex-
ternal heating power [4, 5]. Although preprogramming of
the heating power is enough for ignited operation in FFHR
in many cases, it may expand the operational capability if
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it can be developed.

In this study we demonstrate that feedback control
of the external heating power is possible and expands the
operational regime for ignited operation. Especially, it
improves control robustness to disturbances such as the
change in the impurity fraction than that without the feed-
back control of the heating power.

2. Zero-Dimensional Equations and

Density Profiles of SDC Plasma

In this analysis, the global power balance equation is
used,

dd_‘:/:PEXT_(PL'f'PB'f'PS_POL) (1)

where Pgxr is the external heating power, Pr is the to-
tal plasma conduction loss, Pp is the total bremsstrahlung
loss, Pg is the total synchrotron radiation loss, which is
negligible in the low temperature operation, and P, is the
total alpha heating power. The ISS95 confinement scaling
is used for the plasma conduction loss where yss repre-
sent the confinement enhancement factors over the ISS95
scaling [12]. The Plasma Operating Contour map (called
as POPCON) is the contour map of the heating power of
Pyt = (PL + P + Ps — P,) plotted on the n-T plane. Sudo
density limit scaling on the line density is used as a mea-
sure of core plasma density with the density limit factor of
ysupo = 5.5 over the Sudo density limit [13]. In the power
balance equation the equal ion and electron temperature
was assumed due to very high density [3-5].

The combined particle balance equation using the
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Fig. 1 Assumed box type SDC density and temperature profiles.

charge neutrality condition is
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where f, is the oxygen impurity fraction, a, is the den-
sity profile factor, Spr is the D-T fueling rate, fp is the
deuterium fraction, fr is the tritium fraction, f, is the he-
lium ash fraction, 7" is the D-T fuel particle confinement
time, and 7, is the helium ash confinement time. The he-
lium ash confinement time ratio of 7,*/7g = 3, and the fuel
particle confinement time ratio of 7,*/7g = 3 have been as-
sumed in the helium ash particle balance equation unless
otherwise noted. We assumed the box type density profile
n(x) for SDC plasma using hyperbolic tangent, and used
the broad temperature profile 7(x) with at = 0.25 [5] as
shown in Fig. 1.

3. Unstable Ignition Control Algorithm

3.1 Feedback control of fueling
Stable ignition in FFHR reactor is controlled by the
continuous D-T fueling rate:

1 !
Spr(®) = SproGio(D) {eDT(Pf) T f ept(Pr)dt
0

nt

+Td deDsﬁpf)} (3)

where the PID control is used based on the fusion power
error of epr(Ps) = + (1 — P¢(t)/Pso(t)), where Pgo(t) is the
fusion power preset value and Py(?) is the measured fusion
power [13]. However, the opposite sign of epr(Pr) = — (1 —
Pg(1)/ Pso(1)) can stabilize the thermal instability [3-5].
This behavior is understood as shown in POPCON
in Fig. 2 for the continuous fueling. When Ps is larger
than Py, the operating point (A) moves toward the higher
density and lower temperature side. This operating point
slightly shifts to the higher temperature side due to igni-

Ignition boundary

SpTt inceases
-(Pfo-P)>0

Constant Pgg line

—

SDT decreases

-(Pfo-Pf)<0
PP

Pfo < P¢

Fig. 2 Schematic movement of the operating point around the
unstable ignition point on POPCON for continuous fuel-
ing [3-5].

tion nature between (A) and (B). When it enters in the sub-
ignition regime (B), it goes to the lower temperature side
due to sub-ignition nature and crosses the constant Py, line
(C). The fueling is now decreased and the operating point
proceeds to the lower density and higher temperature side,
and goes into the ignition regime (D), and crosses the con-
stant Py, line. Thus, oscillations take place and are damped
away.

On the other hand, fueling is digitized for pellet injec-
tion. The PID signal Error (P¢), based on the fusion power
error of epr(Pr) = —(1 = Pr(2)/ Pro (1)),

1 !
Error(Py) = {eDT(Pf) + T f epr(Pr)dt
int JO

depr(Pr)
T -~ 7
Ty }

determines the timing when the pellet is injected or not.
Injected fueling quantity is discriminated by

Spr(t) = Sprpetter  for Error(Pr) >0
Spr(®) =0 for Error(Ps) <0

where Sprpener is the fueling particle number per the
plasma volume by one pellet as given below. In this case
the operation path moves straightly, and crosses the unsta-
ble ignition boundary along the constant beta line.

“)

(&)

3.2 Pellet size

As the D-T solid molar volume is 19.88 mm?/mol
[14], D-T ice density is given by 6.02x 10%* x 2/19.88
[mm?/mol] = 6.05 x 102 m~3. For the pellets with a di-
ameter D, = 14mm and length L, = 14 mm, the total D-
T particle number is Npen = 71(Dpp/2)*LpXx 6.05 x 10?® =
130 x 10%!'. Therefore, fueling particle number per plasma
volume of V, = 827m? is S prpen = 1.57 x 102 m™3/(1 pel-
let pulse) , which corresponds to fueling rate in the contin-
uous fueling operation (see Fig.3(d)). Three pellets are
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Fig.3 Temporal evolution of the plasma parameters for 7,*/7g
= 5 and the pellet size of 14 mm. (a) Peak temperature,
peak density, density limit, (b) alpha ash fraction, fusion
power and its set value, (c) density limit margin, beta
value, and (d) D-T pellet fueling rate, and the heating
power. (T, = 8s and Ty = 0.265). The density varia-
tion is An~5x 10" m=3,

injected consecutively with the time step of Ar = 0.02s
for better pellet penetration, and next three steps are pro-
hibited for injection. We note that in the following fig-
ures three pellet injections are described by one rectangular
box. Therefore, the overall repetition time of pellet injec-
tion seems to be 0.02sx 6 = 0.12s, where the calculation
time step is At = 0.02s. In this study this pellet injection
scheme is taken as a reference. Detailed pellet injection al-
gorithm was described in the reference [15]. If this overall
pellet injection repetition time is reduced, the plasma pa-
rameter oscillation would be reduced, which needs more
detailed study.

3.3 Feedback control of the heating power

In the stable ignition the external heating power is
feedback controlled using the density limit scaling [16].
However, as it is difficult to use the density limit scaling in
the unstable operation, the different control algorithm must
be developed. In this study we used the fusion power error
as used in the ITER ignition study [17]. When the fusion
power is smaller than the preset value, the heating power
is applied by the following algorithm.

1 13
Pext(Pr) = PexTO {eEXT(Pf) + f eEXT(Pf)dl}
Trinc Jo

(6)

where Pexto = S00MW, egxt(Pr) = (1 = Pt(8)/ Primp(1)),
and Pgyp is the preset value given by Py (f) = Pro(?)
(1.8/1.9). In the steady state Pgyp = 1.8 GW is lower than

1.9 GW in order to prevent the heating power application
during the fusion power oscillation. Here, PI feedback con-
trol has been used with Tpj = 155.

4. Ignition Access to the Unstable Op-

erating Point

Figure 3 shows the temporal evolution of plasma pa-
rameters for the pellet size of L, = 14mm in FFHR2m
with R = 14m, a = 1.73m, B, = 6T, Pr = 1.9GW, 7yss
= 1.6, and 7,"/tg = 5. For the fusion power rise-up time
of At = 20s and the maximum external heating power
of Pexr = 90 MW, the time averaged density is initially
built up to ~0.6 x 10?! m~3 by the density feedback (NGW
trace) until 12.8 s and then raised up to n(0) ~1 X 102! m™3
and decreased to 8.9 x 10 m~3 by the fusion power con-
trol switched on at 12.8 s. In more detail, between 10s and
12.8 s, the density is controlled by the error of the density
as given by

epr (1) = + (1 — n(0)/ngw(1)) )

where ngw(?) is the preset value of the density waveform
with the linearly increasing function. At 12.8 s the density
control is switched to the fusion power control as given
by Eq. (3) with epr(Pr) = —(1 — P¢(t)/ Pso(t)) for thermally
unstable operation. The detailed schematic waveform on
this transition phase is shown in Fig. 4.

Between 10.0s and 12.8 s as seen in Fig. 3 (d), the pel-
let fueling rate is smaller than that after 12.8s. This is
to study the overall behavior of the pellet injection effect
on the unstable ignition regime. We fixed operation pa-
rameters between 10.0s and 12.8 s because pellet injection
needs careful adjustment and the control algorithm is not
suited for the thermally unstable regime. Therefore, to use
the same pellet size in the entire discharge duration, oper-
ation should be more optimized between 10s and 12.8 s in
the future.

The external heating power is preprogrammed to de-
crease it to 0 at 24 s. We see that even by fueling at the dis-
crete time the ignition access is possible. When the density
is increased by three consecutive pellets, the temperature is
dropped. Their variations are out of phase due to adiabatic
process by the power balance equilibrium in a short time.
We found that the density variation of An ~5x 10" m=3 is
allowed for ignited operation.

Especially for larger 7,*/tg = 5, the time averaged
peak temperature at the steady state is 7;(0) ~7.14keV, the
volume averaged beta value is < 8> ~2.55 %, the helium
ash fraction is 8.9 %, the effective charge is Z.g ~1.60, and
the average neutron wall loading is Iy ~1.5 MW/m?.

Alpha ash confinement time ratio 7,*/7g plays an im-
portant role in a high density operation. Together with the
confinement factor, ignition regime is determined by the
alpha ash confinement time ratio. Such dependence was
studied in detail in the previous paper [5]. Wide parame-
ter regime with 7,%/7g = 3~8 was surveyed to obtain ig-
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Fig. 4 The detailed schematic waveform on the transition phase
from the density to fusion power control

nition. It was found in that paper [5] that lower alpha ash
confinement time ratio provides lower plasma temperature,
which is favorable for pellet penetration. Also the alpha
ash confinement time ratio is simply estimated as 7 */7g =
5.9 ~9 in LHD experiments using He gas puffing method,
although further careful study is necessary. Therefore, in
this study we have used the somewhat optimistic value of
74"/Te = 5, and more optimistic values of 3 to expand the
ignition regime for studying ignition characteristics to the
various disturbances.

As the confinement time is increased to 4.1s due
to high-density operation, the plasma conduction loss
Py is decreased, reducing the divertor heat load to [I'gy
~6.3 MW/m? for the assumed 10cm wetted width of the
divertor plate at the right angle to the magnetic field line.
The divertor heat load becomes a half when the divertor
plate is inclined at 30 degree from the magnetic field line.
However, as the heat load peaking factor is not taken into
account in this simple estimation, further detailed analy-
sis would be necessary. In this study we use 10 cm width
of the divertor plate at the 90 degree angle to the magnetic
field line as a reference for comparison.

The ratio of the bremsstrahlung loss power Pg to the
alpha heating power P, is as large as Pg/P, ~70%. The
variation of the diverter heat flux is Al gy/I 4y ~0.5/6.3 =
8 %, and variation of the first wall heat flux is APyg/Pur
~0.018/0.23 = 8 %.

In Fig. 5 is shown the operation path to the unstable ig-
nition point on POPCON corresponding to Fig. 3 (a). The
operation is stabilized by cooling with fueling and by heat-
ing with the fueling reduction, which is controlled by the
error of the fusion power epr(Pr) = — (1 — Pg/Pg). We see
that the operating point never go beyond 7.2keV, which
may avoid the neo-classical transport.

For the larger pellet size of 16 mm, ignition can be
accessed although the density variation becomes as large
as An ~8 x 10" m~>. For the larger pellet size of 17 mm,
ignition is terminated at t = 50 s due to large density varia-
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Fig.5 The operation path (blue line) to the unstable ignition
point on POPCON corresponding to Fig.3 (a).

tion. At the termination phase, the density and the temper-
ature are both decreased at the same time, and their varia-
tions are in phase. The plasma parameters during ignition
access using 12 mm size pellet injection are of course more
continuous, as already shown in Fig. 3 in the paper [5]. A
smaller pellet size injection leads to the thermally unstable
operation due to the shortage of fuel particles. In a future
study, further optimization considering the pellet penetra-
tion and parameter variation would be necessary using the
1-D transport code.

5. PID Operation Parameters with

Pellet Injection

So far, the integration time of Tj,; = 8 s and the deriva-
tive time of Ty = 0.26 s have been used for fueling control.
By adjusting these time constants, the fusion power wave-
form can be optimized.

For example, in the case of Ti, =45s and T4 = 0.39s
as shown in Fig. 6, the fusion power rise-up is delayed due
to decrease in the temperature by frequent pellet injection
just after 12.8 s which is caused by the large derivative
term. Advancing the phase by the large derivative time
rather delays the fusion power rise-up. This time delay can
be improved by the feedback control of the heating power.
However, as 100 MW heating power should be applied for
a long time, it is not efficient at all.

On the other hand, the fusion power rise-up is not
delayed by the smaller derivative time of Ty = 0.001 s as
shown in Fig. 7. As the calculation time step is At = 0.02s,
corresponding to T4 ~0, the derivative term does not play
any role. Therefore, just after 12.8s, pellets are not in-
jected due to negligible derivative term. Thus, the tem-
perature does not decrease and the fusion power rises up
linearly. Although the heating power helps the operation,
fueling should be optimized at first by these control param-
eters.

The ignited operational regime with respect to the in-
tegration time T, and derivative time T4 is shown in Fig. 8.
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Fig. 6 Temporal evolution of the plasma parameters for Tj, =
45s and Tg=0.39s. The fusion power delays with re-
spect to the set value for 7,*/tg = 3.
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Fig. 7 Temporal evolution of the plasma parameters for Ty, =
45s and T4 = 0.001 s with the pellet size of 14 mm. The
fusion power is not delayed with respect to the set value.

In this study Tipe = 8 s and T4 = 0.26 s are used unless other-
wise noted. It is seen that the operation regime is expanded
by the feedback control of the heating power.

6. Control Robustness to the Distur-
bances with/without Heating Power
Feedback Control

Without heating power feedback control, ignition can
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Fig. 8 Operation regime for the integration and derivative times
for 14 mm pellet. Open circle shows without the heating

power feedback and solid square with the heating power
feedback.
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Fig. 9 Temporal evolution of the plasma parameters after im-
purity increment from f, = 0.0075 to 0.013. Ignition is
maintained by fueling control alone.

be maintained by the feedback control of the pellet fueling
alone when the impurity fraction is increased from f, =
0.0075 t0 0.013 as shown in Fig. 9. When impurity fraction
is larger than 0.013, ignition is terminated.

However, when the heating power feedback control is
switched on at 15 s, the heating power is automatically ap-
plied and reduced to zero after some oscillation as shown
in Fig. 10. When the impurity fraction is increased up to
fo = 0.021 after 40s, the heating power is automatically
applied to prevent the fusion power drop during impurity
increment as shown in Fig. 10, and then ignition is recov-
ered. Thus, feedback application of the heating power is

found to be effective to keep ignition when disturbances
exist.
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7. Shutdown in the Unstable Opera-
tion

The fusion power shutdown is also important for end-
ing discharge and machine operation. It was studied
whether shutdown can be done without problems with the
feedback control of pellet injection alone. In Fig.11 is
shown the shutdown phase using the preprogram of the
heating power. In the late shutdown phase after 70s, the
external heating power of 20 MW is applied for smoother
shutdown. The divertor heat load does not increase at all
during the shutdown phase. For smooth fusion power shut-
down the heating power should be applied because the op-
erating point should pass the contour map of the heating
power on POPCON to come back to the initial low tem-
perature and density regime. Therefore, when the heat-
ing power is not applied during the fusion power shutdown
phase, the fusion power abruptly decreases.

When the fueling is stopped at 65 s during the shut-
down phase, the control of operation is lost, and the fu-
sion power is excessive and the divertor heat load would
increase to 39 MW/m? for the 10 cm divertor plate with the
right angle to the magnetic field line as shown in Fig. 12.
Therefore in the shutdown phase, fueling should not be
stopped when operated in the unstable ignition regime. A
large quantity of fueling provides rather safer operation in
the whole discharge.

When feedback control of the external heating power
is applied at 15s during the fusion power rise up phase,
the heating power is automatically switched off and then
automatically applied during the shutdown phase. But as
calculation was terminated before 80 s, after 75 s in the late
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Fig. 11 Temporal evolution of the plasma parameters during the
shutdown phase without the heating power feedback con-
trol.
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Fig. 12 Temporal evolution of the plasma parameters during the
shutdown phase without the heating power feedback con-
trol. At 65 s fueling is stopped externally.

shutdown phase the heating power of 20 MW was applied
for smoother shutdown.

8. Discussion and Summary

In this study we have used a confinement factor of 1.6,
and the helium ash confinement time ratio of 7,*/7g = 3
and 5. Detailed studies were conducted for other parame-
ters [5]. To lower the operating temperature for good pellet
penetration, the helium ash confinement time ratio should
be as small as possible.
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In this study we demonstrated that thermally unstable
ignited operation is stabilized when the pellets are injected
repetitively. The operational regime is expanded when the
feedback control of the heating power based on the fusion
power is applied as well as fueling.

Unstable ignition control used in this study is robust to
disturbances such impurity injection during the discharge
with the feedback control of the heating power. However,
as we studied the transient response to the preset value and
disturbances only in an ignited operation, further studies
are required for the unified control algorithm applicable to
ignition and sub-ignition.

However, it is still a big issue which heating system is
employed in the high density operation. As a neutral beam
heating needs a very high energy (for example ~5 MeV for
the penetration length of 0.7m at n(0) ~1 x 102! m™3), it
can be used alone in a very early lower-density phase. An
electron Bernstein wave (EBW) heating may be a candi-
date for a heating system [18]. Therefore, active study on
EBW heating in a high density regime is required. The
heating power was continuously applied to study overall
response behavior in a feedback control phase in this study.
As the heating power would be applied in a step like man-
ner in an actual situation, it may slightly alter the time re-
sponse.

This work is performed with the support and un-
der the auspices of the National Institute for Fu-
sion Science (NIFS) Collaborative Research Program
NIFS04KFDF001, NIFSOSULAA116 and NIFSO7KFD-
HO002.
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