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Abstract High intensity D-T fusion neutron generator
(HINEG) is a high voltage accelerator-based D-T fusion
neutron facility, which provides a significant platform for
nuclear technology researches. The steady operation of
HINEG vacuum system is enormously significant for its
beam quality. In this paper, in order to eliminate the
drawbacks and disadvantages caused by the time delay
element in vacuum system, a gain adaptive compensation
control strategy was proposed for vacuum system. In
accordance with vacuum-pumping mechanism, the vacuum
dynamic equilibrium equation was transformed from the
time domain to the complex frequency domain by means of
Laplace transformation, and the system transfer function in
vacuum pumping process was derived. The experimental
results analyses showed that the overshoot and settling time
are eliminated effectively with this gain adaptive com-
pensation control algorithm, which indicated that the sys-
tem self-regulation and anti-interference performances
were greatly improved.
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Introduction

Fusion neutron facility serves as a significant platform for
nuclear energy researches [1], including nuclear material
and blanket technology [2, 3], reactor physics and engi-
neering design [4-7], radiation medical physics [8], nuclear
software and simulation [9-11] and other nuclear tech-
nologies, etc. High intensity D-T fusion neutron generator
(HINEG) is a high voltage accelerator-based D-T fusion
neutron facility [12, 13], its parameters of neutron yield are
designed to be the highest in D-T fusion neutron facilities
in China, is being constructed by Institute of Nuclear
Energy Safety Technology, Chinese Academy of Sciences.
HINEG could provide 14 MeV monoenergetic neutron
with source intensity of 10'* n/s which is generated in
deuterium—tritium reaction by bombardment of tritium
target. Vacuum system, which is one of the key subsystems
in this neutron generator, supplies a collision-free condition
for the deuterium ion beam without loss and instability on
account of interaction with other atmospheric molecules
[14]. In HINEG operation, the beam could keep enough life
and high quality to be accumulated as well as accelerated
to reach the designed kinetic energy in the vacuum system.

With the objective of maintaining the dynamic equilib-
rium of vacuum various parameters and ensuring the beam
without being damaged, the accurate and steady control
strategy with good robustness should be adopted when
HINEG is in operation. Due to the vacuum system is a time
delay system, when the conventional PID control algorithm
is being employed in vacuum-pumping controlling, the
controlled parameters present completely unresponsive
within the hysteretic time after the control system opera-
tion. Consequently, the vacuum system is unable to adjust
with the controlled variables to eliminate errors and
interferences timely and correctly, which will bring about
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serious overshoot and long settling time in the control
system. And the overshoot will become larger with the
increase of phase lag in controlling process, thus the con-
trol system stability is lessened and even serious opera-
tional accidents occur. In this paper, on the basis of
vacuum-pumping mechanism, the vacuum dynamic equi-
librium equation was transformed from the time domain to
the complex frequency domain by means of Laplace
transformation, and the system transfer function in vacuum
pumping process was derived. A gain adaptive compen-
sation control strategy was employed to design the con-
troller to overcome the drawbacks caused by vacuum
system hysteresis quality. From the experimental results
analyses, it turned out that the system self-regulation and
anti-interference performances were well improved with
this control algorithm.

Vacuum System Modeling Methodology
System Pumping Equation

The pressure intensity of the vacuum tube becomes weaken
when vacuum pumping system starts working, and the
actual pressure is determined by a range of gas movements
and interactions. These elements are composed of the
functions of vacuum pumps, the deflations of different air
sources in the system and the interferences outside. As
shown in Fig. 1, the gas starts to flow when the pressure
difference appears at both ends of the vacuum tube, of
which length is L and diameter is D. Once the airstream
reaches steady state, the gas flow through the pipeline can
be expressed by

Q=C(P—Py) (1)

where Q denotes gas flow, C denotes the conductance of
vacuum tube, P denotes the pressure intensity inside the
vacuum tube [15].

The gas inside the vacuum system is blocked by the tube
wall when vacuum pumps coming into operation. For each
second, the extracted gas from the tube could weaken the
tube pressure, and the tube wall or joint part will result in

Fig. 1 The vacuum system tube sketch
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air leakage at the same time. At any given moment ¢, the
gas increment is formed as

dP  CS dpP
V— P_p—yV—48P= ;
dt+c+Sp dt+ : Or+ 0+ 0.+ 0

(2)
where V denotes the volume of the vacuum tube, % denotes

the change rate of pressure intensity inside the tube, S,
denotes the pumping speed, S. denotes the effective
pumping speed, Q; denotes the leakage gas flow, QO
denotes the permeation gas flow, Q, denotes the evapora-
tion gas flow, Q; denotes the others leakage gas flow [15].
We employ Q to denote Oy + O, + Q. + Q; when the gas
inside vacuum system reaches dynamic equilibrium.
Obviously, by Eq. (2), we can obtain the following
expression
dpP

VE"’_SeP:Q (3)

Transfer Function Model Establishment

With the purpose of designing an accurate and steady
controller with good robustness, a special transfer func-
tion which could reflect the internal relationships among
the parameters of vacuum system operation is required.
The vacuum dynamic equilibrium equation is trans-
formed from the time domain to the complex frequency
domain by means of Laplace transformation. Firstly,
Eq. (3) can be described by the following differential
equation

VdpP 1

——+P=— 4

S, dt * Se 0 )
Based on Eq. (4), the Laplace transformation is adopted

under zero initial condition, and the pumping down equa-

tion can be described by

Vv 1
<+ P(s)s + P(s) = = Q(s) (5)
Se Se
where s denotes transformation factor. Furthermore, the
transfer function of the vacuum dynamic equilibrium sys-
tem is expressed as
1
P(s) 50
Gi(s) =——F~ =+ 6
(s) 0O(s) S%s +1 (6)
Equation (6) shows the output characteristic of the gas
flow varies with tube pressure. However, the vacuum sys-
tem presents a time delay in actual operation process, that
is the gas flow Q or the tube pressure P spends a period of
time 7 in changing from a certain state to another one.
Hence the transfer function is supposed to be calibrated
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—Ts

with a time delay link e
described by

in practice, and Eq. (6) can be

1

G — G —1T5 — E —Ts 7
6) = Gilo)e® =y 7

where t denotes the pure delay time. By Eqs. (2) and (7),
we can obtain

1 C+S,,
S, —1s CS, s .
G s) = e e T8 — P e T8 — e Ts
( ) (C+S,)V Ts + 1

. o St 1

C$) p _ (CHS)V
cs, 1 T s,

where K =
Time Delay Element Effects

For the purpose of analyzing the influence on the control
system made by the time delay link in the vacuum system,
we set a given vacuum tube of which length L =2 m and
diameter D = 140 mm, the pumping speed S, = 1.2 m?/s.
Based on Eq. (8), the transfer function is formed as

6.86 s
O = a5 +1° ®)

The stability of the control system obtained from Eq. (9)
changes correspondingly when the delay time 7 is varying.
Figure 2 presents the step responses of open-loop transfer
function and the Nyquist curves [16] of the control system
under 1 = 0,0.5,1 s and 1.5 s, respectively. As shown in
Fig. 2, along with the increase of delay time, the settling
time becomes longer accordingly and the system hysteresis
is more and more serious. Moreover, the number of turns of
the coordinate point (—1,0) surrounded by the Nyquist
curve increase as well, which indicates that the system
stability is getting worse. Therefore, eliminating the hys-
teresis to improve the qualities of control system is the key
work in the controller design and implementation.

Firstly, the conventional PID control algorithm is
adopted to design the vacuum system controller. Figure 3a
shows the bode plot [17] of the open-loop system when
7 =0.02 s, we can get that the phase cross-over frequency
wg = 81.6 rad/s and the magnitude margin L, = 7.96 dB
from the partial enlarged view as presented in Fig. 3b.

The stable boundary law is employed here in this PID
controller parameters setting. After being adjusted, the
controller is formed as

5
G.=153+>+00ls (10)
S

The random noise interference [18] of which magnitude
range from —0.1 to 0.1 is imported in the system com-
missioning. From the system step response by input
rp =ry£0.1, as shown in Fig. 4, the overshoot and

settling time are too large to weaken the system anti-in-
terference performances, which are likely to be able to
result in system instability and operation accident.

Control Strategy Design and Application
Gain Adaptive Compensation Control Algorithm

Gain adaptive compensation control algorithm is an
optimized and improved strategy based on the Smith
predictive compensation [19] controller, which is added
with a divider, a multiplier and a lead link. During the
system operation, a correcting signal used for calibrating
the predictor gain to vary with the object gain is produced
by the ratio of compensation model to system output in
accordance with the gain adaptive compensation control
mechanism. Afterwards, the PID control algorithm is
employed based on the gain compensation. Figure 5
presents the operating principle of gain adaptive com-
pensation control algorithm.

After the time delay compensation model is being
introduced, as indicated in Fig. 5, the mathematical model
of the generalized adjustment object in this system can be
expressed as

1,

Gg(s) - U(S) - F(S)

U(S)} K,Gy(s)e™ ™™ (1 + 15)
= K,G,(s)e” 075 (1 + 155)
(11)

where K, = [1 + %}KP.

The time delay effects can be compensated absolutely
when 79 — 71 = 0 according to the expression of Eq. (11),
hence the stability of the regulating system is unaffected by
the deviations between K, and K,. With regard to the
interference signal F(s), from Eq. (11), the combination

1+ gEi;]Kp can be represented as an alterable gain K,

which presents the adaptive ability possessed in the control
model operation. Additionally, the expansion of delay link
can be described as

1
1_‘_(»[0_-51)‘;_‘_@_‘_@4_...

—(ro—71)s _

e

When 19 — 11 — 0,

—(t0—11)s 1
e 0 1 ~
14 (to —11)s
Hence Eq. (11) can be formed as

1+ 128

G,(s) = Kva(S)m
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Fig. 2 The variation of the
system step responses and

Nyquist curves with delay time.

a Step responses, b Nyquist
curves

Obviously, due to a lead link is brought in, the adaptive
ability is shown by compensation model when 1, = 79 — 1;.
And G(s) is equal to K,G,(s) by this time, the controlled
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object corresponds to an inertial element, which indicates
that the time delay effects are eliminated in system
operation.
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Fig. 3 The bode plot of the open-loop system (t = 0.02s)
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Fig. 6 Modification of the vacuum controller

Vacuum Controller Modification

On the basis of the gain adaptive compensation control
algorithm proposed above, the vacuum system controller is
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improved with the compensation model. The correcting

control strategy is present in Fig. 6.

Fig. 4 The system step response with PID controller

In accordance with Eq. (14), the modified generalized

adjustment object is described as

(15)
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Figure 7 shows the Bode plot of the open-loop system
without being adjusted after compensation, it can be
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platform. Distributed control technology is employed in

Fig. 5 The gain adaptive compensation control algorithm
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Fig. 7 The Bode plot of the open-loop system after compensating
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Fig. 8 The hardware architecture of the testing platform
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Fig. 9 The system step response after adjustment

this control system hardware configuration and the plat-
form consists of supervision level, controller and vacuum
devices. The operation interface runs on the industry
computers (IPC) and servers to monitor all the equipment
of the platform. All the controlling equipment and filed
devices are connected with each other through an intranet
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Fig. 10 The system actual response under two different operating
conditions. a Increase the input value from 0 to 100, b decrease the
input value from 80 to 0

for communication. The database PC is used for storing
testing data during the platform operation for analyses.
When the PID controller is being designed, the param-
eters of proportional gain K),, integral factor K; and dif-
ferential quotient K need to be tuned to meet the control
system performances requirements. The trial-and-error
pricing [20] is employed for the PID control parameters
tuning. By gradually adjustment, the static error and
overshoot are close to zero and the system stability is
improved vastly when K, = 18 and K; = 7.28. Therefore

7.28

Ge=18+~— (16)



J Fusion Energ (2016) 35:613-620

619

System Response

60
50 F
40 | ,
(]
kel
=]
= 30+ 4
Q.
E Noise Interference
20 | Compensation Channel Response | |
System Actual Response
Set Point
10 1
0 T T h n h N h h
0 02 04 06 038 1 12 14 16 1.8 2

Time (s)

Fig. 11 The system response with gain adaptive compensation
control algorithm

Results and Analyses

On the basis of Eq. (16), we obtain the system step
response after adjustment, as shown the red solid line in
Fig. 9. The picture indicates that the overshoot and settling
time of the system are eliminated after been tuned, which
increase the system stability effectively.

As shown in Fig. 10, the control algorithm is tested under
two different operating conditions, one is increasing the input
value from 0O to 100, and another is decrease the input value
from 80 to 0. From the picture, It can be obtained that the
system actual response is in conformity with the set point well.

The random noise interference of which magnitude range
from —O0.1 to 1 is imported in the system commissioning with
PID controller. The system output response with the gain
adaptive compensation control algorithm being employed is
presented in Fig. 11, in which the input value is set to 50. The
picture presents that, even though interfered by the random
noise, the system response is consistent with the input well
and the compensation channel response is extremely close to
the actual response. As shown by the blue solid line and red
solid line in Fig. 11, the settling time of the system actual
response and compensation channel response is shortened.
Therefore, the drawbacks and disadvantages caused by the
time delay element are eliminated, furthermore, the system
stability and accuracy are improved greatly.

Conclusion

The steady operation of vacuum system is exceedingly sig-
nificant for HINEG beam quality. Due to the vacuum system
belongs to time delay systems, when the conventional PID

control algorithm is adopted in the control system, the
response is unable to adjust with the controlled variables to
eliminate errors and interferences timely and correctly, which
will cause serious overshoot and long settling time. With the
purpose of overcoming the drawbacks brought about by
vacuum system hysteresis quality, a gain adaptive compen-
sation control strategy was employed in this paper. The
experimental results and analyses presented that the anti-
interference performances and the system self-regulation
were well improved with this control strategy.
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