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Abstract: The study on artificial intelligence (AI) methods for tuning of particle accelerators has been reported in many literatures.
This paper presents tuning method for agent-based control systems of transport lines in the case of sensor/actuator failures. The
method uses model-based tracking concept to relax the demand on sensor data. The condition for successful operation of the stated
scheme is derived, and the concept is demonstrated through simulation by applying it to the model of microtron, transport line-1 and
booster of indus accelerator. The results show that this approach is very effective in transport line control during sensor/actuator
failures.
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1 Introduction

There are over 50 synchrotron radiation source machines
operating throughout the world to fulfil the requirements
of scientific community ranging from chemistry, biology,
physics, material science, medicine to industrial applica-
tions. Driven by the need to increase the beam brilliance
and decrease beam emittance, these sources have experi-
enced a continuous increase in their size and complexities.
This has encouraged control system engineers to develop
improved methods of monitoring and control. To enhance
the plant operational reliability, availability and safety, the
use of artificial intelligence (AI) methods in operator sup-
port/advisory systems of accelerator controls have been
proposed[1−7]. The intelligent agent system was first in-
troduced by Jennings et al.[8] for diagnosing faults in pro-
ton synchrotron facility at European organization for nu-
clear research (CERN) which was based on architecture
for cooperative heterogeneous on-line systems (ARCHON).
Since then, different architectures have been proposed for
agents in accelerator environment[9−15]. All of them use
the distributed, hierarchical architecture for control com-
bining heuristic, knowledge-based and conventional control
methods. These agents use hybrid architecture by integrat-
ing a variety of reasoning, search, and pattern recognition
methodologies from artificial intelligence research. Both
neural network and genetic algorithm (GA) based compu-
tational intelligence methods were analyzed alternatively
by Schirmer et al.[16] for optimising transfer efficiency of
electrons from booster synchrotron to electron storage ring.
Besides, the GA based approach reported the successful
original beam position recovery and reproduced the real in-
jection efficiency to some extent successfully. It uses the
transport line model along with the feedback from various
beam position monitors (BPM) installed in the transport
line to solve the tuning problem. However, it does not con-
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sider the case of BPM failures that may occur during the
system operation thereby disrupting the optimization pro-
cess.

Scheme in [17] shows the advantage of agent′s decision
making based on the tracking of moving target while avoid-
ing collision with moving obstacles and other agents. Yan
et al.[18] extended this work by applying constraints on in-
put and formulated a local and dynamic optimal algorithm.
Here, each agent exchanges information only with its neigh-
bours with optimization implemented at each update cycle.
Model based tracking (MBT) is a well known principle, pri-
marily used in the field of image processing[19−21] for recon-
struction of three dimensional object information (position
and orientation) from two dimensional image of the scene.
In this technique, the model consists of precise three dimen-
sional geometrical representations of known object (mainly
vehicle), which can be placed in arbitrary positions and
orientations, together with a carefully constructed camera
model and scene model. Using this model, and given pro-
visional position and orientation, the three dimensional ob-
ject is then projected onto the two dimensional image plane
and a goodness-of-fit score is obtained by comparing the
modelled features with the acquired image. A search in
position-space and orientation-space is then used to maxi-
mize this evaluation score. At each position and orientation
in this search, the model is re-instantiated onto the scene
and a new goodness-of-fit score is evaluated. Once a max-
imum score is found, the three dimensional position and
orientation of the object is known and is used to predict a
provisional position and orientation for the same object in
the next frame of the scene. Thus, by having position of an
object in the initial frame, it is possible to track that object
in subsequent frames along with its location and direction
of travel in three dimensions.

Inspired by the success of the agent-based accelerator
tuning method and the fact that the sensors and actuators
sometimes fail during operation, this paper presents
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methods for tuning of accelerator transport lines under lim-
ited sensor/actuator failure cases for agent based accelera-
tor control systems. Plans for transport line tuning un-
der various BPM failure conditions for goal-based intelli-
gent agent with modular architecture have been formulated
using the concept of model based tracking. Model-based
tracking concept is used to track the beam parameter vec-
tor at the start of transport line using the injection current
as feedback instead of data from beam position monitors.
This allows the agent to correct injection, even in the ab-
sence of all BPM data. The effectiveness of the proposed
scheme is demonstrated through simulation. Particularly,
the problem of beam position variation at source is simu-
lated for agent architecture with proposed plans applied to
the indus accelerator model comprising of microtron out-
put, transport line-1 (TL-1) and booster.

Section 2 presents a brief overview of the indus-1 acceler-
ator facility located at Raja Ramanna Centre for Advanced
Technology (RRCAT), Indore, India. In Section 3, the lay-
out of TL-1 is given. Section 4 discusses the overall system
simulation. In Section 5, the proposed transport line (TL)
tuning methods are given. In Section 6, the simulation re-
sults are presented. Finally, the conclusions are given in
Section 7.

Notations.
x: Horizontal direction.
y: Vertical direction.
x′: Angle with horizontal.
y′: Angle with vertical.
ex: Emittance in horizontal plane.
ey: Emittance in vertical plane.
δx: Dispersion in horizontal plane.
δy: Dispersion in vertical plane.
αx, αy , βx, βy : Twiss parameters.
ai, bi, mi, ki: Used as variables.
Iinj,mes: Measured value of injection.
Iinj,sim: Simulated value of injection.
Ilim: Injection current limit.
enoise: Noise in system.
f : Used for function.
BPMi,stor: Stored value of i-th BPM.
BPMi,mes: Measured value of i-th BPM.
BPMi,MSO: Value at i-th BPM in most probable off-

spring.
˜X = (x, y, x′, y′): Beam parameter vector.
˜Xstart: Beam parameter vector at TL-1 start.
˜Xend: Beam parameter vector at TL-1 end.
˜Xa,b: Beam parameter vector at location a obtained by

method b.
˜P =

[

˜Xstart(1), ˜Xstart(2), · · · , ˜Xstart(n)
]

.

˜P : Predicted start position vector.
˜Q =

[

˜XBPM(i)(1), ˜XBPM(i)(2), · · · , ˜XBPM(i)(n)
]

.

˜Q: Predicted position at BPM vector.
˜I = [Iinj(1), Iinj(2), · · · , Iinj(n)]: Predicted injection cur-

rent vector.
˜M = [I1, I2, · · · , In]: Magnet settings vector.

2 A brief overview of Indus-1 facility

Indus-1 is a 450 MeV, 100 mA, electron storage ring, op-
erating at critical wavelength of 61 Å (angstrom), built by
Department of Atomic Energy for promoting research in
basic physics and material science at RRCAT, Indore. As
shown in Fig. 1, the facility comprises of pre-injector mi-
crotron: a small accelerator which accelerates the electrons
up to 20 MeV; TL-1: a transport line which transports the
electrons from microtron to booster injection septum by
matching the beam parameter of microtron output to that
of booster input; booster: a synchrotron accelerator which
increases the electron energy from 20MeV to 450 MeV; TL-
2: a transport line which transports the electrons from
booster synchrotron to storage ring; Indus-1: the storage
ring whose purpose is to store the electrons, compensate
the energy lost in the form of synchrotron radiation and to
provide the synchrotron light to the beam lines for perform-
ing the experiments.

Fig. 1 Block diagram of Indus-1 facility

3 TL-1 layout

Fig. 2 shows the layout of the TL-1. TL-1 comprises of
microtron extraction tube, three pairs of DC-quadrupoles
(QF1-QF3 and QD1-QD3), four horizontal steerers (HSC1-
HSC4), five vertical steerers (VSC1-VSC5), one 15◦ DC-
dipole (DP1) and one 15◦ injection septum (pulse width
200 μs). For measurement of beam position, there are three
fluorescent screen type beam position monitors (BPM1-
BPM3).

Fig. 2 Layout of TL-1
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4 System simulation

The simulation program is mainly comprised of three
parts. They are the agent system, the model of the ac-
celerator environment with which the agents interact, and
the graphical user interface (GUI). The principal data flow
involved between different parts is shown in Fig. 3. The
accelerator model is made in the form of a software en-
tity comprising of three sub-modules. The agent system
comprises of a set of agents and inter-agent communication
facility. For synchronizing between the accelerator model
and the agent system, messages are used. The data ex-
change between programs is done through messages and
global variables.

Fig. 3 Simulation program organisation

4.1 Agent system

The agent system is mainly composed of two agents: TL-
1 control agent (TL1CA) and model agent (MA). TL1CA
interprets the system state from percepts. Depending upon
the current events and the agent beliefs, the agent decides
the plans to be executed to achieve all the active goals. The
agent evaluates the plan applicability function and selects
the highest priority applicable plan from the list for each
active goal. The architecture of TL1CA is discussed in [22].
The plans stated in Sections 5.1– 5.4 are added to the TL
tuning goal of this agent. MA contains the model of TL-1,
booster, and storage ring in its body and assists TL1CA in
its plans by providing the information about the probable
outcome of the actions on the machine. To exercise the
plans stated in Sections 5.1– 5.4, three more capabilities
(predict position with BPM, predict position using MBT
with BPM, predict position using MBT without BPM) are
added to the function list of this agent.

4.2 Accelerator model

The accelerator model comprises of three sub-models:
microtron model, TL-1 model and booster model. The
microtron model generates a beam consisting of 2000
macro particles. The various parameters of the beam are
ex, ey , αx, αy , βx, βy , δx, δy , x′, y′, x and y. Table 1 gives the
value of different beam parameters used in this simulation,
where RMS denotes root mean square value.

The TL-1 model is developed in MAD[23]. It accepts
beam comprising of macro particles with different beam pa-
rameters. Depending upon the set values of all the power
supplies, it tracks all the macro particles in the beam along
the TL-1. It provides beam image at all beam position indi-
cators and the beam parameters at TL-1 end. The booster
model is also developed in MAD. It accepts the macro par-
ticle beam with beam parameters at TL-1 end. Depending
upon the magnet settings, it constructs the machine lat-
tice. Using this lattice, it then tracks the particle for the
defined number of turns (1000 turns) and produces the sur-
vived/lost attribute for each macro particle. Depending
upon the survived/lost condition of macro particles, it pro-
vides the normalised beam current injected into the booster.
To keep the simulation simple, the injection process is not
calculated and is assumed that there is no loss at the injec-
tor portion and the entire beam transfers from TL-1 output
to booster centre orbit successfully.

Table 1 Value of beam parameters used in simulation

Parameter x y

Emittance(e) 8.0E–7 3.0E–6

α −0.6708 −0.5046

β 0.9645 0.9945

δ 0.00 0.00

Angle(x′/y′) 0.00 0.00

Position 0.00 Varied between ±10mm

enoise 200 μm (RMS) 200 μm (RMS)

4.3 Graphical user interface

The simulation program is developed with GUI shown in
Fig. 4. to allow the user to conveniently monitor and control
the simulation. Separate windows are developed for defin-
ing beam, defining beam movement, configuring accelerator
simulation parameters, configuring agent parameters, and
configuring agent based simulation parameters. Results of
simulation can be viewed in graphic control panel and can
be also stored in text file. For debugging, agent communi-
cation analyser is given in tab control. Using GUI, different
fault conditions of devices can be introduced manually, and
can be defined through configuration file.

5 TL tuning using model based track-
ing

GA based TL tuning method using the beam position
feedback from BPMs is discussed by Schirmer et al.[16] Con-
sidering the cases of BPM/actuator failure scenarios, this
method is modified using the model based tracking concept.

From methodology point of view, the BPM/actuator fail-
ure scenarios are divided into four cases. Case 1: when some
of the BPMs fail, case 2: when only one BPM is available,
case 3: when all BPMs fail, and case 4: when actuators fail.
Further, case 4 may simultaneously occur along with case
1, case 2 or case 3.
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Fig. 4 GUI for the agent based accelerator control simulation

5.1 TL-1 tuning using BPM

For tuning of TL-1 using feedback data from BPM, the
agent based control (ABC) utilizes the three step differen-
tial evolution (DE)[24] based scheme with fitness functions
given by (1) for DE-I and (2) for DE-II. For handling the
case of sensor failure, TL1CA dynamically selects the BPM
data source by suitably selecting the value of ai and bi de-
pending upon the sensor′s health/failure condition. For the
faulty BPM, the agent selects the data from the data store
whereas for the correct BPM agent selects the recent mea-
surement data. Similarly, for handling the actuator failure
cases, the agent dynamically selects the value of mi depend-
ing upon the actuator ok/failure condition.

In the first step when operator defines the good injection
event, the BPM data and set values of magnet power sup-
plies are read. Then using TL-1 model, the beam position
vector at start TL-1, and end TL-1 are calculated using
the DE-I by mutating the start orbit vector ˜Xstart and are
stored as ˜Xstart,opt and ˜Xend,opt. These represent optimized
beam parameters in good injection condition. In the second
step whenever the injection degrades, the agent calculates
the new beam position vectors at start TL-1 and end TL-1
as ˜Xstart,mes and ˜Xend,mes. In the third step using ˜Xstart,mes

and ˜Xend,opt, it then calculates the suitable magnet settings
˜M for matching the real beam parameters at the input with
the optimized beam parameters at the output using DE-II.

fitnessDE−I =
n
∑

i=1

(aiBPMi,mes + biBPMi,stor −
BPMi, sim)2

(1)

ai = 1, bi = 0, [BPMi,stor]n+1 = [BPMi,mes]n, if
BPMi=OK

ai = 0, bi = 1, [BPMi,stor]n+1 = [BPMi,MSO]n, if
BPMi=Faulty

fitnessDE−II = fitnessDE−II(x) + fitnessDE−II(y) (2)

fitnessDE−II(x) = M0 +m1M1 +m2M2 +m3M3 +
m4M4 + m5M5 + m6M6

M0 =
4

∑

i=1

( ˜Xend,opt(i) − ˜Xend,sim(i))2

M1 = (xHSC2(start),opt − (xHSC2(start),sim))2

M2 = (x′
HSC2(end),opt − (x′

HSC2(end),sim))2

M3 = (xHSC3(start),opt − (xHSC3(start),sim))2

M4 = (x′
HSC3(end),opt − (x′

HSC3(end),sim))2

M5 = (xHSC4(start),opt − (xHSC4(start),sim))2

M6 = (x′
HSC4(end),opt − (x′

HSC4(end),sim))2.

Similarly, the fitnessDE−II(y) is defined for vertical plane.
Theorem 1. To analyze the scheme of ABC system for

this case the block diagram for overall control system is
shown in Fig. 5. To find the condition for successful track-
ing of beam and tuning of TL-1, let the rate of change
of beam parameter at start TL-1 due to un-modelled dy-

namics/disturbance be
d ˜Xstart,s

dt
. Let A given by (3) be the

area at end TL-1 in vector space that will tune the TL-1
as per (4) by applying magnet settings ˜MTL. Let Astart be
the corresponding tuning area transformed to start TL-1
using TL-1 inverse model given by(5). Let XBPM1, XBPM2,
XBPM3 be the beam position vector at corresponding BPM
locations (obtained by direct measurement or from model-
based tracked data) with errors eBPM1, eBPM2, eBPM3, re-

spectively, then the error (eDE−1) in estimation of ˜Xstart,c

by DE-I is given by (6) when �t1 is given by (7) and �tcal
be the calculation time taken by DE-I and DE-II. Then
the error (Estart) in the estimation of beam parameter at
start TL-1 at the time of applying the correction will be
given by (8). The condition for successful tuning will be
given by (9).

Fig. 5 Control system block diagram for case 1
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A = f(Iinj,lim, ˜Xend,opt, ˜MBR) (3)

Iinj > Iinj,lim (4)

Astart = Model−1
TL(A) (5)

eDE−I = f(eBPM1, eBPM2, eBPM3,�t1) (6)

�t1 = tlast correction − tinj degraded below limit (7)

Estart = eDE−I + enoise +
d ˜Xstart,s

dt
�tcal (8)

Estart < Astart. (9)

5.2 TL-1 tuning with only one BPM data

For tuning of TL-1 in the case when only one BPM
is available, the TL1CA uses the extended system model,
which incorporates the booster model along with the TL-1
model. This extended model provides the calculated injec-
tion current value. In this case, the agent calculates beam
position vectors at start TL-1 ( ˜P ) and all the available

BPMs ( ˜Q) for injection current Iinj,mes. From ˜P , it then

selects one position vector say ˜Xstart which gives the calcu-
lated values at the available BPM, nearest to the measured
value. It then uses ˜Xstart for calculating the magnet set-
tings (˜M) for optimising the injection current in the same
way as in case 1. The flow chart for the overall process is
shown in Fig. 6.

Fig. 6 Flow chart for TL-1 tuning with only one BPM data

Theorem 2. To analyse the scheme of ABC system
for case 2 the block diagram for overall control system is
shown in Fig. 7. Let eBPM be the error in measured beam
position vector XBPM, and emodel be the error in estimation
of ˜Xstart,c using reference models of TL-1 and booster. Let
�tcal be the calculation time taken by ABC. The error in

the estimated beam parameter at start TL-1 at the time
of applying the corrections will be given by (10). The
condition for successful tuning is given by (9). Here it is

to be noted that theoretically it is possible to generate ˜Q
and ˜P using ˜MTL, ˜MBR, and Iinj but the use of tracked
˜Xstart decreases tcal and therefore it decreases Estart.

Estart = eBPM + enoise + emodel +
d ˜Xstart,s

dt
�tcal. (10)

Fig. 7 Control system block diagram for case 2

5.3 TL-1 tuning in total absence of BPM
data

For tuning of TL-1 in total absence of BPM data, TL1CA
calculates all the possible beam position vectors at start
TL-1 ˜P for the currently measured injection current value.
Then, based on the historical trend of beam position move-
ment, it selects the most probable beam position vector
˜Xstart. Using ˜Xstart it then calculates the magnet settings
(˜M) with DE-II and applies it to system. Using (˜M), it

then calculates the injection current (˜I) for all elements of

( ˜P ). Using ˜I and the newly measured injection current
value (Iinj,mes) it then refines its decision of selecting the

most probable beam position ˜Xstart. The overall process is
shown by the flow chart given in Fig. 8.

Theorem 3. To analyze the scheme of case 3, the con-
trol system block diagram is shown in Fig. 9. Let �tcal,1
be the calculation time in the first step, i.e., when all the
three switches (S1, S2, S3) are in position 1 and the flow of
control passes through various blocks in the order-reference
model (TL+BR) block, select most probable block, DE-II
block and system (TL-1) block. Let �tcal,2 be the cal-
culation time in the second step, i.e., when all the three
switches (S1, S2, S3) are in position 2 and the flow of con-
trol passes through various blocks in the order-select using
least square method block, DE-II block and system (TL-1)
block. To calculate the condition for successful tracking,
assume that the TL-1 is tuned to operate at point P (see
Fig. 10) by the last successfully applied correction. Then

P1, P2, Px1,y1, Px2,y2, · · · , Pxn,yn elements of ˜P can be
said the points corresponding to Iinj,lim. Let P1 be the
point corresponding to actual beam position at the time
when correction is demanded. Considering the worst case
that the algorithm of selecting the most probable operating
point wrongly selects the point P2 which is at the maxi-
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mum distance from P1 (see Fig. 10). The Iinj can now be
plotted for points P, P1 and P2 as shown in Fig. 11. The
curves C, C1, C2 correspond to the Iinj when the TL-1 is
tuned at point P, P1, P2, respectively. And the electron
beam at TL-1 input moves in vertical plane. Let D be the
maximum distance from the tuned position corresponding
to the Iinj,th, when Iinj,th is the threshold limit of Iinj, using
which the point P1 can be successfully identified by the sys-
tem in presence of noise and errors. Let d1 be the distance
between P1 and P2 given by (11) and d2 be the distance
moved by the beam during the calculation time �tcal,1 be-
cause of disturbance/un-modelled dynamics given by (12),
then the condition for successful tracking will be given by
(13). Now let Ps be the point corresponding to actual po-

sition of beam when the magnet setting (˜M) are applied to
the system as a result of the second step, the condition of
successful tuning will be given by (15).

Fig. 8 Flow chart for TL-1 tuning in total absence of BPM data

Fig. 9 Control system block diagram for case 3

d1 = f(Astart) (11)

d2 =
d ˜Xstart,s

dt
�tcal,1 (12)

d1 + d2 < D (13)

�t = �tcal,1 + �tcal,2 (14)

enoise + emodel +
d ˜Xstart,s

dt
�t < Astart (15)

Fig. 10 TL-1 operating points corresponding to Iinj,lim

Fig. 11 Iinj for TL-1 tuning corresponding to points P, P1, P2
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5.4 TL-1 tuning when actuators fail

To handle the case of actuator failure scenarios, TL1AC
dynamically selects the values of mi depending upon the
actuator ok/failure condition using the simple rule set.

Rule 1. Find the two OK correctors (C1 and C2) coming
first in the direction of beam traversal.

Rule 2. Use C1 to correct the beam position at C2 start
location.

Rule 3. Use C2 to correct the beam angle at C2 end
location.

For simplification, the following assumptions are made in
implementation and simulation of the above stated plans.

Assumption 1. It is assumed that the device failures
can be identified by the system.

Assumption 2. Although the BPM may fail in differ-
ent ways, it is assumed that the BPM failure only causes
the loss of BPM data and does not affect the operation of
system in any other way.

Assumption 3. Although the correctors may fail in dif-
ferent ways, it is assumed that the failure of corrector
is equivalent to switching off of power from the corrector
power supply and does not affect the system in any other
way.

Assumption 4. For case 3, it is assumed that either the
system is in tuned condition or the initial beam position
(only rough estimate) is known initially.

6 Results and discussion

Fig. 12 shows the beam position variation measured near
TL-1 beginning (at Beam Slit Monitor) during one hour op-
eration. Fig. 13 shows the simulated value of Iinj for beam
movement along y. Table 2 lists the calculated limiting
value (maximum value) of calculation time for successful
tuning, and the actual calculation time values (observed
on Windows VistaTM, Q9400 @2.66 GHz). Fig. 14 shows
simulation result graphs for booster injection current (Iinj),
tracked beam position and tracking error plotted for dif-
ferent BPM failure scenarios. During this simulation, the
beam at the TL-1 input is varied sinusoidally with an ampli-
tude of 10 mm along y. Fig. 15 shows the simulation results
for the injection current (Iinj) for beam position variation
along y from −10mm to 10 mm under different actuator
failure conditions. For all the simulations, the lower limit
of injection current in booster is taken as 95 % (i.e., when-
ever the injection current in booster will fall below 95 %,
the corrective action by the TL-1 agent will be initiated)
and Ilim = 98% is used by the model based tracking plan
discussed in Section 5.3.

It can be seen from Fig. 12 that the beam position along
x does not show larger variation from the operating point,
whereas the variation along y is large and needs correc-

tion. From Fig. 12, the value for |d ˜Xstart,s
dt

| along y is cal-
culated as 2.2 μm/s. From Fig. 13, the value of Astart (for
Iinj,lim = 95%) along y, d1, and D (for Iinj,th = 10%) is cal-
culated as 1.5 mm, 3mm, and 6.1 mm, respectively. Then
using these for the stated conditions, the limiting value of
�tcal, �tcal,1, and �t are calculated for successful tun-
ing of TL-1 as shown in Table 2. From Table 2, it can
be concluded that since the measured value of calculation

time is less than the limiting value of calculation time for
all the discussed cases, the proposed TL tuning method
can be used successfully for tuning of TL-1 under different
sensor/actuator failure scenarios. Further, it can be seen
that limiting value of �tcal,1 needed for successful tracking
is more than the limiting value �t for successful tuning.
Therefore, it can be said that if the condition of success-
ful tuning is met, the condition for successful tracking will
also be satisfied. It can be seen from Figs. 14 and 15 that
using the proposed TL-1 tuning methods, the injection cur-
rent can be successfully retained within the specified limit
of 95% criteria under different sensor/actuator failure sce-
narios.

Fig. 12 Beam position variation measured near TL-1 start

Fig. 13 Normalised Iinj for beam position variation in vertical

plane y at x = 0

Table 2 Limiting value of calculation time

Scenario limiting value Actual value

Case 1 �tcal=500 s ≈ 13 s

Case 2 �tcal=409 s ≈ 40 s

Case 3 �t=500 s ≈ 81 s

�tcal,1=1409 s ≈ 43 s

When eDE−I, enoise, emodel, eBPM = 200 μm

7 Conclusions

In accelerator, the transport lines are used for trans-
porting the electron/charged particle beams from source to
destination. During transportation, they modify the beam
characteristics to match with the beam acceptance charac-
teristics of destination. Various AI based methods proposed
by many researchers in the past have successfully improved
the system availability by reducing the tuning time. In this
paper, the method for controlling transport lines, based on
model-based tracking concept, for agent-based control sys-
tems is presented. And the condition for its successful oper-
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ation is derived. The proposed method increases the overall
system availability under different sensor/actuator failure
conditions by tuning of TL if beam position at source varies.
The ability to work under total loss of BPM data can be
further exploited to optimize injection current for transport
lines having only interceptive type of BPM (e.g., fluores-
cent screen type BPM). The simulation results of the pro-
posed scheme on the Indus-1 accelerator subsystems models
showed their effectiveness towards the automatic tuning of
transport line under different sensor/actuator failure sce-
narios.

Fig. 14 Normalised injection current, tracked beam position,

and tracking error for different BPM failure conditions when

beam position at TL-1 input along y is varied sinusoidally with

amplitude of 10 mm

Fig. 15 Normalised injection current under different steering

coil (actuator) failure conditions (the beam at TL-1 input along

y is varied from −10 mm to 10 mm with 100 µm/s)
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