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Abstract dy,

The trajectory feedback of the Compact Linear Collider 21 ny

(CLIC) is an essential mitigation method for ground motion s P y
. Lo ) % X k

effects at CLIC. In this paper significant improvements of uy, n Xk+1 1 k R
the design of this feedback are presented. The new con-
troller is based on a singular value decomposition (SVD)
of the orbit response matrix to decouple the in- and outputggure 1: Block diagram of the model describing the beam
of the accelerator. For each decoupled channel one indescillations in the ML and BDS. The unity matrix is sym-
pendent controller is designed by utilising ground motiofpolised byI. The details are explained in the text.

and noise models. This new design allows a relaxation of

the required resolution of the beam position monitor from

10 to 50nm. At the same time the suppression of grount&(’”er of each loop individually. This speeds up the design
motion effects is improved. As a consequence, the tigﬁx[rocess significantly, while at the same time the feedback

tolerances for the allowable luminosity loss due to grounaerformance is improved. ) ) )
motion effects in CLIC can be met. The presented meth- The presented method is applied to the trajectory feed-

ods can be easily adapted to other accelerators in order 60k design for the main linac (ML) and the beam delivery

loosen sensor tolerances and to efficiently suppress grouﬂﬁstem (BDS) Of_ CLI_C' _The traj_ectc_)ry fe_edback can only
motion effects. preserve the luminosity, in combination with the other ¢hre

ground motion mitigation methods of CLIC: IP feedbagk,
QP stabilisation and final focus stabilisation. Since the.in
INTRODUCTION terplay of all these systems is hard to model by simple“an-

CLIC is a proposal of CERN for a future high-energyalytical formulas, full-scale simulations were set up. The
particle collider. The luminosity performance of CLIC isreSUItS of these simulations are separately presenteq &[3

sensitive to ground motion. Ground motion misaligns ac"EanI only the outcomes, which are important to evaluate’the

celerator components, most importantly quadrupole ma{f)‘—eW design method will be rephrased.
nets (QPs), which lead to emittance growth and beam-beam
offset at the interaction point. ACCELERATOR SYSTEM
To address the ground motion problem, we present in
this work a novel design method for trajectory feedback
The new design adds significant improvements compar
to the last version [1]. It is based on a singular value d ime system, the so-callegtransform is used for its rep-
composition (SVD) controller, which is a well-known strat- o santation (’see [4] for an introduction). Theransform
egy for trajectory control problems (e.g. [2]). The nov-

Itv of the desi thod i aut i d transforms a discrete-time signal or system into its fie-
elly ot the design method IS a semi-automatic proce urSuency representation and is therefore analogous tc the

which deterrmnes the controllers of_t_he dec_:oupled CharI]_'aplace-transform, used for continuous systems. An im-
nels. In the first step, the user specifies a time-depend

, . . rtant property of the:-transform, used in this text, is
filter g(z), which forms the basis of all control loops. Inedg property

th d st dditional aain f h | that a multiplication withz in the frequency domain cor-
the second step, 0”2 acdartional gain acfoper ¢ anne responds to a unit time shift in the time-domain.
is determined by ai.~-minimisation procedure. This op-

o 4 ) The 2104 QP positions at the next time sigp ; (where
timisation takes into account models of the ground MOtion, ic the time index) are influenced by the ground motign
BPM noise and other ground motion mitigation method

p thef. dt ific directi f th Sand the actuator settings,. Note that the ground motion
Ince thef; correspond to spectlic directions ot th€ Meay, g directly on the QP position, contrary to the time-glaif:
surement vector, the calculation of them will be referre(i1

o . .~ controller settingas,. To be able to use the standard con-
to as spatial filter design. The procedure leaves sufﬁme%l engineering system representation, in which the disti
design freedom for the user by the choicgy6f), and dis- '

. : . bance (ground motion), acts on the input, the time-shifted
burdens him/her from the tedious task of choosing the Cor(li-kﬂ is used instead off,. The actuators that move the
*juergen.pfingstner@ cern.ch, Doctoral School TUG, Q_PS t(? the cor_lt_roll_er Settingsk are_ S(_)'Ca”ed_ tripods. A
Graz, Austria tripod is a positioning device consisting of piezo-actdate
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The trajectory feedback has to control the beam oscitia-
SIf'r(i’:s along the ML and BDS of CLIC excited by QP dis-
cements (see Fig. 1). Since the accelerator is a disciete
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legs, which support the QP. By altering the length of its
legs, a tripod can move a QP mechanically (see [5]).

As the beam arrives, the QP positiongresult in beam
oscillations (multiplication with the response matidg).
These beam oscillations are measured by the 2122 beam
position monitors (BPMsY,,, wheren,, is the measure-
ment noise. The trajectory feedback algorithm uses these
BPM measurementg,, to calculate corrector settings for
the next time stepuy. 1. These actuator settings are sup-
posed to steer the beam back onto its nominal trajectory

ro. Characteristics of the accelerator system are its |ar95?gure 2: Block diagram of the trajectory feedback system.

size (2104 inputs and 2122 outputs) and its relatively simrpe coefficientsf; are collected in the diagonal matiR.

ple structure without internal back coupling. The normalisation of the loop gains is achieved by the mul-
tiplication with 7.

accelerator

controller

CONTROLLER DESIGN

Decoupling in this block diagrany(z)I andV are interchanged, due
The trajectory feedback of CLIC is a special form of Jo commultativity, to separate the ov_erall controller imo t

decoupling controller, called SVD controller [6]. The prin parts. One controller part is on!y tlme—depenQeﬂtzﬁI)

ciple of a decoupling controller is the conversion of a multi an(_j one only deper_1ds on the dlr?ftl%n of the input vector,

input, multi-output system into a new system, in which ev‘—NhICh is called spatial filter{ X~ "U™).

ery input acts only on one output. For each of the decou- )

pled system channels an independent single-input, singIl;j-me'dependent Filter

output controller can be designed. This splitting of one The time-dependent filter(z) is composed of 4 parts.

large control problem into many smaller ones simplifies

the design procedure significantly. In the case of a SVD 9(2) =1(2)T(2)P(2)L(2). 2)

controller, the decoupling is achieved with the help of the

singular value decomposition (SVD) of the response matrikhe individual elements are given by

R = UXV7', whereU andV are orthonormal matrices. 5

An important property of an orthonormal matricdgs that I(z) = 1 3)

AT A = I. Furthermorey is a diagonal matrix with the

Tq
singular values; as elements. If the system in Fig. 1 is z (1 - efT_l)
pre-multiplied with V and post-multiplied with77, the TG)= ———m= @4
new, decoupled system _ z—e 7
with T;=0.02s and 7; =0.1s
UT:'1usvTv =2 1s 1) P(2) (1=n1)(1 —n2) (z—21)(z — 22) )
is formed. The inputs and outputs of the new systém ( : (1—=21)(1 = 22) (2 —=n1)(z — n2)
andy,,) do not correspond to individual tripods and BPMs With 2 o = e(71:43427i0-2)Ty
anymore, but to whole input and output vector directions, q  (~0.3427i0.3)T;
given by the columns o/ andV'. Consequently, also the and mgz=e ’
ground motion and the BPM noise have to be transformed L(z) = (1 —n3)(z — 23) 6)
tod, = VTd;, andn;, = U ny. The SVD controller is (1 — 23)(2 — n3)
especially well suited for trajectory control, since the ac with 23 =e 174 and ng = e 3874,

celerator system is large and therefore simplifications are
necessary. These simplifications are achieved by the dEae design of these filters is performed with the classical
coupling ability of the SVD controller. Since the internalloop-shaping method (see [6]). In the following only the
structure of the system is simple, the decoupling is valid fgourpose but not the design of the individual components is
all frequencies, which is usually not achievable. explained. The integratdx z) is the key element of(2). It

For each of the decoupled channels an individual coradds up the increments calculated by the spatial filter. Even
troller of the formg(z)f;/o; is designed, where is the thoughl(z) suppresses ground motion well, it also couples
channel index. The division by the singular valuecorre-  the BPM noisen(z) too strong into the system. Therefore,
sponds to a normalisation of the loop gain in Eq. (1). Théhe low passl’(z) is added to the design to improve the
time-dependent filtey(z) is chosen the same way for all noise behaviour. The elemeR{z) has to be added, since
controllers to reduce the number of parameters. Additiorthe final doublet QPs and the other QPs are stabilised by
ally one gain factoy; is left open per channel to account fordifferent transfer functions (passive damper and QP sta-
the different ground motion and BPM noise for each charbilisation), which differ strongly around 0.3Hz. To ac-
nel. The complete system is visualised in Fig. 2. Note thaount for the strong mismatch of these transfer functions
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around 0.3Hz, the controller is strengthened in this fre- 25
quency range. This is accomplishedBy: ), which ampli- ——g(2)=1(z), F=I
fies frequencies around 0.3 Hz and leaves other frequenc 20 _._¢(,)=1(z), F=diag(/;) [
components unchanged. The so-called lead-elelent = e full (=), F=diag(f;)
is added for stability reasons. An important measure forthe¢ ™., 15} ’ ! 1

stability of a control circuit is the phase margin to -2&0 §
the open loop transfer function, at the cross over frequenc g 10¢ ]
(Nyquist criterion). The combination af(z), T'(z) and £
P(z) leads to an insufficient phase margin. To improve the < 5 ]
stability propertied.(z) is added to lifts the phase, which 0 |
results in a phase margin of 36.3 ‘ ‘

10° 10 10°
a)atial Filter BPM resolution [nm)]

For each controller loop there is still one gain paramgigyre 3: The graphs show, how different controller vari-
eter f;, which can be chosen to minimise the output sigants (full g(z) meansg = I(z)T(z)P(z)L(z)) influence

nal g, ;, with respect to the system excitation. The index pe luminosity loss due to the BPM resolution.
is skipped in the following, to make the expressions more

concise. The frequency representatiopfs given by

A A ‘ A A ‘ A (see [3] for more details). This important result could only

Y (iw) = S(z = ") D(iw) — T'(z = e“"*)N(iw), (7) be achieved, due to the high robustness of the trajectory
feedback to BPM noise (see Fig. 3). As a result the BPM

where v;e use that thetransform of a system evaluated at;o5|,tion tolerances have been loosened from 10 to 50 nm.

z = e"™!a corresponds to the transfer function of the sys-

tem. The ground motion suppression and noise z-tranform
S(z) and—T'(z) of the system are given by CONCLUSION
In this paper we present a design method of trajectory

S(z) = » Q(Z)A . T() = G(f)c(f) (8) feedbacks. The method is based on a SVD decoupling of
1+ G(2)C(z) 1+ G(2)C(z) the in- and outputs and adds one design paramjetper
. R . f decoupled channel. Each of these 21f04s adapted us:
with G(z) = — and C(z) = g(z);7 ing a L2-minimisation problem, to balance the influence

A ) of ground motion, QP stabilisation and BPM noise opti-
where Gi(z) and C(z) are thez-transformed of the de- mally. The parameterf are gain factors for a user-defined,
coupled system channel and its associated controller. Thequency-dependentfiltgr(z) that is applied to all chan
channel ground motion spectrut(iw) can be calculated nels in order to simplify the design procedure. With tiie
by using existing ground motion models, the geometry angemi-automatic technique of first choosigg:) and then
response matrix? of the accelerator. The derivation is optimising the 2104;, expert knowledge can be incorpo-
omitted here, due to space limitations. The decoupled noiggted in the design. The method was tested for the feedback
spectrumV (iw) can be modelled as white noise (flat specdesign of the ML and BDS of CLIC. The use of the new
trum). The according variances are given by the diagongdedback results in 1.5 % luminosity increase, compared to
elements of the expressidn{nn”} = U"E{nn”} U, the old, tediously hand-optimised controller. The new feed
whereE {.} is the expectation value of a random variablepack is also very robust against noise, which led to a refax-
To find the optimal value of , the expressiol {7 (f)} is  ing of the tight BPM tolerances for CLIC. Concluding we
minimised for each channel independently. This is equivaan state that the presented method is not only improving

lent to minimise of thel.>-norm of the spectrum ajj, the performance of the designed trajectory feedbacks, but
too also significantly reduces the design time.
min ||Y (iw, f)||12 = min/ Vi (iw, f)]2dw.  (9)
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