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1 Abstract

Basics of the feedback theory are presented.



2 Plan:

e Basic feedback:

closed and open loop transfer functions,
Nyquist criterion of stability.

e Longitudinal feedback:

cavity impedance,

steady state conditions, optimum conditions,
F.Pedersen’s analysis

e Actual longitudinal feedbacks

e Transverse feedback.



3 Transfer functions of control

system

Dynamics of a linear system is described by a system of
linear diff. equations Ly (t)y(t) = U(t) of the n-th order,

where aj, by are constants.

Laplace transform y(t)— > g(s), y(s) = OOO f(t)e *t,
o+100 ds
+) — T~ st
v = [ g,

gives for driven solution y(s) = G, (s)u(s), where G, (s)

is the transfer function,

and the denominator is characteristic polynomzial.
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Single element: T'(s)

Cascade (open loop transfer function):

a—>b=Ga;b— >c=Hb=GHa;T = c/a = GH;

Parallel elements: T'(s) = T1(s) + To(s).

Combining Blocks
in Cascade

-

Y = (PyP)X

Combining Blocks
in Parallel; or
Eliminating a
Forward Loop

Y = P,X £ P,X

Removing a Block
3| froma Forward | ¥ = P;X = P, X
Path

Figure 1: Transfer function of a control system.



Feedback transfer function:

@
£ sl
B
Fig, 7-5

Figure 2: Schematic of the direct FB.

F=R—-B;, C=GFE; B=HC =HGE;
R C G

'T: p—
1+ HG’ R 14+ HG

E=R-HGE:E =

Note: charact. polinomial GH is the open loop TF.



Note: Discrete feedback system:

Yn + bYp—1 = agxy + a12,—1.

b = 0, finite impulse response filter (FIR),
b # 0, infinite response filter (IIR). Stable if |b| < 1.



3.1 Conditions of stability

The characteristic polynomial is

The eigen-values s;, k = 0,1, ..,n are the roots
P,(s) =0.

Condition of stability Re[sg] < 0.

Routh and Hurwitz conditions of stability: rules on

combinations of coefficients ay.
Nyquist stability criterion:

(don’t confuse with the Nyquist criterion of sampling;:

sampling rate Ait > 2Af):

Consider the transfer function in the form:
T(s) = —~=r, where GH(s) is open loop transfer

1+GH(s)?
function.



Use theorem: for f(s) =1+ GH(s), the integral

_ 1 [ fs)
1 o c f(s)
J=P— /7= nf(()) — nGH(—l)

ds;

where P and Z are the number of poles/zeros within
the contour C in s-plane, and n;(0) number of loops
around the origin by the map s — f(s) =1+ GH (s),
or, the number of loops around —1 by GH (s) in
Re|GH]|,Im|GH] plane.

Criterion:

If ngg(—1) = P, there are no zeros of f(s), i.e. no
poles of T'(s) with Re(s) > 0 and the system is stable.



s—plane

oy

=
®

Figure 3: Nyquist criterion for transfer function G(s):
upper plot: n = P = 0, stable. Lower plot: n = —1,
P =1, unstable.



4 Low level feedback
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Figure 4: Basic direct loop of the cavity FB.
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4.1 Cavity impedance

Impedance of a cavity including coupling o< 3 is given
in terms of the loaded shunt impedance R, and loaded
() 1-factor:

RL RL
Zc(w) — . =~ . _ ’
1 4+1Qr (we/w — w/we) 1 —2iQ ===
RO RO QO
R — , R = , —
LE i T e YT i
At w = wy,
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4.2 Low-level FB transfer function

The effective impedance of the cavity with the direct
FB:

1,7, I,R;
+Ze/Z4 1_22QLW—CC+GFB(W)
R . .
GFB(w) = Z—j — H(w>€—z<1>(w) ~ H(wc)e—z(w—wc)rd

~ H, (1 —i(w — we)7q)
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Hence,

Ry

Ze — )
71 22iQn (w — we) Jw.
RL QL Hg WqgTd
Ry = — .
"1+ H, A 1+ H, 1+H, 2

FB reduces R; but increases the bandwidth of
revolution harmonics affected by the cavity impedance.

Numbers: Qg = 3.010*, Q; =6.610°, H, ~ 12,
74 = (380 4+ 150) ns, w,74/2 ==~ 700.
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Figure 5: Phase notations.
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4.3 Steady state of rf cavity: w =w,, FB
oft

Total excitation current for a cavity: Iior = I, — Ip.

Define:

1 - .
Ipeam (1) = 21 4. cos(wgt + ¢ — Ps) = i(lbe_wgt + c.c.),

I, = 214" (Ps—%) [, = Ibeam(wy),

V(t) = Veaw cos(wyt + @) = %(Vce_i“’gt + c.c.),
V. = Veawe 1%e, V. = Veav(wy)

Tjen(t) = 1, cos(wyt) = %(fge_wgt + c.c.),

jg = Iy, jg = Igen(wy).

14 1s the average beam current, V.., is maximum
cavity voltage.

Then, defining Lot = %(ftote_iwgt + c.c.),

jtot — jg . ‘jb|6i(¢s_¢c)’

Veawe “%¢ = Lot Ry, cos e .
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Separating real and imaginary parts,

T Sin(qbs =+ ¢)
lg = | —
sin(¢e + 1)
1 =+ ﬁ Sin(gbs T ¢c)
———— = COS Y — :
Y sin(ée + )
where Y = %.
Accelerating voltage Ve = Viegy cOS(s).

3 is defined by the cavity design (matching with the
wave guide), 0 ~ 3.5.

The phase ¢, is defined by the energy loss/turn:
V. cos(¢ps) =U.

The detuning angle ) is given by
tan ¢ = 2Ql(wg - wc)/wc-

4.3.1 Optimum conditions

Reflected power is zero provided ¢. = 0 and I g = %ﬁo V..

In this case

6—1
=14+ Y cosgps, tany = —— tan ¢s.
G Bs ANy =2 tang
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Example: Some LER PEP-II parameters:

E=31GeV; fo =136 KHz; f,y =496 M Hz;
lige =225 A; V.0 =085 MeVineqo = 6.;

N, = 5.812510%0; s, = 124. em; ¢, = 80.9°;
$=23.9Y =18.5; 74 = 450.0 ns; ¢ = 74.9;
Af=—-1451KHz;, f=45KHz, Qg = 6111.1;
Usp = 0.76 MeV; Pjorward/cavity = 40.3 kW
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4.4 Robinson condition of stability

Energy gain leads to the shift z < 0, and Ipeqm get
phase

Tpeam (t) = 21 4. cos(wt + ¢ — Ps + %).
c

Wy Z
b

Hence, ¢, changes, ¢, — ¢4 —

Iy, 1gc, ¥, 8 do not change. Therefore, ¢. and ¥ must
change. For stability, the accelerating voltage
Vaee x (1/Y) cos ¢ has to change

d(cos(¢s)/Y )dps < 0.

That, after some algebra, gives Robinson criteria of
stability:

0 < sin(2y) < 2(1 5

) sin @s.
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5 F. Pedersen’s analysis of
stability

Small variation around the steady-state:

5Vcav (t) — %Vce_iwgt[u(t) o Z(I)(t)]v

1. .
5It0t<t) = §Itot€_zwgt[a(t) — Zp(t)],

where u(t), ®(t), a(t), p(t) are slow functions of time.

Take Fourier transform: a(t)— > a(w),
a(t)e™ sl — > a(w — wy).

AN

e [u(w —wg) —1®(w —wy)],

0Ve(w) =

DO | —

A

tot|a(w —wgy) —ip(w — wy)].

5It0t (W) —

N | —

19



Use Vo = Ze(wg) ior, 0Ve(w) = Zo(w)61;01(w). Then,

Ze(w~+ wy)

u(w) — 1P (w) = Ze(w)

la(w) —ip(w)].

In F. Pedersen notations (in Laplace transform), the

transfer functions are:

where

Goa = Gpp = Re| o5 — iwg)
c(—iwg)
5 (s

Gy = —Go = Im[ 25— W0)
Zc(—iwy)
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To close the system, define

5 L0t (t) = 61 yen (t) — 0Ipp(t) — 615(t).

The beam current at S.4.

ny

Lgc
d Z(S t — NSy + Cn Sca,v)

np cTo

Idc E E :62“’“(675 nsp+Cn—Scauv)

Ibeam (t) —

Retain harmonics k = +n; and put ¢, = 2(%), (i.e.

m = 1 mode) and S.q, = 0:

Ibeam( ) — I c€ Z(WQH_ ) + c.c.

In the linear approximation over (,

5Ib(t) — —i[dce_iwgt (wgi(t)) + c.c.
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Consider the beam dynamics with n.,, cavities in the

ring:

d*q(t)

QCWONqu €0 Ve (1)
dt? '

2 _
+wsC(t)_ I'mE

Note, 0V, is taken at the arrival time

ty = {(¢s — @c)/wg — ((tp)/c}mod|Tye,] and here it can
be written as §V,u,(t) = %Vc[u(t) — ¢®(t)]. That makes
certain that ((¢) is slow function of ¢. In frequency

domain:

CwoNeqy €Ve[u(w) — i®(w)]
AT E w2 — w?

((w) = -

For w ~ wy,

. OQWg N caquWo GVC]dC[U(W — wg) - Z(I)(w - wg)]

ol eam —
beam (W) =4 AT E w2 — (W —wy)?

The Fourier component of the FB current

5IFB((.<J) = GFB (W)5VC((U),

RLGFB(LU) = Hg[l — i(w — wc)Td].



Using V. = Ze(wy)I;or and the definition

5 Tyor(w) = %ftot 0w — wy) — ip(w — w,)],

= 0lgen(w) — 0lpp(w) — 0l (w),

we get

, 201 en (W + W
ofe) — iple) = 2= 2)
tot

H, . .
= i+ w0y — w0l Zo(wy) [u(w) — ()

Wi Ze(wg)lhy] [u(w) — i®(w)]

S
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That can be written using fb = 2]dcei(¢8_¢c), and

Y = QJSOJ in the form

ofw) — iplw) = ZHE L) 1) (o) - im(w)
T(w) = cos(v)e™ [Hy (1 —i(w + wy — we)Tq)

WY ei6a—so)
+2(1 + B) sin g w2 — w?’

where, for n.,, cavities

2 awgwo€VeauNeqr SIN(Ps)
° 2 E '

The system of homogeneous equations

define eigenvalues w. The system is stable if all

eigenvalues are in the lower half plane of w.
24



The system can be written as the cubic equation for

r=w/ws:

1Y

WSQH —ZQH
(1+5)(1 + Hy)sin(¢s,

Wg QL

(1—2ix tan ) (z°—1) = 5

As it was shown above, parameters Y and ¢, are

related,

1+ 0 sin(¢s — ¢c)

BT
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t Unstable
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Figure 6: Stability diagram (F. Pedersen).
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Hg-12.0

0 2.5 5 7.5 10 12.5 15 17.5
40 Y/

Figure 7: Stability diagram, see equation in the text.

nomnal y, Y

2.5

T, 1/nms

0.5

Figure 8: Growth rate vs FB gain H,.
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6 Full longitudinal FBs

:&gr%%ce —| klys sat. loop |—FVPS
, = ripple loopjs
gap loop &L RF
% L : + klystron | cavities
‘ b
mod. _*?;* mod. >D l
RF =
reference :
: tuner
direct RF loop |=t— : lsap
B
s
Elanlg l_imitfd comb filters |<——— :
ck signa @ beam
: longitudinal multi-bunch /
to wideband It ‘—_I -
Kicker g feedback system : BPM

Figure 9: Full longitudinal feedback system.
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6.1 Comb filter
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-10 -5 Q
Real (1) and Imag (r) parts of
Z/R| For a cavity+both Feedbacks

Figure 10: Real part of the transfer function of the comb
filter.
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6.2 Other loops

Tuner loop: minimize reflected power

Klystron saturation loop: control of the klystron

operating point

ripple loop: adjust modulator to maintain constant
gain/phase shift through modulator/klystron system

Gap F'B loop: removes revolution harmonics from FB

error signal to avoid saturation of the klystron

Woofer link: use the cavity as a kicker for low

frequency modes
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6.3 Noise of the FB

For longitudinal FB, see S.H. +A. Chao
SLAC-PUB-10167 (2003)

7 Bunch-by-bunch longitudinal
FB

Pickup electrode structure Kicker structure
(L , Beam bunches NANA
A
865/
: Kicker oscillator
toq 1.012 GHz
Timing control <— phase-locked
to ring
y Jf T Eie J’" ----- !
X J>{-om-pass ol ap | DSP, | X
i > D/A |, {Phase/amplitude 1.5-kW
i ! modulator power
]
Mﬁster oscillator E < i -
alose Bckdar i Farmor il To RF
!} digital signal | feedback
i proggls:sors H
1
:'____E___f)_____ L Accelerator
operations

Figure 11: Schematic of the bunch-by-bunch longitudi-
nal FB.
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deg@RF

Bunch No. 0 Time (ms) Mode No. 0o Time (ms)

c) Exp. Fit to Modes (pre-brkpt) d) Growth Rates (pre-brkpt)

i ; 0B
& i

@0) ( ZO006HAHAIl- - e

@ 0.05 | & : : :
" L= 5 N 1 | | TG T S

; Eo0afflll i TR e ;-

0lo= = il : 3 : ;
// ' | 1| SO N e e A

- 4 : P : :

500 10 : : : :

5 :
Mode No. 0 0 Time (ms) - 200 400 600 800
Mode No.

Figure 12: Diagnostics with the bunch-by-bunch longi-
tudinal FB.
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8 Transverse FB

. 70 dB
LOAD (k=3160)

\Hﬁ/ Housing . %i l Cable
E‘U-nl:h s — Y
A

LOAD

Electrndes_

Figure 13: Schematics of the transverse FB.

However: Gproto may eliminate the DSP
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