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Phase Synchronization of Multiple Klystrons
in RF System

Sung-il Kwon, Amy Regan, Y. M. Wang, and T. Rohlev
RF Technology Group
Accelerator Operations and Technology Division
Los Alamos National Laboratory
P.0.Box 1663
Los Alamos, NM 87544, USA
E-mail: skwon@lanl.gov

- Abstract-The Low Energy Demonstration Accelerator(LEDA) being constructed at Los Alamos
National Laboratory will serve as the prototype for the low energy section of the Acceleration Pro-
duction of Tritium(APT) accelerator. The first LEDA RF system includes three, 1.2 MW, 350 MHz,
continuous wave, klystrons driving a radio frequency quadrapole(RFQ). A phase control loop is nec-
essary for each individual klystron in order to guarantee the phase matching of these klystrons. To
meet this objective, we propose adaptive PI controllers which are based on simple adaptive control.
These controllers guarantee not only phase matching but also amplitude matching.

1 Introduction

The Low Energy Demonstration Accelerator(LEDA) being constructed at Los Alamos National
Laboratory will serve as the prototype for the low energy section of Acceleration Produétion of Tri-
tium(APT) accelerator. The APT accelerator requires over 244 RF klystrons each with a continuous
wave output power of 1 MW. The reliability and availability of these RF systems is a critical to

the successful operation of APT plant and prototypes of these systems are being developed and




demonstrated on LEDA. The first LEDA RF system includes three, 1.2 MW, 350 MIHz, continuous
wave, klystrons driving a radio frequency quadrapole(RFQ)[11],[12]. The LEDA 350 MHz klystrons
are designed to dissipate the full beam power(1.85MW) in the klystron collector in steady state.

In this paper, we address the problem of the control of a multi-klystron RF system. We
present the control of amplitudes and phases of multiple klystrons. Previous investigation[16]
shows that closed loop amplitude control around each individual klystron is unnecessary and the
gain mismatches in klystrons do not affect to the field amplitude control significantly. However,
the gain mismatches have influence on the field phase control. A suggestion to counteract this
problem is to synchronize multiple klystrons’ phases. This paper proposes a method to deal with
the synchronization of the phases of multiple klystrons. In order to achieve the objective, we make
use of the simple adaptive control(SAC) concept[8].

SAC was first proposed in the work of Sobel, Kaufman, and Mabius[17] for linear plants. This
approach uses a control structure which is a linear combination of feedforward of the model states,
and inputs and feedback of the error between plant and model outputs. Asymptotic stability is
ensured provided that the plant is almost strictly positive real(ASPR). That is, for a plant repre-
sented by the triple (A, B, C) which is 1)minimum phase, 2)relative degree one, and 3)positive high
frequency gain, there exists a feedback gain K, such that the closed loop system (A — BK.C, B, C)
is strictly positive real(SPR). The ease of its implementation, non-necessity of identification, and
its robustness properties make SAC attractive to the practitioner. SAC was extended to nonlinear
plants[2], nonlinear servomechanisms with time varying uncertainties[4], non ASPR plants[3},[6],[7].
Its relation to high gain adaptive control([14] and reference therein) was described in the works of
Bar-Kana[1],[2] where high gain adaptive control was described as a special class of SAC.

A Kklystron is modeled as a two input two output(TITO) nonlinear system where the state
equation is linear but the output equation is nonlinear with respect to phase. In order to overcome
the nonlinearity of phase in output, a coordinate transformation of the klystron model is addressed.
In the new coordinate, the state equation is nonlinear with respect to state and linear with respect
to input, and the output equation is linear with respect to phase. Based on the model in the
transformed coordinate, we design an adaptive PI controller by applying SAC. In order to set up
SAC for multiple klystrons, one of klystrons is taken as the model klystron and the rest of them are
taken as plant klystrons. The selected model klystron’s input is taken as model input, its output
as model output, and its state as model state. For each plant klystron, SAC is designed so that
plant klystron’s output follows the output of the model klystrons.




2 The Klystron Model

We consider a klystron model.

Figure 1 shows a klystron model in Matlab/Simulink. It has 1)FILTER AND AMPLIFIER,
2)AMPLITUDE DEPENDENCE and PHASE DEPENDENCE of ripple, 3) lookup ta-
bles, AMPLITUDE SATURATION and PHASE SATURATION. Also, it has two inputs,
LLRFI and LLRF_Q and two outputs HPRF.I and HPRF_Q.

Let u3=LLRF.I and let up=LLRF_Q. Let 2; and z2 be outputs of the system called FILTER
AND AMPLIFIER whose transfer function are given by

X](S) _ 1 (1)
Ui(s) ~ 3.54e "s+1
Xz(s) _ 1 @)
Usx(s)  3.54e 7s+1°
In state space, transfer functions (1) and (2) are represented as
&1 = —mz1 + e1ux (3)
T2 = —a1%2 + a1u2 4

+007
where a; = 3=

A klystron is affected by a high voltage power supply ripple. Influence of the ripple on a
klystron is represented by AMPLITUDE DEPENDENCE and PHASE DEPENDENCE.
AMPLITUDE DEPENDENCE has the form of

(Crppt R() + 1)%reet
and PHASE DEPENDENCE has the form of
w
Brppl ER(t)

where ¢ppi, drppr, and @rpp are characteristic parameters of a high voltage power supply and a
klystron. In this paper, ¢ppr = 0.01, drppi = 1.25, and ¢rpp = 3.00.

A klystron has two look-up tables, called AMPLITUDE SATURATION and PHASE
SATURATION. The input of the two look-up tables is given by

K,
A= IO—I{‘!—;,(O.OlR(t) + 1)1 f22 4 22 (5)

where R(t) is the ripple, K, is the klystron gain, and K P, is the maximum klystron power. R(t),
Kg4, and KP,, are specified for a given klystron. For given A, the output of the look-up table
AMPLITUDE SATURATION can be represented by

An = Ii(4) (6)
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Figure 1: A Klystron Model



and the output of the look-up table PHASE SATURATION can be represented by
On = I(A) (7)

Table 1 and table 2 show data of look-up table AMPLITUDE SATURATION and data of
look-up table PHASE SATURATION, respectively. These data are measured data.

A AN A An A An A AN
-0.1000 | 0.0000 || 0.0700 | 0.0000 || 0.1400 | 0.1900 || 0.5700 | 0.7500
0.7100 | 0.8700 || 0.8600 | 0.9800 }| 0.9000 | 1.0000 }j 0.9100 | 1.0000

Table 1. AMPLITUDE SATURATION Measured Data.

A 0 'N A 0 N A ON A oN
-0.1000 { 0.0000 || 0.0700 | 0.0000 || 0.6400 | -0.0150 || 0.7100 | -0.0350
0.6400 | -0.0150 | 0.7100 | -0.0350 [f 1.0000 | -0.4770

Table 2. PHASE SATURATION Measured Data

In figure 1, the normalized amplitude N_AMPLITUDE, defined by %1, and the normalized
phase N_PHASE, defined by 2 are expressed as

v = An=IL(4) (8)
_ -1%2 T

Y2 = Oy +tan (w1)+3 — R(t)
_ -1,%2 T 9
= I(A)+tan (w1)+3 ' B (9)

In addition, for given y; and yo, HPRF_I and HPRF_Q are given by -

HPRF_I =10/ KP,, - 11 - cos(y2) (10)
HPRF_Q =10/ KP,, - y1 - sin(ya). (11)




Since the look-up tables have the limited number of data, we need to approximate the look-
up tables by linear or nonlinear curve fitting equations. Considering the characteristic curve of
a klystron, we choose nonlinear equations. We choose curve fitting equations of AMPLITUDE
SATURATION and PHASE SATURATION having the forms

N
Ay =) cie fit (12)
i=1
N
ON = Zdie_fiA (13)
i=1

where f;, ¢ =1,2,---, N and parameterse¢;, i = 1,2,---,N, d;, i = 1,2,-. ., N are to be determined.

A higher order curve fitting equation may yield more accuracy. For simplicity, we choose N = 7.
Also, in order to reduce the number of coefficients to be determined, f;, i = 1,2,.-., N are given
in Table 3.

il fo| B fa | fo| f
0500.7511.0041.25|1.50 ]| 1.75 | 2.00

Table 3. Exponents of curve fitting equations

In order to increase the accuracy of curve fitting, we need more data. These data are generated
by applying a different set of input pairs (LLRF_I, LLRF_Q). Look-up tables generate output data
by linear interpolation. Data as given in Table 4 and Table 5 are used for fitting.

By using data given in Table 4 and Table 5, we obtain coefficients ¢;, 1 = 1,2,---, N and d;,
1 =1,2,---,N, of the curve fitting equations (12) and (13). Coefficients ¢; and d; obtained are
given in Table 6. Figure 2 shows plots of data points as given in Table 4, Table 5 and plots of
curve fitting equations (12) and (13) whose coefficients, f;, ¢ =1,2,---,N, ¢, 4 = 1,2,---,N, d;,
1=1,2,-.. N, are given in Table 3 and Table 6 with appropriate domain of A.




A AN A AN A AN A An
-0.1000 | 0.0000 || 0.0700 | 0.0000 || 0.1400 | 0.19200 || 0.5700 | 0.7500
0.7100 | 0.8700 || 0.8600 | 0.9800 || 0.9000 | 1.0000 §j 0.9100 | 1.0000
0.3122 | 0.4143 || 0.3568 | 0.4724 || 0.4014 | 0.5305 || 0.4461 | 0.5886
0.4907 | 0.6467 || 0.5353 { 0.7048 || 0.5799 | 0.7585 || 0.5910 | 0.7680
1.0000 | 0.9900 || 0.4461 | 0.5886 || 0.6468 | 0.8158 || 0.6691 | 0.8349
0.0446 | 0.0000 || 0.0892 | 0.0521 || 0.6914 | 0.8540 || 0.7360 | 0.8891
0.1338 | 0.1732 || 0.1784 | 0.2400 || 0.7806 | 0.9218 || 0.8252 | 0.9545
0.2230 | 0.2981 || 0.2676 | 0.3562 }| 0.8921 | 0.9961 || 0.9367 | 0.9970
0.3122 | 0.4143 || 0.3568 | 0.4724 | 0.9813 | 0.9921
Table 4. AMPLITUDE SATURATION Data
A On A % A On A On
-0.1000 0.0000 || 0.0700 | 0.0000 || 0.6400 | -0.0150 || 0.7100 | -0.0350
0.8600 -0.1370 || 0.9000 | -0.2440 |/ 1.0000 | -0.4770 || 0.0446 { 0.0000
0.4987 -0.0113 || 0.5445 | -0.0125 }| 0.5576 | -0.0128 || 0.6691 | -0.0233
0.0892 | -5.0552e-4 || 0.1338 | -0.0017 |} 0.5712 | -0.0132 }} 0.7140 | -0.0377
0.1784 -0.0029 { 0.2230 | -0.0040 || 0.8921 | -0.2229 || 0.4549 | -0.0101
0.2676 -0.0052 || 0.3122 | -0.0064 || 0.4483 | -0.0100 0.4014 | -0.0087
0.3568 -0.0075 || 0.7885 | -0.0884 || 0.9593 | -0.3821
- Table 5. PHASE SATURATION Data -
c1 | 0.05680429876058e+4-006 (| di | -0.14120739315590e+005
co | -0.39264357353961e+-006 || do | 0.83084262097993e+-005
c3 | 1.12805594234952e4-006 || d3 | -2.01778226478032e+005
ca | -1.72418545240933e+006 il dy | 2.58441412755651e+005
cs | 1.47878241712872e4-006 || ds | -1.83680595711727e+005
cs | -0.67483667002473e4-006 || dg | 0.68453128529433e+-005
c7 | 0.12802296547207e¢4-006 || d7 | -0.10399245992504e+005

Table 6. Coefficients of curve fitting equations

o7




{a) Amplitude saturation curve fitting
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{b) Phase saturation curve fitting
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Figure 2: Curve fittings
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Plugging (5) into (12) and (13), curve fitting equations (12) and (13) are reduced to

N

Ay =) cie FoOVatE (14)
i=1 -

N
Oy = 3 die~ e OVETS (15)

=1

where
w(t) = —59—(0.01R(t) + 1)1 (16)
10v/KP,, '

The normalized amplitude, N_AMPLITUDE y; and the normalized phase, N_.PHASE y»

of the klystron are now given by

N

1y = AN=Zc,-e"fi‘”(t)vz1+$2 (17)
Yo = 0N+tan'1(—)+3 R(t)

= Zd e~ frw(®)V/=T+a] +tan—1( )+3 180 - R(®). (18)

The relationship between HPRF_I, HPRF.Q and ¥, 2 remain the same equations as given in

(10), (11).
Now, consider the normalized amplitude y; and the normalized phase y2 as given in (17) and
(18).
Let
21 = /23 + 23 (19)
2 = tan~1(22) (20)
z1
7 >0 - <z < il
1 ) ) 2 2"

We consider a transformation from z-coordinate to z-coordinate. In z-coordinate, the state equa-
tions (3) and (4) are reduced to

2 = —a121 + a1cos(2z2)u1 + a18in(z2)ug (21)

] sin(z cos(z

2y = —al._(__?lul + 04 ._L.?luz. (22)
21 21 :

Also, the curve fitting equations (12) and (13) are reduced to

N
Ax = Z Cie-fi'w(t)zl (23)
i=1 :
N
N = Zdie—f;w(t)n. (24)
i=1

Q




The normalized amplitude y1 and the normalized phase y; are represented by

N
Yy = ZC«ie_fiw(t)zl (25)
i_l
—f,w(t)zl
Ede +22+3- 180 - R(t). (26)

Note that the exponents of the first term of (25) are the same as the exponents of the first term of
(26). Also, note that the phase yz is linear with respect to z2.

In the next section, we address the control problem of the normalized amplitudes yjs and the
normalized phases 4 of multiple(three) klystrons driving RFQ of LEDA.

3 Phase and Amplitude Control of Multiple Klystrons

In this section, we consider the control problem of phases and amplitudes of multiple klystrons
which drive the RFQ. As studied in the work of Ziomek [16], phase matching of klystrons is very
important. In order to achieve the matching purpose, we develop an adaptive PI controller.

Let K7* and KP;; be the klystron gain and the kiystron maximum power of a model klystron
and let (z™,y™, HPRF_I™, HPRF_Q™) be the representation of the model klystron.

B = —a1 2 + arcos(Z ) + arsin( g (27)
) sin(23) i cos(28") )
m_ 28
F9) a1——— z1 Zl ( )
N
™= e Fum O _ (29)
1.—1
Y = Zdze‘f"" ®OF 243 55 E®) (30)
i=1
™
21t >0, —§<z§"<-2—,
and
HPRF _I™ = 104/ KPm - y7* - cos(y3") (31)
HPRF Q™ = 10y/KP™ - y* - sin(y5), (32)
where
w™(t) = _5?—(0.011%@) +1)25, (33)
10/KP%

10




Similarly, let Ksl, and K P be the klystron gain and the klystron maximum power of the {tP
klystron and let (2!,4!, HPRF_I', HPRF.Q") be its representation. Hence,

# = —a1 2 + agcos(Zh)ul + arsin(z)ub (34)
4= _a sm(zz) i +a cos(zg)um (35)
47 '
=3 et (36)
i—l
yh = Zdze‘f*“’(t)"l +25+3- 180 - E(?) (37)
i=1
T
zi>0, —§<z§<§,
and
HPRF_I' = 10,/KP™ - i cos(yb) (38)
HPRF.Q' = 10,/KP™ - } sin(y), (39)
where
1
(0.01R(t) + 1)1-25, (40)

14 g
wi(t) = —L—
10,/K P,

The purpose of the adaptive PI controller is the perfect follow

yll =y ‘ (41)
%o = Y5, (42)
or asymptotic follow
i — 9 (43)
vh — ¥ (44)
When the perfect follow is achieved,
N N
3 e O — 3 e~ O (45)
i=1 i=1

and

Z die= 00T 4 1 3.
=1

8 . R(t)

2. R(). (46)




From (33) and (40), we obtain the relation

w™ ()2 = w'(t)2
1
K;n mo__ Kg 1

] = 2.
KPr" ~ [kpL

Hence,

K* |KP:
7 == P
Kg ¥ KPR

Also, we obtain
2o — 29 .
Similarly, when the asymptotic follow is achieved,

K L
A | xre
g m

and

(47)

(48)

(49)

- (50)

(51)

Considering (48), (49), (50), and (51), we construct factitious systems which are parts of adap-

tive PI controller.
For the model klystron, we construct a factitious model given by

2 = —a127 + a1cos(ZF)uT + arsin(zF)ug

: e e
g SE) p  cSGE)
22 = —al P ul a]_ - uz Y
21 2]
V=2
vy = 2y

where vT* and v3* are outputs of the factitious model.
For the {t? klystron, we construct a factitious system given by

# = —m2, + aicos(28)uh + a1sin(2h)ub
q 1 1
5 sin(zs) cos(23)
29 = —01—7 U] + @1 —7 U,
Zi 41
’Ull = C'vzi
=4

12

(52)
(53)
(54)
(55)

(56)
(57)

(58)
(59)



where v} and v} are outputs of the factitious klystron and the coefficient C, is given by

K. [kpm
_ g m
= Km\ KB (60)

The adaptive PI controller is designed based on two factitious systems in such a way that
v} — o (61)

vh — oI (62)

If the adaptive PI controller guarantees convergences (61) and (62), by (50), (51), (54), (55),
and (58), (59), we obtain the convergences (43) and (44). The convergence (61) is equivalent to

wh(t)d — w™ ()2 (63)
Hence, we obviously obtain the convergences (43) and (44),

Y — o (64)
v — Y5 (65)
Now, consider the adaptive PI controller. In order to design the adaptive PI controller, we

make use of the simple adaptive controller concept[8]. To develop the adaptive PI controller, we
consider the system as given in (56)-(59). The system as given in (56)-(59) is described by

3 = A2t + B (66)
o= ' (67)
where
Al _ —ai 0 ’
0 0
a1cos(zy)  a1sin(zh)
B(zl) = sin(zh) cos(zk) 3
_al_zi_z_ a171_2_
. Cv 0
1o o

with appropriate definitions of state 2! and input 4 and output v*. Similarly, we can describe the
model klystron as given in (52)-(55) as

F™ = Ape™ + B(z™)u™ (68)
" = Crpz™ (69)

13




with similar definitions of system matrices Am(= 4;), B(2™), Cr and state 2™, input 4™, output

,vm

(66), (67) can be considered as a nonlinearly perturbed linear multivariable system with refer-

ence signal v™ generated by the system as given in (68) and (69):

= A+ Bi(u+ g2}, uh))

’Ul = C’lzl
ey =™ — o
where
e a1co8(25") a18in(z3")
1 = g m m
—a1C, 3"'";(1;2 ) a1C, CO-‘;(;? )
2t 2t
g(z’,u’) _ g11( l) g12( l) ul
g21(2")  g2a(2')

m
g11(2") = aycos(2F)cos(h) + -gfl-i—ll—sin(zg”)sin(zé) -1
v 2]
1 mN . I (431 Zin . m 1
g12(2") = a1c08(27")sin(z5) — a—z—lsm(zz Yeos(zs)
v 41

. a1 27 )
g21(2") = a18in(25)cos(2h) — —é—l-—;l—cos(zg")sm(zé)
v 2]

m
g22(2h) = aysin(29)sin(2h) + %%cos(zg‘)cos(zé) —1.
v 2]

In (70) and (71),

CiB; =

01Cyc08(25)  01Cysin(2F)
sin(zl* cos(z )
—01Cy _z(i)_'tlz a1Cy %({n—)

and det(C;B;) # 0 for any bounded 27*. Also,

sl —Al Bl
C 0

212

aiC

= 1zl”7é0
1

det

for any bounded 2}. Let P = PT be a positive definite matrix defined by
P11 P2
b2 D3

14

P =

(70)
(71)
(72)

(73)

(74)

(75)

(76)

(77)




If we take

p1= (78)
p2=0 (79)
p3 = 27", (80)
then, since —7/2 < 2J* < 7 /2,
2a;Cyco8(25) 0
PCB,+ (CiB))TP = > 0. 81
1B+ (CBy) . 21C,c08(22") (81)

Hence, there exists a static output feedback that achieves stability and solves servomechanism
problem guaranteeing boundedness of e,[5],{13],[14] and this, in turn, guarantees existence of a
simple adaptive control(SAC){1],[2].

The adaptive PI controller based on SAC is given by the following:

[ o — ol

vt — v}

(1]
%1

m

r(t) = ; (82)
up

¥it}
Uz

K.(t) = [ K.(t) -Kz(t) Ky(t) ] , _ (83)

[ wi(t) LLRFII®) |
| ua () } LLRF1.Q(%) } = K @r() ®9)
K. (t) = Kiy(t) + Kpi(t) (85)

Ki(t) = {

u(t) =

T __ 0

T Tyn, T=18 >0 (86)
v — v
2

v — ot

Kpi(t) = B

T T, T,=TTF>0. (87)
2 — U

The integral gain K,(t) is the crucial component of the controller and governs the stability of
the controlled system. The integral gain K.(t) can be viewed as the gain of high gain adaptive
control[10},[14],[18]. K (t) and K, (¢) help improve the performance of the adaptive model-following
system and and even achieve perfect following in ideal environments[3]. The proportional gain

Kp,(t) is added for its immediate action and makes the tracking error small quickly.




Figure 3 depicts an amplitude and phase controller for a klystron. FACTITIOUS MODEL
represents the factitious model given by (52)-(55) for the prototype klystron operated as a model,
FACTITIOUS SYSTEM.I is the i factitious system represented by (56)-(59). LLRF_M.I and
LLRF M_Q are used for inputs of FACTITIOUS MODEL. LLRF_11 and LLRF_1_Q are generated
from the adaptive PI controller and are used for inputs of FACTITIOUS SYSTEM._l. Kpl represents
the adaptive proportional gain Kp; and Kil represents the adaptive integration gain Ki;. The
adaptive controller makes use of both LLRF_M_I and LLRF.M_Q, FACTITIOUS MODEL outputs
v, v, FACTITIOUS MODEL states 27, 25* and FACTITIOUS SYSTEM._I outputs v}, vh.

For a multiple klystron system, we make parallel connections of factitious systems and the cor-
responding adaptive PI controllers. Of interest is the case when the system is composed of three
klystrons. Figure 4 shows the case when the system has three klystrons. One of three klystrons is
taken as a model klystron. The closed loop system is composed of a factitious model(FACTITIOUS
MODEL) as given in (52)-(55), two adaptive control systems(ADAPTIVE CONTROL SYSTEM 1,
ADAPTIVE CONTROL SYSTEM 2), and three klystrons(KLYSTRON_M, KLYSTRON_1, KLY-
STRON_2). An adaptive control system is composed of a factitious system and an adaptive PI
controller as shown in Figure 3. The first klystron(KLYSTRON_M) is used for model klystron
and its klystron gain and klystron maximum power are used for K;* and KFy . LLRFM.I and
LLRF.M_Q are inputs to KLYSTRON MODEL. They are inputs of FACTITIOUS MODEL and
the adaptive control systems. States and outputs of FACTITIOUS MODEL are feedback to adap-
tive PI controllers too. Each adaptive control system generates LLRF.I and LLRF_Q which is
feedback to the corresponding klystron.

The klystron gains K S’,s and klystron maximum powers K P/,s used in the simulation are given
in Table 7[16].

KT | 4410 | KP® | 763980(Watts)
K} | 5145 | KPL | 590640(Watts)
K? | 5145 || KPZ% | 642000(Watts)

Table 7. Klystron gain and klystron maximum power

The gain matrices T; and T, of two adaptive PI controllers are given by

T; = 5000I6xs
T, = 500I6xs-

Figure 5 shows unit step inputs LLRF_M_I, LLRF_ M_Q and inputs %}s, LLRF_11, LLRF 2.,
and inputs uhs, LLRF_1.Q, LLRF.2.Q generated by simple adaptive control systems. Figure
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Figure 4: The adaptive PI control closed loop system for three klystrons. Inputs for this
closed loop system are LLRF_ M. and LLRF.M_Q. LLRF_1.I, LLRF_1_Q are generated
from ADAPTIVE CONTROL SYSTEM 1; and LLRF_ 2.1, LLRF_2_Q are generated from
ADAPTIVE .CONTROL SYSTEM 2. These are feedback to KLYSTRON_1 and KLY-
STRON_2. 2zP*=ZM1, zi'=7ZM2, v7=VM1, v'=VM2, vP=LLRF.M.I, «3*=LLRF M._Q,
yP=YMI, yP=YM2, y1=Y11, y}=Y12, y?=Y21, y2=Y22.
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6 shows klystrons’ normalized amplitudes %}s and normalized phases y5s when LLRF M and
LLRF _M_Q are unit step inputs. Figure 6 shows that amplitudes and phases of KLYSTRON_1 and
KLYSTRON_2 converge to amplitude and phase of klystron model, KLYSTRON_M.

Figure 7 shows LLRF M1, LLRFM_Q and inputs 4}s, LLRF_1.I, LLRF 21, and inputs u}s,
LLRF_1_Q, LLRF_2_Q generated by simple adaptive control systems when LLRF_M_I and LLRF_M_Q

are

LLRF_M_I = 1.0e~>%5(5in(2.0e6t) + 1.0)
LLRF_M_Q = 1.0e~%%%gin(1.0e6t).
Figure 8 shows klystrons’ amplitudes, yjs and phases, y5s. Figure 8 shows that amplitudes and

phases of KLYSTRON_1 and KLYSTRON_2 converge to amplitude and phase of klystron model,
KLYSTRON_M.

Figure 9 shows LLRF M_I and LLRFM_Q and inputs «}s, LLRF_1.1, LLRF_21, and inputs
ubs, LLRF_1.Q, LLRF_2_Q generated by simple adaptive control systems when LLRF M. and

LLRF_M_Q are

LLRF_M I = 1.0+ 0.25sin(2.0e6t)
LLRF_M _Q = 0.25sin(1.0e6t).

Figure 10 shows klystrons’ amplitudes, y}s and phases, 95s.

4 Conclusion

An adaptive PI controller has been developed for phase synchronization of a multi-klystron
driven accelerating cavity. This controller, based on one of the klystrons, modifies the outputs of
the others in order to present the same drive signals to the cavity.

References

[1] I. Bar-Kana, "Robust simplified adaptive stabilization of not necessarily minimum-phase
plants,” J. Dynamic Systems, Measurements, and Control, vol. 111, pp. 364-370, 1989.

[2] I. Bar-Kana and A. Guez, ”Simple adaptive control for a class of nonlinear systems with
application to robotics,” Int. J. Control, vol. 52, pp. 77-99, 1990.

[3] I. Bar-Kana and H. Kaufman, ”Global stability and performance of a simplified adaptive
algorithm,” Int. J. Control, vol. 42, no. 6, pp. 1491-1505, 1985.

10




[4] 1 Bar-Kana and H. Kaufman, ” Simple adaptive control of uncertain systems,” int. J. Adaptive
- Control and Signal processing, vol. 2, pp. 133-143, 1988.

[5] A. Ilchmann and E. P. Ryan, ”Universal v-Tracking for nonlinearly-perturbed systems in the
presence of noise,” Automatica, vol. 30, no. 2, pp. 337-346, 1994.

[6] Z. Iwai and I. Mizumoto, “Robust and simple adaptive control systems,” Int. J. Control, vol.
55, No. 6, pp. 1453-1470, 1992.

[7] Z.Iwai and I. Mizumoto, “Realization of simple adaptive control by using parallel feedforward
compensator,” Int. J. Control, vol. 59, No. 6, pp. 1543-1565, 1994,

[8] Kaufman, Direct Adaptive Control, Springer Verg, New York, 1994.

[9] 1. J. Nagrath and M. Gopal, Control systems engineering, 2nd edition, John Wiley and Sons,
Inc., New York, 1982. '

[10] R. D. Nussbaum, ”Some remarks on a conjecture in parameter adaptive control,” Syst. Contr.
Leit., vol. 3, pp. 243-246, 1983.

[11}] D. Rees, J. Bradley III, K. Cummings, M. Lynch, A. Regan, T. Rohlev, W. Roybal, Y.M.
Wang, ”Design and test results of the low energy demonstration accelerator(LEDA) RF sys-
tems,” presented in XIX International LINAC Conference, Chicago, USA, 1998.

(12] A. Regan and C. Ziomek, ”APT LLRF control system model results,” presented in XIX In-
ternational LINAC Conference, Chicago, USA, 1998.

[13] E. P. Ryan, ”Adaptive stabilization of a class of uncertain nonlinear systems: A differential
inclusion approach,” it Systems and Control letters, vol. 10, pp. 95-101, 1988.

[14] E. P. Ryan, "Universal controllers: Nonlinear feedback and adaptation,” Lecture Notes in
Conitrol and information Science, vol. 193, New York:Springer-Verlag, pp. 205-225, 1994.

[15] Chris Ziomek and Amy Regan, ” Simplification of Matrixx Model: Preliminary LLRF System
Design,” Technical Note, AQT-5-TN:001, RF Technology Group, AOT Division, Los Alamos
National Laboratory, 1996.

[16] Chris Ziomek and Amy Regan, »Model Multiple Klystrons, Pulsed Beam (SC and NC),”
Technical Note, AOT-5-TN:005, RF Technology Group, AOT Division, Los Alamos National
Laboratory, 1996.

[17] K. Sobel, H. Kaufman, and L. Mabius, "Model reference output adaptive control systems
without identification,” in Proc. IEEE Conference on Decision and Control, pp. 349-351, 1979.

20




[18] J. C. Willems and C. I. Byrnes, ”Global adaptive stabilization in the absence of information
on the sign of the high frequency gain,” Lecture Notes in Control and information Science,
vol. 62, New York:Springer-Verlag, pp. 49-57, 1984.

a1




() Inputs—u_ s

8 ! T ! '
§ : § ————  LLRF_M_|
L L R EETRTRTTTRRRETE SO - LLRF 1 | |-
: : N LLRF 2 |
e T J
1.2_ ................................................................................................ —
1
Bl possnisssaseansedo s o castatsas sesve e e s sasuassr s S agsussaiarnesy
os_ __________________ ]
b inesosossssopessesasanintnfas o Sasonsnodeasemsasassssssssmsspeseaeaems ]
£ RN SRS FSTSVPRIS ORI S N
05 1 1.5 2

time(sec) x 10

(b) Inputs-—uas

18 ! ! ! ;

16_ AAAAA - LLRF 1 Q}

14_.,,/ ..................

O e

02_ ..................

Figure 5: Inputs for three klystrons.
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