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8c, 100MeV£^\�ì�ª$>²��XÚ

�S¡�ySN�)ã1¥¦-�ªe�ÌÝ­½
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Ò
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��O�ÅÏL IEEE 1394�VXI"ø��ì�

ë�. "ø��ìÏLVXIo���ª��kÚPI

��k?1ÏÕ. �ª��§SÏL�¯ü��¬�

��M�ì?1XÚ����N!, �)��ÌÝ

�Setpoint DAC!)£N�ì!N�óÀ�ªÓ�

'!N!��ì'~È©~ê�.

3 M�mu

¢ � � y $ > ² � � X Ú � ) � ü ¬

C(340mm×250mm)º��VXI�¬. Ù¥�¬�

RF�¬, ,�¬�PI�¬. ü�¬ÏLVXI���

g½ÂÛÜo��ë�. Ù½ÂXL1¤«.

L 1 �¬mÛÜo�ë�½Â

��Ò RF board PI board

A00 Amp.Reg.L Amp.Reg.L

A01 Ph.Reg.L Ph.Reg.L

A02 Amp.Det.L Amp.Det.L

A03 Ph.Det.L Ph.Det.L

A05 SparkDetected Pulse PI

A06 Tuning.R.L Tuning.R.L

A11 Tuning.Det.L Tuning.Det.L

C00 Amp.Reg.R Amp.Reg.R

C01 Ph.Reg.R Ph.Reg.R

C02 Amp.Det.R Amp.Det.R

C03 Ph.Det.R Ph.Det.R

C05 SparkDetected Pulse PI

C06 Tuning.R.R Tuning.R.R

C11 Tuning.Det.R Tuning.Det.R
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ì!� �Oì!¥þN�ì±9�
±>9Ï�

´. �ª���¬�VXIo���ò3�¡�PI�
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V0 =
1

2
A •B

[

cos
(

(ω1 +ω2)t+(φ1 +φ2)
)

−

cos
(

(ω1−ω2)t+(φ1−φ2)
)]

(1)

��, �·ªì�ü�Ñ\&Ò´� ÚªÇ�

Ó��u&Ò�, ÙÑÑ� I.F. (¥ª)&Ò��6

©þ��R.F. (�ª)àÚL.O. (��)àÑ\&Ò�

Ì�¦Èk'. ã1L«
éRF&Ò?1?n�

L§, Ù¥d�Ì��ìÚ��A>uì�¤�

� ¡E�´Ì�^5(�·ªì�Ñ\´Ó�

�. ùÜ©�´¥, � DÑÌ�5g�Ì��ì

AD8306. �AD8306�Ñ\l−30dBm(©�Î�)�

+6dBmCz�, ∆φ < ±1◦
[8]

, Ïd�@�1dBm�õ

ÇCz��� Cz�u0.1◦, ¤�)��	D(

e(V
o
)

V
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<−1.523×10−6, ´�±�É�. ·ªì�§Ý

Cz�)�D(�I?�ÚïÄ. �Ä�VXIÅ�Ï

º�O�Ð, ·�@�§ÝD(Ø´XÚD(�Ì�
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.9TYPE-/ÚTYPE-0��ì. Ù¥TYPE-/�
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Ò�©Ox�n�¼ê�)ì�)� IÚQ��¥þ:

VI = Amp •cos(φ) , (2)

VQ = Amp •sin(φ) . (3)

dë�
�)��ªë�&Ò3ÏL��õ©ì

�¬�)�|���ª&Ò, ù|���ª&ÒÚ I,

Q��¥þÏL�[¦{ì©O�¦, �)�&Ò?
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�L«�Xeúª:

V
o
(t) = Amp •sin(φ) •

[√
2

2
VRF sin(ωt)

]

+

Amp •cos(φ) •

[√
2

2
VRF cos(ωt)

]

=

Amp •VRF√
2

cos(ωt−φ). (4)

3.2 PI���¬

PI���¬�¹n´Äu�÷Û.DSP-56303

(êi&Ò?nì)�êiPI��ì. Ù¥üÕ�´�

�ÌÝ��ì, ,	ü´PI��ìdÓ��DSP�

¡�¤, ��� �ÚªÇ����ì.

PI��ì�Ø%�DSP-56303, T?nì�ó

�3�p100MHzªÇe, ¿JøÌÅ�� (HI08)!

���;ì�¯�� (DMA)!Or.ÓÚG1��

(ESSI)!G1Ï&�� (SCI)±9½�ì�	�]
;

ADCæ^ADIúi�AD7674�/ê=�ì, T�¡

äk18 ©EÇ, Uó�3�p800kSPS(SPS�z

¦æ�Ç)�æ�Çe, Ä�����103dB. À�ù

�±�¡Ø
�Ä�þã5U	, AD7674�Jø
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~!È©~ê3�N��õU.
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4.1 iÀ^�mu

100MeV � ª $ > ² � � X Ú ^ � CY-

CLLRF100 ¦ ^ VC++6.0 m u, T ^ � ¦ ^ 
 NI

Component Works++Ú BCG Control Bar. CY-

CLLRF100ÏLSICL¢y
éVXIM�ìÄ���

�¯. �DSP-56303�HI-08��ÏÕ¢y
S��

�§�¯, ;�Ö�DSPM�ì^SØÓE¤�êâ

D4�Ø. Ó�, CYCLLRF100�3XÚ4�$1�

N�PIëê, ��XÚ$1��`z
[6]

. �äÏÕ�

�¦^EPICS�PCAS Server, 3Û����SJø


ÄuChannel Access�êâ�¯��.

4.2 DSP��mu

�[PID�{lÑz���©�§
[7]

,

y(n) = y(n−2)+k0e(n)+k1e(n−1)+k2e(n−2), (5)

Ù¥

k0 = kp +
2kd

T
+

kiT

2
,

k1 = ki−
4kd

T
,

k2 =
kiT

2
+

2kd

T
−kp ,

ª¥T �æ�m�, kp, ki, kd �PID('~–�©–È©)

OÃ, y ���þÑÑ, e�Ø�Ñ\. 3DSP¥¢y

PID�{�, òy(n−2), y(n), e(n), e(n−1), e(n−2)

�3DSP�X �m¥, K0, K1, K2 �3Y �m¥, �

~�¢y�{�éêþ. DSP-56303¥�^�§S�

¬ã�ã5.

ã 5 DSP-56303§S�¬ã

5 Á�(J

100MeV�ª$>²��XÚÐÚÿÁ�): m

�ó�ÿÁ!4�·�ÿÁ!4�ÌÝ�7ÄÿÁÚ

4�� �6ÄÿÁ.

ÌÝ­½Ýÿþ�ªÌ�k��ÿþÚm�ÿþ

ü«�ª. ��ÿþ¦^õÇ©�ìÚ50ΩA5{|

�[«Åì. Äkÿþ�ª&Ò�ÌÝVpp, ,�=�

�$þ§�, N�«ÅìR�×£ �ÖÑ×£�Ø

�ß���∆Vn, ÌÝ­½Ý�: η =
2∆Vn

Vpp

. m�ÿ

þ�ÿþÌÝ�Oì�6©þ­½5.

m�ó�ÿÁµ�-y
Ñ\�+9dBm�, X

ÚÑÑ�ª&Ò�ÌÝVpp �0—1300mV�N, � 

Phase�−180◦—+180◦ �N.

4�·�ÿÁ: 4��¹e, ��-y
ÑÑ

+9dBm, ÃN�, XÚ4�ó�1h�∆Vpp < 1.2mV,

∆Phase6±0.1◦.

4�ÌÝ6ÄÿÁ: 4�ÌÝ6ÄÿÁ©�üÜ

©:

(1) ¦^ÃÄP~ì3�´¥\\P~, ±�[

��ì�½OÃeü�¹.

(2) � â ¥ þ N � ì � � ª Ñ Ñ Ì Ý V
o
(t) =

Amp •VRf√
2

cos(ωt−φ), ¦^&Ò
\\0.1%—15%n

�Å�ÌÝN�, ���u3�´¥\\ÌÝ6Ä,

±�[	>CzE¤���ìOÃCz.

4�ÌÝ6ÄÿÁ(J�L2.

L 2 ÌÝ6ÄÿÁ(J

ÿÁa. 6Ä�� Vpp/V ∆Vpp/mV

1 −1dB 1.175 < 1.00

1 −3dB 1.175 < 1.00

1 −6dB 1.175 < 1.00

2 0.1% 1.175 1.20

2 5.1% 1.175 1.20

2 9.1% 1.175 2.15

2 15.1% 1.175 2.15

� 6ÄÿÁ: ¦^>�£�ì�\±180◦��

S��£, �� &Ò­½�0.2s�, ÿÁ(J�L3.

L 3 � 6ÄÿÁ(J

ÿÁa. 6Ä�� ∆Phase

3 +45◦ 6±0.1◦

3 −45◦ 6±0.1◦

3 −10◦ 6±0.1◦

�Ï­½ÝÿÁ: XÚ3vk	.<��Ñ� 
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ÚÌÝ6Ä��¹e, ­½ó�1hSÌÝÚ� ��
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100MeVr6£^\�ì�ª$>²��XÚ�
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¸e, TXÚ��
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�IØn���U5Xe: (1) �Ì��ì� D(

L�, ��uÌÑÑD(O�. (2) �´¥vkpQ�

nN. (3) ��ì'~È©~êvk?1`z. 3±�

�¢�¥òU?·ªìL.O.&Ò�2), ¦^¬NÈ

Åì½¬N��ì�[nN, N�`z'~È©~ê,

?�Ú`zÌÝ���O, ±Ï"��÷¿�ÌÝ�

�I. S¡¢��?�ÚmÐ100MeV�ª$>²�

�XÚ��[�O�Ð
EâþÚ¢�êâþ�O

�. ÏL¢�, �Ñ
êiª���^u100MeV£
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Design of a Digital LLRF Control System for the 100MeV

High Intensity Cyclotron *

YIN Zhi-Guo1) HOU Shi-Gang XIA Le ZHANG Tian-Jue ZHAO Zhen-Lu

WANG Xiu-Long JI Bin LI Zhen-Guo

(China Institute of Atomic Energy, Beijing 102413, China)

Abstract The design of LLRF control system for the 100MeV cyclotron has been presented together with the desktop

experiment and its result. In the experiment, the feasibility of the digital control is validated for amplitude and phase

close loop operation in driven mode. The preliminary test result and development procedure show that the digital

version of LLRF control is suitable for the RF system of the 100MeV cyclotron.

Key words high density cyclotron, RF system, digital control
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