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1.0 INTRODUCTION

The SSC collider is designed to have circumference of 87 km. The superconducting
magnets along the collider ring are grouped into ten sectors. Each sector, a string of
average length of 8.7km, is powered by one power source located near the center of the
sector. Because of the alternating-current (ac) electrical characteristics of the magnets,
the power supply ripple currents and transients form a time and space distribution in the
magnet string which affects particle motions. Additionally, since the power supply load is a
magnet string, the current regulation loop design is highly dependent upon the ac electrical
characteristics of the magnets.

A means is needed to accurately determine the ac electrical characteristics of the super-
conducting magnets. The ac characteristics of magnets will be used to predict the ripple
distribution of the long string of superconducting magnets. Magnet ac characteristics can
also provide necessary information for the regulation loop design.

This paper presents a method for measuring the ac characteristics of superconducting
magnets. Two collider dipole magnets, one superconducting and one at room temperature,

were tested at Brookhaven National Lab.

2.0 MEASUREMENT METHOD

Figure 1 shows the cross section of a typical superconducting dipole magnet. The major
magnet components include a copper-coated beam tube of radius a, a coil of average
radius b, four heater strips, a laminated aluminum collar, a laminated iron yoke, and a
cryogenic shell. When the temperature is below 4.2 K, the direct-current (dc) resistivity of
the coil disappears; therefore, the magnet behaves like a pure inductor at low frequencies.
If the magnet current contains ac components, however, it will induce eddy currents in
the beam tube, magnet coil, and other metallic components;! the magnet will show some
resistivity. A resonance at high-frequency range may occur between the magnet inductance
and capacitance of the coil to ground and turn-to-turn. The ac electrical characteristics of

the magnet are therefore frequency dependent.
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Figure 1. Cross Section of Superconducting Dipole Magnet.

2.1 Magnet Equivalent Circuit
The beam tube eddy current phenomenon can be analyzed by a coupled inductor cir-

cuit shown in Figure 2. Primary inductor L; represents the n-turn superconducting coil,
secondary inductor L, represents the one-turn eddy current path in the beam tube, and
Ry represents the beam tube resistance. Suppose the mutual inductance is M and the

coupling coeficient is vk = 7}4‘14_1}2 The circuit equations are derived as follows:

v1 = jwliiy — jwMis (1)
Rbiz = jwMil —ijziz . (2)
i1 i2
M q
L 2N
vi L2 § Rb
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Figure 2. Eddy Current Circuit.



The voltage and current relationship of the primary winding are found from the circuit

equations:
. JwM .
. } . JwM .
= jwLii) — jwM ——1; . 4
v Jwlit —Jjw Rb +ij221 ( )
The impedance of the magnet is therefore obtained as
z=-2 (5)
31
. . JwM
= jwly — jwM —— . 6
joly = juM g (6)

With some reorganizing, the impedance expression becomes

juM(jwM + HE — HL)

= jwl; — 7
2= jwl Ry + jwlz (7)
2
M jupi-LiRy
= jwLi(1 - L : 8
(- L)+ Rt oL, ®
Let Ly = %%— and R = n?R;, the impedance function is simplified.
iy JwkLR
z = jwL(1 k)+R+jka . (9)

An equivalent circuit shown in Figure 3 is obtained from the preceding impedance function.

The Laplace form of the impedance is

_ sL (1 + R/Zk(f-k)Li) (10)

z

IR 7((35)
R
MV
(1-k)L KL
— Y Y Y Y Y
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Figure 3. Equivalent Circuit.

Further, with the capacitance between each turn and capacitance between the coil and
the ground taken into account, the equivalent circuit is modified to form a circuit model

as shown in Figure 4. The Laplace form impedance is
3
- sL (1 + R/Zk(l-k)Li) (1)
1+ grfery) (1 + £Es + (1 - B)EEs2)
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Figure 4. Impedance Model.

2.2 Impedance Measurement
An HP network analyzer (HP 3563A) produces a swept frequency signal in the frequency
range of interest, e.g., 0.1 Hz to 10kHz. A Kepco power amplifier (BOP 36-12M) boosts the
current level (maximum 10V, 10 A) of the swept signal for high measurement precision.
The input voltage v, across the magnet terminals, and the input current : through the
external 1() resistor are measured by the network analyzer to generate the impedance
transfer function. Figure 5 shows the series impedance measurement circuit. To measure
the shunt impedance between the magnet and the ground, two terminals of the magnet are
shorted. Figure 6 shows the shunt impedance measurement circuit. The measurement data
is a frequency response trace. Curve fitting techniques are used to derive a linear system
model from the measurement data. The pole/zero model is developed by calculating the
least-squares fit of the frequency response data to the linear system model. The model
will have a form of:
Y= As(1 + s/wn) . (12)
(1 /) (1+ 5/Qus + 52/(3))
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Figure 5. Series Impedance Measurement Circuit.
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Figure 6. Shunt Impedance Measurement Circuit.

Comparing the predicted impedance function in Eq. (11) and the measured impedance

function in Eq. (12), the circuit parameter L, R, k and C can be determined:

L=A, (13)
R
m =w2, (14)
R
E =uwl , (15)
2

W = w3 . (16)

Often, the measured impedance transfer function may have some additional poles and
zeros to the predicted impedance transfer function; therefore, proper adjustments, accord-
ing to the understanding of the magnet physics, to the model may be necessary. The
magnet tests done at Brookhaven National Lab serve as a good example to understand

the measurement technique.

3.0 BROOKHAVEN MAGNET TESTS
A pair of 50-mm aperture, 15-m-long superconducting dipole magnets, twin magnets
DCA 207 and DCA 208, were tested in Brookhaven National Lab Jan 27-28, 1992. One

magnet was superconducting, the other was at room temperature.

DCA 207 is tested at room temperature. Figures 7 and 8 show the series and shunt
impedance, respectively, of warm dipole DCA 207. The measurement data shows that
warm dipole DCA 207 has a dc resistance of 5.77 {2 and dc¢ inductance of 70.7 mH. The shunt
capacitance between the coil and ground is 278 nF, when the heater strips are floating. The

shunt capacitance becomes 306 nF when the heat strips are shorted to ground.
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Figure 7. Series Impedance of Warm Dipole DCA 207.
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Figure 8. Shunt Impedance of Warm Dipole DCA 207.



Dipole DCA 208 is tested at 4.2 K. Figures 9 and 10 show the series and shunt impedance,
respectively, of the cold dipole DCA 208. The cold magnet DCA 208 has a dc inductance
of 65.7mH. The shunt capacitance between the coil and the ground is 898 nF with the heat
strips grounded.? This unusually larger value of the capacitance may be due the external
circuitry. A transfer function impedance model is derived from the cold dipole DCA 208

measurement data by curve-fitting:

2
0.0657s(1 + 5755)(1 + 57888)(1 + 79733 + Zridszaye)

(17)

z= - :
1+ 555) (1 + 57557) (1 + 753 + Gr2075)? Y1+ 5733)

The curve-fitting impedance function indicates some unexpected poles and zeros to the
predicted transfer function. The measured trace and the trace generated by curve-fitting
model are plotted in Figure 11.

The curve-fitted model is a very good approximation of the real system. However, the
model gets very complicated. Since the system frequency bandwidth of the magnet string
is below 1kHz, the pole at 6.7kHz and zeros at 13kHz are neglected. The impedance

circuit model is adjusted as

= 0.0657s(1 + 7)1 + 7Egs)
= .
(1+ z235)(1 + ziw7)(1 + 72338 + GErzomsye)

(18)

The model described in Eq. (18) is synthesized to a circuit shown in Figure 12. The
existence of the additional pole at 38 Hz and the additional zero at 48 Hz might be due
to some eddy current in the collar or the iron yoke. This model matches the measured
data very closely at low frequencies. However, some discrepancies in high frequency are
introduced by dropping the high frequency pole and zeros. The measured trace and the
trace generated by the adjusted model are plotted in Figure 13. The parameters are

calculated from the transfer function:

L=656mH, (19)
R=2735Q, (20)
ky = 0.207 , (21)
R =339, o (22)
k2 = 0.317 , (23)
R, = 4569, (24)
C1=T4nF, (25)
C = 898nF . (26)

7



Amplitude (dB)

Phase (deg)

Amplitude (dB)

Phase (degq)

60

T IIIIIIII

Lol Illllll

T llllﬂl[ T TTTTH 1 llllllll 1

L IIIlIlIl 1.l lllllll 1 lIIIllII

i L1 bItii

TT T

A 1

10 100
Frequency (Hz)

1000

10000

90
60
30
0
-30
-60

-90

1 lIlIllll

T lIIIIIIl 1 IIIIIIII

1 llllllll L1 1lllll| 1 llllllll

LR AL

11 L1l

0.1 1

10 100
Frequency (Hz)

1000

10000

TIP-02767

Figure 9. Series Impedance of Cold Dipole DCA 208.
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Figure 10. Shunt Impedance of Cold Dipole DCA 208.
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Figure 11. Curve Fitting to the Measured Impedance Data of Cold Dipole DCA 208.

Figure 12. Adjusted Model of the Cold Magnet.
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Figure 13. Adjusted Curve Fitting to the Measured Impedance Data of Cold Dipole DCA 208.

The measured shunt capacitance of the cold magnet DCA 208 is significantly larger than

that of the warm magnet DCA 207. Measurement of the same magnet, DCA 208, under
room temperature conditions is necessary for a better comparison.

4.0 SUMMARY

The frequency dependent ac electrical characteristics are measured by the network an-
alyzer. A curve fitting technique indicates the transfer function of the magnet impedance
from the measured data. The electrical circuit model is obtained from synthesis of the
transfer function. The circuit model shows the magnet inductance, eddy current resis-
tance, and intra-coil and coil-to-ground capacitance. The measurement method shows

high accuracy, excellent repeatability, and ease of use.
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