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Introduction

The ASST utilizes warm diode assemblies to bypass current around quenching magnets until the
systemn stored energy is extracted and the magnet circuit current is reduced to 0 A. These bypass
assemblies are components of the Quench Protection System. Figure 1 shows the electrical
circuit of ASST Phase I in which these assemblies are connected.

A design has been created, and thermal analyses of the assembly performance have been
conducted to predict the temperature rise in the assemblies during the current bypass function.
The purpose of these tests is to verify with physical measurements that the assembly design is
adequate, and to gauge the accuracy of the thermal analysis procedures for future use.

The nominal bypass current waveform to be conducted by the bypass assembly during ASST
operation is shown in Figure 2. The waveform is an exponential decay from an initial current, I,
with a time constant, T = 36 s. The test setup used was not easily configured to provide an
exponential decay from an initial value, so a power supply was programmed to provide a fast
rising current to I, followed by a parabolic decay as shown in Figure 3. The waveform was
configured to provide the same [Idt as that to be experienced during the operational scenario.
The nominal peak operating current for the ASST is 6500 A, but a special "conditioning"
scenario possibly requires operation at 7000 A. Therefore, our tests exercised the devices to this
level.

Test Setup Description

Each bypass diode assembly consists of two independent (thermal & electrical) diode circuits
which can be configured as one, two or three diodes in series. Each of these independent circuits
can be used to protect one or more magnets which together make up a "quench bypass unit".
Figure 4 shows a total assembly loaded with 3 diodes in each section. These tests were
conducted using a three-diode and a two diode stack.

Each circuit is composed of a stack of International Rectifier type R77R6A diodes alternating
with copper disks acting as heat sinks and clamped under a force of 10000 1b. Disks next to the
anode side of the first diode and the cathode side of the last diode are connected externally
through copper bus bars (3/4" x 1/2") brazed to the copper disks. A pair of MCM500 bypass
cables is connected to each of the bus bars using two-hole MCM3500 lugs.

Thermal sensors (RTD - Resistor Temperature Detectors) were inserted into the sides of the
copper disks between the diodes and in the connecting bus bars to monitor temperature
excursions during current pulsing. Instrumentation cables were used to interface the RTD
signals to signal conditioning amplifiers (OMEGA OM3-600). Signals were digitized and stored
in two Lecroy data loggers for analysis. Sampling rates of 1 Hz and 10 Hz were used to record
siow and fast processes. Table I lists the signals measured and the data logger channels for the
first series of tests using one 3-diode section.



Description Calibration |Lecroy 1 Signal Name }Lecroy 3 Signal Name
Anode 1 Bus 200C/10V V8 V4

Anode 1 600 C/10V V1i¢ V5

Cathode 1 600 C/10 V Vi1 V6

Anode 2 600 C/10 V V12 V7

Cathode 2 600 C/10 V V13 V8

Cathode 3 Bus 2 (3-4") 200 C/10 Vv V6 V2

Cathode 3 Bus 1 (18") 200 C/10V \A] Vi

LEM Transductor 10000 A/5 V V9 V14

Table 1. Data Logger Signal Definitions

The bypass diode assembly was inserted in a 4 ft long G10 sleeve for 3.5 kV dc electrical
isolation from ground. The total assembly was then inserted into a 4 ft long stainless steel tube
similar to the enclosure that will be used for mounting the assemblies in the eventual Collider
tunnel.

A 0.1% LEM transducer was used to monitor the bypass current waveform. The actual accuracy
of this device was less than specification due to use of an uncalibrated burden resistor in this
setup, therefore, a comparison was made with the IRING current transductor measurement in the
power supply. The comparison indicates approximately 1% difference between the two signals
in the f1dt for the current pulses used . The signal from the LEM transducer was instrumented
by an Analog devices amplifier (3B41) before connection to the data logger for digitization and
storage. In the ASST, bypass current is an exponentially decaying current of < 7000 A peak
amplitude and 36 s time constant. The String Test power supply control microprocessor
(SECAR) was used to generate a parabolic waveform that is comparable to the real waveform as
discussed above in the introduction. This waveform provides the current reference for a
Dynapower power supply capable of delivering 0 - 8000 A at0-40 V.

The diode assembly was connected across the power supply in various configurations:

1. three diodes in series,
2, two diodes in series,
3. 5diodes in series.

We also added additional copper mass (disks) to the three diode configuration for later runs.

Test Process Description

As mentioned in the introduction, the current pulse used during the tests is an approximation to
the current pulse to be experienced by the bypass system in ASST operation. The power source



was easily programmed to provide parabolic and linear ramp segments. For a parabolic decay
waveform to provide the same heating effect as the exponential decay, one wants to match the
[1dt in the two waveforms since the voltage drop across diode devices is approximately constant
in the current range of interest. (For a resistive system, such as the bypass cabling, the heating is
proportional to the [I’dt.) Analysis of the exponential and parabolic waveforms then leads to the
condition that

It =1/3Lt,
where T = 36 s for the exponential decay and t, is the final time at the end of the parabolic decay.
This condition results in t, = 108 s for the I, = 7000 A case where [Idt = 252 kAs. Since the
resistive parts of the system will be heated proportional to [I’dt, we calculate that result for the
maximum stress waveform and find that for the parabolic decay,

JT*dt = 1058 Miits
as compared with 882 Miits for the reference exponential decay. This additional heating in the
cables and connecting busbars is in a safe range and assures that we have data from a case which
is more pessimistic than actual ASST operation.

A variety of electrical tests were performed and temperatures at the points listed in Table I were
recorded. The power supply was quickly ramped up at 1.4 kA/sec starting from an initial current
of 50 A and was then parabolically ramped down. On the first run with the three diode
configuration, the peak current was limited to 3500 A, and the temperature profile was recorded.
Six more runs were performed by increasing the peak current in 700 A steps. The waveform
generation algorithm used easily scales the peak current with fixed rates of change, so the
waveforms at different currents do not have areas which scale with the peak current value.
Hence, data must be analyzed with respect to the actual waveform area, not with respect to peak
current.

Tests were also performed on the two-diode section and on the two sections in series by ,

strapping the two independent sets together. In order to establish that damage had not occurred

during the high current testing, reverse bias measurements were made on all 5 diodes before and
after electrical and thermal stress.

Data Analysis _
Data was extracted from the Lecroy datalogger files on the ER computer system, transported to a
workstation at SSCL, reconfigured to a convenient format, and plotted using the SPICE circuit
analysis postprocessor tools. '

Table IT and Figure 5 indicate the temperature rise measured at the hottest spot in the assembly
as a function of the area under the I vs t curve during these tests. The current waveform and
temperature profile vs time at four points along the assembly are shown for the 7000 A run in
Figure 6 and Figure 7.



Run | Peak Current (A) | Tinitial (C) | T final (C) | [Idt (kAs) AT (C)
1 3,500 20 76.8 64.3 56.8
2 4,200 24 102.2 93 78.2
3 4,900 23.1 126.3 124 103.2
4 5,600 24,7 155.1 160.6 130.4
5 6,300 26 184.2 203.8 158.2
6 7,000 36.7 223.7 251.7 187

Table II. Temperature Rise during Experimental Runs

Comparison With Thermal Analysis

As indicated above, prior to the testing, a finite element model was constructed to perform a
thermal transient analysis of the diode assembly using ANSYS. The purpose of the study was to
predict the maximum temperature of the silicon wafers of the diodes and to provide a basis for
comparison of temperatures that could be measured and hence extrapolated to the silicon wafer.

The model placed three diodes in series as described in the test setup description. Details of the
two-dimensional axisymmetric thermal solid modeling included the mechanical dimensions and
thermal properties of the many different layers such as the copper cathode and anode,
molybdenum buffer, silicon wafer, aluminum junction and silver disk. Details of the
construction of the diode were provided by Art Felix of Intemational Rectifier. The material
properties were obtained from the CRC handbook.

The heat generation function applied to the silicon wafer layers was
P,=693.4eIn(l1 +7x10"¢ i)

Natural convection was assumed to occur to the bypass cables. The simulation results predicted
a maximum temperature of about 233 C at the outside edge of the silicon wafer, with the peak
occuring about 60 s after the heat generation started as shown in Figure 8. The simulation
results indicate a temperature profile very close to that measured in the tests.

Thermal Recovery

During the test runs, the recovery to ambient temperature takes about 2 hours. In the operation
of the ASST, this presents no problem since data analysis from the quench and recovery of the
refrigeration system to operating conditions require a similar length of time.

Conclusions

The tests have shown that the current design will work satisfactorily for the ASST with three or
less diodes per bypass unit (number of diodes is dependent on bypass unit inductance and ramp
rate). From separate measurements made in the laboratory, the forward conduction threshold of
the three diodes is 0.95 V at 35 C, allowing a maximum ramp rate of 4.2 A/s with a magnet



inductance of (3 x 75 mH = 225 mH) and for a leakage current of 1.5 mA established as the
system requirement.

The peak temperature rise of the assembly is much higher than good design practice would allow
for steady state operation such as in power converter applications. However, the transient, low
rate of occurrence nature of this application coupled with the absence of reverse bias voltage for
the devices to block after the current pulse permits reliable operation of these diodes at
temperatures above 250C according to the manufacturer.
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Figure 2 - Nominal 7 kA Program to Power Supply (10V = 8000A)

7



Ie

ASST Energy Ex&action
Exponential Decay

; ¥ ,i PR Eﬁ
M 2 W & %0 100

Figure 3 - Parabolic Approximation to Nominal Current Waveform

' F 1
crip Ieral orad ! ® ® 3
| | crsi_|crs
C -—@ PN
™ 2

Figure 4 - Assembly with 3 Diodes in Series

8



Case Temperature Rise vs infegral of | * dt

200.00

P!

180.00

/

160.00

/

G 140.00

o~

! 120.00

100.00

80.00

_

= 60.00

L3

40.00

20.00

0.00
0.00

50.00

100.00 150.00

200.00

Integrat of | * dt (kA-sec)

250.00

300.00

Figure 5 - Temperature Rise at Hottest Spot in Assembly
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Figure 6 - Current Waveform for Test at 7 kA
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Figure 8 - Thermal Analysis Temperature Profile
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