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Abstract

In this project, the current pumping performances of three high temperature superconducting
(HTS) dynamos (mechanically-rotating flux pumps) were investigated. These flux pumps
(FPs) were identified as the Gen 1, Gen 2 and Gen 4 FP respectively. They were modelled
using simple DC equivalent circuits and their performances were defined by three output
parameters: DC open-circuit voltage (V,.), dynamic resistance (R;) and DC short-circuit
current (I,.). The experimental results showed that these FPs produced non-zero DC output
voltages across their stators and each supplied DC output currents into series connected
superconducting circuits.

The Gen 1 FP was cooled with liquid nitrogen and operated at 77 K. The stators were
made from 12-mm wide copper-coated yttrium barium copper oxide (YBCO) HTS conduct-
ors. The objective of the experiment was to investigate the effect of the rotor magnet size,
geometry and orientation (with respect to the stators) on the FP performance. The design
parameters, based on the width and the length of the magnet with respect to the stator, for
optimal FP performance were determined.

The Gen 2 FP was also cooled with liquid nitrogen and operated at 77 K. The stators
were made from 46-mm wide Ag-coated YBCO HTS conductors. The objective of the
experiment was to investigate the effect of stator width on the FP performance at various
magnet frequencies. This was done by slitting two of the stators to form parallel stators with
equal width, but smaller than the original conductor width. The experimental results showed
that the FP performance was highly dependent on the operating frequency. Three operating
frequency regimes were observed: low, mid and high. At high frequency, the V,. decreased
and the R, increased significantly. This was attributed to the local heating effect in the stator
due to the increase in the current density. As a result, the FP produced zero output current
in this regime. The AC voltage waveforms measured across the stators in different frequency
regimes were very different in shapes and amplitudes. Therefore, these waveforms can be
used to identify the operating frequency regime of the FP. At some operating frequencies in
the mid frequency regime, bi-stable operating modes were observed, each mode resulted in
different output parameters.

The Gen 4 FP was constructed in this project. It was cooled via thermal conduction
method using a cryorefrigerator system. It had an axial-symmetric stator design where the
shape of the stator is cylindrical. The width of the stator was considerably larger compared

with the Gen 1 and Gen 2 FPs. The experiment objective was to investigate whether this
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design would produce a DC current, and then characterise the FP performance at different
operating temperatures. The experimental results showed that the time-averaged DC output
voltage of the Gen 4 FP was much higher compared with the Gen 1 and Gen 2 FPs. The
reason is that it produced a DC output voltage for almost the entire rotor cycle. The
experimental results also indicated that the Gen 4 FP has the capability to produce output

currents in the kA range.
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Chapter 1
Introduction

A High temperature superconducting (HTS) dynamo is a device that is capable of supplying
direct current into HTS circuits. A typical application is to energise HTS coils for high
magnetic field generation. The current can be supplied to the coils from an external power
supply via current leads. However, this approach introduces heat into the cryogenic system
via the wire connections [40|. With a HTS dynamo the physical connections between the
power supply and coil are not required. It has been shown that this approach reduces the
heat load “by a factor of 4.5 when compared to using a conventional” power supply [40]. An
alternative term for dynamo is mechanically rotating flux pump (FP), and these terms are
used interchangeably in this thesis.

The mechanical HT'S FPs used in this project were designed and constructed in Robinson
Research Institute (RRI). These FPs consist of a magnet rotor and a HTS stator. High
temperature superconducting wires were used to make the stator because of their superior
performance in terms of critical temperature and critical magnetic field strength compared
with low temperature superconductor. This will be discussed in chapter 2. The rotor holds
permanent magnets and as it rotates, the magnets pass over the HTS stator. This generates
a DC voltage across the stator, and if a load (e.g. a HTS current coil) is connected across
it, a current is injected into the load. This process is repeated and the current in the circuit
accumulates over time.

A topic that appears frequently is the generation of DC voltage by a HT'S FP via magnetic
induction. This is possible because as the magnet passes over the stator, the transport current
interacts with the external AC magnetic field. This process causes a resistivity change in the
material and produces the non-zero output voltage across the stator [5]. This resistivity in
the superconducting occurs due to the interaction between the flux and the current [13, 19].
In an ideal situation the maximum output current, known as the short-circuit current, that
can be supplied by a HTS FP is only limited by the internal resistance of the stator. This
internal resistance is known as the dynamic resistance and it arises due to the flux flow in
the superconducting material caused by the interaction between the transport current and
the AC field. When the FP is in an open circuit condition (I = 0 A), the DC voltage

measured across the stator equals the open-circuit voltage. The three parameters: open-



circuit voltage; dynamic resistance and short-circuit current characterise the performance of
a FP. These topics will also be discussed in chapter 2.

The experiments conducted in this project were performed using three different types
of mechanical HTS FP and experimental systems. For the first type, known as the Gen 1
system, rotor magnets of different sizes and orientations were used to investigate the impact
of the magnet geometry on the performance of the FP. The whole system was submerged
in a liquid nitrogen bath and cooled to 77 K. From the experimental results, the magnet
geometry and stator width for an optimal FP performance were determined. The results
have been published in [3].

In the second experimental setup, a mechanical HTS FP known as the Gen 2 system was
used. Unlike the first FP, the moving parts were located outside of the cryogenics environ-
ment. The advantage of using this approach is that the cryogenic system does not suffer
heat loss associate with the moving parts [4, 6]. Another feature of this FP is that there are
nine permanent magnets spaced equally on the rotor. This increases the operating frequency
of the FP by a factor of nine compared with the Gen 1 system. For this reason, the high
frequency performance of the HTS FP was investigated. The experimental results showed
that the performance of the FP was frequency dependent. At extremely high operating fre-
quency the FP output current diminished dramatically because the stator appeared to be
driven to thermally quenched state. The experimental results have been published in [7].
The design of the Gen 1 and Gen 2 systems and the experimental results will be discussed
in chapter 3 and chapter 4 respectively.

In the third part of this project, an axial-symmetric mechanical HTS FP, called the Gen
4 system, was installed and used to investigate the current pumping performance at different
temperatures (40 - 80 K). Unlike the Gen 1 and Gen 2 systems mentioned earlier, this FP
was cooled via thermal conduction method, using a cryorefrigerator and a vacuum system.
A similar design and cooling method has been used before [40, 15| where a coil temperature
of 30 K and FP temperature range from 70 to 80 K have been achieved. For this project,
the low temperature of the FP was extremely difficult to achieve. This was partly due to
the thermal mass of the apparatus and partly due to the thermal resistances in the system.
The technical difficulties were eventually solved and coil temperature of about 20 K and FP
temperature of 30 K were achieved. The design, installation and commission of the Gen 4
system will be discussed in chapter 5.

The results of the Gen 4 system experiments will be discussed in chapter 6. It was found
that the Gen 4 system was much more effective in terms of voltage output compared with
the Gen 1 and Gen 2 systems. This is because the symmetry of the stator enabled the FP
to produce a non-zero DC voltage for almost the entire rotor cycle. The results also indicate

that the Gen 4 system has the capability to produce output currents in the kA range.



Chapter 2
Literature Review

This thesis is about the development and the experimental results of prototype supercon-
ductor flux pumps (FP) employing high temperature superconductors. In this chapter, the
type II high temperature superconductors (HTS) are introduced. The mechanism behind
the DC voltage generation of a flux pump, the DC model and the parameters that describe

the performance are discussed.

2.1 Type 11 Superconductors

There are two types of superconductors: type I and type II. When a Type I superconductor
is cooled below the critical temperature (7.), the resistance and the magnetic field inside
the material is zero. As a result, type I superconductors expel weak external magnetic
fields. Type II superconductors have three different states, depending on the strength of the
external magnetic field B. This is shown in figure 2.1. If the external field is at or lower than
B.1, the material is in the superconducting state and it expels the external field. If the field is
above B, but lower than B, the material is in a mixed state (superconducting and normal)
because some of the flux penetrates into the material. Above B.o, the superconductivity is

destroyed and the material becomes a normal conductor [10].

This content is not available. Please refer to the print
version for access.

Figure 2.1: Three different states of a Type II superconductor. Source:[10].

The fact that type Il superconductors operate in mixed states means that some can with-
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stand very strong external field [10]. Another important feature of type I superconductors
is that they have higher critical current density J.. All these features make type II super-
conductors more useful than type I in practical applications. In this project, type II high

temperature superconductors were used in the experiments.

2.2 High-T- (HTS) Oxides Wire

Superconductors are also grouped into two categories based on the value of 7.. The low
temperature superconductors (LTS) require cooling to about 4 K with liquid helium. The
other group is the high temperature superconductor (HTS). A superconductor with a critical
temperature equal to or greater than 77 K is considered as a high temperature supercon-
ductor.

A group of very important type II HTS superconductors are made from ceramic material.
An example is yttrium barium copper oxide (YBCO), which is used in this project. These
ceramic-based type II superconductors have high 7. (> 90 K) and can withstand external
fields > 100 T parallel to the HTS wire at 4.2 K. The higher 7. of HTS is an advantage
because for most applications liquid nitrogen (/NV3) can be used as the cryogen. Liquid N

has a boiling point of 77 K and is cheap to obtain and use.

2.2.1 2G HTS Wires

In this project coated conductors (also known as 2G) HTS wires (tapes) were used. They
are made from a barium cuprate thin film (e.g. YBCO) deposited upon a buffer layer on a
metal substrate (for mechanical support), and coated with a protective metal (e.g. copper)
layer. An example of a 2G tape construction is shown in figure 2.2. 2G tapes were chosen
for this project because they have high critical current /. in perpendicular external field and
are commercially available from a few manufacturers. The tapes used in this project were

manufactured by the companies called SuperPower Inc. and American Superconductor.

Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCVD
(RE)BCO - HTS (epitaxial)

IBAD/Magnetron Sputtering

Buffer Stack
Electropolishing

~0.2 pm Substrate

20 ym

Figure 2.2: 2G HTS tape construction. Source:|35|
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2.2.2 Power Law Relationship

Superconductors become normal conductors when the current density in the material is
higher than a critical value J.. For this reason, it very important to know the value of J,.
so that the materials are not driven into normal state. However, J. is not very well defined
in HTS due to its smooth transition from superconducting to normal states, known as the
flux-flow regime. It has been found that the voltage-current (V —I) curve of HTS follows a
power law relationship [33] and this allows J. to be determined. The relationship is given
by:

E-E, <‘]>n (2.1)

where J, is the critical current density, which corresponds to F.. E. is the the critical electric
field and is defined as the value when the voltage developed across a section of the tape is
equal to 14V /cm.

The curvature of the V-I curve is quantified by the constant n, which typically varies
between 20 to 40 for HTS. A higher n value implies a sharper curve. The power law rela-
tionship allows the J. of a HTS to be quantified. For example, figure 2.3 shows the V — I
curve measured from a SuperPower YBCO tape and the power-law curve was fitted to the

data. For this sample the n value is 33 and the critical current is about 162.5 A.

10 5
Model Ic_and_n_value (User) | | VO |tag e
Equation Vo+k*x+Ec*(x/lc)*n .
R:duced 5.00579E-5 —— Curve Fit
Chi-Sqr
1 - Adj. R-Square 0.99919
3] Value Standard Error
Ic 162.51942 0.0254
n 33.21552 0.35312
Voltage Vo 8.45918E-4 0.00244
k 3.97434E-5 2.58007E-5

0.1 _ Ec 1 0

Voltage (uV/cm)

: : : : : .
0 50 100 150 200
Current (A)

Figure 2.3: HTS tape V — I characteristics and n value obtained from measurements. The
calculated I, is 162.5 A. Data source: RRI
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2.2.3 Flux Flow Resistivity

As discussed earlier, a strong magnetic field can penetrate into the material of a type II su-
perconductor. This creates quantised flux vortices in the material surrounded by circulating
supercurrent [13].

The superconductivity can be destroyed by increasing the DC transport current. When
the transport current density reaches J., the material is in the mixed state and the resistance
is no longer zero, otherwise voltage cannot developed across the wire. The resistivity in the
superconductor is attributed to the flow of the flux in the material. This is caused by the

Lorentz force interaction between the flux and the transport current [13].

2.3 Flux Pump

A flux pump (FP) is a device that is capable of injecting DC currents into a superconducting
circuit via magnetic field induction. Therefore, it avoids the heat losses in the cryogenic
system introduced by the electrical wires connecting the power source and the load. The
applications of HT'S FP for the purpose of energising HTS magnets have been investigated
in [40, 15]. It was found that “a reduction in heat load by a factor of 4.5” was achieved “when
compared to using a conventional” power supply [40, 15].

An example of a simple HTS FP is shown in figure 2.4. A similar design has been used in
this project (see chapter 3). It consists of a stationary HTS tape and a permanent magnet
mounted on a rotating holder. As the magnet passes the HTS tape (stator), a DC open-
circuit voltage (V,.) is developed across the tape. A load (e.g. a superconductor coil) is
connected to the stator and forms a complete circuit with the stator so that the DC currents
can be injected into the load. Both LTS and HTS have been used in previous works to

construct FPs and are discussed separately below.



7 CHAPTER 2. LITERATURE REVIEW

Permanent
Magnet (N42)

50 mm

12 mm HTS coated- *
conductor

Figure 2.4: The arrangement of a HTS FP consists of a HTS tape and a rotating magnet.
Source:[5].

2.3.1 LTS Flux Pump

A common LTS FP design is the axial-symmetric (drum) type [24, 39, 23, 2]. An example
of the drum FP is shown in figure 2.5. It consists of a thin cylindrical superconducting sheet
that forms the stator. The rotor holds the permanent magnets and rotates on the flux pump

axis. A complete circuit connection is formed between stator and the load via wires.

This content is not available.
Please refer to the print version
for access.

Figure 2.5: Axial-symmetric (drum) Flux Pump. Source:[39, 23|.

The LTS FP operates on the principle of increasing the total flux in the superconducting
loop [39, 23, 2]. This can be understood by considering a simplified version of FP consisting
of a LTS thin sheet (stator) connected to the load via superconducting leads. This is shown
in figure 2.6. In the high perpendicular field region the superconductivity is destroyed and
a normal spot is formed. When the magnet moves from A to B, the normal spot moves
across the thin sheet and the current path is short-circuited by the eddy-current in the

superconducting sheet. When the magnet moves from B to C, a change of flux occurs in
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the closed loop consisting of the sheet, the leads and the load. Faraday’s law of induction
requires that EMF is induced in the closed loop. As a result a current is supplied to the
load.

This content is not available.
Please refer to the print version
for access.

Figure 2.6: A simple LTS flux pump. Source:|39].

2.3.2 HTS Flux Pump
2.3.2.1 The Dynamic Resistance

FPs employing a HTS material operate differently from LTS FPs because a normal spot
does not occur in the HTS material. Instead, the material in the region of high magnetic
field (perpendicular) is in the mixed state as discussed before. If the material is carrying a
DC transport current and a perpendicular AC magnetic field is applied to it, the transport
current decays. The loss is due to the flux flow in the superconducting material caused by the
interaction between the transport current and the AC field. This is known as the dynamic
resistance and was studied for a slab-like tape in parallel external field [30]. For the case of

perpendicular external field, the equation [19] that describes the dynamic resistance is:

Ray _ daf
L I
where B, | is the amplitude of the applied perpendicular AC field and By, | is the per-

(Ba,. — Bin,1) (2.2)

pendicular threshold field for flux entry into the superconductor. 2a is the width of the
superconducting tape. L is length where the field is interacting with the tape and f is the
frequency of the AC field. The dynamic resistance occurs when B, | > By, | .

Dynamic resistance has been demonstrated to exist in mechanically rotating HTS FPs

and imposed a limit on the maximum current that can be supplied by the FPs [18].

2.3.2.2 The DC Voltage Generation in a HTS FP

Although Ry imposes a limit on the current output of a FP, it is the mechanism that is
responsible for the generation of non-zero average voltage in the HTS FP. This was invest-
igated in |12] using a travelling wave FP. It was done by applying an AC magnetic wave to
a superconductor loop and this resulted in a non-zero DC voltage developed across one of

the branches in the loop.
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The voltage generation mechanism was also investigated in [5| for a dynamo-type FP.
In the paper, the authors reported that the shape of open-circuit voltage (V,.) waveform
measured across the stator in the superconducting state was different from the waveform
shape obtained in the normal conducting state. As a result, the time averaged output
voltage in the superconducting state is not equal to zero. Their results are reproduced
in figure 2.7. The plot on the left depicts the change in the shape of the AC waveform
measured in the superconducting state compared with normal state. The plot on the right
shows that the integration of the superconducting waveforms increases in magnitude over a

few measurement cycles, whereas the average value of the normal state is always zero.

0.006 i oo
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0024 I fccy
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J-V(t)dt (mV.S)
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- . : . . -0.06 : , : : :
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-0.002

Figure 2.7: The AC waveforms of a dynamo-type HTS FP. Source:|5].

The voltage generation in the dynamo-type FP was attributed to the change in J. and
the flux flow resistivity in the high field region. Figure 2.8 shows the situation where a
square permanent magnet is moving perpendicularly across a piece of HTS tape. The red
curved arrows represent the eddy current. Jg., and Jg, represent the induced current and
shunt leakage current respectively. w is the total width of the tape and [ is the length of the
magnet. 0 is the width where the magnet is overlapping the tape and the induced current is

flowing. Finally, w — ¢ is the remaining width where the shunt leakage current is flowing.
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A Js,_,,‘l‘ ljsh

Figure 2.8: Different regions in HTS tape when a magnet is crossing over it. Source:|5|.

The authors showed that, using the power law relationship, the resistance Ry, in the
shunt leakage current path can be expressed as a function of Jg,. Similarly, the effective
resistance R, in the region where the current is induced can be expressed as a function of

J ser. The equivalent circuit is shown in figure 2.9.

V??K(t)
(b)
Ron )
o
7@ .
Riee(t)  v_(1)

Figure 2.9: HTS Flux Pump Voltage Generation. Source:|5].

Vloap (t)

Vi is the induced EMF in the region where the magnet and the tape overlap. Vzzg
represents the voltage measured in the superconducting state. The voltage measured in
the normal state is Vagsx = Vi, + Vieep, Where Vi, is the voltage picked up by the voltage
measurement leads. By using the model and these relationships the authors arrived at the
equation below for the non-zero DC voltage:

—Vin(t
AV (t) = Virg — Vagsx = 1Rs(h()t) (2.3)

Rser (t)

Furthermore, the authors showed that the resistances are related to the geometry by:

10
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Burt) ™ <w - 5<t>> (24)

where n is the constant defined in the power law relationship in equation 2.1.

Equation 2.3 implies that the non-zero average voltage is the result of the change in the
resistances when the magnet is crossing over the tape.

The AC waveform changes shape because as the magnet passes the tape, the eddy-
currents short circuit the EMF and partially rectifies the AC waveform. As a result, the

average voltage is not equal to zero.

2.4 DC Behaviour and the I-V Characteristics of the
Flux Pump

In the previous section, the AC behaviour of a HTS FP was discussed and the mechanism
behind the non-zero average voltage generation was attributed to the change in the resistivity
in the tape. This effect occurs at high frequency AC field, but gives rise to a time-averaged
DC voltage measured across the stator.

For the DC behaviour of the FP, a DC equivalent circuit [17] has been proposed and it

is shown in figure 2.10.

Figure 2.10: HTS Flux Pump Equivalent Circuit.

The current pumping performance of the FP is quantified by the following parameters:
1. Open-circuit Voltage, V.

2. Short-circuit Current, [,

3. Dynamic resistance, Ry

In addition, L is the load of the FP (e.g. a current coil) and R, and R are the contact

resistances that occur at the solder joints.

11
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The V,. of a FP determines the maximum output voltage of the device and is obtained
when the device is at no-load condition (e.g. the load is removed). When a DC current /
is present in the circuit, the DC output voltage Vgp of the flux pump is described by the

equation:

Vip = Voo — IR, (2.5)

I is the maximum current that can be supplied by the FP. If the load is a supercon-

ducting coil, it is only limited by R, and is described by the simple relationship:

~ Ve
= R,

However, in a practical situation the maximum saturation current ([s;) that can be

ISC

(2.6)

produced by the FP is always lower than [,. due to the total solder contact resistance R, in

the circuit. Therefore, the maximum current is:

Loy = L
R;+ R,

Ry is the dynamic resistance discussed earlier. It arises from the interaction between the

(2.7)

transport current and the AC magnetic field. The value of R; can be obtained from the
inverse of the slope of current vs voltage plot (I —V curve) of the FP.

An example of the I — V' curve obtained from a dynamo-type HTS FP in this project
is shown in figure 2.11. V,. (= 1.2 mV) is the x-axis intercept, I (= 95.7 A) is the y-axis
intercept and Ry (/= 12.5 uQ) is the inverse (dI/dV)~" of the slope of the curve.
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Figure 2.11: HTS FP I —V curve.

The FP current plotted as a function of time is shown in figure 2.12. It shows that the

12



13 CHAPTER 2. LITERATURE REVIEW

current in the FP circuit reaches a maximum value at I,,; — 82 A, which is lower than I,

due to the total solder contact resistance in the circuit.

100

Current (A)

! I ! [ v T T T T
0 100 200 300 400 500
Time (s)

Figure 2.12: HTS FP current vs time plot.

In the following chapters, the design and construction of the FPs used in this project will
be discussed. The parameters V,., R4 and I, are used throughout this thesis to describe
the performance of the FPs. The results of the experiments conducted using the FPs will

be analysed and the I — V' curves will be used to obtained the performance parameters.

13



Chapter 3

Gen 1 and Gen 2 FP Systems

Experimental Designs

Two existing experimental systems have been employed in this project to investigate the
performance of HTS FPs. The first system was used to study the effect of the geometry of
the rotor permanent magnet on the performance of FPs. It is known as the first generation
(G1) FP system and was cooled to 77 K by liquid nitrogen (N3). The second system was
used to study the frequency dependent behaviour of the FPs and the effect of the width of
the stators on the FP performance. It is identified as the second generation (G2) FP system
and was also cooled to 77 K by liquid NVs.

3.1 RRI First Generation Flux Pump (Gen 1)

3.1.1 HTS Stator and Mechanical Construction

Servo Motor

Figure 3.1: The arrangement of the Generation 1 HTS FP system. Source:|3].
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The Robinson Research Institute first generation FP (Gen 1) system is shown in figure 3.1.
The HTS stator is made of a piece of 12 mm wide copper-coated YBCO HTS conductor
supplied by SuperPower. It is held in a vertical orientation by a (G10 holder. The stator
is positioned so that it is always parallel to the rotor rotational axis (see figure 2.4). The
horizontal position of the G10 holder can be adjusted to achieve the desired flux gap between
the stator and the magnet.

The ends of the stator are connected to normal-conducting copper current leads. In this
project, instead of connecting the FP to a load (e.g. a HTS current coil), it was connected to
a constant current supply to drive the current in the H'TS circuit. It has been demonstrated
that this method is equivalent to connecting the FP to a current coil [4]. This is demonstrated
in figure 3.2 which shows that the I-V curves obtained from the FP using a power supply
are equivalent to the I-V curves of the FP using a current coil. The advantage of using the

power supply is that it allows for much faster scanning of the voltage and current outputs
from the FP.

40
Iy m 224 Hz with coil
] 5 ® 158 Hz with coil
35 111 Hz with coil
] O 224 Hz with current supply
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Figure 3.2: FP I — Vcurves measured at 3 different frequencies using two different methods.
Source: [4].

The rotor (cylindrical shape) of the Gen 1 FP is made of aluminium and holds permanent
magnets (N42 Nd-Fe-B type) of different sizes and orientation. The rotor is coupled to a
shaft driven by an Omron servo motor. The rotation speed and direction of the rotor are
controlled by a National Instrument output module and Labview software.

Apart from the motor, the whole unit is submerged in a liquid Ny bath.

15
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3.1.2 Schematic Diagram and Signal Acquisition
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Figure 3.3: Gen 1 FP system schematic and signal acquisition. CC: Constant current source,
GPIB: General Purpose Interface Bus, LPF: Low pass filter, Diff: Differential voltage input,
Ay: Voltage gain, fo: cut-off frequency, 7: Time constant. Modified from the original
diagram supplied by A. E. Pantoja, RRI.

Figure 3.3 shows the schematic diagram of the G1 FP system and the DAC acquisition units.
The HTS stator and the timing voltage signals were measured using the National Instrument
multi-channel NI-9205 analogue-to-digital converter. The high resolution and sampling rate
features of the device were crucial for the AC measurements. The sampling rate was adjusted

so that every 10 cycles of the magnet rotor gave 9600 data points. The differential mode was

16
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chosen for the measurements due to the low signal level (in the range of mV and ©V) and
long signal lead length. Twisted-pair signal leads with ground shield were used whenever it
was practical.

The HTS voltage was measured and amplified by the low-noise preamplifier SR560. The
voltage gain and the low-pass-filter (LPF) cut-off frequency were controlled by the LabView
software. The pre-amplified signal was then split into two channels, one was fed directly
to the NI-9205 to record the AC voltage waveform. The other channel of the pre-amplified
signal was fed to the LPF (noise filtering) and this DC signal was used for the real-time data
display and monitor in the acquisition software.

The position of the magnet on the rotor with respect to the stator was detected by a Hall
sensor. For every cycle of the rotor rotation, the voltage signal output of the Hall sensor
varied according to the magnetic field strength it detected. Similar to the stator voltage
signal, the Hall sensor signal was fed to a pre-amplifier and a LPF (noise reduction) before
it was acquired by the NI-9205.

In this project, a power supply (Agilent Technologies 6970 A) was used to supply a
constant current in the superconducting circuit. The rotor was spun at a constant frequency
and the power supply current was increased from zero to a maximum value at a fixed current
step (typically 2A) and at the same time the stator voltage was measured. This method

allows for a much faster construction of the I-V curve compared to using a HTS current coil.

3.2 RRI Second Generation Flux Pump (Gen 2)

3.2.1 HTS Stator and Mechanical Construction

As discussed in section 2.3, the main advantage of a FP powering an HTS current coil
compared with a conventional power supply is that it does not require wire connections
between the power source and the HTS load. This greatly reduces the heat load of the
cryogenics system. However, a FP system (such as the Gen 1 system) that is completely
submerged in the liquid N, bath still suffers the heat load associated with the moving parts
(rotor, rotor shaft and bearings) and coupling shaft to the motor, which is located at room
temperature. In order to eliminate these heat loads the moving parts can be located outside
of the cryogenic environment. This has been achieved by the RRI second generation (Gen 2

JFP system and it is shown in figure 3.4.

17
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Figure 3.4: The arrangement of the generation 2 FP system. Source:[6].

In the liquid N, bath cryostat, the HTS stator is mounted on an iron yoke which has the
capacity to accommodate nine individual stators. Each of the stators has a maximum width
of 46 mm and is connected to a HTS double pancake coil via normal conducting copper
pieces. The inductance of the coil is 1.97 mH and the 1. is 95 A, measured at 1 pV/cm
criteria. In this project, one stator was used in the experiments.

Outside the liquid Ny bath cryostat, an iron rotor yoke is located under the stator yoke
(see figure 3.4b). They both have a common axis. The rotor has the capacity to hold up to
nine N42 type permanent magnets and is driven by an Omron servo motor. In this project,
nine magnets were used in the experiments so that in a full rotation cycle nine magnets will
have crossed over the HTS stator. This implies that the G2 FP operating frequency is nine
time higher compared with the G1 FP.

The stator and rotor yokes act as a magnetic path and form a complete magnetic circuit,
which concentrates flux onto the HTS stator.

In this arrangement, the HTS stator and current coil form a complete superconducting
circuit and are located in the liquid Ny bath at 77 K. On the other hand, the moving parts
(rotor, coupling shaft and motor), which are located outside the cryostat, do not introduce
heat load to the cryogenics system. Another advantage of the 2G FP system is that, due
to high concentration of flux on the HTS stator, it allows for a large flux gap between the
permanent magnets and the cryostat wall. Current injection has been achieved at flux gap
of up to 14.5 mm [6]. This implies that a thick insulating material can be used to insulate

the cryostat wall.

18
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3.2.2 Schematic Diagram and Signal Acquisition
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Figure 3.5: Gen 2 FP system schematic and signal acquisition. CC: Constant current source,
LPF: Low pass filter, Diff: Differential voltage input, Ay: Voltage gain, fo: cut-off frequency,
7: Time constant. Modified from the original diagram supplied by A. E. Pantoja, RRI.

Figure 3.5 shows the schematic diagram of the G2 FP system. The overall construction is

very similar to the G1 system, except that the constant current supply was replaced by a
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HTS current coil. Similar to the G1 system, the stator voltage in the G2 FP was measured
by the SR560 low-noise preamplifier. This signal was fed directly to the NI-9205 acquisition
unit for the AC waveform and also via the LPF to a separate channel for real-time display
of the I-V curve.

The arrangement of timing signal acquisition is also similar to the G1 system. However,
in the G2 system the rotor held nine equally spaced magnets. Therefore, the timing signal
had nine peaks, each of them indicated the time when one of the magnets was located at
the centre the stator.

The HTS current coil and the HTS stator were connected in series. A calibrated Hall
sensor was placed at the centre of the coil to detect the current in the circuit. The existing

calibration curve of the Hall sensor and the coil arrangement was used in the experiments.

20



Chapter 4

Gen 1 and Gen 2 FP Systems

Experimental Results

4.1 Gen 1 Flux Pump System Experimental Results

The first generation (Gen 1) flux pump system has been used in this project to investigate
the pumping performance and the characteristics of the HTS dynamo-type FP. The objective
of the experiments was to investigate the effect of the shape, size and orientation of the rotor
permanent magnet on the FP performance. First, the setup of the magnets and the material
used for the HTS stator are discussed. After that, an example of the AC waveforms measured
across the stator at superconducting state is analysed. The mechanism that is responsible
for the non-zero average voltage output of the stator is then discussed. This is followed by
the results for the I — V' curves and the FP performances (V,., Ry and I,.) produced with
different magnet geometries. Finally, some design rules for optimising the FP performance
are discussed.

An existing Gen 1 experimental system was used to run the experiments. However, new
FP stators were made from superconducting tapes and new set of magnets were installed for
the project. Some of the results and discussions presented in this section have been published

in IEEE Transactions on Applied Superconductivity [3].

4.1.1 Experiment Samples Setup

Three different types of magnet shapes (square and rectangular) and sizes (12 x 12mm,
6 x 12mm and 3 x 12mm) were investigated in the experiments. The orientations of the

magnets with respect to the HTS stators were as follows:
1. Vertical (0°) - Magnet parallel to HTS tape
2. Angled (45°) - Magnet is at 45° with respect to HTS tape

3. Horizontal (90°) - Magnet is at 90° with respect to HTS tape.
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The combinations are summarised in table 4.1.

’ Magnet Orientation and Width \ 3 mm or 6 mm \ 12 mm ‘

¢ @

Vertical (0°)

Angled (45°)

Horizontal (90°) N/A

Table 4.1: Plane (x-y) view showing themagnet and HTS stator orientation.

The different magnet orientations produced different magnetic field profiles in the x and
y directions (see the Opera Finite Element Analysis Software simulations in figures 4.6, 4.10
and 4.12). This allows for the study of the impact of the magnet geometry, with respect to
the length and width of the stator, on the flux pump performance.

The HTS stators were made from SuperPower (SF12050) copper-coated YBCO tapes
of 12 mm in width [35]. The I, of the tape was about 300 A, which was larger than the
expected maximum short-circuit current (I.) of the FP. The rotor permanent magnets were
N42 Nd-Fe-B type. The flux gap, measured from the surface of the stator to the surface of

the magnet, was 3.7 mm.

4.1.2 The AC Waveforms and the Open-Circuit Voltage Generation

It was discussed in chapter 2 that the shape of the AC waveform measured across a HTS
stator in superconducting state is different from the waveform measured in normal conducting
state. This results in the non-zero average voltage generation of the FP. An example of the
frequency-normalised open-circuit AC waveforms of this experiment is shown in figure 4.1a.
It was measured across the stator at 77 K in a liquid Ny bath. The rotor permanent magnet
width was 3 mm and the rotor was operated at 3 Hz in the reverse direction. At rotor angle
180 the magnet was located at the centre of the HTS stator. This is marked by the letter
M in the figure. The normal-conducting AC waveform measured at room temperature 300
K is also included for reference. It can seen clearly that the 77 K and 300 K waveforms have
different shapes. Figure 4.1b shows that the integration of the 77 K waveform over a full
rotor cycle is about 3 ©V/Hz, whereas for the 300 K waveform the result is zero.

In order to eliminate the effect of the voltage picked up by the remainder of the voltage
loop (e.g. the voltage tap leads) the 300 K waveform was subtracted from the 77 K waveform.
The result is the AV/f waveform shown in figure 4.1c. It shows that the voltage generation

occurred when the magnet was passing over the HTS stator.
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Figure 4.1: Figures showing the AC waveforms of the FP using the 3 mm magnet. The
magnet was in the vertical orientation with respect to the stator. The rotor was rotating in

the reverse direction at 3 Hz.
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4.1.3 FP Performance (6 mm magnet, vertical orientation)

The three parameters that measure the performance of a FP are the open-circuit voltage
V,e, the dynamic resistance R4 and the short-circuit current I,.. These parameters form the
basis of the DC model (see figure 2.10 in chapter 2) of a FP. They can be determined from
the plot of the FP current vs voltage known as the I — V curve.

Figure 4.2 shows the I —V curves obtained from the FP employing the 6-mm wide magnet
at vertical orientation. In this set of data the rotor was driven in the reverse direction and
each of the curves were obtained at various magnet frequencies. The x-axis intercepts of
the curves are the open-circuit voltages (V,.) and the y-axis intercepts are the short-circuit
currents. The dynamic resistances (R;) are the inverse of the slopes. For example the
Ve, Isc & Ry for 24 Hz Rev direction are about 114 1V, 55 A and 2 uf) respectively. Note
that the parameters V,. and Ry were obtained from the line fit, whereas I,. was derived from
Voe and Ry, i.e. Iy = V,o/ Ry.

In the Gen 1 FP experiments, another set of data were also obtained by driving the rotor
in the opposite (forward) direction. The FP performance parameters of the forward and
reverse directions were slightly different due to small misalignment of the stator and rotor

axes.. The results of these two set of data are included in future plots for comparison.
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Figure 4.2: Figure showing the I —V curves of the FP using the 6 mm magnet. The magnet
orientation with respect to the stator was vertical. The lines drawn are the linear line fits.

The V,. is the voltage measured across the stator without any load and this is the max-
imum voltage that can be supplied by the FP at a fixed frequency. The V,. plot in figure 4.3

for both the reverse (rev) and forward (fwd) rotor rotations shows that it is increasing with
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frequency. However, the data exhibits very small non-linearity with respect to frequency and
this has been reported previously in [14] and was attributed to the eddy-current loss in the

copper layer of the superconducting tape.
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Figure 4.3: FP open-circuit voltage, 6 mm magnet, vertical orientation.

In order to compare the effect of frequency on the data, V,. and R; were normalised
by the frequency. The normalised results V,./f and R;/f were then plotted as a function
of frequency as shown in figure 4.4. The short-circuit current plots are also included in the
figure. Note that the result for forward and reverse directions are slightly different. Also note
that the cross-over of the V,./; at the lowest frequency. This also occurs in measurements
made with different magnet shapes and orientations. In general, the difference between
the output obtained for forwards and backwards operation is believed to be due to small

misalignment of the stator and rotor axes.
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Similar results were also obtained for other magnet sizes and orientations. It is instructive

to compare them with the results of the 6 mm vertical magnet.

4.1.4 Vertical Orientation

Figure 4.5 shows the results of the vertical orientation for all magnet sizes. The high fre-

quency data (17 and 25 Hz) for the 12 mm magnet is not available for comparison.
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Figure 4.5: Gen 1 FP performance using 3mm, 6 mm & 12 mm magnets at vertical orient-
ation. The lines joining the data points are guides to the eye. The forward data has been
published in 3] and the reverse data is included for comparison.

The magnetic field profile at the stator for each of the magnet sizes was simulated using
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Opera Finite Element Analysis Software. The results are shown in figure 4.6.
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Figure 4.6: Simulated stator magnetic field profile, vertical orientation. The parameter x is
the length measured along the width of the stator. The parameter y is the length measured
along the length of the stator. The flux gap is 3.7 mm. Source:|3]

The plots for the simulated perpendicular field Bz for all magnet sizes and orientations
are shown in figure 4.7. The plots show that the field strength increases with magnet size

and the peak field strength is the same for all magnet orientations.

— Vertical
0.30 4 Vertical 0.304 = = Angled
‘ - = Angled -«+ Horizontal
12 mm 025
0.254 «++ Horizontal "
, 020 Gmm L
@ @ 154
0.154
0.10
010, 3mm
0.05
0.054
0.00 4
0.00 : r T 1 T T - "
-20 -10 0 10 20 -20 -10 0 10 20

X ¥
(a) B, along the x direction of the stator. (b) B, along the y direction of the stator.

Figure 4.7: Simulated perpendicular field B,, unit T, for all magnet sizes and orientations.
Source:[3]

4.1.4.1 Open-Circuit Voltage

The V,./f plots in figure 4.5 show that the FP employing the 3 mm magnet generated the
lowest V,.. This is expected because it has the lowest magnetic field strength. The EMF
generated beneath the magnets when the magnet is located at the centre of the stator is

approximately equal to |3]:
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l
EMF ~ / Bu, dy (4.1)
0

where B is the magnetic field perpendicular to the HTS stator, v, is the magnet speed
in the x direction and [ is the length of the magnet in the y direction. Compare with the 6
mm and 12 mm magnets equation 4.1 implies that the EMF induced by the 3 mm magnet
was the lowest due to its weaker field strength. In chapter 2, it was shown that the non-zero
average voltage produced by a HTS stator is proportional to the induced EMF (see equation
2.3). Since the the 3 mm induced the lowest EMF, the FP employing this magnet produced
the lowest output voltage.

It is interesting to note the V,./f for the 6 mm and 12 mm magnets are comparable
(within the uncertainty in the stator misalignment), even though the magnetic field simu-
lation shows that the 12 mm magnet perpendicular field strength is stronger. In chapter
2 the origin of the non-zero DC voltage generation in a HTS stator was discussed. It was
pointed out that as the magnet passes over the stator eddy-currents are generated around
the high magnetic field region in the superconducting material. The eddy-currents tempor-
arily short-circuit the induced EMF and partially rectify the AC waveform. As a result, the
average voltage generated over a complete cycle is not equal to zero [5]. The width of the
6 mm magnet is about half of the width of the HTS stator and this allows for a voltage
generation for almost the entire period during which the magnet was crossing over the stator
[3]. However, the 12 mm magnet is approximately the same width as the stator. With large
magnet width the eddy-currents were produced in the HTS stator only when magnet was
entering and leaving the stator. As a result, the final voltage integrated over a full rotor
cycle for the 12 mm magnet turned out to be very close to the 6 mm magnet. This effect can
be seen clearly in the AV/f waveforms for the 6 mm and 12 mm magnets shown in figure
4.8.
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Figure 4.8: AV/f waveforms of Gen 1 system using 6 mm & 12 mm magnets at vertical
orientation, reverse direction, 3 Hz. The final value of the integration for both magnet sizes
are almost the same.

As pointed out earlier the V,. vs frequency data in figure 4.3 was not perfectly linear
with respect to frequency. This also can be seen clearly in figures 4.5(a) and (b) where V,./f
decreased with frequency for all magnet sizes. This has been attributed to the screening
effects of the induced eddy-currents circulating in the copper layer of the HTS tape |3,
14]. These eddy-currents are produced on the copper layer when the magnet is crossing
the stator due to Lenz’s Law. These eddy-currents induce magnetic fields, which work
against the perpendicular magnetic field penetrating the superconducting wire. This effect
is stronger as the eddy-currents increase in strength at higher frequency. Since the EMF in

the superconductor is proportional to B (equation 4.1), a reduction in the field strength in
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the superconductor material results in lower output voltage.

4.1.4.2 Dynamic Resistance

Figures 4.5¢ and 4.5d show that the dynamic resistance in the stator increases with magnet
size. In section 2.4 the dynamic resistance of a HTS FP was discussed. It was shown that
R, is proportional to B and the interaction length of the magnetic field with the stator [19].
Since the large magnets had stronger field strength, they produced higher R,.

Similar to the V,./f, the normalised dynamic resistance Ry/f also decreases with fre-

quency for all magnet sizes due to the eddy-current screening effect.

4.1.4.3 Short-Circuit Current

As mentioned in chapter 2, I, is a derived quantity I,. = V,./R4. It is the maximum current
that can be supplied by the FP when the load resistance is zero. The results in figures 4.5e
and 4.5f show that I, is not affected by the eddy-current screening effect. The reason is the
changes in V,. compensates for the changes in k4. The FP with 12 mm magnet produced

the smallest I, because the R; was large.

4.1.5 Angled Orientation

Figure 4.9 shows the results of the angled orientation for all magnet sizes. The high frequency

data (17 and 25 Hz) for the 12 mm magnet is not available for comparison.

32



33

CHAPTER 4. GEN 1 AND GEN 2 FP SYSTEMS EXPERIMENTAL RESULTS

©
]

Normalised V (45 Degree Magnet) - Forward

N
g —=— 12 mm
=74 - o6 mm
~ A
= A -, 3 mm
> 64 1
oy
g .
= 5 Na®
o ° ~
> o
5 4 e
= ¢
(&)
c 37
[0]
Saol
T A—a 4 A
3 ‘ ‘
2
T 11
E
§ O T T T T T
0 5 10 15 20 25 30
Frequency (Hz)
(a) Voe/ f, forward
- Normalised R, (45 Degree Magnet) - Forward
N 0.20 d
g - —u— 12 mm
% 0.18 1 \. —e—6mm
- N\ A
;\} 0.16 " 8 mm
@ e
8 0.14 4
5
3 0.12 4 °
[%]
& 0.10- \.
o 0.08 \0777'0'—\ _
.08 —e—
E S
£ 006+ A
A
il i A A
g 0.04 A A N
© i
£ 0.02
2 0.00 T T T T T T T T T T
0 5 10 15 20 25 30
Frequency (Hz)
(¢) Ryq/f, forward
70 |, (45 Degree Magnet) - Forward
—a— 12 mm
—e— 6 mm
60 ° A3 mm
< S e e
_ %504 /o A P A
£ ¢
[0 A 'y n
e . h—a—
E 40 >
o
= 304 A
g
5
T 204
<
n
10
0 T T T T T T T T T T
0 5 10 15 20 25 30

Frequency (Hz)
(e) Isc, forward

Normalised Open Circuit Voltage, V_/f (uVW/Hz)

Normalised Dynamic Resistance, R /f (uQ/Hz)

(A)

sc

Short Circuit Current, |

Normalised V (45 Degree Magnet) - Reverse

8
] —a— 12 mm
74 o6 mm
1 " A3 mm
"
6 R
\.
54 o\.\
1 Te—e
44 o
| e
34
. A
2 A, A A A A
1 -
0 T T T T T
0 5 10 15 20 25 30
Frequency (Hz)
(b) Vio/ f, reverse
0.20 Normalised R, (45 Degree Magnet) - Reverse
- [ ]
a —=— 12 mm
0.18 1 Na —e—6mm
N A 3mm
0.16 "
\.
0.14 1
0.12 4 P o\
[ ]
0.10 4 e
~e
0.08 —
A
0.06
A, N
0.04 4 A A
0.02
0.00 T T T T T T T T T T
0 5 10 15 20 25 30
Frequency (Hz)
(d) Ra/f, reverse
70 |, (45 Degree Magnet) - Reverse
—ua— 12 mm
—e—6 mm
60 A—3mm
50 N
e o— — A
o—
° _—
40 ot a 4 “
]
l"’“!/
304 A
20
10
0 T T T T T T T T T T
0 5 10 15 20 25 30

Frequency (Hz)
(f) Is., reverse

Figure 4.9: Gen 1 FP performance using 3 mm, 6 mm & 12 mm magnets at angled orient-
ation. The lines joining the data points are guides to the eye. The forward data has been
published in 3] and the reverse data is included for comparison.

Figure 4.10 shows the simulated magnetic field profile at the stator for each of the magnet
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sizes. The simulated perpendicular field B, was shown in figure 4.7.
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Figure 4.10: Simulated stator magnetic field profile, angled orientation. The parameter x is
the length measured along the width of the stator. The parameter y is the length measured
along the length of the stator. Flux gap 3.7 mm. Source:|3]

4.1.5.1 Open-Circuit Voltage

The 12 mm magnet had the strongest magnetic field strength and the longest length meas-
ured in the y direction. From equation 4.1, this implies that the FP employing the 12 mm
magnet produced the highest V,.. The data for all magnet sizes show the eddy-current
shielding effect.

4.1.5.2 Dynamic Resistance

The data for all magnet sizes show the eddy-current shielding effect. The 12 mm magnet

produced the largest R4 compared with other magnet sizes because:
1. It had the strongest magnetic field strength.

2. Tt had the longest effective interaction length of the magnetic field with the stator.

4.1.5.3 Short-Circuit Current

The I, at 45° orientation for all magnet sizes is independent of frequency. It is not affected
by the eddy-current screening effect because the changes in V,. compensates for the changes
in Rd.
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4.1.6 Horizontal Orientation

Figure 4.11 shows the results of the horizontal orientation for all magnet sizes. The 12 mm
magnet data is identical to the vertical orientation. The high frequency data (17 and 25 Hz)

for the 12 mm magnet is not available for comparison.
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Figure 4.11: Gen 1 FP performance using 3 mm, 6 mm & 12 mm magnets at horizontal
orientation. The lines joining the data points are guides to the eye. The forward data has
been published in [3] and the reverse data is included for comparison.

Figure 4.12 shows the simulated magnetic field at the stator for each of the magnet sizes.
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The simulated perpendicular field B, was shown in figure 4.7.
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Figure 4.12: Simulated stator magnetic field profile, horizontal orientation. The parameter x
is the length measured along the width of the stator. The parameter y is the length measured
along the length of the stator. Flux gap 3.7 mm. Source:|3]

4.1.6.1 Open-Circuit Voltage

The 12 mm magnet produced the largest V,. because, in addition to the strongest magnetic
field strength, it also had the longest length in the y direction (see equation 4.1) .

4.1.6.2 Dynamic Resistance

The 12 mm magnet produced the largest R; because it had the strongest magnetic field
strength and the longest interaction length of the magnetic field with the stator.

4.1.6.3 Short-Circuit Current

The I, is almost constant across the frequency range. It is not affected by the eddy-current
screening effect because the changes in V,. compensates for the changes in R,.
Finally, it is useful to compare the results produced using a fixed magnet size for different

orientations. This is discussed in the next two sections.

4.1.7 Fixed Magnet Size (3 mm & 6 mm Magnets)

Figure 4.13 shows the plots for vertical, angled and horizontal orientations for the 3 mm
magnet. Figure 4.14 shows the plots for vertical, angled and horizontal orientations for the

6 mm magnet.
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Figure 4.13: Gen 1 FP performance using 3 mm magnets for all magnet orientations. The
lines joining the data points are guides to the eye. The forward data has been published in
[3] and the reverse data is included for comparison.
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Figure 4.14: Gen 1 FP performance using 6 mm magnets for all magnet orientations. The
lines joining the data points are guides to the eye. The forward data has been published in
[3] and the reverse data is included for comparison.

It can be seen in both figures that the vertically oriented magnets produced the highest

V,e. This reason is that the vertical magnets have smaller width in the x direction. For this
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reason, the eddy-currents short circuit the EMF and the stators generate voltage for almost
the entire period during which the magnets are crossing over the stators [3]. Another reason
for the high V. is that the vertically oriented magnets have the longest length measured in
the y direction.

The R, for all three magnet orientations are very similar. The reason is that R, is also
determined by the total flux passing the stator per rotation cycle [3|. Since the magnetic
field strengths are the same for all orientations, the amount of flux passing the stator is the

same and the R, for all magnet orientations are almost identical.

4.1.8 Fixed Magnet Size (12 mm Magnet)

Figure 4.15 shows the results for the 12 mm magnets at vertical (also equal to horizontal)
and angled orientations. The length of the angled magnet measured in the y direction is
longer than the vertical magnet. For this reason it produced larger EMF (see equation 4.1)
and therefore higher output voltage. The angled magnet also produced larger R4 compared
with the vertical magnet because of the longer interaction length between the magnetic field

and the stator.
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Figure 4.15: Gen 1 FP performance using 12 mm magnet for all magnet orientations. The

lines joining the data points are guides to the eye

[3] and the reverse data is included for comparison.

. The forward data has been published in
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4.1.9 Summary

The observation on the experimental data can be summarised as follows:

1.

The dynamic resistance R, of the FP increased with the magnetic field strength of the

permanent magnet.
The Ry increased with the interaction length between the magnetic field and the stator.

If the interaction lengths were comparable, the magnet orientations did not have too
much effect on the Ry. The reason was that the Ry was determined by the total flux

passing across the stator.
The V,. increased with the magnet length measured in the y direction.

For equal magnetic field strength, the magnets with the width (measure in the x

direction) narrower than the stators produced higher V..

The I,. of the FP is derived from V,. and the R;. It was not affected by the eddy-
current screening effect because the changes in V,. due to this effect compensated for

the changes in Ry.

For an optimal FP performance, the “design rules” [3| are:

1.

For higher V., the length of the magnet in the x direction should be smaller than the
stator width.

For higher V,., the length of the magnet in the y direction should be longer. However,
since R, also increased with the length, it should only be increased until a balance is

achieved between V,. and Rjy.
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4.2 Gen 2 Flux Pump System Experimental Results

The second generation (Gen 2) FP system has been used in this project to investigate the
frequency dependent behaviour of the HTS dynamo type FP and the effect of the stator
width on the performance of the FP. Three types of stators were used in the experiments. In
the first part of this section, the materials, the construction and the installation of the stators
are discussed. Then, the AC waveforms are studied in order to understand the mechanism
that is responsible for the DC voltage output of the FP. Contact resistances occur in the FP
circuit and the method employed in the experiment to determine the total value is shown.
After that, the DC operation of the FP and the performance are studied and the frequency
dependent behaviour is explored. This is then followed by the study of the AC waveforms
measured at different FP operating frequencies. Finally, the observation on the bi-stable
thermal mode of the FP are discussed.

For this project the existing Gen 2 experimental setup was used to run the experiments.
However, new FP stators were made from superconductor tapes and installed onto the system
for the work mentioned here. Some of the results and discussions presented in this section

have been published in IEEE Transactions on Applied Superconductivity [7].

4.2.1 Experiment Samples Preparation

The stators employed in the experiments were made from AMSC 46 mm wide Ag-coated
tape. This led to stators which were much wider than the 6 mm x 12 mm Nd-Fe-B rotor
permanent magnets. The flux gap, measured from the surface of the stator to the surface of
the magnets, was 7.5 mm. The I. of the tape was about 225 A /cm, measured at 77 K at 1
pV /cm criterion. Three stators were prepared for the experiments. The first stator (Stator
I) had a full 46 mm width. The second stator (Stator IT) was slit with a sharp knife to form
two parallel stators, each with a width of approximately 23 mm. The third stator (Stator
IIT) was slit into three parallel stators, each with a width of approximately 15 mm. The
length of the original tapes was about 230 mm and the slit length was about 140 mm so that
the ends of the stators II and IIT were still electrically (superconducting) connected. Two
copper voltage taps were soldered onto the stators for voltage measurement. The schematic
of the stators are shown in figure 4.16 and photos of the stators mounted on the iron yoke

are shown in figure 4.17.
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Figure 4.16: Slit tapes. Published in:|7].

(a) Stator I (b) Stator II (c) Stator III

Figure 4.17: Stators installed on the FP system.

4.2.2 The AC Waveforms and the Open-Circuit Voltage Generation

As discussed in section 2, a HTS dynamo type FP is capable of producing a DC voltage
output. It was shown that the integral of the voltage measured across the stator in super-
conducting state over a full rotor cycle is not zero. Figure 4.18a shows an example of the
AC voltages measured across stator 11T over a full rotor cycle (360°) at 27 Hz. These voltage
waveforms are broadly similar to those observed for the Gen 1 FP system. The letter M
denotes the moment when a rotor magnet was located at the centre of the stator. The solid
line is the AC voltage measured at 77 K in liquid Ny when the stator was in the supercon-
ducting state. The orange dashed line is the voltage measured at room temperature when
the stator was in the normal conducting state. The red dotted line shows the average DC
voltage which was measured separately using a low-pass filter. It can be seen clearly that
the shapes of the 77 K and 300 K AC waveforms are very different. Figure 4.18b shows the
integration of the waveforms over a full rotor cycle (9 magnets passing over). For the 77 K
waveform the final integral value is about 0.01 mV/Hz (0.29 mV), whereas for the 300 K

waveform the result is zero.
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(b) AC waveform integration over a full rotor cycle.

Figure 4.18: Stator III frequency-normalised open-circuit voltage waveform measured at 27
Hz.

4.2.3 Contact Resistance

The total contact resistance in the FP circuit exists at the connections between the FP
stator and the copper connectors, and between the stator and the current coil (see figure
3.4b). Since the inductance of the current coil is a known value (1.97 mH), the contact
resistance R, can be inferred from the rate of decay of the current in the circuit. If the FP
is turned off when the current in the circuit has reached Iy, the current decays due to the

power dissipation in the contact resistances. The decaying current is described by:
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Liceay(t) = Te Tt/ (4.2)
and in the linear form:
R,
In(Liecay) = In(lh) — ft (4.3)

The total value of the contact resistances R. can be obtained by fitting equation 4.3 to
the current decay data. An example of the decay current and the curve fit is shown in figure
4.19. The non-linearity of the curve observed from time 0 seconds to about 375 seconds is
believed to be due to the decay of the screening current in the coating layer of the current
coil. Therefore the data within this period is not included in the curve fit. The value of
the total contact resistances obtained from the fit is 0.60 p{2. In general, the value of the

contact resistances in the experiments was < 1 pf2.

4.4+

Equation y=a+b%
" Weight No Weighting

FFF Residual Sum  1.75905E-4

Fr of Squares
';F- Pearson's -0.99982
4.3 1 e Adj. R-Square 0.99963
L
G

Value Standard Error
Intercept 4.30589 5.32654E-4
Slope -3.02562E-4 6.36454E-7

In(I\-(decay))

4.0

3.9 T T T T T 1
0 500 1000 1500
Time (s)

Figure 4.19: Stator III decay current curve fit.

4.2.4 The Performance and the Frequency Dependent Behaviour of
the FP

The DC behaviour of the HTS dynamo-type FP and the model were discussed in section 2.4.
The model is described by equation 2.5 and the parameters that characterise the performance
of the FP are the open-circuit voltage (V,.), dynamic resistance (R4) and short-circuit current
(Isc). These parameters are obtained from the I — V' curve in which the FP voltage (Vrp,
measured across the stator) is plotted with respect to the circuit current. The I —V curves

produced by stator III at various frequencies are shown in figure 4.20.
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Figure 4.20: Stator III I —V curve. The lines drawn are the linear line fits. Published in:|7].

Figure 4.21 depicts the DC current vs time plot of stator III operating at different fre-
quencies. It shows that at low operating frequencies (27 - 78 Hz) the current in stator III
increases linearly and reaches a maximum current Iy, which is limited by the total contact
resistance and the current coil 1. ~ 95 A. However, at high operating frequencies (> 158
Hz) the maximum current value is much lower. These two distinctive operating frequency
regimes can be clearly seen in I — V plots in figure 4.20. For example, at the operating
frequencies from 27 Hz to 55 Hz the FP showed high I, value. At 78 Hz the I, value is
lower due to the increase in the dynamic resistance (the inverse of the slope of the [ — V/
curve). At higher frequencies (158 Hz and above) the FP produces almost zero I, due to
large Ry.
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Figure 4.21: Stator IIT DC current vs time plot. Published in:|7].

Similar frequency dependent behaviour was also observed on the FPs employing stators

[ and IT and their I — V' curves are shown in figures 4.22 and 4.23 respectively.
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Figure 4.22: Stator I I — V curve. The lines drawn are the linear line fits. Published in:|7].
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Figure 4.23: Stator II / —V curve. The lines drawn are the linear line fits. For the frequency
224 Hz there are more data points beyond 2.0 mV, which are not shown in the plot but used
in the line fits. Published in:[7].

In order to study the effect of the operating frequency on the performance, the parameters
(Vie, Rg and I.) extracted from the I — V' curves were plotted with respect to the frequency.
Figure 4.24a shows the performance of stator I and the plots are divided into three operating
regimes. In the low frequency regime, the FP voltage and R, increase linearly with frequency.
In the mid frequency regime, the rate of increase of the dynamic resistance is higher and
the FP voltage dropped. The combination of the changes in V,. and R, results in a drastic
reduction in I,.. In the high frequency regime, V,. drops drastically with respect to frequency,
whereas Ry increases rapidly. As a result, the FP is no longer able to produce a measurable

output current. Stators IT and IIT also showed similar frequency dependent behaviour (figures
4.24b and 4.24c).
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The rapid increase in Ry at high frequencies might be due to the local heat quenching
in the stator |7]. It occurs when the magnets are passing over the stator at high frequency
and the eddy-current in the stator around the magnet spot exceeds J. [31]. As a result,
these local regions around the magnet where the eddy-current exceeds J. become ohmic and
produce power loss. However, the frequency at which the heat quenching starts to occur
depends on the heat transfer rate between the stator and the liquid nitrogen and it varies
from one experiment to another.

The slit stators appeared to be thermally less stable at high frequency compared with the
full stator. One possibility is that the stators could have been damaged during the slitting
process. It is also possible that the width of the individual stators were smaller and therefore

the eddy-current exceeded J. at high frequency. [7].

4.2.5 The AC Waveforms and the Operating Frequency Regimes

Another useful piece of information which also indicates the operating frequency regimes of
the FP is the open-circuit AC waveform measured at zero coil current. Figures 4.25 and 4.26
show the frequency-normalised open-circuit voltage (V,./f) waveforms of stators I and III
respectively measured at 77 K. The normal conducting voltage waveform measured at room
temperature 300 K is also included for reference. The letter M denotes the rotor angle at

which one of the the nine magnets was located at the centre of the stator.
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Figure 4.25: Stator I frequency-normalised open-circuit voltage (V,./f) waveforms. Pub-

lished in:[7].
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The waveforms are grouped into the three operating frequency regimes as described in
the previous section. In the low frequency regime (4.25a and 4.26a) it can be seen that the
shape of the superconducting waveforms are different from the normal conducting reference
waveform. The superconducting waveforms were partially rectified when the magnets were
crossing over the stator (rotor angle from 67.0° to 88.89). In order to eliminate the voltage
induced in the remainder of the voltage loop (e.g. stators voltage tap leads), the 300 K
waveforms are subtracted from the 77 K waveform. Figure 4.27 shows an example of the
subtracted waveform AV /f measured at 27 Hz with stator III. It shows that contributions
to the DC output of the FP occurred only when the magnets (indicated by the letter M)
were crossing over the stator. This is consistent with the theory presented in section 2.3.2

which explained the origin of the DC output of a HTS dynamo type FP.

M M

77 K-300 K|
300K

M
0.075

0.050 ~

0.025

7 AN AW -
0.000 o/

AV, )/f (MV/H2)

-0.025

-0.050

-0.075 i g
40 60 80 100 120

Rotor Angle (°)

Figure 4.27: Stator III AV/f at 27 Hz

At high frequencies (4.25¢ and 4.26¢) the voltage shapes have similar form as the voltage
shapes obtained at low frequencies. However, the DC output voltage of the FP is much lower.
A possible explanation is that at high frequencies the stators were thermally quenched due
to the circulating eddy-current being much larger than J, [7].

Figures 4.25b and 4.26b show the waveforms when the FP was in the transition from
thermally unquenched to quenched state. It is interesting to note that in this mid-frequency
regime the amplitude of the voltage is substantially higher compared with the low and high
frequency regimes. There is no firm understanding of the underlying mechanism for this
effect but it might be “due to an additional self-field d®/dt term caused by the circulating
eddy currents within the wide stator wire” [7]. Further investigations are required in order

to understand this effect properly.
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4.2.6 Bi-stable Mode

Another interesting observation on the behaviour of the slit stator experiments is that in
some cases the FP was operating in two different stable modes. This was observed in the
mid-frequency regime where the FP produced two I —V curves, each of which had a different
set of V., Rg and I,. values. An example is shown in figure 4.28 for stator III operating at 111
Hz. It shows that the FP was initially operating in the fourth quadrant in the unquenched
mode and switched to the partially-quenched mode after the rotor had reached full speed. It
then switched to and fro in between the two modes in the first and second quadrants. The
AC waveforms measured in the two modes also differ in shapes and amplitude. It can be seen
that the waveform amplitude in the quenched mode is smaller, which is consistent with the
finding in the previous section. Note that the shapes and amplitudes of the unquenched mode
waveforms are very similar to the mid-frequency open-circuit waveform shown previously (See
figures 4.25b and 4.26b). The reason is that that the FP was operating at mid-frequency of
111 Hz.
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Figure 4.28: Stator III bi-stable mode at 111 Hz

Figure 4.29 shows the time plot of the current, voltage and power of the FP operating
in the bi-stable mode in figure 4.28. The grey colour sections shows the time when the FP

was dissipating power and this corresponds to the second quadrant of the I — V' plot.
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Figure 4.29: Stator III time plot at 111 Hz. The grey colour sections shows the time when
Vrp was negative and the FP was dissipating power.

4.2.7 Summary

Three types of stators of different widths were used in the Gen 2 FP system experiments.
The Gen 2 dynamo type HTS FP was capable of generating DC output in superconducting
state due to the partial rectification of the AC voltage waveforms measured across the stator
in superconducting state. The contact resistances in the FP dissipate power and the total
value can be determined from a linear curve fit to the decay current data. The performance
of the FP was studied and three distinctive operating frequency regimes were observed. At
high frequency, the Ry of the FP increased dramatically and this resulted in substantial
reduction in the output current. The increase in R, is believed to be due to local heat

quenching in the stator caused by large circulating eddy-current around the magnet spot.
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The slit stators were thermally less stable compared with the full stator. It has been shown
that the AC waveforms in different FP operating frequency regimes differ in shapes and
amplitudes. At certain mid-frequencies the FP switched the operation between two stable

modes, each with a different set of V., R4 and [,. values.
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Chapter 5

Gen 4 FP System Experimental Design

and Commission

5.1 RRI Fourth Generation Flux Pump (Gen 4 System)

The fourth generation (G4) FP system is a proof-of-concept design, with the intention to
investigate whether this design would produce a DC current and characterise the FP per-
formance at different operating temperatures. In this chapter, the design, installation, con-
struction and commission of the system will be discussed. Apart from the mechanical design
of the FP, which was completed prior to the project, all the works presented in this chapter

were performed as requirements of this Master thesis.

5.1.1 The Gen 4 Cryogenic System

In this project, the superconductor and the test rig were cooled to about 30 K using a cold
head via thermal conduction. The cold head and the rig assembly were located in a vacuum
chamber and the air was pumped out by a turbo pumping system.

The vacuum chamber was manufactured by GNS Science New Zealand and it is shown

in figure 5.1.
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Figure 5.1: Gen 4 vacuum chamber. RRI Solidworks model.

The cold head was attached to a cryogenic refrigeration system (Cryomech AL63), which
employed a closed loop helium expansion cycle for the cooling of the cold head [9]. The
cooling capacity of the system is shown in figure 5.2. It shows that the cooling power
decreases approximately linearly with temperature. At 30 K the cooling power is about 15
W.

This content is not available. Please
refer to the print version for access.

Figure 5.2: AL63 Cryorefrigerator Capacity Curve. Source:[8].

The turbo pumping system is the HiCube Classic 80 series [32] manufactured by Pfeiffer
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Vacuum. It can deliver an ultimate pressure of 1 x 10~7 mbar.

5.1.2 The HTS FP Construction

Figure 5.3 shows the construction of the fourth generation HTS FP system. It consists of
a sample test rig and a HTS FP circuit. The sample test rig, which was designed by a
student in a separate project, secures the FP circuit in the vacuum chamber and is intended
to enable cooling to about 30 K. The cooling is done via thermal conduction by attaching a
copper cooling plate to the cold head, which is part of the Cryomech ALG3 system. A thin
layer of Apiezon N grease (cryogenic vacuum grease) was applied on the interfaces between

the cooling plate and the cold head.

Bottom Copper Clamping Plate.
Sensor D2.
Temperature T2 Compression Spring
with Bolt and Nut

Top Copper Clamping Plate.
Sensor D1.
Temperature T1.

G10 Washer

“l

iz

HTS Stator Current
Flylead

Short-length
HTS Tapes

Sapphire
Washer

Cold Head

Copper Cooling Plate

HTS Current Coil

Figure 5.3: The fourth generation HTS FP attached to the sample test rig. The location of
the main temperature sensors D1 and D2 are also shown in the diagram. RRI Solidworks
model.

The cooling plate holds and cools the HTS current coil, the copper current-lead supports
and the HTS stator assembly. The functions of the sapphire washers are to provide electrical
isolation between the current-lead supports and the cooling plate, and to provide good
thermal conduction between them. For good thermal conduction, a thin layer of Apiezon N
grease was applied to the interfaces between the components.

The bottom copper clamping plate of the stator assembly serves as a thermal conduction
path between the cooling plate and the stator. The top clamping plate, bottom clamping
plate and the compression springs hold the cylindrical sapphire tube in position.

The sapphire tube provides a surface on which the stator wraps around and forms a
cylindrical shape. Sapphire (Al;03) was chosen because it is a good electrical insulator (10
ohm-cm @ 25 °C) [34] and thermal conductor (12000 W/m/K @ 25 °C) [11].
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5.1.2.1 HTS Stator Assembly

Figure 5.4a shows the cross-section of the HTS stator assembly. It consists of a sapphire
tube, a stator, a rotor and two copper clamping plates. The cylindrical rotor was made of
aluminium and was designed to hold permanent magnets of different size and orientations.
A 12 mm x 12 mm x 12 mm Nd-Fe-B magnet was used in this project and it was oriented so
that the north pole, and therefore the magnetic field, pointed towards the stator. The largest
magnet size available was chosen for the strongest magnetic field strength (see section 4.1
for the discussion on the effect of magnet size relative to stator width on FP performance).
The flux gap measured from the surface of the magnet to the stator was about 4.5 mm.
The rotor shaft was coupled to an external servo motor at room temperature via a carbon
coupling tube. A Hall sensor type HHP-NP supplied by AREPOC |[1] was installed in close
proximity to the magnet to detect its position and provide a timing signal to the acquisition

software.
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HTS Stator
(Thickness Mot To Scale)

Top Clamping Plate ——‘ Bottom Clamping Plate |
Sapphire Tube

Permanent
Magnet

Coupled To Motor

—_—
Rotor Shaft
Rotor Shaft
Hall Sensor
(Timing)
(a) Cross-section view
Permanent
Magnet
Sapphire

Tube

Rotor

HTS Stator

(b) Front view

Figure 5.4: Stator assembly cross section view. RRI Solidworks model.

5.1.2.2 HTS FP Circuit

Figure 5.5 shows the construction of the HT'S FP circuit. Note that all components, except
for the rotor, have been removed from the drawing for clarity. It consists of a HTS stator,
which is connected to a double-pancake coil via two sets of flyleads and current leads. The
stator is made of a 46 mm wide HTS tape supplied by AMSC. It has a layer of YBCO super-

conducting material deposited onto a hastelloy substrate and covered by a silver protective
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layer. The thickness of the YBCO and silver layers are about 1 and 8 pum respectively and
the 1. is 225 A/cm, measured at 77 K at 1 x4V /cm criterion. The current coil is a double
pancake HT'S coil manufactured by HTS-110. The inductance of the coil is 1.97 mH and the
I. is 95 A, measured at 77 K at 1 ¢V /cm criteria.

HTS Stator

HTS Current Coil

‘ HTS Stator Flylead ‘ =

HTS Current Lead

Figure 5.5: HTS FP Circuit. RRI Solidworks model.

5.1.2.3 The Construction and Installation of the Stator and the Leads

Figure 5.6 shows the process of making the stator. First, a tape of about 220 mm long was
prepared and the back side (hastelloy) of the tape was applied with a very thin layer of
Araldite 2 part-epoxy resin. The HTS tape was then rolled onto a sapphire tube and held in
place with PTFE tape. The back side of the HTS touched the tube and the silver layer side
faced outward. The expoxy was then cured in an oven set at 120 °C for 24 hours. Once the
epoxy was cured, the PTFE tape was removed and the ends of the HTS tape were joined
together by soldering a HTS strip (made from the same HTS tape) over the gap.
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HTS Tape
(stator)

Sapphire

Tube
HTS Strip

Figure 5.6: Mounting of the HTS stator onto the sapphire tube.

As shown in figure 5.5, the electrical (superconducting) connections between the HTS
stator and the coil were made via 2 sets of stator flyleads and current leads. Each set
was supported by a copper support piece, which provides mechanical support and thermal
conduction. Both the flyleads and the current leads were made from 12 mm wide copper-
coated YBCO HTS tape. The tape had an I. of about 300 A and it was manufactured by
SuperPower. One end of the flyleads was soldered to the HTS coil and the other end to the
support piece (hastelloy side touching the copper). This is shown in figure 5.7.

[ —

Copper
support
pieces

Figure 5.7: HTS flyleads soldered onto the copper support pieces and stator.

For the current leads the whole pieces were soldered directly onto the copper support

pieces, with the back side (hastelloy) facing the copper. This is shown in figure 5.8 where
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the top photo shows the current lead attached to the support piece and the bottom photo
shows the current lead, being soldered onto the HTS coil.

Copper support piece
HTS current lead

Copper support piece ]

with currentlead

>
N

Soldering heater

Figure 5.8: HTS current lead soldered onto a copper support piece and then onto the HTS
coil.

The stator flyleads and the current leads were electrically connected via two pieces of
short-length HT'S tape, each of them was made from the same batch of the SuperPower tape.

The connections are shown in figure 5.9.

Flylead 1

Short-length
HT5 tape ’

A

L3
\h’ -~
Currentlead (Tinned [° |
with In-Bisolder)

Figure 5.9: Connections between the flylead and the curent lead via two pieces of HT'S tapes.

The same soldering heater shown in figure 5.8 was also used to solder the flylead onto the
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HTS stator. In order to have a good control on the heat generated by the heater, a power

supply was custom built for it. This is shown in figure 5.10.

Temperature display

0-240Vac
240 Vac ————p

Figure 5.10: Soldering heater and the power supply.

Power Supply

Thermocouple signal

5.1.2.4 Temperature Monitor and Control of the Stator

The cooling capacity curve of the AL63 cold head in figure 5.2 shows that the cooling
power of the cold head at 80 K is about 50 W. The cooling experiments (see section 5.2)
conducted on the FP system showed that the lowest temperature achieved on the copper
cooling plate was about 24 K, and on the stator assembly was about 31 K. Two 50-W
heating elements were installed on the top and bottom clamping plates to bring the system
to thermal equilibrium so that the temperature at the stator can be set to the desired level
(30 - 80 K). A voltage-controlled constant-current source was designed and built in this
project to control the output power of the heating elements (see appendix A for the design
and construction of the heater power supply). The temperature on the plates were monitored
using the Lakeshore Cryogenic silicon diode temperature sensors (DT-670 series [21]). The

schematic of the temperature control and monitor is shown in figure 5.11.
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Current Heating element

+

Voltage
Controller ——p Heater Power Supply

(National Instrument via Labview) (Constant current source)

Copper clamping board

Temperature Feedback

Figure 5.11: Stator temperature control and monitor.

Note that in this project the control voltage input to the power supply was set manually.
However, a PID controller can be incorporated into the scheme if it is required.

The locations of the diode sensors and the heating elements are shown in figure 5.12.
The diode on the top clamping plate is labelled as D1 and temperature as T'1, and the diode
on the bottom clamping plate is labelled as D2 and temperature T2. For consistency, these
labels are fixed in this project.

In order to eliminate the error introduced by the high resistance in the leads, the 4-wire
measurement method was used for the measurements of the sensors signals [20]. The sensor
leads were also thermally anchored at various points to minimise the heat conduction from

the ambient environment to the sensors |20].

S Temperature
sensor D2

Bottom
4 clamping

Y
~'= |
fiot! |

\\
\

L o
clamping
plate

2
e

Temperature
sensor D1

Heating

elements
elements
(a) Side view (b) Rear view (c) Front view.

Figure 5.12: Temperature sensors and heaters on the stator assembly. (a) Side view showing
the temperature sensor D2 and the heating element installed on the bottom clamping plate.
The top clamping plate and the stator were removed. (b) Rear view showing the heating
elements installed on the bottom clamping plate. (c¢) Front view showing the diode temper-
ature sensor D1 installed on the top clamping plates. Two heating elements are installed on
the the top clamping plate. The stator had been removed.
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5.1.3 HTS Current Coil Assembly and Hall Sensor Calibration

In the experiment, the HTS stator and the current coil would be connected in series. The
current flow in the circuit would be monitored by using a high-linearity Hall sensor to detect
the magnetic field at the centre of the current coil. The Hall sensor is an axial mounting
type HHP-NA supplied by AREPOC and the specification can be found in literature [1].

The Hall sensor mounting in the coil assembly is shown in figure 5.13.

G10 Washer

N

| HTS Current Coil

‘ Copper Cooling Plate ‘

‘ Hall Sensor ‘

Figure 5.13: Gen 4 system H'T'S current coil assembly and the Hall sensor. RRI Solidworks
model.

An experiment was conducted to obtain a conversion factor (calibration constant) of Hall
sensor voltage to coil current. Figures 5.14 a and b show the setup of the experiment. An
external power supply was used as a constant current to set the coil current from zero to 95
A, at a 5 A increment step. The Hall sensor converted the magnetic signal detected at the
centre of the coil into a voltage signal. This signal was amplified and recorded by a NI-9205
analogue signal input module. The Yokogawa 7551 constant current source supplied a 20 mA
excitation current to the Hall sensor and the Agilent 34420A meter monitored the voltage
across the HTS coil to ensure that the current did not exceed the I, of the coil.

In order to protect the coil assembly from a huge thermal shock, an N, flow control setup
was used to supply N, into the bath and cooled the assembly at a very slow rate via Ny

vapour cooling. This is shown in figure 5.14c.
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Coil Current Sensar
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Power / : -
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{CC Source) HTS Coil i |

YORKOGAWA 7651
Constant Current Source

Agilent 344208
Micro Ohmmeter

(a) Signal acquisition.

Voltagetaps

Thermocouple Power supply
Temperature sensor Current leads

HTS current coil assembly

(b) Photo showing the experimental setup.
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(¢) Coil assembly temperature control.

Figure 5.14: Gen 4 system HTS current coil Hall sensor calibration.

The calibration curve obtained from the experimental data is shown in figure 5.15 and
the calibration constant is 105.24 A/V.

69



5.1. RRI FOURTH GENERATION FLUX PUMP (GEN 4 SYSTEM)

90

80

70+

Current (A)

N w
o o
| IR

N
o
1

Equation
Weight

Residual Sum
of Squares

Pearson's r
Adj. R-Square

Current

y=a+b*'
No Weighting
0.31249

0.99999
0.99998

Value

Intercept

0.25906

Slope 10523751

Standard Error
0.0558
012171

(@]
L

0.0

Figure 5.15: Gen 4 HTS coil Hall sensor calibration curve.
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5.1.4 Schematic Diagram and Signal Acquisition

Figure 5.16 shows the schematic and signal acquisition of the G4 system. There is some

similarity between the Gen 2 and Gen 4 systems (e.g. both have a current coil acting as the

load) and therefore the Gen 2 Labview software was modified to suit this the Gen 2 system.

However, it is important to note that the installation of the equipment and acquisition units

of the Gen 4 system were done afresh, independent of previous works. In addition to that,

some of the electronics hardware were custom built for the purpose of this project. Examples

are the voltage-controlled power supply for the heating elements (see appendix A) and the

10-pA constant current source for the excitation of the Lakeshore diode temperature sensor

(see appendix B for the schematic diagram). A dedicated Labview software was written for

the purpose of controlling the power supply output and monitoring the temperature of the

stator assembly.
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Figure 5.16: Gen 4 FP System Schematic and Signal Acquisition. CC: Constant current
source, LPF: Low pass filter, Diff: Differential voltage input, Ay: Voltage gain, fy: cut-off
frequency, 7: Time constant. Modified from the original diagram supplied by A. E. Pantoja,
RRI.

Unlike the Gen 2 system, there are two sets of voltage measurements on the Gen 4
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system. For the first one, a voltage signal across the stator is picked up via a set of voltage
taps (figure 5.17a). This signal is amplified and sent to the NI acquisition unit. However, due
to the geometry of the stator, the actual location to measure the stator voltage is difficult
to determine. For this reason, another set of voltage taps is present on the HTS coil current
leads (figure 5.17b). This measures the voltage across the coil, which is also in parallel with
the FP stator, and the signal is amplified by the SR570 low-noise pre-amplifier before it is
fed to the acquisition unit. However, note that the voltage across the coil V,,; is equal to the
FP voltage Vpp minus the voltage drops on the contact resistances I R. between the flylead
and the stator. This is described by the equation V,,;; = Vep — IR..

(a) Stator voltage taps (b) Coil voltage taps

Figure 5.17: G4 FP system voltage taps.

The position of the magnet on the rotor with respect to the stator is detected by the HH-
NP Hall sensor. For every cycle of the rotor rotation, the voltage signal output of the Hall
sensor varies according to the magnetic field strength. This signal is fed to a pre-amplifier
and a LPF (noise reduction) before it is acquired by the NI-9205 [27].

The HTS current coil and the HTS stator are connected in series and share the same
current. A calibrated Hall sensor is located at the centre of the coil to detect the current in
the circuit. See section 5.1.3 for the calibration experiment.

In order to eliminate the error introduced by the lead resistance, 4-wire measurement
method was used for the sensors signals. Differential input method was used for the voltage

measurements at the acquisition card|28].

5.2 Cooling Experiments

In this section, initial cooling experiments performed on the Gen 4 flux pump system are
discussed. Throughout the process, a few modifications and improvements were carried out
on the test rig in order to improve the cooling performance. The test results will be presented

in the chronological order which they were performed.
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5.2.1 Initial Cooling Tests and PT100 Sensors Calibration

Figure 5.18 shows two units of the calibrated PT100 and Lakeshore DT-670 temperature
sensors installed on the cooling plate. The DT-670 sensors were installed in close proximity
to the PT100 sensors so that the data could be used to calibration the PT100 sensors. The
PT100 sensors were labelled as PT100#1 and PT100#2 and their temperature as T3 and T4
respectively. The DT-670 sensors were labelled as LK-D1 and LK-D2 and their temperature
as Th and T6 respectively. Prior to the calibration the standard calibration curve of the
PT100 sensor was used to obtain the temperature readings.

m T l Cooling Plate
oy v o Nt
) 3 _ ]
: A N

\.

i 3 Y
__-_

PT100(T4) & Lakeshore DT-670(T6) . 1
- . e PT100(T3) & Lakeshore DT-670(T5)

P

FE - = ' ————

Figure 5.18: PT100 and Lakeshore DT-670 diode temperature sensors mounted on the cool-
ing plate.

The result of the cooling test is shown in figure 5.19. The data of T5 and T6 show that
the cooling plate reached 35 K within roughly 5 hours and the readings of the PT100 sensors
readings were very close to each other. Since T5 and T6 were almost identical, T6 data was
used to calibrate the PT100 sensors. The new calibration curves, shown in figure 5.20, were
then used to convert the sensors resistance values to temperature for future experiments.

The dotted sections are the extrapolated data using a second order polynomial function.
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Figure 5.19: Gen 4 system cooling test. Additional DT-670 sensors were used to collect
temperature data for the purpose of calibrating the PT100 sensors.
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Figure 5.20: Gen 4 system PT100 sensors calibration.

Figure 5.19 shows that the temperature difference between the stator copper clamping
plates and the cooling plate was about 155 K. The reason is that a piece of G10 thermal
break was present at the interface between the bottom clamping plate and the cooling plate.
Prior to the experiment, it had been assumed that the stator assembly would be too cold
and the heating elements would struggle to bring the stator to the desired temperature.
However, the result shows that the stator was not cold enough, even after 5 hours of cooling.

Therefore, the G10 thermal break was replaced by a copper piece for future experiments.

5.2.2 Removal of the Thermal Break

Figure 5.21 shows the test result after the G10 thermal break had been removed and replaced
by a copper piece that had the same dimensions. A thin layer of Apiezon N grease was
appplied on the interfaces between the copper piece, the cooling plate and the bottom copper

clamping plate.
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Figure 5.21: Gen 4 system cooling test after the G10 thermal break was replaced by a copper
piece.

The data show that after about 5 hours, the lowest temperature (T2) measured on the
bottom clamping plate was 39 K. This is a substaintial improvement when compared with
the previous measurement (185 K). However, the temperature (T1) of the top clamping
plate was still considerably higher (98 K @ 300 min). The reason is that the only thermal
conduction path between the bottom clamping plate and the top clamping plate was the
sapphire tube. There were several interfaces between the top clamping plate and cooling
plate, each of these served as a thermal resistance. On top of that, the surface of the vacuum
chamber also acted as a source of thermal radiation load.

Note that only one PT100 sensor (T3) was used in the measurement of the cooling
plate. When the chamber was opened up for inspection it was noticed that the PT100
sensor came off from its mounting. It is assumed that this caused the sudden jump on the
temperature curve at time about 109 minutes and 140 minutes. From this point onward,
T3 was unreliable. The mounting problem was later solved and it did not occur in future
experiments.

Also note that at 55 minutes and 73 minutes T1 curve shows a slight change in the gradi-
ent. However, it was later confirmed that the sensor D1 did not come off from the mounting

and these changes in the gradient were probably due to thermal contraction movements at
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the interfaces between the sapphire tube and the clamping plates.

5.2.3 Thermal Radiation Shield

The previous experiments showed that the existing cooling arrangement was insufficient to
overcome the thermal radiation load at the top clamping plate. In order to mitigate this
problem, a thermal radiation shield was built to enclose the stator assembly. This is shown in
figure 5.22. It was built from a multilayer insulation (MLI) held by a copper wire frame. The
frame was attached to the bottom cooling plate so that it could reach the lowest temperature

possible.

Figure 5.22: Gen 4 system stator assembly thermal radiation shield.

Figure 5.23 shows the cooling test after the installation of the radiation shield. At 400
minutes the temperature (T1) of the top clamping plate reached 75 K, which was below the
liquid nitrogen temperature. The bottom clamping plate (T2) was 32 K and the cooling
plate (T3) was 22 K. The result shows that the radiation shield reduced the heat load of the

system significantly.
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Figure 5.23: Gen 4 system cooling test after the installation of a radiation shield on the
stator assembly.

5.2.4 Thermal Bus

The results from the previous experiments show that the radiation shield improved the
cooling of the system. However, it was still insufficient to bring T1 lower than 75 K. This
was due to the thermal resistance in between the cooling plate and the top clamping plate.
When the FP is in operation, the temperature difference between T1 and T2 is expected
to increase due to heat generation in the stator. In order to overcome the temperature
difference between the stator assembly and the cooling plate, a copper thermal bus was
installed between the the top copper clamping plate and the cooling plate. This is shown
in figure 5.24. The complete experimental setup, after the installation of the the radiation

shield is shown in figure 5.25.
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plate.

(b) Top view showing the rig located inside the vacuum chamber with
the lid open.

Figure 5.25: Gen 4 system experiment final setup.

The cooling test result after the installation of the thermal bus is shown in figure 5.26.
This time the temperature difference between the top clamping T1 and the bottom T2 was
reduced significantly to just 4 K. The temperatures T1 = 37 K and T2 = 33 K were achieved
in about 250 minutes, which is faster compared with the previous run without the thermal
bus. The final temperature of the cooling plate was 24 K. The temperature level achieved at

the stator assembly means that the temperature can be adjusted to the desired level (30 to
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80 K) using the heating elements. The results of the temperature dependent FP performance

experiments will be discussed in chapter 6.
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Figure 5.26: Gen 4 system cooling test after the installation of a thermal bus between the
stator assembly and the cooling plate.
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Chapter 6
Gen 4 FP System Experimental Results

In this chapter, the experimental results for the Gen 4 FP system (see Chapter 5 for the
system design) are discussed. The target stator operating temperatures in the experiment
were 50, 60, 70 and 80 K. However, it was discovered that the exact stator temperature was
difficult to achieve due to the self heating of the FP system and lack of cooling power from
the cryo-cooler. Therefore, a method was employed in the experiment to stabilise the stator
temperature, and this is explained. Then, an example of the AC waveform is analysed
in order to investigate the mechanism that is responsible for the FP DC output. After
that, the contact resistances in the FP circuit, I — V curves and FP performance measured
at various operating frequencies and temperatures are discussed. Finally, the frequency
normalised results are compared with the results for the Gen 1 and Gen 2 FP systems and

the temperature dependent characteristic of the Gen 4 system are discussed.
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6.1 Temperature Monitoring

Bottom Copper Clamping Plate.
Sensor D2.
Top Copper Clamping Plate. Temperature T2
Sensor D1.
Temperature T1.

HTS Stator Current
Flylead

Copper Cooling Plate.
Sensor D3.
Temperature T3.

HTS Current Coil Cold Head

Figure 6.1: Temperature sensor locations of the Gen 4 FP system. RRI Solidworks model.

Figure 6.1 shows the locations of three temperatures sensors in the Gen 4 FP system. The
first sensor, D1 (temperature 7'1) was attached to the top copper clamping plate. The second
sensor, D2 (72), monitored the temperature of the bottom clamping plate. The average
temperature of these two sensors was recorded as the temperature of the stator (7y,,). The
difference between these two temperatures is denoted as AT (71 — T2). T3 denotes the
temperature of the cooling copper plate. The stator generated heat during operation and
this resulted in the change in T, and AT over time, therefore, the maximum values of Ty,
and AT are presented in the results. However, the changes in Ty, and AT over time were
<2 K.

6.2 Temperature Stability

In chapter 4, it was observed that the Gen 2 FP system appears to suffer heat quenching
at high frequency operations due to the heat generated in the stators. It was found that
the stator of the Gen 4 FP system also generated substantial amount of heat and this
resulted in a difference in the temperature between the top and the bottom copper clamping
plates. On top of that, the thermal resistance between the cryo-cooler cold head and the top
clamping plate was much higher compared to the bottom clamping plate. At high operating
frequencies and low operating temperature, the temperature difference AT between these
plates was as large as 17 K because there was less cooling power from the cold head. This

imposed a technical challenge in obtaining a stable operating temperature of the stator.
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A method has been employed in the experiment to achieve a stable operating temperature.
This is shown in figure 6.2. First, 72 was controlled (by setting the power supplied to the
heating elements) until it reached the desired temperature. Then, the FP was turned on
to supply current to the coil. In this current ramping period the stator was left to run
and generate heat until 7’1 and 72 were stable. The FP was then quickly switched to the
opposite operating direction (reverse) and the data was taken. Similarly, in the end of the
reverse run, the FP was quickly switched to the forward direction for measurement. In the
process of the measurements the heating elements on the top plate were turned off and a
small power adjustment on the heating elements on the bottom plates was performed to
compensate for the stator self heating. This method allowed for the temperature change in
time to be kept relatively small. In general, the change in the average temperature with

respect to time in the experiment was < 2 K.
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Figure 6.2: Achieving temperature stability. Current ramping, forward and reverse runs at
18 Hz, Ty = 55 K.

6.3 The AC Waveforms and the Open-Circuit Voltage

(Generation

The Gen 4 HTS stator was made of the same superconducting material as used in the Gen 2
system. Therefore, the waveform analysis used for the Gen 2 system can be employed here
to investigate the non-zero average voltage generated by the Gen 4 FP stator.

As discussed in chapter 5, the stator was made of a 46 mm wide HTS tape rolled into a
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cylinder shape. Due to the geometry of the stator, it was difficult to identify well defined
points at which the voltage across the stator could be measured. For this reason, another set
of voltage taps was used to measure the voltage developed across the current coil (see figure
5.17b). Figure 6.3a shows the superconducting AC waveform (black line) of the voltage
measured across the coil at 25 Hz at 80 K. The yellow dotted line (labelled “normal”) is the
AC waveform measured at the same frequency when the FP was in normal conducting state.
This was measured when the cooling plate temperature had reached 100 K. At this cooling
plate temperature stator temperature was assumed to be well above the YBCO critical
temperature (93 K). The red dot line is the average DC voltage (80 K, 25 Hz) measured
separately to the AC waveform, using a low-pass DC filter as discussed in chapter 5. A hall
sensor (see figure 5.4a) was installed in the stator assembly to detected the magnetic field
of the rotor magnet. The minimum of the timing signal (blue line) indicates the moment
when the magnet was located at the lowest position of the rotor angle, which was defined as
0°. Note that the actual amplitude of the timing signal is irrelevant and therefore it is not
plotted to scale.

The AC waveforms measured at 80 K and at the normal conducting state are very
different in shape. It can be seen that rectification occurred such that V,. > 0 for almost the
entire rotor cycle. In comparison, the waveforms in the Gen 2 system were only partially
rectified and this occurred only when the magnets were crossing over the stator (e.g. see
figure 4.25). Figure 6.3b shows the integration of the waveforms over a full rotor cycle. For
the 80 K waveform the final integral value is about 0.05 mV /Hz, which is consistent with the
measured DC value. For the normal conducting waveform, the final value of the integration
is zero.

The high degree of rectification in the Gen 4 system is not entirely surprising, because the
rotor magnet was always located opposite the stator. Therefore, it is reasonable to expect
that the stator produces DC output voltage throughout the rotor cycle. This shows that the
Gen 4 FP system is far more effective than the Gen 1 and Gen 2 FP systems in terms of

producing DC voltages.
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(a) AC waveforms measured at superconducting (80 K) and normal conducting states. The
timing signal is not plotted to scale. The downward spikes occurred on the 80 K waveforms are
believed to be due to the noise interference coupled to the signal leads. The actual source of
the noise is unknown, although it appeared related to the operation of the variable frequency
inverter used to control the servo motor in this experiment.
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(b) AC waveform integration over a full rotor cycle.

Figure 6.3: Frequency-normalised open-circuit voltage waveform measured at 25 Hz at 80
K.
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6.4 The DC Equivalent Circuit, Contact Resistances and

Flux Pump Voltage
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Figure 6.4: Gen 4 FP DC equivalent circuit.

The DC behaviour of the Gen 4 system is expected to be similar to the Gen 1 and Gen 2
systems. An equivalent DC model for the Gen 4 system is shown in 6.4. Similar to the Gen
2 system, the Gen 4 stator was connected in series with a current coil. However, the Gen 4
system has more connections: between the current leads and the coil; between the current
leads and the flyleads; and between the flyleads and the stator (see chapter 5, section 5.1.2.3
for the photos). R, represents the dynamic resistance of the FP and V,,. represents the open-
circuit voltage (measured across the stator at open-circuit condition). At zero-load (e.g.
if the superconducting coil is ideal and there are no contact resistances), the short-circuit
current I, of the FP is:

Ve
= R,

The coils in the Gen 2 and Gen 4 systems were manufactured to the same specifications.

[SC

(6.1)

In order to determine the value of the total contact resistance in the Gen 4 FP circuit, current
was initially injected into the coil using the FP. The FP was then turned off to allow for the
current to decay. A log-linear line was fitted to the decay current data and the time constant

was calculated from the slope of the line. The total contact resistance in the FP was then
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calculated from the time constant. This method was identical to the method discussed in
chapter 4, section 4.2.3 for Gen 2 system.
Table 6.1 shows a summary of the contact resistances at different temperatures of the

cooling plate.

| Cooling plate temperature (K) | Contact resistance Rop (p) |

35 0.24
45 0.26
95 0.29
62 0.31

Table 6.1: FP circuit total contact resistance.

As mentioned earlier, the voltage (V.. ) developed across the coil was measured in the

experiment. The actual FP voltage (Vrp) can be calculated from:

Vrp = Vioir + I Rg, (6.2)

where R/C = Recs + Rey and [ is the current in the FP circuit. However, only the total

contact resistance is known, therefore, as an approximation, Vpp is calculated from:

Viep & Veou + I Rer (6.3)

where Ror = Ro1 + Ros + Ros + Rey is the total contact resistance.

In order to estimate the error in Vrp in equation 6.3, the total resistance Ré = Re1+Reo
has to be estimated. Each of the resistances Rcs3 and Rgy4 are the result of three contact
joints. Omn the other hand, each of the resistances Ro; and Reo are due to one contact
join. Therefore, it is assumed that Ry = %. For the case of Ror = 0.31 uf2, at 170 A
(approximately the maximum current obtained in the experiment) the voltage developed
across Ré is about 0.01 mV. Therefore, for Vzp > 0.1 mV the error in the measurements is

estimated to be < 10 %.

6.5 The FP Performance

Gen 4 FP system is capable of producing larger DC output voltages compared with the
Gen 1 and Gen 2 systems because the stator is much wider than the rotor magnet. This is
consistent with the findings reported in [31] which showed that, for a fixed magnet size and
operating frequency, V,. increased linearly with stator width until a maximum frequency
is reached. The authors also reported that at low operating frequencies the frequency-
normalised dynamic resistance ( Rq/f ) of the stator reached a maximum value when the
widths of the stator and magnet were about the same. For larger stator widths, the dynamic
resistance decreased and this resulted in high I;.. Therefore, the Gen 4 FP is expected to
produce small R; and large I, provided that it operates at low enough frequency and is

not thermally quenched.
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6.5.1 Current vs Time Plot

Figure 6.5 shows the FP current plotted with respect to time for the target temperature 50
K. The rotor was rotating in the reverse direction for the three operating frequencies shown.
T is the average temperature of the stator and AT is the difference in the temperature
between the top and bottom clamping plate (see figure 6.1). The maximum current (/su)

produced by the FP was approximately 166 A.

200
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Figure 6.5: FP circuit current as a function of time for various operating frequencies at
target temperature 50 K.

6.5.2 [ —V Curves

Figure 6.6 shows the I — V' plots for the target temperature of 50 K for reverse and forward
rotor directions. The reverse data set is the same as the the data set shown in figure 6.5.

For the reverse direction, the measurements started from negative coil current. As the
motor was ramping up in speed, the FP voltage Vpp was increasing in value until it reached
thermally stable state (e.g. point A). From there onwards, the current and the voltage are
assumed to follow a linear relationship.

The values for the open-circuit voltage (V,.), dynamic resistance (R;) and short-circuit
current Iy can be obtained from the I — V' curves. This is done by fitting a linear line to
the the data points in the driven current region as follows:

Reverse rotor direction 0 < I < I,,; and Vpp > 0

Forward rotor direction 0 > I > I,,;and Vpp <0
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Figure 6.6: I — V curves for three frequencies measured at target temperature 50 K. The dotted
lines represent the saturation current Isq;. The red lines are the line fits for the extrapolation of
Isc. The 12 Hz forward current saturated at a lower (absolute) value. One possibility is that the
current leads were at higher temperature when the data was taken.

Note that the values of Iy, are very small and are believed to be caused by damaged
current leads. Also, the data used for the line fit is assumed to be linear based on the
experimental results obtained on the Gen 1 and Gen 2 FP systems. However, due to the
limited range of data, there is no evidence that the data beyond this range should follow
the same trend. In fact, the high frequency data (e.g. 25 Hz in figure 6.6) shows some non-
linearity. For this reason, the value of /. obtained via linear extrapolation must be treated as
an estimation with high uncertainty. In contrast, the value of V,. has very small uncertainty
because it was obtained from a direct measurement. R, by definition is obtained from the
inverse of the slope of the I — V curve. Since the range of data is limited, the possibility
that Ry is not constant for | I |[>| I, | cannot be ruled out.

It was observed that the I — V curves were almost identically symmetric in the reverse
and forward directions. Therefore, for the rest of this section only the reverse I — V' curves
are discussed.

The I — V curves for the other target temperatures are shown in figure 6.7. Here, only
the data in the driven current region was plotted and used for line fit. Note that as the
temperature increased, I4,; decreased. This suggests that the I. of the current leads and

flyleads decreased as the temperature increased, which is expected for any HTS wires.
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Figure 6.7: I —V curves measured at target temperatures 60, 70 and 80 K, reverse direction. The
dotted lines represent the saturation current Is,¢. The red lines are the line fits.
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6.5.3 Line fit error

Since the line fits on the I —V curves were done on a limited range of data, it is necessary to
investigate the errors in the line fits. Tables 6.2 and 6.3 show the FP performance parameters
extracted from the line fits for target temperature of 50 K. The error of one ¢ in each of the
line fit is included in the table. It can be seen that the errors are very small. For example, for

the reverse direction at 12 Hz, the errors in R, and I, are about 0.2% and 0.4% respectively.

’ Frequency (Hz) ‘ Voc(mV) ‘ 0(Voe) (mV) ‘ Ry (1) ‘ o(Rq) (uf2) ‘ L (A) ‘ o(Is) (A) ‘

12 0.17257 0.00005 0.2043 0.0004 845 3
18 0.42163 0.00006 0.4077 0.0006 1034 1
25 0.77681 0.00016 0.7008 0.0015 1108 2

Table 6.2: FP performance parameters measured at target temperature 50 K, reverse direc-
tion. Linear line fitted to data 0 < I < I, and Vpp > 0.

Frequency (H2) [ Voe(mV) [ 0(Voe) (V) | Ra (1) [ o(Ra) (49) [ Tse (A) [o(lse) (A) |

12 0.16181 0.00003 0.2742 0.0004 990 1
18 0.37413 0.00006 0.3781 0.0006 990 1
25 0.72326 0.00031 0.8213 0.0030 881 3

Table 6.3: FP performance parameters measured at target temperature 50 K, forward dir-
ection. Linear line fitted to data 0 > I > I,,; and Vipp < 0.

The errors in the line fits for the target temperature of 80 K is expected to be the highest
compared with other target temperatures because it has the lowest I,,;. Table 6.4 shows
the extracted FP performance parameters for the target temperature of 80 K in the reverse
direction. It shows that the line fit errors in the 80 K data are higher than the 50 K data in
tables 6.2 and 6.3, as expected. However, the percentage uncertainties are still very small.
For example, at 2 Hz, the errors in I,. and Ry are about 2.7% and 3.1% respectively. For
this reason, the line fit uncertainty in the experimental data are not included in the plots
and will not be discussed any further. However, as pointed out earlier, due to the limited
range of data for the line fits the uncertainty in the extrapolated value for I, is high and

the possibility that Ry is not constant at | I |>| Is | cannot be ruled out.

[Frequency (Hz) [ Voe(mV) [ 0(Voo) (V) | Ra (u9) [ 0(Ra) (42 [ Tae (A) [ o(1uc) (A) |

2 0.07211 0.00014 0.393 0.012 184 b}
3 0.10274 0.00006 0.210 0.005 489 11
6 0.23753 0.00005 0.365 0.004 651 6
12 0.55707 0.00036 0.734 0.004 759 4
18 0.83612 0.00009 1.344 0.005 622 2
25 1.24470 0.00025 2.929 0.013 425 2

Table 6.4: FP performance parameters measured at target temperature 80 K, reverse direc-
tion. Linear line fitted to data 0 < I < I, and Vgp > 0.
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6.5.4 FP Performance Parameters

Figure 6.8 shows the plots for the FP performance parameters (V,., Rq and I,.) vs frequency
for the reverse and forward rotor directions. The V,. and R, in both directions are almost
identical and this reflects the symmetry in the stator design. At first glance, the V. plots do
not appear to be linear. However, it is important to note that the data has high uncertainty in
the average stator temperature 7,,, due to large AT, especially at high operating frequencies.

Similar, the non-linearity in R; could be due to high uncertainty in the temperature.
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Figure 6.8: FP performance as a function of frequency for all target temperatures. The lines joining
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The plots for FP performance parameters (V,., Rq and I,.) vs the average measured stator
temperature 7., are shown in figure 6.9. Again, V,, and Ry in both directions are almost
identical because the FP is axially symmetric. Although, as noted before, the uncertainty
in the stator average temperature is high, the V,. plots nevertheless show a general trend of

diminishing as the temperature gets lower.
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Figure 6.9: FP performance as a function of the average stator temperature T,,4. The lines joining

the data points are guides to the eye.

95



6.5. THE FP PERFORMANCE 96

In terms of the optimal performance of the FP, it desirable to have large I, and large V.
(for high current pumping rate). It can be seen in figure 6.9¢c, for the reverse direction, the
maximum I at 74 K (12 Hz), 65 K (18 Hz) and 57 K (25 Hz) are comparable. However,
figure 6.9a shows that among these temperatures the highest V,. occurs at 57 K (25 Hz). This
implies that, for these measurements, the FP performance is optimum when it is operating
at 25 Hz at 57 K.

6.5.5 Frequency Normalised Plots

Finally, in order to compare the effect of frequency on the data, the open-circuit voltage
and the dynamic resistance were normalised by frequency. The plots are shown in figure
6.10. Both V,./f and R;/f show a trend of increasing in value with frequency. This is
very different from the results for Gen 1 (e.g. see figure 4.5) data where the frequency did
not show a large effect on the normalised data. In fact, the data for Gen 1 systems was
trending down with frequency due to the screening effect of the circulating current in the
copper of the stator. The increase in value with frequency for the Gen 4 data might be due
to heating effects in the stator. As the frequency increases, the heat generated in the stator
increases. As a result the AT becomes larger and this increases the uncertainty in 7g,,. The
non-linearity of the I —V curves (figures 6.6 and 6.7) at high frequencies might also indicates
that the stator is heated at higher frequency, leading to higher R;/f values.

Overall, the performance of the Gen 4 system in terms of both V,. and I, is much higher
than the Gen 1 and and Gen 2 systems. For example, the maximum V,./f of the Gen 4
system is about 2.5 times and 7 times larger than the maximum V,./f obtained from the
Gen 2 and Gen 1 systems respectively. On the other hand, the maximum extrapolated I,
of the Gen 4 system is about 3.8 times and 18 times larger than the maximum /. obtained

from the Gen 2 and Gen 1 systems respectively.
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Figure 6.10: Frequency normalised plots. The lines joining the data points are guides to the eye.

6.6 Summary

Temperature stability was technically difficult to achieve in the experiment due to the large
temperature difference between the two copper clamping plates. On top of that, the cooling
power of the cryo-cooler is reduced at lower operating temperature. A method was employed
in the experiment to achieve a stable stator temperature and the change in the temperature
over time was smaller than 2 K.

The analysis on the AC waveforms suggests that the mechanism that is responsible for
the DC output voltage in the Gen 4 FP system is similar to the Gen 1 and Gen 2 FP systems.
The non-zero average stator outputs of these HT'S dynamo-type FPs are due to the change
in the shapes of the AC waveforms measured in the superconducting state. In the case of

the Gen 4 system the AC waveforms is rectified for all most the entire rotor cycle. Therefore
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the system is capable of producing a large DC output voltage.

Due to the geometry of the Gen 4 stator, the stator voltage is difficult to measure directly.
Instead, the voltage across the current coil V,,; was measured in the experiment. Since only
the total contact resistance Rop in the FP circuit could be determined, the FP voltage was
calculated from the sum of the voltage developed across Rer (Vre,) and V.

The maximum current I, in the FP circuit was much smaller than the extrapolated
I, of the FP. I ,; might have been limited by the I. of the current leads and flyleads and
future works are required to investigate the leads and identify the source that is limiting the
current.

Due to low I, the uncertainty in the extrapolated I. is very high. The possibility that
R, is not constant at I > I,,; cannot be ruled out.

The results for the forward and reverse rotor directions were very similar and this reflects
the symmetry in the design of the stator. There was a high uncertainty in the stator average
temperature Tg,, due to large AT and future work is required to reduce AV. However, it
is very clear that the performance of the Gen 4 FP, in terms of V,. and I,., is substantially
higher compared with the Gen 1 and Gen 2 systems.

Finally, the frequency-normalised plots V,./f and Ry/f appeared to increase with fre-

quency and this could be due to high uncertainty in 75,,.
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Chapter 7
Conclusions

The Gen 1, Gen 2 and Gen 4 flux pump systems studied in this project all have different
designs and cooling arrangements. However, they all employed high temperature supercon-
ductors and are classified as mechanically rotating flux pumps. All three systems have a
rotor, permanent magnets and stator and produce a DC voltage through electromagnetic
induction. Their DC operation can be described using simple DC equivalent circuits. This
allows the performance of these systems to be characterised by three DC parameters: open-

circuit voltage, dynamic resistance and short-circuit current.

7.1 Gen 1 System

In the experiments the effects of the magnet geometry on the FP performance were in-
vestigated. The results showed that the dynamic resistance of the stator depended on the
strength of the magnetic field and the interaction length between the field and the stator.
The frequency-normalised dynamic resistance decreased with the operating frequency of the
FP due to the eddy-current shielding effect. The orientation of the magnet did not have a
strong effect on the dynamic resistance.

The system was capable of producing a DC output voltage because the AC voltage
waveform measured across the stator in the superconducting state was partially rectified.
The open-circuit voltage of the FP increased with magnetic field strength and the magnet
length, measured along the long-length axis of the stator. The open-circuit voltage also
increased with the FP operating frequency.

The short-circuit current of the FP is equal to the open-circuit voltage divided by the
dynamic resistance. The changes in the open-circuit voltage with respect to frequency can-
celled out the changes in the dynamic resistance. As a result, the output current was stable
across the frequency range studied. In general, magnet geometries which led to low dynamic

resistance exhibited higher output currents.
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7.2 Gen 2 System

Three types of stators were used in the experiments to investigate the effect of the FP
operating frequency on the performance of the system. All stators were made from 46 mm
wide Ag-coated HTS tape. The first stator had a full 46 mm width. The second stator was
slit to form two parallel stators with equal width. The third stator was slit to form three
parallel stators with equal width.

Each stator could produce a non-zero DC output voltage and this was attributed to the
partial rectification of the AC waveform measured across the stator in superconducting state.

Three FP operation frequency regimes were observed in the experiments: low, mid and
high. At low frequency, the FPs open-circuit voltage and dynamic resistance increased
linearly with frequency. In the mid frequency regime, the rate of change of the dynamic
resistance with respect to frequency was higher compared with the low frequency regime.
This is attributed to the onset of local heating, especially in the slit stators where the
width of the individual stators was smaller. In some cases, two thermally stable operating
modes were observed and each mode had a different set of FP performance parameters. At
high frequency, the dynamic resistance increased dramatically and the open-circuit voltage
decreased. As a result, the output current approached zero.

The AC voltage waveforms measured across the stators served as good tools in analysing
the FP operation mode because the shape of the waveforms was different in each operating
frequency regime.

Overall, the results showed that the performance of the Gen 2 FP was frequency depend-

ent and that the slit stators were thermally less stable compared with the full stator.

7.3 Gen 4 System

The stator of the Gen 4 system generated heat when the FP was in operation. This resulted
in large temperature difference between the copper clamping plates that held the stator in
place. For this reason there was a high uncertainty in the average stator temperature.

As in the Gen 1 and Gen 2 system, the Gen 4 system was capable of producing a DC
output voltage because the AC voltage waveform in the superconducting state was partially
rectified. The rectification in the Gen 4 system occurred for almost the entire rotor cycle. As
a result, it produced larger open-circuit voltages and was far more effective when compared
to the Gen 1 and Gen 2 systems.

The Gen 4 system produced very low I, and this is believed due to damaged current
leads. For this reason, the range of data in the I —V curve for the line fit was very small and
the extrapolated short-circuit currents of the FP had very high uncertainty. The possibility

that R, is not constant at current greater that I, cannot be ruled out.
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7.4 Applications

The large flux gap of the Gen 2 system allows for a thick insulating material to be used
in the cryostat wall. The moving parts are located external to the cryogenics environment
and this minimises the heat loss. The Gen 2 FP has been previously used to characterise
a prototype HTS-PM brushless exciter, which was implemented in a 10 kW HTS generator
4].

The overall results of the Gen 4 system seemed to indicate that the FP is capable of
producing currents in the kA range. This capability is useful in applications where large
output current is required. An example is to supply a constant current to a HTS magnet
coil in a NMR system. However, future work is required on the Gen 4 system before it
can be used in commercial applications. One important area of study is to investigate the
components that were limiting the Iy, in the experiments. The limiting factor was believed
to be due to the damaged current leads. However, other possibilities, such as the HTS current
coil and the stator, are to be investigated as well. In this project, only the 12 mm-size magnet
was installed in the rotor. In future, other magnet sizes (3 mm and 6 mm) and orientations
can be used to characterise the FP performance. The objective is to demonstrate that it is
feasible to build a kA-class HTS FP based on the Gen 4 system design.
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Appendix A

50-watt Constant-current Heater Power

Supply

A.1 Heater Circuit Design

The design objective was to build a power supply that can deliver a constant current to
heating elements installed on the copper clamping plates of the FP. The power supply must
have the facility to allow for the implementation of a feedback loop and a controller (e.g. PID
controller) so that the amount of power delivered to the heating elements can be controlled
(see figure 5.11 for the schematic). During the process of cooling and heating, the resistance
of the the heating elements is expected to change. Therefore, the power supply has to be

able to maintain a constant current level.

A.1.1 Voltage-controlled Precision Current Sink
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Figure A.1: A 50-watt voltage-controlled precision current sink.
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A.1. HEATER CIRCUIT DESIGN 106

A common technique in supplying a constant current is to use an op-amp and configure it as
a non-inverting amplifier with a negative feedback [22, 36, 16]. This is known as a precision
current sink and the circuit is shown in figure A.1. Here, the simplified version of the final
design is shown so that the major circuit components used in the circuit can be discussed.
The advantage of the circuit is that the load current I, is a function of the control
voltage Vi, and the feedback resistor Ry.,s. This is given in equation A.1 below:
0.14 x V;,,

Itoad = m (A.l)

This simple relationship implies that the load current does not depend on the load res-
istance Rj,qq. It is also insensitive to temperature variations, provided that Rge,se is given

an adequate cooling. This can be achieved easily by mounting it to a heat sink.

A.1.2 The Power Transistor

The MJH11022 Darlington pair power transistor is chosen because it allows for the load
current to be controlled linearly. In addition, it also has high DC current gain (400 @ 10 A),
high operating junction temperature (150 °C), low junction-to-case thermal resistance (0.83
°C/W), low collector-emitter saturation voltage (1.2 V @ 5.0 A) and high power handling
(max. 150 W at case temperature 25 °C) [29].

A.1.3 NI-9263 Maximum Control Voltage and Sensing Resistor Value

The input voltage V;, is supplied by the National Instrument NI-9263 [26] analogue output
module. It has a 16-bit output resolution and the maximum output voltage of 10 V is used
for the highest control resolution.

The resistors R;,; and R;,» form a voltage divider with an output-to-input ratio of 0.14
(this is where the 0.14 factor in equation A.1 came from). At maximum input 10 V the
output of the divider is 1.4 V. This is supplied to to pin 3 of the op-amp U1A via the voltage
clamp circuit (U1B, R1, R2, R3 and D1). The purpose of the voltage clamp is to ensure that
the voltage at pin 3 of the op-amp does not rise higher than 1.4 V. The reference voltage for
the voltage clamp is supplied by U4. It is a low noise precision voltage reference Max6225
[25], manufactured by Maxim Integrated.

The op-amp is LM324 [38], manufactured by Texas Instrument. It was chosen because
it can operate from a single supply. It does not draw any current at the inputs due to high
input impedance. Therefore, the voltage at pin 2 of the op-amp must be equal to the voltage
developed across Rgense. In order to bring both pins 2 and 3 to the same voltage level UTA
drives Q2, which in turn changes the load current until 1.4 V is developed across Rgepse- The
high current gain of the Darlington power transistor implies that the the current in Rgepse
is always equal to the load current (Ig ~ I¢). The maximum power required for the load
is 50 W. At this power level, the current in the 7 load is 2.7 A. Apply I1oaq = 2.7 A and
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Vin = 10V to equation A.1 and this results in R, = 0.5€2. At the maximum current the
power dissipated in Rgepse is only 4 W, which can be cooled by a heat sink.

A.1.4 Other Considerations

The RC network of 1k and 1 uF has a time constant of about 1 ms (cut-off frequency of
about 160 Hz). This is sufficient to filter out any high-frequency transient signal. R;,s of the
voltage divider also acts as a pull-down resistor to prevent the op-amp input from floating
when V;, is disconnected. If a coil is used as the load, a substantial amount of energy could
be stored in it while the transistor is turned off. Therefore, a free-wheeling diode is installed

across the load to allow for the coil energy to dissipate.

A.2 Heatsink and Transistor Junction Temperature
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Figure A.2: Power transistor power dissipation P, as a function of load current I;,uq

Figure A.2 shows the power dissipation P, of the power transistor as a function of load
current [;,,4. The maximum transistor power dissipation is 19.2 W, which occurs at [;,,q =
1.6 A.
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Junction Tj =71 degree Celsius

R(J-C)=0.8 K/W
Pce=20W

R(C-H)=1 K/W

R(H-A) = 0.5 K/W

Ambient Ta = 25 degree Celsius / 298 K

Figure A.3: Thermal Modelling. P.. = transistor power dissipation, T = temperature,
j = junction, C' = transitor case, H = heatsink, a = ambient, R = thermal resistance

Figure A.3 shows the thermal model of the heat transfer from the transistor junction
to ambient. The transistor junction-to-case thermal resistance is 0.8 K/W [29] and the
case-to-heatsink resistance (including the insulating washer and thermal paste) is estimated
to be 1 K/W. A heatsink of 0.5 K/W was used for the project. The maximum power
dissipation of the transistor is assumed to be 20 W. The thermal circuit parameters and
analysis are analogous to electrical circuit analysis. In this case power is equal to current,
temperature is equal to voltage and heat resistance is equal to electrical resistance. The

junction temperature is described by the equation:

Ty = P.(Rjc+ Reg + Rua) + 1, (A.2)

The result is T; = 71 °C, which is less than half of the maximum operating junction

temperature (77,,,, = 150 °C) that the transistor tolerates for safe operation.
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A.3 Prototype Test and Final Design

TN —
' Sense resistor Rs NI Data

Acquisition Units

and power
gl transistoron AR
= heatsink and with a

Figure A.4: Testing the heater power supply prototype.
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Figure A.5: Heater power supply test result.

Figure A.4 shows the testing of the prototype of the circuit and figure A.5 shows the V-I
characteristic obtained using a 7 €2 test load. The result shows that the V-I characteristic is
linear up to 2.7 A. It stays constant at this level and the power delivered to the load is 51
W.
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Figure A.6: The final design of the 50-watt voltage-controlled heater power supply.

The final circuit design is shown in figure A.6. It is designed for PCB construction,
therefore, the externally mounted components are replaced with a connector. Example of
the external components are the power transistor, fuses and the current sense resistor. A

12-V voltage regulator UA7812 is included for the heatsink fan power.
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Appendix B

10-pA Constant Current Source for
DT-670 Diode Sensors
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Figure B.1: 10 pA constant current excitation circuit for DT-670 diode sensors using the
LM334 [37] adjustable current source. The output P1 supplies the excitation to the diode.
D1 is the diode for reverse voltage terminal protection.
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