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Abstract
Eddy current displacement sensors in full-maglev left ventricular assist devices (LVADs) 
suffer from low sensitivity resulting from the use of a stator titanium alloy frame. The aim of 
this study was to develop a methodology to improve the sensitivity of eddy current 
displacement sensors and formulate a mathematical model of coil impendence to illustrate 
the impact of the addition of a titanium alloy frame between the sensor coils and the 
measured conductor. An equivalent mutual inductance model in the circuit was established 
for LVADs with and without a titanium alloy frame stator wall. Comparing the differences in 
excitation frequency and measured metal conductivity considering the relation of 
inductance with displacement enabled the development of methods to improve the 
sensitivity of the sensor when a titanium frame is added to the stator. An experiment was 
conducted to collect and analyze data to ascertain the relation between impedance and 
rotor displacement considering different excitation frequencies, stators with and without a 
titanium alloy frame, and the copper ring. Relatively high sensitivity was acquired when 
titanium frames of 0.25-mm thickness were applied to both the stator and rotor with an 
additional copper ring attached to the rotor frame at an excitation frequency of 475 kHz.
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1. Introduction
The full maglev left ventricular assist device (LVAD) is among the 
most effective replacement methods for heart transplant 
treatment to treat heart failure. The core component of an LVAD 
is the magnetic bearing system. It typically consists of a 
displacement sensor and an electromagnet. Owing to their high 
robustness, eddy current displacement sensors are widely used 
as displacement sensors in magnetic bearing systems. It is a 
type of magnetic micro-distance displacement sensor with a 
detection coil and a measured conductor added. Considering 
the biocompatibility requirements of LVAD systems, a titanium 
alloy frame is added between the coil and the measured metal 
in the LVAD. This design reduces the sensitivity of the eddy 
current sensor and even changes its impedance, which results 
in higher power consumption and reduced stability in the 
magnetic bearing system.

Oberle et al. [1] designed a small type of eddy current sensor 
that featured low power consumption (10 mW) and low cost for 
use in magnetic bearing systems. The low power consumption 
made the sensor suitable for implantable life-support systems. 
Fang et al. [2] designed an eddy current sensor with a dual-
probe coil and a multiple-channel structure to increase its 
linearity range. Wang et al. [3] designed an eddy current 
displacement sensor with better bandwidth, higher resolution, 
and strong robustness to improve pump performance in an 
active magnetic bearing. Chi et al. [4] studied the use of a 
titanium alloy frame in the stator, pure titanium added to the 
rotor, and a coil excitation frequency of 2 MHz in the eddy 
current displacement sensor. Ahn et al. [5] designed a specific 
sensor of small size for an axial-flow maglev LVAD and 
conducted studies on its nonlinear characteristics and 
temperature drift. Lee et al. [6] designed an eddy current 

displacement sensor used in axial LVADs with 500 kHz of 
excitation frequency; the titanium alloy in the stator was only 
0.15 mm thick. The sensor outer diameter was 2.38 mm, with 
0.88-mm thickness, 190 turns of coils, and 0.04-mm wire 
diameter. Sun et al. [7] designed a new eddy current sensor 
with low circuit complexity, high linearity, and high sensitivity. 
This design contributed significantly to the sensor’s mass 
production. Nagaoka et al. [8] achieved two-degrees-of-freedom 
control for a magnetic bearing through three eddy current 
sensors and applied this design to a centrifugal blood pump. 
Raghunathan et al. [9] introduced a low-cost commercial digital 
eddy current sensor with a resolution up to 7 µm. Zhan et al. 
[10] analyzed the impact of surface curvature and eccentric 
distance on eddy current sensor measurement. The 
measurement error was eccentrically compensated and they 
improved the radial position accuracy in the magnetic bearing 
system.

In recent years, patient physiology has required better blood 
pump designs with smaller sizes. Achieving the goal of 
designing smaller but smarter pumps entails new challenges for 
adopting displacement sensors for full-maglev LVADs. Eddy 
current displacement sensors are optimal options for small full-
maglev LVADs. However, few studies have addressed the impact 
of the titanium alloy frame on the eddy current sensor 
performance, and few studies have provided a clear 
demonstration of its impedance. The aim of this study was to 
establish a mathematical model of the coil impedance for an 
eddy current displacement sensor with a stator titanium frame. 
This mathematical model was used to demonstrate the sensor 
sensitivity with different excitation frequencies. Compared with 
traditional eddy current sensors without a stator metal frame, 
this type is more complex and sensitive to the excitation 
frequency. An optimal combination was determined using this 
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method, which helps to improve the engineering design.

2. Mathematical model of the sensor with a 
stator frame
When high-frequency voltage and current signals are excited in 
sensor coils, eddy current losses occur on the surface of the 
measured conductor in response to the change in distance 
between the coils and the measured conductor; the coil 
impedance is also affected by this change. This is the working 
principle of eddy current displacement sensors. However, for 
LVADs, which are implantable and designed to remain in the 
body for many years, a titanium alloy frame must be used 
between the rotor and sensor coil for biocompatibility. The 
frame causes large changes in the eddy current displacement 
sensor. A displacement sensor with low sensitivity and signal-to-
noise ratio directly exhibits a decrease in its stability and 
increase in power consumption for the magnetic bearing 
system, which restrains the LVAD performance.

Figure 1. Geometric diagram of the sensor

Figure 2. Circuit coupling model

Figure 1 shows a section drawing of the sensor coil, stator metal 

frame, and rotor. tr  is the frame thickness of the rotor, ts  is the 
frame thickness of the stator, and tc  is the thickness of the rotor 
filler. When the filler is metal, it creates an eddy current on its 
surface. x  is the displacement between stator and rotor, as 
shown in Figure 1. The rotor surface can be used as the basis for 
displacement sensor detection as long as it is a conductive 
metal. The phasor model of the three loops shown in Figure 2 
are expressed as

(jωL1 + R1)İ 1 − jωM12İ 2 − jωM13İ 3 = U̇

jωM12İ 1 − jωM23İ 3 − (jωL2 + R2)İ 2 = 0

jωM13İ 1 − jωM23İ 2 − (jωL3 + R3)İ 3 = 0

(1)

where ω  refers to the coil excitation frequency, L1 refers to the 
self-inductance of the sensor coil, R1 refers to the internal 
resistance of the sensor coil, İ 1 refers to the phase current of 
loop 1, L2 refers to the self-inductance of the eddy current ring 
in the stator frame, R2 refers to the internal resistance of the 
eddy current ring in the stator metal frame, İ 2 refers to the 
phase current of loop 2, İ 3 refers to the phase current of loop 3, 
L3 refers to the self-inductance of the eddy current ring in the 
rotor, R3 refers to the internal resistance of the rotor eddy 
current ring, M12 refers to the mutual inductance of the sensor 
coil and the stator metal frame, M13 refers to the mutual 
inductance between the sensor coil and rotor eddy current ring, 
M23 refers to the mutual inductance between the eddy current 
ring of the stator and rotor, and U̇  refers to the sensor coil 
phase voltage.

Assuming that no stator metal frame is added, L2 = R2 = M23 =
M12 = İ 2 = 0 the impedance of loop 1 can be written as

Z13 = (R1 + ω2M13
2

R3
2 + ω2L3

2 R3 ) +  jω (L1 − ω2M13
2

R3
2 + ω2L3

2 L3 ) . (2)

 Eq. (2) shows the equivalent impedance of a traditional eddy 
current displacement sensor; the real part of this equation 
represents equivalent resistance, and the imaginary part of this 
equation shows the equivalent inductance. M13 is inversely 
proportional to the distance between sensor coil and rotor, that 
is, the mutual inductance is 0 when the rotor is at infinity to the 
sensor coil. However, a decrease in distance causes a greater 
loss of eddy current, higher equivalent resistance, and lower 
equivalent inductance in the coils. In conclusion, the distance 
between the eddy current sensor coil and the measured 
conductor is inversely proportional to its equivalent resistance 
and directly proportional to its equivalent inductance, and its 
excitation frequency is directly proportional to its sensitivity in a 
traditional eddy current displacement sensor.

Similarly, when a metal frame is added to the stator, and there 
is no rotor, it acquires L3 = R3 = M23 = M13 = İ 3 = 0 , and the 
impedance of loop 1 can be written as

Z12 = (R1 + ω2M12
2

R2
2 + ω2L2

2 R2 ) + jω (L1 − ω2M12
2

R2
2 + ω2L2

2 L2 )  . (3)

 Eq. (3) refers to the impedance between the sensor coil and the 
stator metal frame. The value of M12 is not variable by the 
constant distance between the sensor coil and stator metal 
frame, when the frame thickness is determined. The flux from 
the eddy current ring on the surface of the stator metal frame 
always counteracts the flux created by the sensor coil. 
Therefore, the metal frame added to the stator directly affects 
sensor sensitivity. A thinner stator metal frame provides better 
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performance.

When both the stator metal frame and rotor frame are fully 
considered, M23İ 3 can be completely neglected in the second 
subset of Eq. (1), considering that the induced electromotive 
force generated by the sensor coil to the stator metal frame is 
much higher than that generated by the rotor to the stator 
metal frame. The impedance of sensor coil can be written as

Z123 = (R1 + ω2M12
2

R2
2 + ω2L2

2 R2 + ω2M13
2

R3
2 + ω2L3

2 R3 −

ω4M12M13M23(R3L2 + R2L3)
(R2

2 + ω2L2
2)(R3

2 + ω2L3
2 ) ) + jω (L1 − ω2M12

2

R2
2 + ω2L2

2 L2 −

ω2M13
2

R3
2 + ω2L3

2 L3 − ω2M12M13M23(R2R3 − ω2L2L3)
(R2

2 + ω2L2
2)(R3

2 + ω2L3
2 ) ) .

(4)

 The mutual inductance at each position in Eq. (4) is

M12 = k12(d12) L1L2 , (5)

M23 = k23(d23) L2L3, (6)

M13 = k13(d13) L1L3, (7)

where k12(d12), k13(d13), k23(d23) are coupling coefficients, d12 is 
the mean geometric distance between the sensor coil and the 
eddy current ring on the stator metal frame, d13 is the mean 
geometric distance between the sensor coil and the eddy 
current ring on rotor, d23 is the mean geometric distance 
between the eddy current ring on stator metal frame and on 
rotor. The coupling coefficient indicates that the inductance is 
inversely proportional to the mean geometric distance, and the 
value of k12(d12), k13(d13), k23(d23) ranges from 0 to 1. The 
computation of the coupling coefficient is a complicated 
process, and details are not included in this paper.

When assigning a relatively high excitation frequency to the 
sensor coil, it acquires Ri

2 ≪ ω2Li
2, i = 1, 2, 3, R2R3 ≪ ω2L2L3, and 

Eqs. (5)–(7) can be substituted into Eq. (4) as follows:

Z123 = [R1 + k12
2 (d12)L1R2/L2 + k13

2 (d13)L1R3/L3 −
L1k12(d12)k13(d13)k23(d23)(R2/L2 + R3/L3)] + jωL1[1 −

k12
2 (d12) − k13

2 (d13) + k12(d12)k13(d13)k23(d23)] .
(8)

Similarly, the impedance of the sensor coil without adding the 
stator frame can be written as

Z13 = [R1 + k13
2 (d13)L1R3/L3] + jωL1[1 − k13

2 (d13)] . (9)

 Because the excitation frequency and metal conductivity affect 
the geometric size of the eddy current ring on the metal 
surface, the skin depth of the metal conductors and x  (rotor 
displacement) are contained in d13 and d23 . The skin depth of 
the measured conductor surface can be calculated as

h = 2
ωσμ  , (10)

where σ  refers to the measured metal conductivity, and μ  
refers to permeability. k12(d12), k13(d13), k23(d23) is inversely 
proportional to the mean geometric distance, which is directly 
proportional to excitation frequency ω  and conductivity σ . That 
is, a higher excitation frequency or conductivity of measured 
metal will lead to stronger coupling when the eddy current ring 
is closer to the sensor coil.

The thickness of the stator metal frame is much smaller than its 
skin depth to ensure that the magnetic field of the sensor coil 
can sense the rotor displacement; however, the actual thickness 
of the stator metal frame is affected by the manufacturing 
capability. When the thickness of the stator metal frame and the 
relative position between the sensor coil and stator metal frame 
are both determined, the above-mentioned coupling 
coefficients can be rewritten as k12(σ , ω ), k13(σ , x , ω ), k23(σ , x ,
ω ). k12(σ , ω ) changes as the stator metal frame conductivity and 
excitation frequency change in a directly proportional manner:

k12(σ , ω ), k13(σ , x , ω ), k23(σ , x , ω ) ∝ σ , ω

k13(σ , x , ω ), k23(σ , x , ω ) ∝ 1/x < .

 When the coil inductance is considered as the basis of reference 
for the rotor displacement, the sensor sensitivity is defined as 
the derivative of the coil equivalent inductance on the rotor 
displacement. Then, by comparing the ratios of the sensitivity 
between stators with and without a metal frame, the equation 
can be written as

Sy = ∂(1 − k12
2 (σ , ω ) − k13

2 (σ , x , ω ) + k12(σ , ω )k13(σ , x , ω )k23(σ , x , ω ))/∂x
∂(1 − k13

2 (σ , x , ω ))/∂x

= 1 − 1
2 k12(σ , ω )[ k23(σ , x , ω )

k13(σ , x , ω )
+ ∂k23(σ , x , ω )/∂x

∂k13(σ , x , ω )/∂x
]

 .

(11)

 The following conclusions are derived from Eqs. (4)–(11):

1. k12 indicates the coupling between the sensor coil and the 
stator metal frame; the sensitivity of the sensor decreases 
under any condition with a stator metal frame compared to 
that without the stator metal frame. When k12 is 0, no 
coupling occurs, which means that no metal frame is added 
to the stator. The variation of k23 is smaller than k12 and k13, 
it can be considered as a fixed value.

2. When the excitation frequency increases, the coupling 
between the sensor coil and stator metal frame is also 
improved, but the stator metal frame has greater loss to 
the magnetic field of the sensor coil (i.e., k12 increases). 
Meanwhile, the coupling between the rotor and sensor coil 
also increases with frequency (i.e., k13 increases). The 
sensor sensitivity does not increase as the excitation 
frequency improves, although an optimal frequency exists 
that ensures the highest sensitivity in a sensor with a stator 
metal frame. The excitation frequency is defined on the 
basis of the metal frame thickness and conductivity. 
Considering the skin depth of the frame, the excitation 
frequency should not be set too high.

3. The combination of a stator metal frame with low 
conductivity and a rotor with high conductivity is beneficial 
for improving the sensor sensitivity. For LVADs, although 
titanium alloy has a relatively lower conductivity than 
copper or aluminum, the rotor and stator surfaces must be 
titanium. The application of a metal a with high conductivity 
beneath the titanium alloy frame of a rotor improves its 
integral conductivity, allowing a low-frequency magnetic 
field to penetrate the rotor titanium alloy frame.

4. The real part of impedance Z123 should be subtracted by a 
coupled item. When there is strong coupling between the 
sensor coil and stator metal frame, the resistance change 
of the coil caused by eddy current loss might not be directly 
proportional to the intensity of the mutual inductance. That 
is, when the excitation frequency is high, the equivalent 
resistance of the sensor coil increases as the distance 
between the rotor and sensor coil increases, which is 
completely opposite to the traditional regulation.
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5. The imaginary part of impedance Z123 is different from that 
of traditional regulation. The last item shows that the 
gradient of the equivalent inductance is damped, unlike 
that in the traditional regulation. Fortunately, compared 
with the equivalent resistance of the sensor coil, it does not 
reverse the monotonicity of the equivalent inductance with 

displacement owing to the relation shown in − k12
2 − k13

2 ≤ −
2k12k13 ≤ − k12k13k23, 0 ≤ k12, k13, k23 ≤ 1.

3. Experiment

Titanium alloy was used for the stator and rotor frame, 
considering the LVAD biocompatibility requirements. However, 
the conductivity of titanium alloys is relatively low. The titanium 
alloy frame on the stator and rotor must be as thin as possible 
to increase the sensitivity of the eddy current sensor. In 
addition, copper was added beneath the rotor titanium frame to 
improve the conductivity. The parameters are shown in Table 1.

Table 1. Frame parameters

Stator 
thickness tr

Rotor 
thickness ts

Copper ring 
thickness tc

Titanium alloy 
conductivity

Copper 
conductivity

0.25 mm 0.25 mm 0.65 mm 0.7 MS/m 57 MS/m

 To verify the mathematical model and the above-mentioned 
conclusions, Table 2 lists the experimental groups for different 
configurations of stator frame, rotor frame, and copper ring. 
The rotor displacement x  ranged from −0.25 mm to +0.25 mm. 
The −0.25 mm value represents the nearest position between 
rotor and sensor coil, and +0.25 mm is the farthest position. In 
this case, the measurement step size of rotor displacement was 
0.05 mm. The excitation frequency was set from 100 to 1000 
kHz, and the step size was set to 25 kHz. The equivalent 
resistance and inductance of the sensor coil were recorded 
using an impedance analyzer (WK 6505B). Because of 
manufacturing limitations, the titanium alloy thickness was only 
0.25 mm.

Table 2. Experimental groups

ID Stator frame Rotor frame Copper ring
A yes no no
B no no no
C yes yes yes
D no yes yes
E yes yes no

 The full range inductance gain (FRIG) of the sensor coil, an 
indicator of sensor sensitivity, is defined as

G (ω ) = L−0.25(ω ) − L0.25(ω )
L1(ω )

. (12)

Figure 3 shows a comparison of the coil equivalent inductance 
of the stator with and without a titanium alloy frame. When the 
titanium alloy frame was used on the stator, the equivalent 
inductance of the coil decreased more rapidly and the excitation 
frequency increased, because the eddy current loss on the 
surface of the stator titanium alloy is directly proportional to the 
excitation frequency of the sensor coil. The excitation frequency 
affects the mutual inductance between the sensor coil and 
stator titanium alloy frame, which rises as the excitation 
frequency increases.

Figure 4 shows the curve of the equivalent inductance change 
with rotor displacement in groups C and D under excitation 
frequencies from 100 to 1000 kHz. When the excitation 
frequency was low, the gradient of the equivalent inductance 
with the displacement between groups C and D was 
approximately the same. The gradient of the equivalent 

Figure 3. Comparison of equivalent inductances of groups A and B from 100 kHz to 
1000 kHz

inductance became steeper with increasing excitation frequency 
in group D. Nevertheless, the gradient of equivalent inductance 
with rotor displacement changed little with increasing excitation 
frequency. This result shows that the titanium alloy frame on 
the stator weakens the sensor sensitivity.

Figure 4. Equivalent inductances affected by frequency differences in groups C and 
group D

Figure 5 shows the resistance affected by different frequencies 
in group D; the equivalent resistance is inversely proportional to 
rotor displacement from 100 to 1000 kHz.

Figure 6 shows the equivalent resistance affected by different 
excitation frequencies in group C from 100 to 300 kHz, and 
Figure 7 shows the curve of equivalent resistance from 400 to 
1000 kHz. The variation of the equivalent resistance in group C 
from 100 to 300 kHz is the same as that in group D, which 
accords with traditional regulations. Figure 7 shows that the 
equivalent resistance increases with increasing rotor 
displacement when the excitation frequency is greater than 400 
kHz, which is completely contrary to the trend of equivalent 
resistance in conventional eddy current sensors. As the 
excitation frequency increases, the reversed gradient of 
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Figure 5. Equivalent resistance affected by different excitation frequencies in group 
D

resistance with displacement becomes significantly similar. In 
this case, an increase in the excitation frequency strengthens 
the coupling between the coil and the stator titanium alloy 
frame, which is compliant with the real part of Eq. (4).

Figure 6. Equivalent resistance affected by different excitation frequencies in group 
C from 100 to 300 kHz

Figure 7. Equivalent resistance affected by different excitation frequencies in group 
C from 400 to 1000 kHz

Figure 8 shows the FRIG for different excitation frequencies in 
group C, D, and E. In the low-frequency band of 100–200 kHz, 

the curves for groups C and D exhibit minor differences in the 
inductance gain value. Hence, when the excitation frequency 
was low, the titanium alloy frame on the stator had a relatively 
small effect on the sensor coil, and the eddy current loss in the 
rotor was also small. In this condition, the sensor has low 
sensitivity, and its effective bandwidth is reduced, which does 
not benefit the dynamic response of the magnetic bearing 
system. Therefore, extremely or relatively low excitation 
frequencies are not applicable to LVADs.

Figure 8. FRIG in groups C, D, and E with different frequencies

 In group C, when the excitation frequency ranged from 100 to 
475 kHz, the FRIG increased monotonically. The maximum value 
appeared when the excitation frequency reached 475 kHz; 
subsequently, the FRIG decreased while the excitation 
frequency continued to increase. Furthermore, when the 
excitation frequency exceeds 475 kHz, stator titanium alloy 
frames cause greater attenuation of the sensor sensitivity, 
which is not compensated by the sensitivity increase generated 
by the eddy current in the rotor. This phenomenon causes a 
steady decrease in sensitivity, which continues to decrease 
when the excitation frequency increases. In the range of 250 to 
750 kHz, the FRIG remained within 5% attenuation of the 
maximum value. However, the attenuation of the FRIG 
increased to more than 12.5% of the maximum when the 
excitation frequency exceeded 1000 kHz. Thus, it is not 
beneficial for sensitivity to use an excitation frequency that is 
too high or too low in the presence of a stator titanium alloy 
frame, although a narrow range of excitation frequencies exists 
to choose in an actual use environment.

In group E, the FRIG monotonically increased when the 
excitation frequency ranged from 100 to 1000 kHz. The 
maximum gain value appeared at 1800 kHz frequency (not 
marked on the curve), and it decreased as the excitation 
frequency continued to increase. The maximum FRIG in group E 
reached only 60% of that in group C. Thus, the sensitivity is 
improved by adding copper beneath the titanium alloy frame in 
the rotor. Figure 9 shows the experimental platform.

4. Discussion
The displacement sensor in a full-maglev LVAD is vital to the 
system. Sensitivity and robustness directly affect the 
performance of the magnetic-bearing system. However, the 
titanium alloy frame of the pump significantly affects the 
impedance of the eddy current sensor. This paper proposes a 
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Figure 9. Experimental platform

mathematical model to demonstrate the relationship between 
the eddy current sensor and the titanium alloy frame. Several 
experiments were conducted for analysis and comparison.

The curves C and D in Figure 4 correspond to change in the 
imaginary part of Eq. (4) and Eq. (2), respectively. Due to the last 
term of the imaginary part in Eq. (4) can be guaranteed as 
R2R3 < ω2L2L3, at the same excitation frequency, the change of 
gradient of equivalent inductance with rotor displacement 
changing in group C is lower than that in group D.

According to Figures 5, 6, and 7, as the excitation frequency 
goes higher, when the stator is with titanium alloy frame, the 
variational trend of the sensor coil's equivalent resistance 
changing with rotor displacement varying goes to the opposite. 
It shows that the value of the last term of the real part in Eq. (4) 
is indeed greater than the sum of the two front terms as the 
excitation frequency increases. When the excitation frequency 
exceeds 400 kHz, the variational trend goes to the opposite 
direction.

The curve C in Figure 8 verifies the conclusion that when there is 
stator titanium alloy frame, as the excitation frequency goes 
higher, both k12 and k13 in Eq. (11) go up as well. However, the 
sensitivity does not monotonically increase with the excitation 
frequency increment. A peak value exists. That is to say, when a 
titanium alloy frame is used on the stator, an optimal excitation 
frequency exists, while higher excitation frequency does not 
always result in better sensitivity. This result indicates that the 
sensitivity is limited by the titanium alloy frame on the stator.

Comparing C and E in Figure 8 illustrates that when the rotor 
was embedded with high conductivity metal, k13 in Eq. (11) will 
increase, resulting in higher sensitivity, i.e., embedded copper 
ring under the rotor titanium alloy frame enhances the 
conductivity of the rotor. This property increases the sensitivity 
of the eddy current sensor.

The excitation frequency of the sensor directly influences its 
bandwidth when a titanium alloy frame is added to the stator. 
The designer must consider the tradeoff between sensitivity 
and bandwidth. With respect to the eddy current displacement 
sensor, whose excitation frequency is normally 500 kHz, its 

effective bandwidth can ensure the competency of a magnetic 
bearing system with 20000-rpm capacity. That characteristic is 
reasonable for an implantable LVAD. Alternatively, the dynamic 
performance of the sensor can be improved with a trade-off in 
sensitivity in favor of excitation frequency.

The thickness of the titanium alloy frame is limited by the 
manufacturing process in actual practice. The proposed model 
can guide designers in conducting studies and experiments to 
determine the optimal system frequency. However, the model 
cannot directly aid designers in determining the theoretical 
optimal frequency. This is a limitation of the mathematical 
model, which will be addressed in future studies.

5. Conclusion
The aim of this study was the development of mathematical 
models for a stator composed of a titanium alloy frame and 
analyses of the sensitivity of an eddy current displacement 
sensor applied in a full-maglev LVAD that contains a titanium 
alloy frame. The proposed models exhibit good universality, can 
be adapted to general engineering applications, and can 
provide better solutions to engineering designs. Experiments 
using different configurations the stator with titanium alloy 
frames and copper rings showed different equivalent 
inductance at different excitation frequencies and presented 
the relationship between equivalent resistance and rotor 
displacement. These results provide a theoretical basis for 
future LVAD upgrades.
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