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Abstract: This article is devoted to the non-destructive testing of the soldering integrity of
soldered lap joints of the current-carrying busbars in electrical machines’ stator windings.
The design of a two-element eddy current probe with tangentially positioned coils and
active shielding for measuring the soldering integrity of soldered lap joints is developed.
This paper considers the method of suppressing the influence of stray parameters on the
testing results and the method of correcting the measurements in the case of a deviation in
the electrical conductivity of the conductive busbar material. The test results demonstrate
the performance of the developed eddy current probe for determining the actual value
of the soldering integrity of soldered lap joints in the range of 0–100% with a permissible
relative error of no more than 5%.
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1. Introduction
In the design of stators for some types of high-power turbine generators, the electrical

connection of current-carrying windings is ensured through soldered lap joints with inter-
mediate copper busbars. Ensuring the reliability of such connections is one of the most
important tasks in the manufacturing and repair of electrical machines since dry solder
joints lead to a decrease in the area of electrical contact, i.e., a decrease in the cross-section
of the conductor and an increase in its electrical resistance. When high currents flow
through a conductor with high resistance, a significant amount of heat is generated, which
can melt the solder of the solder joint, leading to further destruction of the connection.
Defects in connecting busbars lead to power losses and cause a quarter of all accidents
and generator failures [1,2]; therefore, the task of quality testing of these connections is
important and relevant.

1.1. Description of the Test Object

The test object (TO) is a soldered lap joint of two plates made of electrical copper,
Cu-ETP [3], with the use of tin–silver solder, applied to the entire overlapping area of the
two plates, which can be accessed from three sides, Figure 1a. The tested zone of the TO is
the overlapping area of the busbars, Figure 1b. The test parameter is the soldering integrity
of the joint, expressed as the ratio of the area of the electrical contact between the plates to
the overlapping area of the plates. An important influencing factor is the position of the TO
in the front part of the stator, where, in a relatively small volume of space, a large number

Appl. Sci. 2025, 15, 2036 https://doi.org/10.3390/app15042036

https://doi.org/10.3390/app15042036
https://doi.org/10.3390/app15042036
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8615-4793
https://orcid.org/0000-0003-0009-6172
https://doi.org/10.3390/app15042036
http://www.mdpi.com/2076-3417/15/4/2036?type=check_update&version=3


Appl. Sci. 2025, 15, 2036 2 of 17

of inspected joints are located. The aim of testing is to measure the soldering integrity of
the TO.
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the quality of soldered lap joints; however, they are only applicable for finding surface 
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dered joints is currently performed using electrical, thermal, or thermography inspection. 
Since soldering defects in joints result in increasing the resistance of conductors, when an 
operating current is applied to the stator winding, local overheating develops in an un-
soldered joint. The temperatures of unsoldered joints are generally 5 °C higher compared 
to non-defect joints, which can be detected using temperature-indicating paint. These pro-
cedures require the thorough preparation of TO surfaces and strict requirements for safety 
protection measures when operating with high currents. Furthermore, thermal inspection 
provides insufficient accuracy in testing due to the high thermal conductivity of copper 
[6,7]. Magnetic particle and radiowave inspections are not applicable due to the nature of 
the TO material. Radiographic testing is technically applicable; however, it is impossible 
to place large-sized equipment directly around the TO. Ultrasonic testing methods have a 
high sensitivity and resolution but require the direct contact of measuring instruments 
with the TO and careful preparation of the TO’s surface. Moreover, ultrasonic waves over 
1 MHz significantly scatter when passing through the TO material, but lower frequencies 
have lower resolution; therefore, these methods are used limitedly. The eddy current 
methods [8] provide sufficient sensitivity when inspecting electrically conductive materi-
als and do not require thorough preparation of the TO surface. Defects of products can 
also be detected under the insulation layer of connecting busbars. Their disadvantages are 
the strong dependence of eddy current device measurements on the electrical conductiv-
ity of the TO material and the requirement for adjustment and calibration samples to 

Figure 1. Solder joint of copper busbars: (a) photograph of TO in stator winding; (b) drawing of
TO [4].

1.2. Methods of Non-Destructive Testing of Soldered Joints

Let us consider the applicability of known methods of non-destructive testing accord-
ing to [5]. Visual inspection and penetrant inspection are currently used for assessing the
quality of soldered lap joints; however, they are only applicable for finding surface defects
and leave internal discontinuities undetected. Generally, the detection of unsoldered joints
is currently performed using electrical, thermal, or thermography inspection. Since solder-
ing defects in joints result in increasing the resistance of conductors, when an operating
current is applied to the stator winding, local overheating develops in an unsoldered joint.
The temperatures of unsoldered joints are generally 5 ◦C higher compared to non-defect
joints, which can be detected using temperature-indicating paint. These procedures re-
quire the thorough preparation of TO surfaces and strict requirements for safety protection
measures when operating with high currents. Furthermore, thermal inspection provides
insufficient accuracy in testing due to the high thermal conductivity of copper [6,7]. Mag-
netic particle and radiowave inspections are not applicable due to the nature of the TO
material. Radiographic testing is technically applicable; however, it is impossible to place
large-sized equipment directly around the TO. Ultrasonic testing methods have a high
sensitivity and resolution but require the direct contact of measuring instruments with the
TO and careful preparation of the TO’s surface. Moreover, ultrasonic waves over 1 MHz
significantly scatter when passing through the TO material, but lower frequencies have
lower resolution; therefore, these methods are used limitedly. The eddy current methods [8]
provide sufficient sensitivity when inspecting electrically conductive materials and do not
require thorough preparation of the TO surface. Defects of products can also be detected
under the insulation layer of connecting busbars. Their disadvantages are the strong de-
pendence of eddy current device measurements on the electrical conductivity of the TO
material and the requirement for adjustment and calibration samples to simulate 100%
soldering of the TO and variations in TO defects for testing signal interpretation.
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In a defect-free joint, the generator operating currents flow unobstructed through the
entire volume of the joint, evenly distributing the current density over the entire cross-
section of the lap joint [9,10]. In the presence of defects, an area of disconnection in the
current-carrying connection is formed; thus, the currents are redistributed and encircle the
soldering defect, increasing the current density in the reduced cross-section of the conductor.
This physical process is similar to the process of eddy current flow in defect-free and defec-
tive objects; therefore, the quality testing of current-carrying busbars in turbogenerators
should be performed using eddy current methods of non-destructive testing.

It is necessary to take into account an essential feature of soldered lap joints: the
expected defects of soldered lap joints are located in the horizontal plane parallel to the
plane of installation for the measuring probe on the tested joint.

1.3. Probe Design

Let us consider the applicability of various types of probes for eddy current testing.
Absolute surface eddy current probes (ECPs) are easy to operate and used for one-

sided access to the TO [11,12]. When testing the soldering integrity of lap joints, low-
frequency surface ECPs with a coil diameter equal to the thickness of the joint are used.
Testing is performed by placing the ECP on the side surfaces of the lap joint, which ensures
the sensitivity of the ECP to defects in lap joints. However, due to the limitation of the
coil size and the high electrical conductivity of the TO material, defects are detected at a
relatively shallow depth; therefore, a large untested zone remains in the center of the TO.

When installing a surface ECP horizontally on a soldered lap joint parallel to the solder
plane, the coils are positioned perpendicularly to the plane of defects. The respective paths
of the induced eddy currents do not cross this plane; thus, surface ECPs are only limitedly
applicable for the testing of soldered lap joints.

Screening ECPs differ from surface ECPs due to coaxial positioning of excitation
and measuring coils on different sides of TO. Screening ECPs applying the amplitude
method demonstrate the ability to test the soldering quality of turbine generator stator
cores. However, the reliability is low due to the requirement for accurate ECP positioning
relative to the TO [13]. The transition from the amplitude method to the amplitude–phase
method with the use of a screening ECP allowed the accuracy of measurements to be
increased [14–16]. On this basis, a method was developed to assess the quality of soldered
joints in electrical machine rods using calibration on two samples of tested joints with
soldering integrity values of 0% and 100% [17].

To increase productivity and simplify the testing procedure, an ECP with reference
coils was proposed, which implements the phase method while comparing the signals from
the reference and measuring coils [18].

Thus, screening ECPs are used for two-sided access to the TO for defect detection at
significantly greater depths in comparison with surface ECPs while providing an equal
probability of detecting soldering defects throughout the entire volume of the TO. However,
a significant disadvantage of screening ECPs is also their sensitivity only to defects in the
plane perpendicular to the plane of ECP installation, which makes them inapplicable for
the inspection of soldered lap joints.

The eddy current probe DPS-6 (IMP UB RAS, Ekaterinburg, Russia) with a U-shaped
probe is designed to detect soldering defects in winding bars of electrical machines [19]. This
probe consists of a parametric coil, operating as both excitation and measuring coils, wound
on a U-shaped core and composed of transformer steel plates. The developed device and
methodology allow for the detection of soldering discontinuities in current-carrying rods.
On this basis, a method of testing current-carrying bars in high-power superconducting
magnets was later developed [20], including calibration on two soldering samples. The
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method made it possible to increase the reliability of soldering defect detection by reducing
the influence of changes in external cross-sections on the testing results. A further increase
in the reliability of testing was achieved by adding cutouts into the poles of the U-shaped
core to create closed loops of eddy currents [21], which additionally made it possible to
test the side walls of the TO. To solve the problem of the growing error in estimating
the soldering quality of superconducting current-carrying electromagnet joints when the
cross-sectional geometry of the tested joints changes, the authors developed a method
of step-by-step eddy current probe testing using a U-shaped probe at two frequencies
and three samples of the tested joint [22,23]. In addition, the authors demonstrated the
possibility of using the U-shaped core probe for the soldering testing of small-sized non-
ferromagnetic joints for further development in this field [24].

An ECP with a U-shaped core provides high homogeneity in the magnetic field in the
interpole space. The disadvantage of using a U-shaped ECP is the need for three-sided
access to TOs, the high labor input for testing, and low accuracy caused by the non-
uniformity of the magnetic field distribution inside the U-shaped core. A significant
limitation is the monolithic design of the probe, which allows an ECP to be applied for a
particular joint type; therefore, any other joint type requires the development of a new ECP.
Most importantly, the excitation field input of the U-shaped probe is directed perpendicular
to the solder plane of soldered lap joints and does not guarantee sensitivity to defects in
lap joints.

Tangential ECPs are characterized by the direction of the sensor coil axis relative to the
ECP installation plane. An ECP is known that consists of an excitation coil placed parallel
to the installation plane of the probe and a measuring coil perpendicular to the installation
plane of the ECP, passing through the center of the excitation coil [25]. There is also an ECP
in which, on the contrary, the excitation coil is installed perpendicular to the installation
plane and the measuring coil is placed parallel to the installation plane, symmetrical to the
excitation coil, and below its effective turns [26]. There is a tangential ECP containing an
excitation coil and a measuring coil embedded in it that is perpendicular to the installation
pane of the ECP [27]. This design was further developed in [28] by stabilizing the compen-
sation and optimizing the direction of the excitation field to increase the sensitivity and
depth of testing. In [29], an increase in sensitivity to angular displacement between the
plane of the coils and the TO was demonstrated.

There is an ECP [30] containing a rectangular excitation coil, whose axis is perpendic-
ular to the installation plane of the ECP, and two measuring coils, installed in a T-shape
relative to each other. One measuring coil is perpendicular to the installation plane of
the ECP and measures the normal component of the magnetic field, and the second one
is parallel to the installation plane and measures the tangential component. A similar
design was improved in [31] by adding two measuring coils symmetrically relative to the
tangential measuring coil, which allowed for a significant reduction in the influence of ECP
misalignment on the scanning signal. To further increase the reliability of defect detection,
a second excitation coil coaxial to the first excitation coil and a pair of measuring coils per-
pendicular to the installation plane of the ECP were added to the design [32]. This change
made it possible to simultaneously register both the axial and tangential components of the
magnetic field to detect cracks in the TO.

The considered ECPs with tangential coils are overwhelmingly used for the inspection
of carbon fiber-reinforced plastic products and are specialized for crack detection and
delamination identification.
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2. Materials and Methods
2.1. Idea Description

A tangentially positioned excitation coil created loops of electrical currents in the
TO material, the planes of which were perpendicular to the coil axis. Moreover, the
simultaneous use of two tangentially positioned excitation coils, located on opposite sides
of the TO and connected in series and in-phase, resulted in the excitation field inducing
eddy currents in both the upper and the lower plate of the TO. Thus, the eddy currents of
two sources unite into common closed loops that penetrate the defect location plane evenly,
as shown in Figure 2. In the absence of defects in the plane, currents flow unimpeded,
as shown in Figure 2a. Soldering integrity defects create discontinuities in an electrical
conductor, displacing the paths of eddy currents, as shown in Figure 2b. Hence, the
distribution of eddy currents changes in the presence of defects and is correlated with the
defect size, which can be detected and measured using eddy current methods.
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coils; 4—current direction in ECP coils; 5—eddy current propagation lines in TO.

As a result, the use of a tangentially located excitation coil creates eddy currents in
the TO, which have a non-zero spatial component perpendicular to the plane in which the
defects of the soldered lap joints are expected to develop. This spatial component of eddy
currents confers sensitivity to the ECP, with coils positioned tangentially to the defects
located in the plane parallel to the installation plane of the ECP.

2.2. Description of Problems in Eddy Current Testing of Soldered Lap Joints

In the process of testing the TO using eddy current methods, a range of various stray
parameters had a significant influence on the results of the probe measurements.

1. The mutual arrangement and relative offset of the ECP and TO: the dimensions of the
ECP and TO are comparable, so the displacement of the ECP relative to the TO in any
of the X, Y, and Z axes noticeably impacts the ECP signal.

2. The geometric parameters of the TO: The technological tolerance for the thickness of
the tested copper busbars is 1 mm, respectively, and the tolerance for the thickness
of the soldered joint is ±2 mm. The measurement results of such joints are affected
not only by the thickness of the conductive material in the TO but also by the gap
between the TO and the installation plane of the ECP, exponentially reducing the
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penetration depth of eddy currents. Therefore, the existing geometrical tolerances of
the TO impose significant limitations on the probe design [33].

3. Adjacent solder joints: In the frontal part of the stator winding of electrical machines,
the spacing of the tested joints is dense. When one joint is tested, adjacent cop-
per busbars affect the excitation electromagnetic field, resulting in distorted ECP
readings [34,35].

4. The electromagnetic parameters of the TO material: ECP signals are sensitive to
variations in the electrical conductivity of the TO material. Therefore, a difference in
the values of electrical conductivity for the upper and lower copper plates of the TO
distorts ECP measurements. The variation in electrical conductivity in the considered
application can be caused mainly for two reasons: a technological variation in the
electrical conductivity of the upper and lower plates of the TO and temperature
changes affecting the electrical conductivity value of the TO metal [36–38].

2.3. Finite Element Model of ECP and TO Interaction

Designing the ECP is generally conducted using different methods: analytical calcu-
lation and modeling by the finite difference method and finite element method, each of
which has its own features [39–41]. In order to obtain a precise model of the ECP and TO
interaction, the finite element method (FE) was chosen to calculate the parameters of the
sensor for testing solder joints [42].

The model of the TO is a horizontally located soldered lap joint of two plates. The
overlapping area of the two plates is the tested zone. The test parameter is the soldering
integrity of the joint, expressed as the ratio of the actual area of electrical contact between
the plates to the overlapping area of the plates. The expected defect is dry solder in the
tested zone, whereas both the size and position of the defect within the tested zone are
important. For this reason, two types of defects are considered: a defect along the side wall
(Figure 3a) and a defect along the end (Figure 3b) [4].
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(b)—TO with a model of a soldering defect along the end.

Based on the presented idea, an ECP for testing the soldered lap joints was designed,
consisting of two elements located on different sides of the TO symmetrically relative to
solder plane (Figure 4). Each element includes four main tangentially positioned coils:
excitation, measuring, shielding, and compensation coils.
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The electrical circuit of the ECP is shown in Figure 5. The excitation signal in a sine
waveform goes from the outputs of the digital-to-analog converter to the amplifiers of the
circuit, with the excitation coils and shielding coils connected in series. In the circuit, the
measuring coils and compensation coils connected in series are connected to the measuring
signal amplifier.
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The synchronous detector receives a signal from the measuring signal amplifier and
the phase-shifting circuit, in which, by shifting the phase of the excitation signal by −45◦

and +45◦, a reference signal is formed. In the synchronous detector, real and imaginary
components extracted from the measurement signal pass through low-pass filters for the
removal of harmonics at the excitation frequency. The amplitude values of the filtered real
and imaginary components of the measurement signal are fed to the microcontroller via
analog-to-digital converters.

The excitation winding consists of 8 coils connected in series. Between the excitation
coils are gaps designed to generate magnetic flux leakage, which, penetrating the test object,
induces eddy currents in it. Without these gaps, the magnetic field of the excitation and
shielding coils would mostly penetrate the coils themselves, similar to how the magnetic
field inside a toroidal coil does not extend beyond its dimensions. In the gaps between
the excitation coils and coaxially to them are placed 7 measuring coils connected in series.
Compensation coils are wound on top of the shielding coils to separate the informative
parameter of the ECP signal on the TO from the ECP signal in the air.

To solve the problem of shielding from the influence of adjacent current-carrying
busbars on ECP measurement results, the classical method of coil shielding using a fer-
romagnetic shield is not applicable because coils are positioned tangentially relative to
the installation plane of the ECP. Shielding is achieved by using additional shielding
coils located on the outer sides of the ECP. In each element of the ECP, a shielding coil
is placed above an array of excitation and measuring coils and is connected inversely to
excitation coils.

Excitation coils create tangential magnetic field, inducing eddy currents in the TO.
Measuring coils perceive the magnetic fields of excitation coils and eddy currents in the
TO. When operating an ECP without active shielding, the magnetic field induction lines of
the excitation coils penetrate the adjacent joints (Figure 6a). Once active shielding coils are
installed, the direction of the magnetic field induction lines penetrating the adjacent joints
is reversed (Figure 6b). This indicates the effect of the displacing field of shielding coils.
Due to this, a counter magnetic field is created on the outside of the ECP element, distorting
the excitation magnetic field, which provides a reduction in the influence of adjacent joints
on the testing results.

Serially connected excitation coils form a combined excitation magnetic field to induce
eddy currents in the TO. In the gap between excitation coils and measuring coils, magnetic
flux leakage is produced, which forms the tangential component of the eddy currents in
the TO. This makes it possible to weaken the unchanging component of the magnetic field
of excitation coils, increasing the relative amplitude of the signals produced by the eddy
currents’ magnetic field as a result. When excitation coils are located both below and above
the TO and connected in-phase, a combined eddy current loop is formed, which crosses the
plane of defect occurrence almost perpendicularly and homogeneously over its entire zone.

The design and optimization of the FE model of ECP and TO interaction, as well as
the process conducted to ensure precision in the calculations, are discussed in detail in a
previous study [4]. As a result, a precise model was obtained that confirms the hypothesis
of eddy currents passing perpendicular to the defect occurrence plane in a soldered lap
joint when tested with a two-element tangential ECP (Figure 8). The signal of the ECP is
the voltage U on the measuring coils of the ECP, and the test parameter is the amplitude of
the voltage U. Based on this model, the influence of the following parameters on the ECP
signal was studied:

1. Test parameters:

a. The size of the defect located along the side wall of the TO (Figure 3);
b. The size of the defect located along the end of the TO (Figure 3).
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2. Stray parameters, the deviation ranges of which are given in Table 1:

a. Variation in the electrical conductivity of the TO material;
b. Variation in the distance between adjacent TOs (Figure 7);
c. Displacements of the ECP relative to the TO along the X, Y, and Z axes (Figure 7).
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Table 1. Deviation ranges of stray parameters.

Parameter 0% 100% Units

Electrical conductivity 40 60 MS/m
Joint spacing 70 90 mm
X-axis offset 0 10 mm
Y-axis offset 0 10 mm
Z-axis offset 0 3 mm

The obtained correlations of the ECP signal with the studied parameters are shown in
Figure 9.

Based on the form of ECP signal dependence on defect size along the side wall and
along the end, we observe that in the range of defect sizes from 0% to 40%, the ECP signal
is almost identical for both defect types. The screening threshold of the TO is 60% soldering
integrity; i.e., the allowable size of the defect must not exceed 40%. Building upon this,
henceforth, instead of using two types of defects, we shall analyze only the “defect along
the end”, whose correlation form is close to a straight line. This will reduce the labor
intensity of testing the quality of soldered lap joints by reducing the number of test and
reference blocks, and simpler models can be designed to suppress the stray parameters.
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Figure 9. Correlations of ECP model signal with deviations in studied parameters.

The value of the ECP signal deviation caused by the stray parameters is comparable to
the value of the ECP signal range from the test parameter. The following means have been
implemented to suppress the influence of stray parameters during the testing of soldered
lap joints:

1. The suppression of the influence of the TO material’s electrical conductivity is pro-
vided by adjusting the measurement results based on the electrical conductivity of
the upper and lower plates of the TO. The details of this procedure are given in the
next section.

2. A reduction in the influence of the relative orientation of the ECP and TO is provided
by probe design features based on calculations of the geometry and required stiffness
for fixing the probe position relative to the TO [4].

The developed ECP (Figure 10a) consists of a fixed and a movable plank, inside of
which coils for the upper and lower ECP elements are installed. The distance between
the movable and fixed planks is secured by a clamp and an anti-backlash junction. The
allowable change in distance between the planks is sufficient to compensate for the entire
permitted range of thickness deviation for the lap joints. On the fixed plank, a block stop is
installed, the position of which is secured by a clamp. This block stop ensures the consistent
positioning of the ECP relative to the reference blocks during setup (Figure 10b) and relative
to the TO’s end during measurements [4].
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2.4. Development of Means of Metrological Assurance for Measuring the Soldering Integrity

The design documentation for copper busbars states the use of copper grade M1
(Cu-ETP) [43] and does not specify the use and testing of electrical grade copper, for
which electrical conductivity is standardized. Taking into account the quality of incoming
products, an inadmissible variation in the electrical conductivity of copper busbars in a
single electrical machine is expected. At the same time, as previously stated, electrical
conductivity (relative or specific) is a significant stray parameter when testing is procured
using the developed ECP. Therefore, the testing procedure requires the adjustment of probe
measurements using a correction factor based on the value of the electrical conductivity of
the TO.

In order to compensate for the variation in electrical conductivity, a methodology
for suppressing the influence of electrical conductivity on the measurement results was
developed. Electrical conductivity measurement in the process of measuring the soldering
integrity was performed using a conductivity meter, “Konstanta K6”, with a PF-IE-6e-Cu
probe (LLC “Konstanta”, Saint-Petersburg, Russia), providing a measurement range of 25
to 59 MS/m and a standard permissible error limit of 3%.

In order to verify performance and calibrate the conductivity meter, a set of SO-220
electrical conductivity calibration blocks, (LLC “Konstanta”, Saint-Petersburg, Russia) were
used. A set includes 3 cylindrical copper group samples with high long-term characteristic
stability, with nominal electrical conductivity values of 42, 50, and 58 MS/m.

Metrological assurance in measuring the soldering integrity of soldered lap joints
of copper busbars in electrical machines is represented by sets of reference blocks (RBs)
(Figure 11). One set includes a monolithic block to simulate 100% soldering integrity and a
composite block to simulate 0% soldering integrity, composed of two parts, glued together
through a dielectric gasket. RBs are manufactured specifically for each type of busbar for
the tested electrical machine from electrical copper, the conductivity of which was tested.
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Figure 11. Reference blocks of soldered lap joints: 1—RB of 100% soldering integrity; 2—RB of 0%
soldering integrity.

The developed RBs were used to study the correlation between the instrument readings
and the different conductivity values of the upper and lower copper busbars in a solder joint
with 0% and 100% soldering integrity values. In addition, the instrument readings were
obtained from copper busbars, whose plates had different conductivity values (Figure 12).
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Figure 12. Correlation between the instrument readings and the electrical conductivity of the TO:
(a) correlation for TO with 0% soldering integrity; (b) correlation for TO with 100% soldering integrity.

Based on these correlations, a formula was derived for correcting ECP measurement
results, taking into account the deviation in the conductivity of solder joints:

S = (k − σTO) +

√√
σ0 + σ100

σTO
∗ σTO

k
+ Rez, (1)

k =
σ100 ∗ Rez + σ0 ∗ (100 − Rez)

100
(2)

where
S—TO soldering integrity, %;
σ0—electrical conductivity of the 0% soldering reference block, MS/m;
σ100—electrical conductivity of the 100% soldering reference block, MS/m;
σTO—arithmetic mean value of conductivity of plates of the solder joint, MS/m;
Rez—instrument reading, %.
Thus, the main principles behind the methodology for suppressing the influence of

electrical conductivity on the results from measuring the soldering integrity of soldered lap
joints of copper busbars in the stator windings of electrical machines are as follows:

1. Testing conditions: Testing is carried out at least 3 h after soldering the copper busbars
of the turbine generator. The RBs should be kept together with the TO for at least 1 h.

2. Before soldering testing, the conductivity meter is calibrated with conductivity
calibration blocks.

3. The conductivity values of the 0% and 100% RBs are measured.
4. The electrical conductivity values of the upper and lower plates of the solder joint are

measured, and the arithmetic mean value of the electrical conductivity of the solder
joint is calculated from the two values and then recorded in the protocol.

5. A suitable probe is connected to the instrument; zero setting is performed in air;
and 0% and 100% are set for the respective RBs without setting the screening
threshold level.
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6. The soldering integrity of each joint is measured. The measurement results are
recorded in the protocol.

7. The protocol data are compared, and the actual value of the soldering integrity of
each solder joint is calculated using Formula (1).

8. In accordance with the screening threshold defined earlier, a list of defective joints
and joints with suspected defects is compiled.

9. The re-testing of joints with suspected defects is performed, and their defectiveness/non-
defectiveness is confirmed.

3. Results
3.1. Development and Testing of the ECP Operational Prototype

The developed ECP is produced with three modifications to cover all types of soldered
joints of busbars for tested electrical machines, the parameters of which are given in Table 2.
Allowed TO materials are non-ferromagnetic metals with an electrical conductivity of no
less than 15 MS/m. The measurement range of soldering integrity is from 0 to 100%. The
standard permissible error limit for soldering integrity is 5%. The variation range for the
total gap between the probe coils and the TO surface allowed during testing is from 0 to
10 mm.

Table 2. Parameters of ECP versions.

Parameter PP-37 PP-42 PP-58

Minimum TO thickness, mm 12.5 14 20
Maximum TO thickness, mm 31 31.5 44.5

Minimum TO length, mm 30 30 30
Maximum length of TO tested zone, mm 96 105 105

Minimum TO width, mm 30 31 38
Maximum width of TO tested zone, mm 57 62 78
Range for setting the distance between

the probe planks, mm 22.5–32 24–33 30–45.5

Frequency of excitation current, Hz 120 120 75

The developed eddy current probe for testing the soldering integrity of soldered
lap joints is used in a set with an eddy current flaw detector, “Konstanta VD-1” (LLC.
“Konstanta”, Saint-Petersburg, Russia), and this allows for the detection of unsoldered
joints and voids, as well as measuring the soldering integrity of soldered lap joints for
copper busbars.

3.2. On-Site Testing

As a result of the on-site testing of soldered joints in the stator winding of a TVF-60-2
turbine generator, the performance of the developed ECP was demonstrated to assess the
quality of the stator winding joints by measuring the actual value of the soldering integrity
of the soldered lap joints. The statistics of the measurements are shown in Figure 13. The
screening threshold is established in the technological instructions for the eddy current
testing of soldered joints in the stator windings of turbine and hydro-generator stators. The
value for the internal defects of the soldered joints in the form of discontinuities should
not exceed 40%. Consequently, the quality of soldering is characterized by the value of
soldering integrity and should be no less than 60%. Thus, based on the measurement
results, the value for soldering internal defects in stator winding joints does not exceed
the screening threshold; hence, the quality of soldering in stator winding busbar joints
complies with the requirements of the technological instructions.
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The on-site testing results display the applicability of the designed ECP to evaluate
the soldering integrity of soldered lap joints in current-carrying busbars for stator winding
electrical machines. Compared to the existing approach for unsoldered lap joint detection
based on thermal inspection, the developed method provides a more safe and precise
technique, allowing for not only the detection of but also the evaluation of the soldering
quality of soldered lap joints. The developed technical method provides the following:

- Suppression of the influence of electrical conductivity, temperature, and technological
variations in the geometry of the tested zone for both the TO and RBs;

- The required reliability in the measurement results without strict requirements regard-
ing the deviation in the electromagnetic and geometrical parameters of the TO and RB
from their nominal values;

- The detection of defects and the measurement of the degree of soldering integrity in
the soldered lap joints with a relative error of measurement of no more than 5%.

4. Discussions
The novel concept of the application of a two-element eddy current probe with tan-

gentially positioned coils for the non-destructive testing of soldered lap joints has been
presented. The design of a two-element eddy current probe with tangentially positioned
coils and active shielding was developed. A method for determining the soldering integrity
of soldered lap joints of current-carrying copper busbars in the stator windings of electrical
machines through the developed probe was suggested. The proposed method ensures
the detection of dry solder and cold solder joints and the measurement of the soldering
integrity of the soldered lap joints with a relative error of measurement of no more than 5%.

The proposed method of designing and optimizing the parameters of the finite element
model can be used in the development of low-frequency eddy current probes with various
designs and to study the influence of stray parameters encountered in practice, which
cannot be reliably reproduced in real test objects or reference blocks.

The developed finite element model of the ECP and TO interaction allows the influence
of the test and stray parameters on the ECP signals to be studied for the testing of soldered
lap joints of current-carrying busbars in electrical machine windings. The convergence of
the measurement results from the finite element model of an ECP and from a real ECP was
confirmed with the help of an operational prototype of an ECP. The error in the calculations
of the signals from the ECP finite element model does not exceed 1.5%.
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