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Editorial

In the evolving landscape of science and engineering, multidisciplinary research continues to
push boundaries, drive innovation, and address pressing technological and societal challenges.
The current issue of our journal highlights a diverse collection of studies that exemplify this spirit
of inquiry, presenting solutions to real-world problems ranging from power systems to
pharmaceutical formulations, from Al integration in education to cryptographic resilience in mobile
networks. Each contribution provides significant theoretical or practical advancements, reflecting
the collaborative effort and intellectual rigor of the global research community.

A novel lightning detection system tailored for wind turbine applications is developed using a
large-diameter Rogowski coil paired with an analog integrator. The coil, with a lower cutoff
frequency of 0.1 Hz, and the integrator circuitry effectively reconstruct the original lightning current
waveform. Verified across a range of current types—including AC, damped sinusoidal, and
rectangular pulses—the system offers a broad bandwidth from 0.1 Hz to 100 kHz. This makes it
not only compliant with standard performance criteria but also cost-efficient, positioning it as a
viable alternative to commercial lightning detection systems [1].

A comprehensive physicochemical stability analysis of extemporaneous omeprazole-based
formulations identifies environmental and compositional factors influencing drug shelf life. The
study utilizes a 2k factorial design with temperature, luminosity, and diluent type as variables.
Physiological saline solution emerges as the most stable and accessible diluent, offering a shelf-
life of over five hours under optimal conditions. The findings underscore the critical importance of
evaluating environmental conditions prior to drug administration to ensure patient safety and
treatment efficacy [2].

Addressing the pedagogical challenges faced by digital universities in Africa, an exploration into
the use of Al-powered chatbots reveals their potential to transform learner-content interaction. By
leveraging platforms such as Rasa and Moodle, the study presents a model where chatbots
facilitate personalized learning, improve student engagement, and support formative
assessments. Comparative analysis of different chatbot frameworks further illuminates the
technological considerations necessary for seamless integration, reinforcing the role of intelligent
systems in reducing dropout rates and enhancing academic outcomes [3].

The physical principles underpinning rotor slot skewing in squirrel-cage induction machines are
rigorously analyzed, leading to a set of derived formulas that account for synchronous and
asynchronous parasitic torques. Through comparative analysis of magnetic motive force (MMF)
curves and detailed case studies, the study provides a theoretical framework for targeted skew
application. The development of theorems on residual torque and differential leakage attenuation
marks a significant advancement in the precise and noise-mitigated design of induction machines
[4].

In an era where mobile data transmission faces increasing threats, an enhanced ZUC algorithm
is proposed to reinforce LTE network security using chaos-based dynamic S-boxes. The updated
algorithm generates highly randomized key streams and demonstrates superior resistance to
cryptographic attacks. Implemented on a Xilinx FPGA platform, the architecture proves both
resource-efficient and high-performing, achieving a throughput of over 2500 Mbps. This design
not only meets modern data protection demands but also aligns with the constraints of real-time
mobile applications [5].

To address the complexities of handwritten text line segmentation in Myanmar scripts, a
segmentation method based on average linkage clustering is proposed. Utilizing connected



component analysis and convex hull re-segmentation, the system adeptly handles overlapping
characters and irregular line spacing. With high Intersection over Union (IU) scores on two
datasets, the method outperforms existing clustering algorithms such as DBSCAN, thus
representing a robust solution for enhancing optical character recognition (OCR) in complex
handwritten scripts [6].

Expanding the analytical framework of rotor slot number selection for 5-phase motors, this study
applies a previously validated method across a comprehensive range of machine configurations.
By incorporating the Noise Component Equivalence Measure, the analysis allows precise
prediction of torque oscillations and acoustic noise, guiding optimal rotor slot number decisions.
The resulting design rules are systematic and adaptable to various stator and pole configurations,
offering an unprecedented level of granularity and predictability in multiphase motor design [7].

In summary, the papers featured in this issue collectively demonstrate the ingenuity and relevance
of applied research in addressing modern engineering and technological challenges. From
ensuring power system integrity and secure data transmission to optimizing educational outcomes
and mechanical design, these studies not only advance their respective fields but also offer
scalable and practical solutions. It is our hope that these contributions will inspire further
innovation and interdisciplinary collaboration.
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A lightning detection system based on a large-diameter Rogowski coil and an analog
integrator was developed for wind turbine applications and is presented in this paper. To
accurately detect lightning current, the Rogowski coil was designed with a lower cutoff
frequency of 0.1 Hz. The analog integrator, comprising an inverting active integrator, and
an amplifier, was used to restore the original waveform of the lightning current. Tests were
conducted to verify the bandwidth of the system using alternating current, damped
sinusoidal current, and a rectangular pulse. The system demonstrated a bandwidth of 0.1
Hz to 100 kHz, which is within the standard acceptable range. This lightning detection
system offers a significantly lower cost compared to commercial alternatives, making it
highly suitable for practical applications.

1. Introduction

For sustainable development and achieving carbon neutrality,
wind turbines are increasingly being used for power generation [1].
Over the past decade, Japan has been the second-largest wind
power installer in the world, with a cumulative capacity of
5,213 MW [2]. Wind turbines operate effectively in areas with
strong winds, such as coastal or offshore locations, but this also
places them at a high risk of being struck by lightning [3]-[5]. It is
important to stop wind turbines and perform manual inspections
after a lightning event is detected to prevent further damage and
ensure safety. To achieve this, a lightning detection system (LDS)
is deployed to identify such events.

As stated by the JEM and IEC standards [6],[7], the LDS
consisting of a large-diameter Rogowski coil and an analog
integrator is one of the alternative methods for the detection of
lightning events. In practice, this coil is securely installed at the
wind turbine tower near the foundation, wrapped around its
exterior. This configuration allows the detection of impulse current
from the tower.

Rogowski coil induces voltage is proportional to the time
derivative of the lightning current (i), and its transfer function
exhibits a positive slope gain. To retrieve the original shape of the
lightning current ij and maintain its gain constantly, an analog
integrator is used. It has a negative slope gain in its transfer
function, which cancels out the slope gain of the Rogowski coil.

In this paper, a cost-effective lightning detection system for
wind turbine applications is presented. The system has a
bandwidth of 0.1 Hz to 100 kHz and comprises a large-diameter
Rogowski coil and an analog integrator. The design details are
presented in Section 2. Frequency characteristic tests were
performed to ensure sufficient bandwidth and are presented in
Sections 3 and 4. Finally, the conclusion is presented in
Section 5.

2. Lightning Detection System

The possibility of a lightning strike at the blade tip of wind
turbines is high, as it typically becomes the highest point during
operation. A permanently mounted air-termination system, known
as a receptor, serves as the contact point between wind turbines
and lightning [7]. Once lightning strikes, lightning current i; flows
from the receptor, a down-conducting system, wind turbine tower,
and eventually reaches an earth-termination system at a
foundation, as illustrated in Figure 1.

As lightning current ij flows to the earth-termination system, it
generates a time-varying magnetic field (B) around its conductor.
This enables current sensors, such as the Rogowski coil, to detect
lightning events if installed anywhere along this current path.

Commercially available Rogowski coil-based LDS units can
cost a million yen or more each. In contrast, the developed LDS
has a total cost of approximately 33,000 yen, comprising 23,000
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Figure 1: Wind turbine lightning protection system components and the location
of the Rogowski coil-based lightning detection system [7].

yen for the large-diameter Rogowski coil and 10,000 yen for the
analog integrator making them significantly cost-effective.

Since the output voltage from the Rogowski coil feeds into the
integrator, the frequency characteristics of the LDS can be
analyzed by multiplying the Rogowski coil transfer function H(s)
and the integrator transfer function Hi(s) as in (1)

Hi(s)=H;(s)-Hi(s) @

Details for obtaining the Rogowski coil and integrator transfer
function are as follows.

2.1. Large-diameter Rogowski coil

Rogowski coils were introduced in 1912 by German physicist
[8]. For simplicity in investigation, it is modeled using lumped
parameters, as illustrated in Figure 2, where M represents
mutual inductance, Ls represents self-inductance, Rs represents
self-resistance, Cs represents stray capacitance, Rq represents
damping resistance, i» represents coil loop current, and v,
represents the coil output voltage [9]. Applying Kirchhoff's
voltage law, loop voltage is

M dij (t)/dlt = L di, (t)/dt + Rqip (t) +V, (t) @)

i Ls Rs

+

[

Figure 2: Lumped parameter equivalent circuit of the large-diameter
Rogowski coil [9].
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Assume that L, - di>(¢t)/dt > R, - i2(t) + v.(¢), and stray
capacitance C,are neglected, so voltage drops across self-
resistance R, and damping resistance R, can be neglected. Hence,
loop current i)(¢) = Ly - i2(¢) /M. This type of coil is known as a
self-integrating Rogowski coil, suitable for detecting very short-
duration current pulses [10].

To obtain the coil output voltage in the time domain v.(¢),
apply Kirchhoff's current law, and the current loop is

i2 (t) = Cs dVr (t)/dt +Vr (t)/Rd 3)

Substitute (3) into (2) and then apply integration with respect
to time (t). In practice, stray capacitance Csand Ls / Rq are assumed
to be approximately zero. The voltage drops across self-inductor
Ls and the current consumed by stray capacitor Cs can, therefore,
be neglected. Thus,

t=00
iy (t) ~ (Rs +Ry /Ry M) | v (t)dt (4)
t=0

From (4), lightning current ij can be reconstructed using an
external integrator. This type of Rogowski coil is known as an
external-integrating Rogowski coil, which is suitable for relatively
long-duration current pulses and was utilized as part of LDS in this
study [11].

The frequency characteristics of Rogowski coils can be
determined from their transfer function by substituting (3) into (2)
and applying Laplace transform. The transfer function of the
Rogowski coil, H(s), is

Hr@)=sMRd/@2gcs+sg+sR4%Rd+R5+Rd) (5)

Rogowski coil is a helical toroidal coil of wire. Lead from one
end returns to another end through the center of the helical coil.
Hence, both terminals are positioned at the same end. Mutual
inductance M, self-inductance L, stray capacitance Cs, and self-
resistance R, can be calculated from its dimensions as in (6) to (9),
respectively [12]-[15].

M =(s0N/2)(fo ) ®)

Lg = MN @

Rs :ﬁ{ﬂ(n +1o)+ N;r\/((ro +ri)/N)2 +(1r —ri)z} (8)

C, :47Z2€0(r0+I‘i)/|0910((ro+ri)/(ro _ri)) ©)

Where 7; is the coil inner radius, 7, is the coil outer radius, N is the
number of turns, uy is the permeability of free space (4m x107
H/m), & is the permittivity of free space (8.85 x 1012 F/m), and p
is the resistivity of the coil wire.

The developed large-diameter Rogowski coil has an inner
radius 7; of 2 m, allowing it to wrap around the tower of a wind

2
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turbine. To achieve a bandwidth of 0.1 Hz to 100 kHz, Rogowski
coils are designed with an outer radius 7, of 2.04 m and 1400 turns.
The coil, made from commercially available wire-reinforced PVC
ducting with a diameter of 40 mm, costs approximately 23,000
yen. Aluminum wire is used for the coil, with a cross-sectional
area of 1.78 x 10 m? and resistivity p of 2.7 x 10® Q/m. The
damping resistance Ry is derived from the impedance of an
RG-58 50 Q coaxial cable, resulting in an infinite damping
resistance Ry From (6) to (9), mutual inductance M, self-
inductance L,, stray capacitance C;, and self-resistance R, are
calculated as 15.65 puH, 0.22 mH, 766 pF, and 291.3 Q,
respectively. The gain and phase characteristics of the coil,
analyzed by (5), are shown in Figure 4 and 5 respectively. It
exhibits a linear gain slope of approximately 20 dB/decade and a
phase shift of roughly -90 degrees for a frequency range from
0.1 Hz to 100 kHz, which satisfies the target range. The external
integrator used with the Rogowski coil has been designed to
cancel out the coil gain slope, and the detailed design is presented
in the following section.

2.2. Analog Integrator

Analog integrators for the Rogowski coil serve two purposes:
to regain the original shape of the lightning current ij and to
maintain a constant gain. In previous studies, integrators were
usually designed with two poles and one or no zeros [10],[16],[17].
The interaction between poles can lead to more complex dynamic
behavior in the integrator [18]. The analog integrator used in this
study is shown in Figure 3. It is designed to have a single pole with
no zero, resulting in more predictable and stable behavior. The
analog integrator consists of an inverting active integrator and an
amplifier. Bias resistors R, and Rz minimize the effect of offset
voltage, while Rs and Rg limit the bias current. The amplifier circuit
is utilized to make it more effective for the digital recorder to
record the output voltage vo.

Let V, and V, denote inverting and non-inverting operational
amplifier (Op-amp) terminal voltages, respectively, with respect to
ground. I, and 1, denote bias currents entering inverting and non-
inverting Op-amp terminals, respectively. For simplicity in
analysis, let Vy = Vy, 1, = 0, and I = 0 [19]. The transfer function
of the developed analog integrator, Hi(s), is

Figure 3: Developed analogue integrator.
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-(S): R3/R1+R2/R1+R2R3/R1R4 &
: 1+S(02R3+C2R2 +C2R2R3/R4) RG

(10)

To achieve a gain of about -20 dB/decade and phase shift of
-90 degrees from a frequency of 0.1 Hz to 100 kHz, circuit
parameters for R;, Cy, R2, R3, R4, Rs, C>, Rs, R7, and Rs were set to
10k, 2.25 pF, 200 kQ, 200 kQ, 100 kQ, 6.8 k€, 2.25 uF, 10 kQ,
100 kQ, and 10 kQ, respectively. Resulting in a pole at
approximately -0.556, ensuring the stability of the system. LT112
operational amplifiers were used for both Op-amps 4; and 4, due
to their high slew rate of 60 V/us. Power supplies were used. An
output voltage was set to 15 Vpc and -15 Vpc for Ve and Ve,
respectively. The overall cost of assembling the analog integrator
was approximately 10,000 yen. The frequency characteristics of
the developed integrator, analyzed by (10), show a linear gain
slope of -20 dB/decade and a phase shift of approximately -90
degrees as illustrated in Figure 6 and 7 respectively for the
frequency range of 0.1 Hz to 100 kHz, which satisfies the target
range.

3. LDS Frequency Characteristic Test

Frequency characteristic tests were performed to verify that
LDS is capable of measuring lightning current i without
attenuation or phase error. To ensure that each component in the
LDS is functioning as designed, three separate frequency
characteristic tests were conducted: a bandwidth test on the large-
diameter Rogowski coil, the analog integrator, and the LDS.

To demonstrate the alignment between the test results and the
analysis, the assessment includes the calculation of the maximum
relative error (MRE), defined as

MRE = max

Yi

where y; and y; represent the it element of analysis and test result,
and n is the total number of considered data points [20].

3.1. Frequency Characteristic Test of the Rogowski Coil

The test was conducted using alternating current (AC) voltage
as recommended by the JEM standard [6]. A sinusoidal waveform
from a function generator and a bipolar voltage amplifier were
used to generate a variable-frequency voltage. A sufficient
bandwidth shunt resistor (Rsh) was employed to draw current from
the source and serve as a reference current measuring point.
Schematic for the test is shown in Figure 8, with the analog
integrator removed. The test results for gain and phase shift are
presented in Figures 4 and 5 respectively.

At frequencies lower than 100 kHz, the MRE of gain and phase
is 0.31 and 0.11, occurring at frequencies of 50 kHz and 1 Hz,
respectively, demonstrating good alignment between the analysis
and test results. At frequencies higher than 100 kHz, the stray
capacitance between each turn of the coil wire becomes
significant, impacting the coil characteristics and resulting in large
errors between the analysis and test results. However, these
frequencies are beyond the intended use and do not affect the
overall performance of the LDS.
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Figure 4: Analysis and test results of gain characteristics of the developed large-
diameter Rogowski coil.
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Figure 5: Analysis and test results of phase shift characteristics of the developed
large-diameter Rogowski coil.
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30

O,

Gain [dB]

102 10" 100 10" 102 103 10* 105  10°
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Figure 6: Analysis and test results of gain characteristics of the developed analog
integrator.
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Figure 7: Analysis and test results of phase shift characteristics of the developed
analog integrator.
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Figure 8: Alternating current (AC) power circuit and LDS under test: (a) Actual
test setup, (b) Schematic diagram.

3.2. Frequency Characteristic Test of Analogue Integrator

To assess the frequency characteristics of the developed
analog integrator, a sinusoidal waveform from a function generator
was directly applied to the integrator. Comparing the amplitude of
the input and output voltages, the test results for gain and phase
shift are presented in Figures 6 and 7 respectively. MSE is 2.25
and 0.04 for gain and phase at frequencies of 80 Hz and 0.8 Hz
respectively ensuring well alignment of analysis and the test
results.

3.3. Frequency Characteristic Test of LDS

Frequency characteristic testing of LDS was divided into two
ranges: below 30 kHz and above 30 kHz. The test schematic and
actual test are depicted in Figure 8. Test results for gain and phase
shift are shown in Figures 9 and 10, respectively. Analysis using
(1) and test results are well aligned. For frequencies below 100
kHz, the MSE of gain and phase is 0.04 and 0.08, occurring at
approximately 30 kHz and 100 kHz, respectively. At higher
frequencies, the analog integrator components exhibit bandwidth
limitations. However, these frequencies are beyond the range of
interest and will not affect the LDS performance in practical use.
The test details are as follows.

e LDS test at a frequency below 30 kHz, the test was conducted
with its schematic and actual test configuration depicted in
Figure 8, using AC voltage as a source. Input current and
output voltage were measured to determine gain and phase
shift.

e LDS test at a frequency above 30 kHz, a relatively high
current is required to assess frequency characteristics. To
overcome this challenge, tests were conducted using damped
alternating current (DAC), the waveform suggested as an
alternative by the JEM standard [6].

4
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alternative by the JEM standard [6].

-60 -
—6— Experimental result (AC)
70 1 —o— Experimental result (DAC)
— Analysit result
-80 {+3dB
& oo coa aog co® X
= 3dB P 3\
S, -90
=
[~
O-100 A
-110 A
-120 ‘ ‘ ‘ ‘ ‘ : : :
102 10! 100 10t 102 10%8 10* 105 108

Frequency [Hz]

Figure 9: Analysis and test results of gain characteristics of the LDS.

-20
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—6— Experimental result (AC)
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-100 A — Analysit result
-140 A
-180 g

-220 A
-260
-300 A
-340 A
-380

Phase [deg]

102 10t 100 10t 102 108 10* 105 108
Frequency [Hz]
Figure 10: Analysis and test results of phase shift characteristics of the LDS.

4. LDS Low Cutoff Frequency Verification

A low cutoff frequency of LDS is a crucial parameter as it
directly impacts measurements of total charge. To verify the cutoff
frequency, a rectangular pulse response of LDS is compared to that
of a known low-pass filter with a specific cutoff frequency.

Due to its sharp transitions, a rectangular pulse contains a broad
spectrum of sinusoidal frequencies. When applied to a low-pass
filter, the flat top of the pulse gradually decays toward zero. The
higher the cutoff frequency, the faster this decay occurs. To
confirm the cutoff frequency of the LDC at 0.1 Hz, a first-order
low-pass filter with a cutoff frequency of about 0.08 Hz was
selected. The filter was composed of a 15 kQ resistor and a 130 pF
capacitor [21].

The test was conducted as schematic shown in Figure 11. The
pulse had an amplitude of approximately 1000 A and a duration of
450 ms. The reference pulse response was obtained by replacing
the LDS with the filter. Input current and output voltage were
measured, and the results, shown in Figure 12, demonstrate good
alignment for the time range of approximately 0 to 450 ms. This
confirms that the LDS has a lower cutoff frequency of at least
about 0.08 Hz, meeting the intended design specification of 0.1 Hz.

Large- diameter
Rogowski coil

CON Load

o +

Analogue
Vo

integrator

Figure 11: Schematic of rectangu_lar pulse power circuit and LDS under test.
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-0.15 0 0.15 0.3 0.45 0.6
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Figure 12: Rectangular pulse response of the LDS and the reference low-pass filter.

5. Conclusion

A lightning detection system for wind turbine applications is
presented in this paper. The system consists of the large-diameter
Rogowski coil and the analog integrator. It operates with a
bandwidth range of 0.1 Hz to 100 kHz and a linear gain of
approximately -83 dB. The developed large-dimeter Rogowski
coil is designed with a diameter of 4 m, 1400 turns in total, and a
slope 0of 20 dB/decade. The developed analog integrator has a slope
gain of -20 dB/decade and consists of the inverting active
integrator and an amplifier.

A series of tests were conducted to assess the frequency
characteristics of the LDS, particularly the lower and upper cutoff
frequencies. LDS frequency characteristics were measured using
alternating current (AC) for frequencies below 30 kHz and damped
alternating current (DAC) for higher frequencies. The results align
well with the analysis, with a maximum gain error of less than
3 dB, confirming the upper cutoff frequency to be 100 kHz.
Additionally, the lower cutoff frequency of the LDS was verified
using a rectangular pulse response, confirming that it is lower than
0.1 Hz.

The developed LDS complies with the standard required
bandwidth while offering significant cost-effectiveness compared
to commercial alternatives. This makes the LDS suitable for field
applications in lightning detection for wind turbines.
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Extemporaneous omeprazole-based preparations are commonly used in hospitals; however,
there are no validated studies about physicochemical stability. This study aimed to determine if
temperature, luminosity, and the type of diluent affect the stability of omeprazole in the
extemporaneous preparation. For stability, the methodology validated previously by our group
was used. The 2k experimental design included Temperature (25°C and 35°C) and Luminosity
(covered by light and 400 Lx) variables. Diluents were evaluated at five levels: 1) Citric acid +
polyethylene glycol solution, 2) Polyethylene glycol solution, 3) Physiological saline solution,
4) Citric acid + polyethylene glycol solution + physiological saline solution, and 5)
Polyethylene glycol solution + physiological saline solution. Minitab 18 software was used for
data analysis, and the degradation kinetics were determined by linear regression. The optimal
condition for physicochemical stability was a temperature of 25°C covered by light (OM1-3h
49’, OM2-3h 2°, SSF-5h 8’, OM1SSF-2A 27°, OM2SSF-6h 23°). The diluent based on
physiological saline solution provided more than five hours of shelf-life, and more than six
hours, the diluent based on OM2 + SSF. However, the best option is physiological saline
solution, considering the accessibility of the diluent. In conclusion, environmental conditions
should be considered in extemporaneous omeprazole-based preparation since they are affected
by temperature, luminosity, and type of diluent. Assessing shelf-life prior to administration is
necessary to provide a safe and effective drug, avoiding the occurrence of side effects in
patients.

1. Introduction

Omeprazole (OMZ) is one of the most widely used drugs in
hospitals, increasing its use every year. However, the
indiscriminate use of extemporaneous omeprazole-based

remedies” for determining the shelf-life of medicines as marketed
by the pharmaceutical industry [3]. However, in the case of
extemporaneous drugs, there is no national regulation; the shelf-
life should be determined by the conditions in which the
extemporaneous preparation is made. Proper preservation is a

preparations represents a health risk. Up to 73% of patients who
receive omeprazole do not require it, and 38% of these have
shown adverse effects, which can prolong their hospital stay [1],

[2].

The requirements for evaluating stability are indicated in the
NOM-073 “Stability of drugs and medicines, as well as herbal

“Corresponding Author: Luz Irene Pascual Mathey, Facultad de Quimica
Farmacéutica Biologica, Universidad Veracruzana, Xalapa, C.P. 91000, Veracruz,
Meéxico, +522281251392, lupascual @uv.mx
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prerequisite to maintaining the pharmacological and therapeutic
properties. Therefore, it is important to improve safety since it can
decrease effectiveness and modify safety due to the toxicity of
degradation products [4].

Moreover, information on the stability and storage conditions
of  extemporaneous  preparations is  limited  since
pharmacovigilance is not a common practice in our country. In
addition, generally, the unit in charge of performing such activity
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is the nursing. This can lead to errors, such as inadequate
formulation, microbial contamination, concentration, and wrong
dose calculation. Therefore, it is essential to evaluate the stability
of the drug prior to its administration to patients to avoid the risk
of adverse effects or toxicity [5].

The main conditions to retain the physicochemical stability
and the microbiological properties within the quality specifications
established in the formulation during its shelf-life and throughout
storage time, are temperature, humidity, luminosity, and type of
diluent [4], [6], [7]. Such variables can accelerate the degradation
kinetics of active ingredients and alter their efficacy and safety

(2], [3].

The shelf-life of a drug is measured by the concentration of
the active ingredient, which should be < 10% of the total dose
indicated on the product label. A percentage greater than 10%
pointed out that the drug is losing effectiveness. Also, the
degradation products could cause adverse or toxic effects on the
patients [3], [5], [8], [9], [10], [11].

The 2k design systematizes and reduces the variables to
simplify the procedure and evaluates the main effects and their
interactions [12]. In 2k factorial designs, the 2 represents the two
levels at which each variable is tested, identified as low (-) and
high (+). The k represents each of the independent variables. The
design (2*2) performs four different experiments; the variables
are identified with the letters A and B, and the interaction between
these two variables is identified with AB [13], [14].

Additionally, photosensitive drugs need to be kept covered by
light due to their characteristics [11]. Those indications are
usually mentioned in the package insert or technical data sheet.
All photosensitive drugs should be kept in appropriate containers
(protected from light) to avoid deterioration, both in the
pharmaceutical services and the hospitalization units. Many of
them are packaged by the pharmaceutical industry (in topaz glass
ampoules) to protect them from light. If this does not occur, they
should always be kept in the original package or wrapped in
aluminum foil or other opaque paper [11].

In the internal medicine area of a tertiary care hospital in the
state of Veracruz, a medication preparation service has been
available since 2014, which has allowed a decrease in the adverse
effects associated with medication (dosage, preparation, among
others). However, there are no stability studies on
extemporaneous preparations. Therefore, this study aimed to
determine whether the factors of temperature, luminosity, and
type of diluent are associated with the stability of omeprazole in
extemporaneous preparations.

2. Methods

An experimental study was carried out in the Pharmaceutical
Technology Laboratory of the School of Pharmaceutical
Biological Chemistry, Universidad Veracruzana, Mexico.

The experimental steps carried out in this study are described
in Figure 1.

www.astesj.com

Figure 1: The flowchart summarizes the experimental design used in this study
2.1. Reagents:

The hospital provided two intravenous omeprazole
trademarks (OMZ1 lot T18J487 and OMZ2 lot OM18I15). The
OMZ reference standard was purchased from Sigma-Aldrich,
purity 99.6%, lot LRACO0716, with the supplier's certificate of
analysis.

2.2. Analytical equipment:

- UV Spectrophotometer, Beckman, model DU-7000.

- Stove, RIOS Rocha, model HS-33 adapted with 400Lx LED
lamp.

2.3. Matrix of 2¢desing:

In this study a factorial design was used, since in each trial or
complete replication of the experiment all possible combinations
of factor levels were investigated [15]. Factorial designs produce
more adequate experiments, since each observation provides
information on all factors. Thus, the response to any factor
observed under different conditions indicates whether the factors
act independently on the experimental units. Interaction between
factors occurs when their action is not independent [16].

The independent variables evaluated were Temperature,
Luminosity, and Type of diluent. The dependent variable was the
shelf-life. We performed a 2% design to determine the association
of factors involved in the stability of the active agent [13], [14].
Analyses were repeated ten times until the concentration of the
active in the extemporaneous preparation decreased by more than
10 percent. Temperature includes 25 and 35 degrees Celsius (°C).
Luminosity includes covered by light and 400 Luxes (Lx). The
diluent was evaluated at five levels, described in the next section.
The variables and their levels are shown in Table 1.

The conditions used in this study were according to standards.
The temperature of 25°C is the optimal for the preparation and
storage of non-thermolabile drugs. The second temperature was
selected after reviewing the areas of administration of the
extemporaneous preparations, with the maximum temperature at
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35°C. Concerning the luminosity, 400 Lx is what a standard
hospital lamp provides.

Table 1. Factors and levels included in the 2% desing.

Factors Levels
Low (-) High (+)
Temperature 25°C 35°C
Luminosity Covered by light 400 Lx
Lx= luxes.

The proposed design (2%) defines a total of 4 tests for each
evaluation. The combinations used in each test are presented in
Table 2.

Table 2. Matrix of 2 desing

Test Temperature Luminosity
1 (-) 25°C (-) Covered by light
2 (+) 35°C (-) Covered by light
3 (-) 25°C (+) 400 Lx
4 (+) 35°C (+) 400 Lx
Lx= luxes.

For each diluent, a four-test assay matrix was assigned. The
diluent preparation is shown below:

Diluents:

-SSF: Intravenous OMZ diluted with Physiological Saline
Solution 0.9%.

-OML1: Intravenous OMZ diluted with its diluent (Solution with
Citric Acid + Polyethylene Glycol).

-OM2: Intravenous OMZ diluted with its diluent (Polyethylene
glycol solution).

-OM1SSF: Intravenous OMZ diluted with OM1 + SSF (50:50).
-OM2SSF: Intravenous OMZ diluted with OM2 + SSF (50:50).

SSF, OM1, and OM2 are commercial diluents that the hospital
provides and used in the internal medicine area. The
manufacturers did not indicate the OM1 and OM2 diluent
concentrations. A matrix of two hundred determinations was
performed considering the design matrix (4 tests), the diluents (5),
and the ten sampling times.

Quantification method (Validation and quantification):

The OMZ quantification was previously reported and
validated by our working group [17].

Stability:

Physicochemical stability (quantification of OMZ) was
performed at the conditions of 25°C + 2°C and 35°C * 2°C, with
a lamp providing 400 Lx. Samples prepared with the diluents were
analyzed each 15 min until the concentration of OMZ decreased
> 10% [3].

Color determination

The method was obtained from the analysis 0181 “Solution
color” described in the United Mexican States Pharmacopoeia
(2014). 1t is based on the visual color of the sample (in solution)
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against reference standards in a specific color range under
established conditions [18].

The color presented in the sample, will be within the brown-
yellow-red interval. A solution is considered colorless if its
appearance is the same as that of the water or solvent used to
reconstitute it (not more intense than the reference solution B9)

Preparation of standard solutions:

Solutions were prepared as indicated in Annex Il of the FEUM
“Preparation of reference solutions.”

Procedure:

We prepared reference solutions in 10 mL tubes of equal
diameters. Then, we transfer 5 mL of the sample of omeprazole
preparation to a 10 mL test tube of equal diameter to those of the
reference solutions. Compare the sample with the reference
solutions in a horizontal plane separated from each other by 3 cm
on a white background with indirect light.

3. Results and discussion
Shelf-life

The results of the stability of the drug OMZ in its different
extemporaneous preparations are shown in Table 3 and Figure 2,
where the shelf-life times (time in hours to reach 10% degradation
of the active principle) are presented.

Regarding shelf-life, the optimal condition is covered by light
at 25°C (Test 1). According to the literature, this condition
prevents the degradation of the active ingredients [19], [20].

The diluents with the best shelf-life times (obtained in all the
conditions evaluated) were SSF and OM2SSF (Table 3 and Figure
2).

Table 3. Shelf-life times (hours).

Tests Diluents
OoM1 OoM2 SSF OMI1SSF OM2SSF
1 3h 49’ 3h2’ 5h 8’ 2h 27’ 6h 23’
2 Olh 4 Olh 16’ 02h 25’ 0lh 10’ 01h 22’
3 01h 57’ 01h 57’ 01h 4%’ 01h 48’ 02h 20’
4 Olh 4’ 0lh 15’ 02h 19’ 02h 00’ Olh 6’
712

v
b:
¥
2
¥
»
»
"
¥
v
¥

DOMI BOM2 BSSF QOMISSE DOOM2SSI

Figure 2. The graph shows the shelf-life of the different conditions (Tests
identified from 1 - 4, see Table 2) and the diluents evaluated.

The above results differ from those reported in the Stabilis 4.0
page, which indicates shelf-life times of 6 hours with 5% glucose
solution covered by light, without considering the temperature.
The values closest to those previously reported are those obtained
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for preparations with OM2SSF diluent (06h 23), followed by the
preparation with SSF diluent (05h 08) of shelf-life, both at
conditions of 25°C and covered by light. The literature indicates
that preparations with the SSF-based diluent presents a shelf-life
of 12 hours. However, the present study shows lower shelf-life
times than previously reported. Those results allow us to point out
that it is necessary to verify the shelf-life times reported in the
literature and check the operating conditions of each institution
center.

In the tertiary hospital where extemporaneous preparations of
OMZ are prepared, the shelf-life used is four hours, according to
the information indicated in the inserts (at room temperature <no
more than 30°C> covered by light).

Concerning the results obtained in this study, the stability
conditions recommended by the manufacturers in the insert were
not met. For OM1 (diluent with citric acid and polyethylene
glycol), under the conditions of 25°C and covered by light, a
shelf-life of 03h 49 hours was obtained. For the OM2 solution
(diluent with polyethylene glycol), a shelf-life of 03h 02 hours
was obtained. On the other hand, the conditions of 35°C and 400
Lx (OM1 and OM2) showed a shelf-life above two hours for both
solutions without completing the shelf-life mentioned in the
insert.

Figure 3 shows the predictions obtained using the Arrhenius
method for the 30°C condition of the diluents of solutions OM1
and OM2, where the comparison with the temperatures of 25°C
(circle) and 35°C (triangle), both covered by light, can be seen.
The red line on the Y axis indicates 90% of the active; the X axis
indicates the time marked on the label of the two drugs (4 hours).

Figure 3. Predicted degradation of omeprazole at 30°C (lines identified by white
circles) compared to 25°C (lines identified by black circles) and 35°C (lines
identified by triangles) with both diluents (OM1 and OM2). The intersection of
the red lines determines the time of 4 hours concerning a concentration of 90% of
the active ingredient.

Analysis of main effects (2 design)

The original design proposed in this study is a 2%, which
considers the variables temperature and luminosity for each
diluent analyzed. The results obtained for the main effects and
interaction are reported below.

Regarding the analysis of the main effects (Figure 4), the
impact of temperature on the shelf-life is more significant in the
average variation of response compared to luminosity in the
different tests with the diluents, except the SSF where the main

www.astesj.com

effect is luminosity compared to temperature. The plots of the
main effects corroborate the significance of each of the diluents
tested.

OM1 OM2

~ OMISSF OM2SSF

Figure 4: Plots of the main effects. Behavior of OMZ with temperature and
luminosity factors in the different diluents.

Regarding the interaction effect, all the diluents present a
possible interaction between temperature and luminosity.
However, there is a complete interaction in the diluent OM1SSF,
corroborated in the interaction graphs in Figure 5.

OMlI OM2

SSF

OMISSF

OM2SSF

Figure 5. Interaction graphs. The behavior of OMZ concerning the interaction of
temperature and humidity factors in the different diluents.

The SSF diluent is the best option for the extemporaneous
preparation of OMZ, considering the luminosity, since it is the
variable that most affects it. Those will provide better control of
the preparation since it is easier to control the luminosity [11].

The diluent least affected by the main effects and by the
interaction is the OM2SSF, presenting good shelf-life times. The
difficulty of the preparation is the availability of the diluent
polyethylene-glycol since its preparation is limited to the
manufacturer's availability [7].
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On the other hand, the diluent with the greatest variation was
the OM1SSF, where temperature and luminosity decreased the
shelf-life. This preparation presented the biggest interaction and
the lowest shelf-life.

Solution color

Simultaneously to the quantification of the active ingredient,
color determinations were made by comparison with standards.
The results are presented in Figure 4.

ML LLE

Figure 4. Color standards used for solution color testing. GY = color scale
according to pharmacopoeia within the brown-yellow-red interval. GY1
represents the highest intensity.

Omeprazole is a photosensitive drug, so when exposed to
light, it shows slight coloration, as evidenced in this test. Tables
4, 5, and 6 show the samples that presented coloration when
exposed to 400 Lx. The coloration with the greater intensity was
at 25°C temperature. There were no visual differences between
the diluents (OM1 versus OM2, and SSF versus OM2SSF)
(Tables 4 and 5) except the OM1SSF mixture (Table 6), which
exhibits a coloration that occurs at 25°C with 400 Lx.

In this analysis, there is no direct relationship between the
appearance of color in the preparation and the degradation of
omeprazole. However, there is a direct relationship between the
color appearance in the solution and the exposure to 400 Lx
luminosity. These results suggested a decrease in the appearance
of color in extemporaneous preparations of omeprazole
intravenous solution.

One of the main limitations of this study is that stability
studies could not be performed during storage time; however, the
results indicate that pharmacovigilance studies applied to
extemporaneous preparations are necessary to inform the nursing
department about the correct conditioning of the extemporaneous
preparation to provide a safe and effective drug, avoiding the
occurrence of side effects in patients [5].

Table 4. Staining of the diluent solution OM1 and OM2.

T0 T1 T2 T3 T4 T5 T6 T7 T8 T9
25°C-CIL GY7 GY7 GY7 GY7 GY7 GY6 GY6 GY5 GY4 GY3
35°C-C/L GY7 GY7 GY7 GY6 GY6 GY6 GY5 GY4 GY4 GY3

25°C — 400Ix GY7 GY7 GY6 GY6 GY4 GY3 GY3 GY2 GY2 GY2

35°C — 400Ix GY7 GY7 GY7 GY6 GY5 GY5 GY4 GY3 GY2 GY2

www.astesj.com

GY = color scale according to pharmacopoeia within the brown-yellow-red
interval. GY1 represents the highest intensity. C/L = cover of light. No difference
was observed between solutions OM1 and OM2.

Table 5. Staining of the diluent solution SSF and OM2SSF

TO T1 T2 T3 T4 T5 T6 T7 T8 T9
25°C-CIL GY7 GY7 GY7 GY7 GY6 GY6 GY5 GY5 GY4 GY3
35°C-C/L GY7 GY7 GY7 GY6 GY6 GY6 GY5 GY4 GY4 GY3

25°C — 400Ix GY7 GY7 GY6 GY6 GY4 GY3 GY3 GY2 GY2 GY2

35°C — 400Ix GY7 GY7 GY7 GY6 GY5 GY5 GY4 GY3 GY2 GY2

GY = color scale according to pharmacopoeia within the brown-yellow-red
interval. GY1 represents the highest intensity. C/L = cover of light. No difference
was observed between solutions SSF and OM2SSF.

Table 6. Staining of the diluent solution OM1SSF

T0 Tl T2 T3 T4 T5 T6 T7 T8 T9
25°C-CIL GY7 GY7 GY7 GY7 GY6 GY6 GY5 GY4 GY3 GY3
35°C-C/L GY7 GY7 GY7 GY6 GY6 GY5 GY4 GY4 GY3 GY3

25°C — 400Ix GY7 GY6 GY6 GY6 GY3 GY3 GY2 GY2 GY2 GY2

35°C - 400Ix GY7 GY7 GY7 GY6 GY5 GY4 GY4 GY3 GY2 GY2

GY = color scale according to pharmacopoeia within the brown-yellow-red
interval. GY1 represents the highest intensity. C/L = cover of light.

4, Conclusion

The stability of the extemporaneous preparation of OMZ -
intravenous solution is affected by temperature, luminosity, and
type of diluent. Temperature was the variable with the main
impact on shelf-life, with the shelf-life at 25°C except for the SSF
solution, whose effect was mainly due to luminosity. Regarding
luminosity, the optimal condition is preparing extemporaneous
solutions covered by light. The optimal diluent for the
extemporaneous preparation of OMZ is based on a physiological
saline solution due to its longer shelf-life and no commercial
brand limitations for its preparation. Concerning the staining of
solutions, it is necessary to protect Omeprazole preparations from
light, regardless of the diluent used, to ensure the effectiveness
and safety of the drug. These conditions are necessary for the good
management of omeprazole in the hospital setting, for its
suitability for clinical use, and to avoid ineffectiveness and toxic
effects associated with its irrational use.
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The rapid expansion of digital universities across Africa addresses the need for scalable
higher education solutions, but challenges such as limited physical infrastructure and high
dropout rates persist. In digital learning environments, effective interaction with
educational content is crucial for student success. This article explores the transformative
role of chatbots integrated into digital university platforms, with a specific focus on their
impact on learner-content interactions. Leveraging the frequent use of messaging
applications and advances in Artificial Intelligence (Al), we examine how chatbot
integration enhances student engagement, facilitates personalized access to core
educational modules, and supports formative assessments to reinforce learning outcomes.
Using the Rasa open-source framework and the Moodle Learning Management System
(LMS), we present a model that not only delivers content efficiently but also provides an
interactive learning experience through Al-driven dialogue systems. Furthermore, a
comparison of the different Al tools used for educational chatbots will be presented, to
determine the most suitable solutions for digital teaching. This analysis will consider
various aspects such as efficiency, customization, flexibility and ease of integration of the
tools into educational environments. This study highlights how chatbots can foster a more
dynamic and responsive learning ecosystem, ultimately improving student retention and
mastery of key concepts in digital universities. In this article, we explore the broader impact
of chatbots on learner interaction with educational content, not just their integration. It
also emphasizes student engagement and retention.

1. Introduction

challenges related to the user experience and accessibility of
certain Learning Management Systems (LMS) have contributed to

Inrecent years, digital universities have emerged across several
African countries as a response to the growing demand for higher
education. To address the challenges of massification and limited
physical infrastructure, various digital universities [1], [2], [3]
have introduced innovative pedagogical models, often relying on
open digital spaces (ODS) to complement virtual environments.
These ODS provide students with collaborative spaces to address
pedagogical, technical, administrative, and social issues [4].

Students in digital universities primarily rely on distance
learning platforms to access their educational materials. However,

" Corresponding Author: Khalifa SYLLA, Cheikh Hamidou Kane Digital
University (ex UVS) of Senegal, khalifa.sylla@unchk.edu.sn
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increased dropout rates. To address these issues and improve
access to educational content, universities have implemented
various solutions, such as integrating social media and providing
pedagogical support through tutors.

To further enhance the interaction between students and
educational content, this paper proposes the integration of a
chatbot into digital university platforms. By offering an intuitive
and responsive interface, the chatbot aims to streamline content
access and improve the overall learning experience. A chatbot is
an advanced tool for automated, context-aware communication
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between users and systems, utilizing natural language processing
for a conversational approach [5].

The remainder of this article is structured as follows: first, we
will examine the related work in this area, followed by an overview
of fundamental chatbot concepts. Next, we will discuss the design
and implementation of our proposed solution, concluding with
insights for future development.

2. The State of the Art

Artificial intelligence has left no stone unturned. Several
researchers specializing in the field have carried out studies on the
impact of Al in the education sector, and in digital universities.

Such is the case of authors of [5] who, in their article, propose
the integration of conversational chatbots for educational
remediation within the framework of covid-19. Among other
things, the chatbot enables learners to self-train on parts of the
course they haven't quite mastered.

It is connected to a Moodle platform, enabling learners to
continue their learning at a distance. The chatbot is integrated as a
Moodle plugin and can be used on other LMSs.

Researchers in [6], who propose and describe a new
recommendation approach based primarily on the use of a chatbot
linked to the Moodle platform.

The authors in [7], have proposed an intelligent agent in the
form of a chatbot on the IBM Bluemix platform. This agent
automates interaction between users and the Moodle training
platform. This is a very interesting proposal, but it is specific to a
technology belonging to IBM.

In [8], the authors set up a chatbot for a mobile application
enabling interaction between users and a Moodle LMS platform.
This tool is used on a specific LINE Chat application and meets a
need of the Japanese community.

In [9], the authors have proposed a methodology to improve
the quality of e-learning, chatbot architectural design, to help
learners self-regulate their learning by accompanying them via a
chatbot within the Moodle platform, which constitutes a
metacognitive virtual assistant.

In [10], the authors with their chatbot in place, have enabled
their institution's administration to reduce the amount of work they
have to do to provide the required information to students, thus
reducing their workload by continuing to answer all student
questions. They also confirm that chatbot systems can be used in a
wide range of sectors, including education, healthcare and
marketing.

In [11] the authors conducted a comprehensive survey of recent
deep learning techniques for chatbots, enhancing developers'
understanding of effective chatbot design. In [12], the authors
illustrates the design and development of illustrate at bot software,
which integrates with a user website to manage student queries
through defined intents. The article discusses the chatbot system
utilizing a Recurrent Neural Network (RNN) for language
processing, a Convolutional Neural Network (CNN) for image
handling, and Dialogflow for intention and entity representation,
along with keyword matching techniques. In [13], the authors have
created three chatbots to support teaching in their university's

WWwWw.astesj.com

Department of Electronics and Multimedia Telecommunications.
The first, KEMTbot, is available on the department's website,
providing information from the web and about the staff. The
second chatbot assists students during exercises in the "Databases"
course, while the third is an Amazon Alexa skill that responds to
questions regarding the department on Amazon Echo devices.

3. Presentation of Artificial Intelligence (AI) tools used for
educational chatbots

Natural language understanding (NLU) platforms are at the
core of all chatbots. Conducting a comparative analysis of tools
like Rasa, IBM Watson, Dialogflow, and TensorFlow is crucial to
assess their strengths, weaknesses, and suitability for educational
platforms such as Moodle.

3.1. Rasa

Rasa [14] is an open-source software that includes two main
modules: Rasa NLU and Rasa Core. Rasa NLU focuses on natural
language understanding, while Rasa Core handles dialogue
management. The goal, according to its creators, is to bridge the
gap between research and real-world applications, bringing recent
advancements in machine learning to a wider audience, including
those with limited experience who want to develop conversational
agents.

3.2. Dialogflow

Dialogflow [15] is a natural language processing (NLP)
platform developed by Google that enables the creation of chatbots
and virtual assistants capable of understanding and responding to
user interactions in natural language.

3.3. TensorFlow

TensorFlow is an open-source platform developed by Google,
designed for machine learning and artificial intelligence
applications. It provides a comprehensive library and flexible
ecosystem of tools that allow developers to build and deploy
machine learning models efficiently. TensorFlow is widely used
for tasks such as natural language processing, image recognition,
and deep learning, making it an essential tool for developing
sophisticated Al applications, including chatbots [16].

Its scalability makes it a popular choice for integrating
intelligent capabilities into digital learning platforms.

3.4. IBM Watson

IBM Watson [17] is notable for its robustness and capacity to
handle vast amounts of data. It offers predefined templates tailored
to various sectors, such as banking, and includes a visual dialog
editor, making it accessible for non-programmers to create
conversation flows easily. In [18], the authors analyze this
platform alongside others in terms of functionality and usability.

To summarize, this description of Al tools used in educational
chatbots will offer a technical reference guide to help select the
most suitable solutions for the needs of digital universities, while
also delving into the technical aspects of integrating chatbots into
learning systems like Moodle.
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4. Basic Concepts and Tools Used

To provide a foundation for understanding the integration of
chatbots in digital learning environments, this section will cover
the fundamental concepts and tools essential for developing and
deploying chatbot solutions in educational contexts.

4.1. Chatbots

The first Chatbot, ELIZA, was developed by Joseph
Weizenbaum at the Massachusetts Institute of Technology (MIT)
in 1966. Researchers define chatbots in various ways, including
terms such as conversational Al entities, virtual assistants,
chatterbots, digital assistants, and chatbots. Regardless of
terminology, the primary goal of a chatbot remains to simulate
human conversation. [19], [20], [21].

Advancements in Artificial Intelligence (AI) and Machine
Learning (ML) have positioned conversational agents as essential
tools across various industries. Many organizations adopt these
solutions to both reduce physical staffing needs and enable rapid,
automated responses based on predefined implementation criteria
[22].

A conversational agent, also known as a chatbot or dialogue
system, interacts with users in natural language, enabling it to
understand and respond in a way that resembles human
conversation. These systems can operate through text or voice-
based interactions [23].

Conversational agents are widely applied in fields such as
human resources, healthcare, and education, showcasing their
versatility and impact across diverse sectors [24], [25].

4.2. Moodle

Moodle (Modular Object-Oriented Dynamic Learning
Environment) is a free Learning Management System distributed
under the GNU General Public License. It is developed in PHP. In
addition to the possibility of creating courses with integrated tools
and categorizing content by course, cohort level, sub-category,
etc., the platform offers the possibility of being interconnected
with external tools via secure APIs.

4.3. Interoperability between the chatbot and the Moodle
platform using API

An API (Application Programming Interface) is a tool enabling
different systems to communicate with each other. It defines the
methods by which the two systems can communicate.

Moodle offers several APIs for interaction between the chatbot
and its system. To retrieve data from the Moodle platform,
authentication is required via a time-limited Token. To enable the
chatbot to access the APIs, an authentication function must be
implemented [26].

4.4. Natural Language Processing (NLP)

NLP (Natural Language Processing) is a branch of computer
science focused on developing systems that enable computers to
communicate with people using everyday language [27].

The intelligent conversation system is the foundation on which
all Chatbots are built. It enables us to understand user requests and
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respond in a relevant way. This type of system is often built on top
of an understanding and categorization algorithm. Let's now focus
on the different elements of language processing: NLG (Natural
Language Generation) and NLU (Natural Language
Understanding).

Most chatbots operate on a basic model of these three
properties, namely: Entities, Intentions, Response.

SNA

abla courses

GGG

=

Figure 1: Moodle Platform Homepage

4.5. Key stages in the learning process

The first part consists of creating the NLU and discussion
models, commonly known as the training phase. As Rasa is based
on Machine Learning, it requires training data.

e For the NLU part (Rasa-NLU), the training data are sample
sentences that the user might utter, in which intent and entities
are specified. A configuration file is also required to set the
algorithm parameters.

e For the discussion part (Rasa-CORE), a set of stories must be
defined so that the agent learns to choose its next action. The
configuration file accompanying the stories contains lists of
intentions, entities, slots and actions.

4.6. Advantages of integrating chatbot into the learning system

An APl (Application Programming Interface) is a tool
enabling different systems to communicate with each other. It
defines the methods by which the two systems can communicate.

Moodle offers several APIs for interaction between the chatbot and
its system. To retrieve data from the Moodle platform,
authentication is required via a time-limited Token. To enable the
chatbot to access the APIs, an authentication function must be
implemented.

5. Solution Implementation and Results

The implementation of a conversational agent involves
several stages, including preparation and selection of the solution,
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development, continuous

improvement.

and finally management and

5.1. Chatbots

The first Chatbot, ELIZA, was developed by Joseph
Weizenbaum at the Massachusetts Institute of Technology (MIT)
in 1966. Researchers define chatbots in various ways, including
terms such as conversational Al entities, virtual assistants,
chatterbots, digital assistants, and chatbots. Regardless of
terminology, the primary goal of a chatbot remains to simulate
human conversation.

Chatbot RASA

RASA NLU
RASA CORE

Message

Response i

LMS
Moodle

Bot User
Student

Figure 2: System architecture

5.2. Solution Development

There are several stages in the development of the solution:
e Step 1: Installing Rasa

e Step 2: Project creation

e Step 3: Defining intentions and examples

e Step 4: Defining responses

e Step 5: Creation of dialogue stories

e Step 6: Model training and testing

e Step 7: Creating the graphical interface

Once the prerequisites have been set up, the next step is
to train the model and test it in console mode.
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Below are additional features that we have implemented
to predict the learning outcome and to personalize the learning
path.

Figure 3: Moodle authentication and token recovery function

e  Learning Outcomes Prediction

The objective is to leverage predictive analytics to
forecast student performance based on their interactions with
the chatbot. The predictive analytics model will use below
data sets:

Data Collection:

e Interaction Logs: Collect detailed logs of student interactions
with the chatbot, including questions asked, resources
accessed, and response times.

e Performance Metrics: Gather data on student performance in
assignments, quizzes, and exams.

e Behavioral Data: Track engagement metrics such as login
frequency, time spent on different types of content, and
participation in discussions.

Predictive models:

We use regression models to predict grades or performance
scores based on interaction data. The grades and performance will
then be used by a neural networks model to categorize students
into different performance levels (e.g., at risk, average, high
performer). Finally, we applied time series analysis to monitor and
predict changes in student performance over time.

Model Evaluation:

Cross-validation techniques are used to assess the accuracy
and robustness of the predictive models. Precision and F1-Score
are used to evaluate the models.

e Personalized Learning Paths

The objective of this feature is to create algorithms that adapt
educational content and recommendations based on the student's
progress and learning style.

Presentation of the algorithms:

e Content Recommendation: Develop recommendation
algorithms that suggest tailored content based on the
student's learning style and knowledge level.

o  Progress Tracking: Implement systems to continuously

monitor student progress and adjust learning paths
dynamically.
o  User Feedback: Collect feedback from students on the
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usefulness and relevance of recommended content to refine
the algorithms.

After configuration and testing, it's important to set up a
graphical interface enabling users to interact with the system. This
interface defines the access parameters for the Rasa chatbot.

After finalizing the creation of the chatbot in console mode, we
created the graphical interface enabling us to interact more easily
with the chatbot.

1id="checkCookie( )"

quer

Figure 5: Model training

5.3. Steering and Continuous Improvement

Depending on the indicators set to measure the system's
performance, it is important to measure the rate of understanding
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of the entities' performance, and to make continuous
improvements by adding responses as the system is used.

5.4. Results of our studies

In this paper we have studied the impact of integrating chatbots
on digital university platforms. The objective of our work was to
demonstrate that the integration of chatbots into digital university
platforms aims to improve the interaction between learners and
educational content, while considering the specificities of distance
learning. We designed and implemented a solution that allows us
to validate our study.

The results of our studies show the following benefits:

First, the interactions between learners and educational content
have increased significantly. This improvement is especially
notable in areas such as forums activities and the facilitation of
virtual classes, where the chatbot helps create a more engaging and
supportive learning environment. Indeed, by providing real-time
support and allowing automated responses to common questions,
chatbots promote active discussions and encourages collaboration
in the forums activities. The consequence of this is a reduction in
dropout rates.

The other results were that we noticed the enhancement and
diversification of digital content. By offering personalized content
recommendations, providing interactive resources, chatbot adapts
the learning experience to individual needs. This dynamic content
support enhances the learning journey, making it more accessible
for students.

Furthermore, the integration of the chatbot improves the
assessment framework within the digital platform. By automating
the formative quizzes and providing feedback, chatbots support
learners in understanding and mastering core concepts, making
assessments a more continuous and interactive part of the learning
process.

6. Conclusion and Perspectives

To provide a foundation for understanding the integration of
chatbots in digital learning environments, this section will cover
the fundamental concepts and tools essential for developing and
deploying chatbot solutions in educational contexts.

In this paper, we explored the integration of a chatbot into
digital university platforms to enhance the interaction between
learners and educational content. The chatbot, powered by
Artificial Intelligence (AI), Machine Learning (ML), and built
using the Rasa framework, was connected to the Moodle Learning
Management System (LMS) to enable learners to self-train
effectively, particularly in core IT modules. By leveraging natural
language processing, this chatbot provides a seamless and intuitive
way for students to access educational resources and engage with
learning materials in a more dynamic and responsive manner.

As Al technology continues to evolve, our next step will be to
extend the capabilities of this chatbot by integrating it with systems
like ChatGPT. This will enable learners, including those outside of
the Moodle platform, to ask questions and receive personalized
support across various fields of study. By doing so, we aim to
create a more comprehensive and accessible tool that can serve a
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broader range of students, making the chatbot an invaluable
resource for learners across different academic disciplines.

This work allowed us to explore how the integration of
chatbots into digital university platforms can help reduce dropout
rates, particularly in the most demanding courses or those where
the failure rate is historically high. Indeed, considering the
statistics of previous studies, the use of chatbots could impact
student retention in programs, by comparing the rates before and
after the integration of the chatbot.

In order to strengthen the results obtained, several avenues for
improvement are planned:

Integration with advanced Al systems, such as ChatGPT, to
allow an even more contextualized response to student questions
on various subjects.

Improvement of the user interface to further facilitate access to
educational content and modules.

Development of additional features for the continuous
assessment of student performance via more sophisticated
predictive models.

The integration of chatbots into digital universities transforms
access to educational content and improves learner engagement.
Through AI and adaptive systems, students benefit from a
personalized, dynamic and enriching experience, which helps
improve their academic success in digital environments.
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Skewing of the rotor slot of a squirrel-cage induction machine has been commonly used since
the beginning. However, little guidance is given regarding the principle of the working effect
of the method, but even in such rare cases, the explanation does not cover the true physical
reality. Consequently no formula exists for calculation of the effect. In this study, the
principle of the working effect of the rotor's skewing is derived in accordance with the true
physics of the phenomenon, for both the synchronous and the asynchronous parasitic torque.

The calculation regarding synchronous parasitic torque is based on comparing the stepped
MMF curve of the straight rotor slot and the trapezoidal MMF curve of the skewed slot. New
formulas are provided for both type of parasitic torques. Practical cases are investigated in

details. Knowing the theory and the formula of slot skewing, the skew can now be applied on

a targeted manner and in some cases, can completely eliminate the dangerous torque and
noise components. Consequently, a theorem is formulated on when to skew according to the
stator and when acc. to the rotor slot pitch; another theorem was found regarding residual
synchronous parasitic torque after skewing. The investigation is then extended to include
differential leakage attenuation calculations. With this in mind, from the point of view of

rotor slot skew, the topic has been reviewed in its entirety.

1. Introduction

The skewing as a tool against harmful effects of stator slot
harmonics is generally used by designer engineers in the industry
therefore the topic is discussed in every book dealing with
electrical machines. However, all such investigations, which use
an analytical method, are aimed only at showing and calculating
the effect on the leakage reactance of the machine. This is stated to
be independent of whether the stator slot or the rotor slot is skewed.
As the stator slot skew really reduces the magnitude of the slot
harmonic of the stator MMF to a negligible level, it is concluded
that it would also be the case if the rotor slot is skewed for
manufacturing reasons.

Even today, intensive research is being conducted on the
subject, which proves that researchers are not satisfied with the
objective stated above and the generally accepted simple
explanation shown below.

The results of the research show that skewing the rotor slot is
more or less effective, indeed, but at the same time, the results of

*Corresponding Author: Gabor Kovacs, Email: gz
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the researchers are sometimes in contradiction with each other see
e.g. [1] vs. [2]. Many researchers primarily try to present their new
calculation method and only use slot skewing as an example, with
which they try to prove the correctness of their more advanced
methods, and the goal is often not to study the slot skewing itself
[3]-[7]. They do not deal with the actual physical working principle
of the rotor slot skew, and there is sometimes confusion regarding
the effect on the synchronous and/or asynchronous parasitic
torque. [8], the experiment that tries to derive the question,
correctly, from the rotor’s MMF shape; however, the method itself
is fundamentally different from ours.

The results from the skew itself and from the quadratic effect of
the increase in the leakage reactance, reducing both the starting
torque and parasitic torques in the same proportion, are not
separated. Analytic approach of the subject is missing.

The goal of this paper is therefore to apply an analytical method,
in order to fill the gap and facilitate better understanding.

In the following, first the true principle of working for the rotor
slot skew will be presented: a clear distinction is made between the
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effect on the synchronous and on the asynchronous parasitic
torque, the difference in physics is clearly explained, then new
formulas are derived, and calculations are performed.
Recommendations are formulated as well.

Then the investigations are extended to the rest of the area of
the effect of slot skew, that is, on attenuation of differential
leakage. With this, the topic in its entirety is covered.

This paper strongly relies on our previous works [9]-[11]. The
entire research is based on [12] as the very basic work of the
electrical machine science history, some figures and calculations
are copied from [13] and [14].

As a model, such a machine was assumed for which the basic
formulas for determining the usual resulting space harmonics are
valid [15]: infinite relative permeability, two-dimensional fields
without considering boundary and end effects, the machine consist
of two smooth coaxial cylinders made of magnetic material, the
cylinders are separated by the air gap, the conductors of infinitely
small cross-section are located in the air gap. Harmonics of other
origin are not involved. Since the derivations as well as the
conclusions drawn from the model are based on the fundamental
laws of electrical engineering, they do not require validation. The
essence of slot skew cannot be understood from FEM calculations,
so there is no point in performing FEM calculations before
analytical study. Still, as for wvalidation the principle by
measurements made by others see Section 9.

2. Symbols

R; stator ohmic resistance

Xs1 - Xis  stator leakage without differential leakage
reactance

X magnetizing reactance

X' rotor leakage reactance

Xo2’ rotor differential leakage reactance

Ry’ rotor resistance reduced to stator

Kow=Xo INV-E/EF magnetizing reactance of harmonic v

Xoov rotor differential leakage reactance of harmonic
circuit v

Ro=RyEEP rotor resistance of harmonic circuit v

&L & winding factor of fundamental wave, harmonic
wave

N2’ Jordan’s coupling factor

4 attenuation factor, decreasing factor

S, Sy slip of rotor to fundamental harmonic of stator;
to harmonic v of stator

v, 1 designation of stator space harmonics and rotor
space harmonics

e small positive number e<<I.

a b designation of harmonics in interaction

g1, 82 different integers

e integer

P number of pole pairs

T, pole pitch

0, 0, MMF of one pole

Z, 2, stator / rotor slot number

m, m;, my; number of phases, stator, rotor

q1, q2’ relative slot numbers: stator/rotor slot number

per pole per phase.
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3. Critique of Generally Accepted Explanation of the
Principle of Effect of Rotor Slot Skew

The effect of operation is usually explained by a figure like
Figure 1. The figure is accompanied by the explanation that it is
advisable to skew the rotor slots by one stator slot pitch. In this
case, the inducing effect of the so-called stator slot harmonics on
the rotor bars will be almost completely ineffective.

Figure 1: Sketch for explanation of principle of working of rotor bar skew, s —
skew, T, — stator slot pitch

S = Thl

Figure 1. shows an arrangement in which the bars of the rotor
are skewed by just one stator slot pitch; since the 2mq; (otherwise
not occurring in reality) harmonic MMF of the stator along the
length of the rotor bar completes one complete period, no voltage
is induced in it. In other words, the voltage induced in the rotor bar
and its phase position, while moving along the length of the bar,
moves along a circle, which returns to the initial position upon
reaching the end of the bar. The wavelengths of the neighboring
harmonics, called 2mq;%1 slot harmonics, which occur in reality,
are only slightly different from the previous one, so they only
induce a negligible voltage, that is, their effect on the operation of
the machine becomes negligible in this way. Instead of the
relationship &gt = & so far, the apparent relationship &go<<€ is
created, the skew "disappears" the stator slot harmonic.

This explanation is incomplete and therefore misleading.
Incomplete in the sense that it is (partially) true regarding
asynchronous parasitic torque but it is completely false regarding
synchronous parasitic torque. Still the method is generally applied
(almost) exclusively against synchronous parasitic torques on an
intuitive basis without really considering its true working
principle.

Below, it is proven that explanations and conclusions do not
and cannot cover true and complete physical reality.

The critique is based on Figure 2 which is discussed in every
book dealing with asynchronous machines. Therefore it will be
discussed here in detail.

The equivalent diagram indicates that an asynchronous
machine consists of a series of small asynchronous machines in
shaft connection [15]. Each circuit belongs to a v harmonic of the
stator MMF.

The stator harmonics in the diagram, on its "primary" side,
appear with a known winding factor &,. The rotor affects this only
to the extent that it atfenuates some of them and not others. In
accordance with practice, our diagram is drawn with the
assumption that the stator and rotor slot numbers are not too far
apart. In this case, harmonics of lower order than the first slot
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harmonic are attenuated, those higher than that are not attenuated

[9].

It is a basic law that if a v harmonic does not generate current

in the cage, it means not more than it does not form an

asynchronous parasitic torque with it. In this case, however, that

" not-attenuated harmonic remains in its original size and is still

suitable for the formation of a synchronous parasitic torque

because no current in the cage by a v harmonic means no
attenuation of that harmonic.

All this contradict the generally accepted explanation.

R 1 iXs1 -Xio
JsvXagy Rz
=y +t
v>2mq+1 2 v as v, will not appear
A=l ; ? s Xy =0 ua will not develop
JSv X2oy Ry
v=2mgq;+1 )
v=2mq;-1 2 v as v, will not appear
w=y A=l IsvXomy L Ha will not develop
&=¢1
Jsy Xogy Ry
- -}
2mq;-1>v>5 0< ”sz <1 v as v, will appear
0<4<1 i5vXmy g will develop
isv Xagv Rz
- —F
s X m/=l-< v as v, will appear
s>l A= [vmy Cror=t s will develop
JX 529X 26 iX26 Ry%s
v=I ?
isvXeav Ry
- g
wI X . P v as v, will appear
4=0 ISuXmy q will develop

Figure 2: Equivalent circuit including the circuits for the higher harmonics [9]

In Figure 2., only the rotor differential leakage is included as a
leakage in the harmonic equivalent circuits [12], [15]. Therefore,
the value of the rotor differential leakage will determine how high
current will flow in a small harmonic circuit. The differential
leakage reactance is [12] (268)

X :XmV.GZO'V

20v

(1

where

1

0-20'1/ :T_l

2v

is the differential leakage factor of the rotor. The denominator in
it is the so-called Jordan’s coupling factor. Its definition ([12]
268b):
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Figure 3: Plotting the value of % as a function of vp/Z, ([12] p.154. Figure 107.)

Equation (2) is plotted on Figure 3. It shows how much the
rotor responds to a stator harmonic. A zero or very low value
indicates that the rotor does not respond to that harmonic. Then the
differential leakage factor will be very high or even infinite ([15]
Figure 17. p. 44).

For a better illustration, this figure has been modified by us in
[9], while the range vp/Z,>1 was replaced by zero.

v =5
v =7
v =11
0.8 v =13
17
19
0.6
=
oo
=
0.4
0.2
o L R . n . L
1 2 3 4 5 6 7 8 9 10

ay’
Figure 4: Representation of the value of m,,* as a function of q,' with v as a
parameter. Higher odd harmonics are replaced mathematically by adjacent
(actually with 3-phase not existing) even harmonics only for better transparency

The application of the figure will be demonstrated on an
example: if e.g. q:=3, then the stator harmonics belonging to it are
v=17 and v=19.

If then q,'<3, the rotor does not respond to these harmonics (and
the harmonics higher than these) no matter skewed or not skewed.

If, on the other hand, g»">3, since m,? is no longer a very small
value therefore 624y is no longer an (infinitely) large value the rotor
then also responds to the stator slot harmonics and thus a
significant asynchronous parasitic torque is generated. This is the
point when the slot skewing shall be introduced by the designer, so
that the slot harmonic can only induce negligible voltage in the bar.

However, this phenomenon has nothing to do with the
generation of synchronous parasitic torque, as it has a different
physical basis.

In fact, the rotor skewing was introduced first — in accordance
with the true physics — just for suppressing the asynchronous
parasitic torques ([12] p. 181, p. 187.) in the case of Z,>Z,; the
explanation added was clearly directed for that purpose: the
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7,<1.25Z, law was recommended just to prevent high
asynchronous parasitic torque with straight bar otherwise slot
skewing shall be applied. The solution was later applied (almost
exclusively) against synchronous parasitic torques as well on an
intuitive basis.

All books on the subject, including [12], explain the
phenomenon based on a representation like Figure 1. It is clear that
each such figure represents an arrangement where Z,<Z;. In this
case, however, no asynchronous parasitic torque is created
therefore no need to suppress any such torque. The representation
is very close to the situation in which 1=t (i.e. Z,=Z:), when the
rotor by definition does not respond to the slot harmonic of the
stator no matter skewed or not skewed. This manner of
representation drew the attention of the author to the fact that the
generally accepted explanation cannot be correct.

Now the true and complete theory of the whole phenomenon
will be presented in a logical sequence of topics for evidencing and
better understanding. First, the physics of stator skew and then that
of synchronous torque itself will be discussed, dispelling
misconceptions; these lay the foundation for the derivation of the
formulas. Then we turn to the rotor skew, studying practical cases
as well. These help to find and formulate new theorems. Finally
accompanying phenomena of the topic will be examined.

4. Skewing of Stator Slots

The slot skew is — acc. to traditional derivation - usually
modeled as if the number of slots on an arc equal to the pitch of a
slot was infinite. Figure 5. ([13] Figure 113.) was originally
developed for the winding distribution factor.

Figure 5: Calculation of the distribution winding factor for an infinite number of
stator slots ([13] Figure 113.)

An infinite number of slots entails that the phase position of the
voltage induced by the rotating main field in the winding-side
sections that are infinitely close to each other moves along a
circular arc. The qa range for the m=3 phase is 7/3.

Thus, for a skew belonging to one slot pitch: o/2 =7/3 - 1/2q,
= 7'5/6(11.

The skew factor acc. to this model (chord per arc)

£ = sin(ar /2) _ sin(z/6q,) 3)
al?2

7 /6q,

The skew factor for the fundamental harmonic is
approximately 0.995, that is, the reduction of the main field with
skewing by one stator slot pitch is not detectable small.

However, let us substitute the value of the first slot harmonic:
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sin((2mg, +1)——)
64,

g _ Sin(vslut ) ﬂ/6q1) _ _ (4)
skewvslot — . / 6 - T -
Vo " 70104, (2mg, +1)—
64,
_ sin@/6g,) __sing/6g;)
l+l/6q) 7«

The numerator of the fraction is the same as that of the
fundamental harmonic; however, its denominator is ~6q; times
higher that means more than one order of magnitude larger. The
value of Esew vsiot for q=2 is approximately 7%, skewing the stator
slot is really effective, it "disappears" the slot harmonic of the
stator. The skewing of the pole of the synchronous machine can be
modeled in the same manner.

A very vivid picture is obtained if the same phenomenon is
approached differently.

Let us investigate the MMF curve of one phase of a 3-phase
stator winding first for qi=1 acc. to Figure 6. The curve non-
skewed is represented by the solid line, that trapezoidal MMF
curve created as a result of the stator slot skewing is represented
by the dashed line.

—
i \ ]
‘ O ! \ ! ‘
! \ 0 !
‘ / \ | Bm / ‘
‘ // \\‘ 2 // ‘
‘ / ‘\ —X // ‘
[ |
| 0// L \\ /I 21 |
// ‘\\ //'
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| \ /
| / \ / \
/ \ / i

Figure 6: MMF curve of one phase of a three-phase winding, q;=1.

Let us consider the harmonic content of both arrangements.

Fourier series of MMF created by two coil sides lying in non-
skewed slots in a pole pitch distance as a function of location along
the circumference see Figure 7. (solid line in Figure 6.)

@(x):i%(sinx+lsin3x+...+Lsinv\,mx+...) )
T 2 3 Voo )

\ \
1© I
f 1 40, |
\ On 7o \
| X 2 |
| AvA —* |
| .Y |
| T, \
| |
U \J |

\

Figure 7: Harmonics of square MMF curve [13] Figure 151.
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Let us consider Figure 8. It is originally elaborated for infinite
number of stator slots [13]. It is not difficult to notice that the slot
skewing by one stator slot pitch and the infinite number of stator
slots result in the identical MMF curve.

The Fourier series of MMF created by two coil sides lying in
skewed slots in a pole pitch distance as a function of location along
the circumference (dashed line in Figure 6.) ([13] (99)

®m
2p

@(x):ﬁ xsinv,, f+...) (©)
ps

. | 1 .
(smxsmﬂ+§sm3xsm3ﬂ+...+—smv

slo
slot

For one phase of a three-phase winding, p=n/3-1/2=n/6,
generally f=n/2m; see (21) later.

]

P

0 T 21
5
TP

Figure 8: Trapezoidal MMF curve of infinite slot number (q=0) ([13] Figure 152.)

Proportioning the harmonics formed according to (6) and
(5), all harmonics including the fundamental harmonic decrease
due to skewing by the factor Aguior as follows:

Astator=1/6-1/v- sin(vf) = sin(vB)/(vp) (7

Substituting B=mn/6 for three-phase the formula for stator slot
skewing by exactly one stator slot pitch is:

sin(v 7[)
sinvf 6 1
Stator = v IB = Via = ; ;
v
6

®)

forv=1, 5, 7, etc.

Figure 9: MMF curve of one phase of a three-phase winding, q,=3, full pitch
winding

Now the practical cases q;>1 are examined, with q; integer,
with full pitch winding, see Figure 9.

As it can be seen, the skewed line of one complete phase is the
same, it is independent of the relative slot number q;, but the
measure of skew created by one coil in two slots is only one-third
(1/q; times) of the previous one.

The formula of Fourier analysis of the solid line of Figure 9. is:
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o) =i%(§1 sinx+é§3 sin3x+%§5 sinSx+..+——& sinv,,
72_ slot h

) @

slot

where &, contains only the distribution factor. The ratio
according to (7) has changed, since now the ratio of (6) and (9)
shall be formed. The basic formula for stator MMF harmonic
reduction factor due to slot skewing by exactly one stator slot pitch
is:

Ammr:ismv,b’:ismv.ﬂ%:ilé (10)
&V & vale Eva

again for v=1, 5,7, ...

Substituting for the ratio of the slot harmonics of the skewed
and non-skewed slots:

. z i 71
1 sinv B 1 sin((2mq, + l)g) n sin((2mgq, +1) 6) ” (11)

stator

St VB G0 (2mql+1)% S (zmqlJrl)%i

Contrary to expectation, (3) and (11) are not identical, not only
because of &,s10=; appeared in the formula. The reason for this can
be found in Figure 9. The effect of skewing of each slot adds up,
the phenomenon works cumulatively. This fact is not taken into
account by the traditional approach; although the difference is
small, theoretically it is not right to apply (3) for the stator skew.

Table 1 summarizes the Aguator MMF harmonic reduction factors
calculated acc. to (10).

Table 1: Reduction Factor of Stator Harmonics by Skewing the Stator by one
Stator Slot Pitch, for q,=1, q;=2 and q,=3, full pitch winding

harmonic & & reduction factor A

v qi1=2 qi1=3 qi=1 qi=2 qi1=3
5 0,259 0217 0,191 0,738 0,878

7 0259 -0,178] -0,136 0,527 0,769
11 0966 -0,178] -0,087 0,090 0489
13 -0966 0217| 0073 0,076 0338
17 0259 0960| 0056 -0217 0,059
19 0259 0960 -0,050 -0,194 -0,052
23 0966 0217| 0,042 -0043 -0,191

25 0,966  -0,178 0,038 0,040  -0,215

It is clear from the table that the respective slot harmonics are
effectively reduced, but the non-slotharmonics are reduced only
slightly/moderately. This means that slot skewing of the stator
removes only the synchronous parasitic torques caused by slot
harmonics; the torques produced by non-slot harmonics will be
only moderately reduced. The non-slot harmonics are already
small due to &y-non-s1or<<&1; those are only slightly reduced further
by skewing.

Next would be the examination of chorded windings. These do
not create an MMF curve according to Figure 9, but only a similar
one, since the height of the “steps” will no longer be identical.
Therefore (6) will not be valid; a closed formula cannot be
provided. Because several versions of chording are possible, this
would result in very extensive and not easily comprehensible
tables, so we dispense with this examination for the moment.
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If it is not skewed with exactly one stator slot pitch, then the
MMF consists of stepped and trapezoidal sections, therefore a
closed formula cannot be provided either. Since this way of skew
does not happen in practice, we do not deal with it.

5. Synchronous Parasitic Torque

The synchronous parasitic torque is calculated by the
circumferential integral of the product of the peripheral current
layer ay, created by the stator current harmonic order vy, and the
induction by, created by the rotor current harmonic order p, [12].

2pt
Iaw b, dx (12)
0

The symbol = means here not more than the synchronous
torque M is proportional to the integral. The integral differs from
zero only, that means, a synchronous parasitic torque is generated
only if v, = £11.. Regarding definitions of harmonics, reference is
made to the Appendix.

The induction wave by, is generated by the harmonic of the
fundamental harmonic current MMF of the rotor. This harmonic
current is not part of the equivalent circuit diagram because it
induces fields with frequencies other than that of the net (much
higher than that of the net) [12]; therefore, it does not appear in the
stator voltage equations. It depends solely on the fundamental
harmonic current of the rotor because it is its harmonic; in
particular, it does not depend on the stator current layer ay. If it
were to depend, it would be an asynchronous phenomenon, and
would thus be part of the equivalent circuit diagram.

The synchronous parasitic torque cannot therefore be
explained on the basis of Figure 2. For this reason, the approach
regarding synchronous parasitic torques that makes the effect of
operation of the slot skew dependent whether or not the stator (slot)
harmonic induces into the rotor cage loop is incorrect. The
definition of the synchronous parasitic torque is clearly stated in
[15]: “if there are harmonics of the same order in the spectra of the
MMF harmonics of the stator and rotor, and this harmonic of the
rotor is produced by another harmonic of the stator, vy#v,, (see
Appendix) that is, they are independent (supplement by the
author), then they form a synchronous torque. If it is produced by
the same stator harmonic, that is, if vy=V,, that is, b.. depends on
aw (supplement by the author), then they form an asynchronous
torque.” We therefore propose the introduction of a modified
theorem, which has a stronger expressive power in terms of
physical message.

The rotor harmonic induction by, decreases as a result of rotor
slot skew acc. to (7), the product formed by unchanged a,
decreases in the same ratio.

This is the true explanation of the principle of effect of rotor
slot skew on the synchronous parasitic torque.

It is especially legitimate to speak here of the unchanged
current layer wave a,, because, as we shall see in Chapter 9., when
the rotor slot is skewed, an asynchronous parasitic torque will not
occur, therefore no attenuation of the harmonics vy occurs.
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Once again, the harmonic ay;, of the stator current layer changes
only if asynchronous parasitic torque is created through it;
therefore, attenuation also occurs simultaneously. Therefore, the
two phenomena, skewing and attenuation, must be treated
separately.

Now the original equation [12] (310) p. 191., will be quoted in
full which by definition is referred to the skewing of the rotor

2prt
J‘ vy ;l dxl (13)

0

where
Mua Synchronous torque created by the interaction of
harmonics a,, and by,
2p  number of poles
T pole pitch; pt/n is the radius of the rotor
Ii ideal iron core length
Youa the slot skew factor relating to the harmonic
number |, of the rotor, its definition for an arbitrary
harmonic ([12] (206) p.123, (268) p. 154)
sin( v L A
o= T 2, (14)
2v s p T
Ty 2
x; is the perimeter location variable of the integration

After formal transformation of (13)
2pt
p 1
au;, (ZZﬂa bﬂ“

2pt
,
AL J.av b, dx, =
T a b HMa
0 0

Converted in this way, the formula exactly corresponds to the
true principle of working effect given above.

, (19)

HaVp

This means that [12] showed precisely the theory of effect of
rotor skew on the synchronous parasitic torque even at that early
time. However, Richter did not add any word of an explanation to
the formula. It can be assumed that the formula, but especially its
physical content, has therefore completely escaped the attention of
researchers since then, so they have been forced to attempt to
calculate the phenomenon using very sophisticated apparatus.

6. Skewing of Rotor Slots

Because qx=1 per definition (see below) for a squirrel cage
rotor the harmonics created by the straight bars are given by (5),
and those created by the skewed bars are given by (6), the ratio of
them is given by (7).

The rotor cage is a multiphase arrangement. The investigation
is now conducted with the easiest arrangement, where
Z,2p=integer. In this case, there is another bar of opposite phase
at a distance of a pole pitch. With example of q;=q,’=2, the MMF
of'the rotor is as if it were an m,=qm;=6-phase, with identical =1
winding system arrangement. In this section, q» represents the
number of slots connected in series, producing MMF in phase. The
slot numbers are expressed now:

(16a)
(16b)
25
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where q2=1, which means that there are no cage bars connected
in series, no MMF in phase are created. Further rearrangement by
applying the usual definition of q,'

Z,=2pmy=2pmq' (17)
then my=mq>’ (17a)

To date, the most important question is what 3 should be
substituted if the Figure 8. is applied to rotor skew.

In Figures 10a—10d are therefore plotted the MMF curves of
one phase of both the stator and rotor for q; = 1, 2, and 3 non-
skewed and as if both side were skewed by one stator slot pitch at
the same time; several rotors were drawn for each stator in the
same figure to demonstrate all possibilities. The rotor slot number
q2=2 1/3 is shown with both one stator slot pitch skew and one
rotor slot pitch skew. In the rotor curves, the MMF curve of some
adjacent bar pairs, that is, some rotor phases adjacent to the one
under consideration, are also indicated. The scale of the MMF in
the figures is not the same, allowing easier demonstration.

One stator slot pitch means

7, = 27 _ 7™ electrical degree (18)
2mgq,  mg,
B is half of this:
- electrical degree (19)
p 2
mq,

Consequently, regardless of the rotor slot number, if the rotor
is skewed by one stator slot pitch B must be substituted according
to (19). As shown in Figure 10, the same phenomenon was
observed geometrically.

q

m;=

=

AL

s
6

ola

S

Figure 10 a: q;=1 q,’=1,2,3
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a
W

I
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Figure 10 ¢: q,=3 q»’=1, 2, 3
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Figure 10d : q;=3 q.’=2 1/3

Figure 10. MMF of one phase of skewed stator and skewed rotor put together in
one figure

If the rotor is skewed by one rotor slot pitch

poln_ F__ % 20)
2 2mgq, 2m,

corresponding the remark to (6) before.

If the stator is skewed by one stator slot pitch

TR @1
B=q 2 2m,

electric degrees. Physically, this occurs because q; on the stator
also means that the phase of the excitation current in the slot
belonging to q; slots is identical.

It can be seen that the same rotor slot number installed in a
different stator produces a different MMF curve if the rotor is
skewed by the actual stator slot pitch.

Table 2: Reduction Factor of Harmonics Produced by the Rotor by Skewing the
Rotor by one Stator Slot Pitch

q1 1 2 3
B /6 /12 /18
harmonic reduction factor
v A A A
5 0,191 0,738 0,878
7 -0,136 0,527 0,769
11 -0,087 0,090 0,489
13 0,073 -0,076 0,338
17 0,056 -0,217 0,059
19 -0,050 -0,194 -0,052
23 -0,042 -0,043 -0,191
25 0,038 0,040 -0,215

A Fourier analysis of the rotor MMF curves acc. to (24) is
given in Table 2. The table provides a very important result. At the
arrangement q;=2, as shown in Figure 10b, f=n/12 acc. to (19).
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Analyzing the MMF curve of the rotor, only the rotor harmonics
of p= 11-13 and their integer multiples are significantly reduced;
the rest of the harmonics are reduced only moderately. In Figure
10c, where acc. to (19) f=n/18, only the rotor harmonics p=17-19
and their integer multiples are significantly reduced; the rest of the
harmonics are only moderately reduced.

Formula (7) is therefore only for a slot harmonic

A =t sin, B+ ) (22)
ﬂ Vslot
Substituted
. T — . T
2 +1). — —
_sinv, f _ sn(ma £ D 6%) N Feind 6‘11) 23)
rotor Vv]mﬂ (2mq, + 1) . 6L T

1
being identical with (4) because the effect of rotor slot skewing
is not cumulative.

In general, if v is an arbitrary harmonic of the stator, the basic
formula for the rotor skewing

. b
sinv 3 sm(w—l) (24)
rotor = V ﬂ = 7
6q,

The sin function in the numerator of the formula gives the
phenomenon a specific periodicity in this way as it can be seen on
Table 2.: the synchronous parasitic torques produced by non-stator
slot harmonics will decrease less.

Regarding Table 1. and Table 2. it is surprising that the value
of the A reduction factors are identical although the formulas are
different. Therefore the phenomenon deserves further
examination.

6.1 Remaining synchronous parasitic torque with slot skew by
one stator slot pitch

Let's examine the resulting, remaining synchronous parasitic
torque Miesidual fOr both stator skew and rotor skew.

The formula for the calculation of the synchronous torque,
which was first derived by us [10] (4):

M.‘ynchranou.s' _ & . ZZ 51\/” 51\/,, 772 i (25)
- 2v,
Mbreakdown X K ;Llu §]2
where
sin v P sin v
Z, 2mgq,'
7721/ = p T = T
Vv v
Z, 2mgq,’
M torque
X, Xs reactance, magnetizing, leakage
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Eiva » Eivb , &1 winding factor of harmonics, of fundamental
harmonic

Nov Jordan’s coupling factor

Va,Vb,Ma  Space harmonic order numbers stator, rotor

m number of phases

7> rotor slot number

2p pole number

q2’ relative rotor slot number

Now, a simplification and approximation &;,,m22/&i%=1 is
applied, since only the quantities produced by the fundamental
harmonic are considered for the moment: v, =1. Factors not
important at the moment are eliminated in this way. Thus the
formula applied:

Msynchronou S _ 2 Xm élv,, =2 Xm glv,,
M X X

breakdown s /ua s Vb

(26)

Vb = Wa is as condition of occurring synchronous parasitic
torque.

The resulting, residual synchronous parasitic torque in case of
stator slot skew from (10)

@27

residual

M M stator

breakdwn breakdown

=pfmPm -~ _plm

M.vynchmnnm X 51 v 1 1 3 Xi i
2

The surprising result is that regardless of qi, regardless whether
&b was a slot-harmonic or not while skewing, the residual
synchronous parasitic torque is the same; it depends only from the
harmonic order number creating that torque.

The resulting residual synchronous parasitic torque in case of
rotor slot skew from (24)

M/‘esidual — MS.V”C’”"U”U“ s — 2 Xm él"b Sin( Vbﬂ- / 6q1) (28)
rotor
M breakdwn M breakdown X s Vb Vbﬂ- / 6q1
Substitute Z:,lvb
sin(v, 7/ 6)
£y =— (29)
¢,sin(v,7/64,)
residual __ 2 synchronous _, X, 1 sin(v,z/6) sin(v,7/6g,) _
breakdown breakdown o X, v, q,sin(v,7/6q,) v,7/6q,
_ 2&L sin(v, 7/ 6) (30)

X, v, v,7l6
It is not difficult to notice that the last term of (30) is identical
to (10). Finally

Mresidual — 2& 1 3 (3 1)
M

breakdown s

Both (27) and (31) result in the outcome being independent of
qi and q2” and whether &, was a slot-harmonic or not while
skewing; the result depends only from the harmonic order number
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creating that torque. Furthermore, (27) and (31) give the same
result, although the formulas of the reduction factors for the stator
and rotor skewing are different. It has now been proven with
formula that the skewing by one stator slot pitch, whether it is
performed on the stator or the rotor, gives the same result, the two
skews are equivalent. Formulating as theorem:

Skewing by one stator slot pitch results in the same residual
synchronous parasitic torque with q\ = integer, full pitch stator
winding regardless whether the skew is performed on the stator or
the rotor, the two skews are equivalent.

The value of the remaining, residual synchronous parasitic
torque is always the same, it is independent of the (relative)
number of slots of both on the stator and on the rotor, as well as
independent of the winding factor of the stator harmonic
participating in the generation of that torque (thus whether it is
slot harmonic or not). It depends only from the order number of
harmonics participating in the generation of the synchronous
parasitic torque. However, since that harmonic order number
depends solely on the rotor slot number per pole, not on the
combination of the stator and rotor slot numbers, the whole
phenomenon depends solely on the rotor slot number at the end.

Note that the above formulation does not mean that the stator
and rotor skews are not equivalent for the rest of stator windings
that means for those other than integer q; full pitch winding; it
merely means that the present derivation proves it only for this
particular case.

It shall be remarked that when calculating the values with slot
skew the modification of the leakage reactance (see Section 9.
later) is not considered at the moment.

6.2. Application of the rotor slot skew in practice

Looking at the effect of skewing, that is, at the number of rotor
slots which is worth or even necessary to skew, let us examine
whether it is possible to set up a "rule of thumb”.

As an illustration, consider [11] Table VI, which deals with a
wide range of number of slots in four poles; data are taken from
there.

For such slot numbers and torque-order numbers, where only
the slot harmonics of the stator appear, a significant reduction
occurs. These are rotor slot numbers that create synchronous
parasitic torque only in standstill: q;=q,', q.'=integer, and the so-
called half-slot numbers, for which q.’=q>+1/2 (where q, is a
simple positive integer); in general, where the denominator is
neither equal to the phase number of the stator nor its integer
multiple [11]. For these, skewing yields a significant result;
however, the initial synchronous parasitic torque is by far the
highest just for these slot numbers. These will be investigated in
the next section.

Now, corresponding to practice, which practice in not really
understandable for the author, the q.'=q+1/3 (so-called third slot)
dangerous rotor slot numbers will be investigated; they are
dangerous because the synchronous parasitic torque created by the
lowest order harmonic occurs in the motor range [11].

Consider slot number Z,=28 as an example. Acc. to [11] the
critical harmonic is v=13 .
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At slots 24/28 [11], v=13 is just the stator slot harmonic, which
the skewing has significantly reduced, but the question is whether
this is sufficient. By calculation (B=n/12):

sin137/12 _ 0.26

to . =-13 ~
1372 /12 T

=0.08

Residual synchronous parasitic torque [11]:
2.27-0.08=0.18 Mpreak.

Further a significant torque is generated at standstill by
substituting e=+6 by v, =-83 - 85: 0.7 Mpreax Which will be reduced
by skewing to =~(1/4)/7n= 0.008 Myreak , to practically zero, thanks
to that harmonic being very high.

At the inexplicably popular 36/28 slot number, although the
torque in the motor range is created by the stator non-slot-
harmonic, it is still dangerous but the effect of the skewing is
limited. The effect of skew on the torques created by the lowest
harmonics (f=n/18):

Mo =-13 sin137/18 _ 33 is moderate.
137/18

Without skewing [11] Mgynche/Mpreak = 0.51

With skewing: 0.51:0.33 = 0.17 Mpreax
o= 29 sm297z/18:0.185

297 /18
o = -55 sm557r/18:0.018 =71 Sln71/1820.014
557 /18 T /18

The following comments can be made about the calculation:

- in this example only (against the general rule), significant
standstill torque is not created

- it is questionable whether the reduction in the parasitic torque
occurring in the motoric range of the smallest order number is
sufficient

- there is enough to deal with order numbers up to twice the
number of slots per pole pair of the stator

- it can be seen from the formula that if the denominator in the
sin function would be 14 instead of 18, both remaining low order
synchronous torques would disappear. By calculation (f=n/14):

sin 137 /14 0.225
137 /14 V4
Residual synchronous parasitic torque:

Msynchr/Mbreak= 0.51-0.072=0.036 ; it is an effective skewing.

=0.072 -

It is not difficult to notice that this is just skewing by one rofor
slot pitch, as shown in Figure 10d. This is not surprising because
both low order harmonics originate from the rotor slot number.

The 48/28 slot number, which is of theoretical interest only, is
also better to skew by one rotor slot pitch.

Returning back to 24/28 machine, the reduction factor with
stator slot skew (B=n/12) or with rotor slot skew (f=n/14) is almost
the same. In case of B=n/13=1/Vp-critical, hOWever, the synchronous
torque drops to mathematical zero. If Moéller had skewed at this
slot number not according to the stator slot pitch, but according to
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the critical harmonic, he would have obtained a mathematical zero
torque. The resulting noise component would also be
mathematically zero. Such consideration has relevance only in
case of synchronous torque in rotation. In case of synchronous
torque in standstill, it is skewed always against rwo harmonics
v=2mq;+1 expediently by 2mq;.

This arrangement is a good example of how the skew can be
used in a really targeted manner. It indicates that the stator slot
harmonic and/or the skewing by one stator slot pitch does not play
such an exclusive role as is usually attributed to it.

Table 3. shows the effect of skewing the rotor by one rotor slot
pitch acc. to (24). It is clear that such skewing effectively reduces
just the rotor slot harmonics.

Table 3: Reduction Factors of Harmonics Produced by the Rotor by Skewing the
Rotor by one Rotor Slot Pitch

Ld L L4 L4

q2' 213 22/3 313 32/3
B n/14 /16 /20 /22
harmonic reduction factor
v A A A A
5 0,303 0,847 0,900 0,917
7 0,637 0,714 0,310 0,842
11 0,253 0,385 0,572 0,637
13 0,076 0,218 0,436 0,517
17 -0,163 -0,058 0,170 0,270
19 -0,211 -0,149 0,052 0,153
23 -0,175 -0,217 -0,126 -0,043
25 -0,111 -0,200 -0,180 -0,116
29 0,034 -0,098 -0,217 -0,203
31 0,090 -0,032 -0,203 -0,217

Based on this, the following theorem can be established:

e ifthe dangerous synchronous parasitic torque is created by
vy that is a stator slot harmonic, then skewing by one stator
slot pitch must be applied, if vy is not a stator slot harmonic
(but obviously a rotor slot harmonic) then skewing by one
rotor slot pitch must be done.

o further: if the synchronous parasitic torque is generated in
standstill, it is created always by stator slot harmonics,
therefore skewing with a stator slot pitch must be used. If
the synchronous torque is generated in rotation, it shall be
proceeded according to the provisions of the previous
paragraph. In this case, however, it is possible to skew
neither acc. to stator slot pitch nor acc. to rotor slot pitch
but according to the critical harmonic to be suppressed and
then the resulting torque is mathematically zero.

Analysis like in [11] Table VL. is therefore indispensable.

It should be noted that the result for the slot harmonic is
sensitive to the accuracy of skew compared to the theoretical one,
corresponding to the variation of the sin function near . For
example, if the critical harmonic is v=13 and the theoretical skew
is B=n/12, then a slight difference in the actual skew might lead to
a change in a ratio of up to 1:2. Calculation for the rotor slot skew

sinl37r/ll_015 sin137/12 sin137 /13
137 /11 ' 137/12 137/13
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With the mathematical proof, the differential dArow/dp of (24)
must be formed. Omitting the details of the mathematical analysis,
the differential near v~mn is ~1/B=2m;q,’/n. In the example: the
appr. value is: 1/B = 3.82; the exact value of the differential is: 3.67;
it is very high. The sensitivity increases linearly with qy'".

The investigated sensitivity has significance only in the case of
the synchronous torque in rotation, where it is skewed against a
single harmonic. In the case of synchronous torque in standstill, it
is skewed by 2mq; against two harmonics, v=2mq;+1 and v=2mq-
1, so a slight inaccuracy in the skewing is irrelevant.

7. Summation of Synchronous Parasitic Torques
Occurring in Standstill

This chapter is a further development and partially
fundamental modification of Chapter E 2 of [11].

Let us take the slot layout 36/36 and 24/24 as example; they
are also frequently investigated by researchers.

The need to sum synchronous parasitic torques in standstill
arises only for those rotor slot numbers that produce synchronous
parasitic torque only in standstill; however, in this case, summation
is always necessary. The rotor slot number is expressed in the usual
way: q2'=qy+p/r, where q is a positive integer, p and r are positive
integers, and p<r. If r is not equal to the stator phase number or an
integer multiple thereof, the need for summation always arises

[11].

In such a case it is a matter of summing spatial torque
components, which are expressed vectorially:

M =e” + leﬂ‘g + le‘j” + le“‘i + lejs‘s + Le-"("i +..(32a)
2 4 6

On trigonometric way:
. 1. 1. 1. 1. 1. (32b)
M = sm5+Esm25+gsm35+Zsm45+gsm55+gsm6§...

d is the angular position of the rotor related to one rotor slot
pitch.

We are looking for the maximum of this.
This infinite series is the Fourier-solution of the function
T—X
2

Here x stands for d.

f(x)= , 0<x<2m , f(0)=0 (33)

The maximum of the infinite series is 71/2 times the first, largest
torque component and occurs at x=0. However, the maximum of
the finite series can be higher, as shown in Figure 11.

This series acc. to (32a) and (32b) are typical of the 36/36,
24/48 and 24/18 slot arrangements.

It can be seen from (32a) and (32b) that the magnitude of the
higher order spatial harmonics decreases only "slowly,” the higher
orders cannot be neglected in any way; therefore, their exact
summation is of fundamental importance. At the same time, we
also saw in [10] that one should not go to infinite summation.
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---1..2 harmonics
P —1..7 harmonics

Rotor position - §
Figure 11: Synchronous parasitic torque occurring at standstill as a function of the
angular position of the rotor for 36/36 slots

We performed our calculations for Figure 11. and Figure 12 for
the harmonic order up to v, <150 [11]. Correspondingly, the first
seven torque components for the 36/36 slot number and the first
ten torque components for the 24/24 slot number must be included
in the calculation.

A representation of the line with the first seven torque
components is shown in Figure 11.

The value of the maximum torque is 1,67 times the value of the
first torque component, which occurs at 6=0.34~=m/9.

In the other case, the sign of the components alternates, that of
the even components is negative, this is typical of 24/24, 48/48,
24/30 and other slot numbers.

The series is:
. 1. 1. 1 . 1. 1. (34)
M =sind ——sin20 +—sin36 — —sin46 + —sin 56 ——sin 60...
2 3 4 5 6

This infinite series is the Fourier-solution of the function

f(x)=x/2 -< x <xt , f(m)=0 (35

The maximum of the infinite series is again n/2 times the first,
the largest torque and occurs at x=m.

A representation of the line with the first ten torque
components is shown in Figure 12.

The value of the maximum torque is 1,71 times the value of the
first torque component and occurs at 6=2.86=8/9r.

---1..2 harmonics
---1..4 harmonics
—1..10 harmonics|]|

oL

Rotor position - ¢
Figure 12: Synchronous parasitic torque occurring at standstill as a function of the
angular position of the rotor for 24/24 slots

The effect of skew is calculated by multiplying each torque
component as a function of the angular position of the rotor by the
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corresponding skew reduction factor A, and then summing them
up. Because the skew affects each component differently, the final
result cannot be included in a formula, but a manual summation
would be required. It is certain here that the summation of not 7 or
10 waves, but rather only 2-3 waves may become necessary; the
number 2 wave will be stronger reduced, and that of number 3 will
be much stronger; therefore, not much error will be made if the
summation is actually dispensed with for a skewed machine. The
decrease of the first, highest torque component:

forqi=qy=2 sinllz/12 1/4 _ 0.08
117z /12 Vs

for qi=q,’=3 Sin17z/18 1/6 _ 0.053
177 /18 V4

for qi=q’=4 Sin237z/24 1/8 _ 0.04

237 /24 V4

The synchronous parasitic torque remaining after skewing

[11]

for qi=q2’=2 4.92-0,08 =04 Myrak
for qi=q>"=3 3.31:0.053 = 0.175 Myreax
for qi=q>’=4 1.3:0.04 =0.05 Mopreax

It should be noted here that the so-called “half slot” numbers
(92’=q2%1/2) quite rightly escape the attention of designers. With
slot skew, however, for example, at 24/30 slot number, the
remaining synchronous parasitic torque in standstill is [11]:
~0.99:(1/4)/(57)=0.016 Myeak practically zero. While a straight
rotor slot is out of question, skewing makes this slot number usable
without problems if skewed by one stator slot pitch. In addition,
for 36/30 and 48/30 slot numbers, too. We therefore encourage
designers to use this arrangement.

8. Calculation of the Change of the Leakage Reactance of
the Machine

In addition to the previous phenomena, another change takes
place in the machine, as the reactance of the machine also change,
in a well-known way. From this point of view, the change in
leakage reactance has a greater effect, although minor changes in
the fundamental magnetization reactance can also be experienced.
Let us calculate the effect of this change for the machine typically
characterized by Xm=3, Xi= 0.2 (Istarting=5 Trated), and Xm/Xs = 15,
used in all our studies so far.

The winding factor of the skew of the rotor with one stator slot
pitch is obtained from (4) for q; =q.'= 3 [14]

Egeew =1-0.41 - (1/3q1)* = 0.995 (36)
the leakage coefficient of the skew
Oskew = 2 (1- Eskew) = 0.0102 (37)
excess leakage reactance
Xs=Xm * Oskew = 0.0306 (38)
the rate of change of the leakage reactance:
x:4=0.2/0.23 =0.87 39)
The machine's data changed as a result of skewing:
Xm=2.97 X=0.23 Xm/ Xs=12.91
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The ratio of reactance instead of 15 for the skewed machine
is 12.91, the ratio of change

xa= 12.91/15 = 0.86 (40)

The synchronous parasitic torque relative to the actual
breakdown torque decreased in proportion to xa. Note that the
calculations in Sections 4. and 6. do not contain this factor at the
moment. The breakdown torque of the machine also decreased, in
proportion to Xsa, this is the "price to be paid" or “trade-off” for the
advantage of skewing what designer need to consider. The
absolute value of the synchronous parasitic torque decreases in
proportion to the product of Xsa'Xa.

However, this value is deliberately not calculated now. The
reduction of the synchronous parasitic torque and the breakdown
torque of the machine in the same proportion cannot be considered
as a useful consequence of skewing; on the contrary, it specifically
limits the extent of skewing.

9. The Effect of Skewing on the Asynchronous Parasitic
Torques

The relevant part of the measurement series carried out by
Moller [16] citied already by us before is repeated here on Figure
13. One rotor skewed by one stator slot pitch was also
manufactured and measured for one of the 19 rotors examined by
Moller.

A comparison of the measurements 24/28 slots with straight
and skewed rotor slots shows the expected reduction in the
synchronous parasitic torque.

However, another important phenomenon has also emerged.
When measuring the straight-slot rotor (Z>>Z; in this case),
significant asynchronous torques were experienced, namely, by the
low-order 5" and 7" harmonics and the 11" and 13" harmonics
being stator slot harmonics. However, asynchronous parasitic
torques practically disappear in the skewed machine. Therefore
subject measurement represents strong evidence for us regarding
the complete explanation; it validates the theory provided by us.

In the case of a skewed bar, the voltage and its phase position
induced in the rotor bar, while moving along the bar, describe a
complete circle, which, in the case of the 12 harmonic, reaches
the end of the bar covering just 360° and returns to the initial
position. The 11% harmonic only travels 330°, so its original value
is reduced to 1/11 of the chord/circumference arc ratio, that is, its
inducing effect practically disappears. Additionally, to 1/13 of the
13" harmonic. This phenomenon has also reduced the inducing
effect of the 7 and 5™ harmonics, =2/7 and =2/5 in the chord/arc
proportion. It is of basic importance that the disappearance of the
asynchronous torque also means that an attenuation effect on the
concerned harmonics does not occur. Therefore, the 13" harmonic
of the stator, remaining in magnitude, was still able to create a high
synchronous parasitic torque. It was the 13" harmonic of the rotor,
however, which was decreased by skewing and caused a reduction
in the synchronous parasitic torque at the end. This is the complete
physic, the complete effect of the rotor skewing.
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Figure 13: Highest synchronous torques, the measured values are given in mkg
see Moller [16] Figure 8.

The rotor slot skewing, in accordance with the true physical
background, did not eliminate the synchronous parasitic torque but
eliminated the asynchronous parasitic torque; the synchronous
parasitic torque was only reduced.

Now, a formula for calculating the exact value will be derived.
To do this, the changes in the elements of an arbitrary harmonic
circuit, as shown in Figure 2 is examined.

Definition of the skew factor of the rotor slot acc. to (14) ([12]
(206) and (268a)) again

(41)

Substitute the B value corresponding to the skew of a rotor with
one rotor slot pitch in (7): s/mp=1, P=n/2mq.'=n/(Z»/p). We
obtained the unsurprising result that formula (41) based on
physical considerations and formula (7) obtained from Fourier
analysis are identical.

Note that if s=ty», i.e. we skew with exactly one rotor slot pitch,
then (41) is the same as the definition of 1, acc. to (2), i.e. 2y is
equal to n2y . This does not originate from their physical content,
but later, in the evaluation of (51), we make use of this identity.

The derivation will follow the way, used first by us, in [9], by
inserting y»y, into the assigned formulas.

The main field reactance of the fundamental harmonic changes
linearly with the skew factor Xm=Xmy2v=1. The Xn, reactance,
which means the "main field" reactance for the harmonic circuit,
is

vaX: mv X 2v (42)
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accordingly.
The complete definition of the differential leakage
coefficient ([12] (268))
S B (43)
o 122\/7722\/
The differential leakage
Xso'Z :( 21 2 _I)vaZZV (44)
2vi2yv
The total reactance of the harmonic circuit
1 X
vaZZv*‘(ﬁ_l)vaZZv :"':% (45)
21y Xy

differs from the original value in the proportion 1/y2,. “Main
field” reactance decreased, leakage reactance increased.

Again, in harmonic circuits, only the differential leakage
reactance is included as the leakage reactance; the rest of reactance
are negligible [12], [15]. To calculate the harmonic breakdown
slip, the change in resistance must also be taken into account, since
the resistance reduction factor of the unchanged rotor resistance
changes in the ratio 1/¢> ([12] (170) p. 100). The harmonic
breakdown slip

R 2
Sy = o ! X —£V277§VL=S£ (46)

(X2mv+X20'v)//¥2v _Xm /{ZV /{2\/

sy changes, the scale of slip too.

Acc. to voltage equation supplemented by 2, accordingly:

_j SVXZmVXZV
RZV /Z2ZV +jSv(X2mv +X20'V)/Z2V

1, 47

[Zv

The endpoint of L, describes a circle as a function of s,, as
shown in Figure 14. but the scale is different due to yy.

Arranged and substituted
S X T Sodon Mo _ SSha Xy T (48
12‘/:_]- vA2v .21/11:‘”:(_ 1’22\/ ;v_- Vb;l 2V22")11 ( )
Sbvl +]Sv Sbvl +Sv Sbvl +Sv

T 1

-4 -6
Figure 14: Vector diagram of the currents of the harmonic circuit v=7 and the
attenuation factor A,, belonging to this circuit (=to this harmonic) (see [12] Richter
Vol. IV p. 150, Figure 106)

The imaginary component creates the torque. Substituting
Sbvy acc. to (46) then s, = sp, yields
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2
I, ...—j%l1 (49)

changed in proportion Yy .

The maximum power

F, :3.U1v 121/ =3- ]levaZv( ]ZZVUZV)I

max y

maxZZv (50)

changed by the square of yyy .

The change the asynchronous breakdown torque is therefore

M X
bvy —_Tm 5 7721/ sz _M[;VZZZV (51)
Mh X él

The formula correctly shows the effect of the factors &2, &2,
N2? and y2,* on the harmonic torque of v, in accordance with the
physical picture. The effect, including the quadratic effect of slot
skew, is consistent with [12] (293) p. 180.

The result would have been accurate (slightly smaller) if
(Ii+12)'jXmv, the absolute value of the resulting current, was
substituted instead of I;jXyy in (50). Then, it would have been
taken into account that some attenuation already occurs on slip sy,
instead of no attenuation on slip s,=0.

The rate of reduction is also illustrated by Figure 4 although it
was developed for ny,2. If skewed by one rotor slot pitch then
Y2v*=T2” and the ratio in Figure 4. corresponds to y2,* ; if skewed
by one stator slot pitch, then approximately by that amount.

Skewing of the rotor slot effectively reduces the asynchronous
parasitic torque, as it was invented just for this purpose. The
comment on Figure 13 is now also confirmed by the formulas.
From the comparison of (15) and (51) comes out that the slot skew
affects the synchronous parasitic torque and the asynchronous
parasitic torque in different manner: it reduces the former linearly,
the latter by its square: corresponding to the difference in their
physics. Another difference is that (in the case of Z>>Z,) the
critical harmonics in both cases do not necessarily coincide
because they are independent from each other.

Skewing the rotor slot significantly reduces the response of the
rotor to all stator harmonics in this way except fundamental
harmonic. Therefore, in skewed machines, there is another reason
to calculate the rotor harmonics created only by the fundamental
harmonic stator MMF when calculating the synchronous parasitic
torque and radial magnetic force waves. However, they must be
taken into account in their original value in the role of v, because
the harmonic attenuation of all stator harmonics is naturally greatly
reduced and practically eliminated.

10. Effect of Rotor Slot Skewing on the Attenuation of
Stator Differential Leakage

Attenuation is related to the asynchronous parasitic torque;
therefore, they must be treated together as it was done in [9].

It is observed in the previous chapter that the harmonic current
has decreased as a result of skewing, so the stator differential
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leakage will be attenuated to a lesser extent. Complete attenuation
factor [12] (269)

Ay = 1- /7 (52)

came closer to 1.

In this way, the differential leakage is attenuated by

2mq, +1

53)
l V77 V WI (
; e sﬁ

This implies that this value will be smaller. Therefore, the
elements of differential leakage affected by attenuation must be
calculated according to

2mg

+1
1 lzzvfhv gv Xn (54)
v#l v ézl

After rearranging, we arrive at the definition of the attenuation
factor, acc. to Richter [12]:

PERTLE o P - (55)

2v 21/
0-1 v#l é:l

where as definition

i
N‘< [N}

> 1
7i=3 S

In [9], we calculated the attenuation factors for the often-used
slot numbers, taking also chording into account; the latter was
missing in the literature until then. Now, we also consider the
effect of skew, for different chording, in Figure 15. The
characteristic curves calculated in [9] are repeated, and then the
new curves are added next to them to facilitate the comparison.

As expected, the figures show that the attenuation values came
very close to 1, especially when q»'<q;. In these cases, a value of
A=1 can be assumed, which means that there is no attenuation, the
original, unchanged value of the stator differential leakage must be
considered. If q»">q, the characteristic curve provides precise
guidance on the attenuation to be considered. If q,>4, slot skewing
has practically no influence.

.
S/7~5/6
0951

S/7~5/6

0 0‘5 1‘ 1‘5 2 2‘5 C; 35 A; 4‘5 5 0 05 1‘ 1‘5 2 2‘5 C‘K 35 4 4‘5 5‘
9, q,
Figure 15a: Characteristic of A attenuation factors acc. to Richter ([12], p. 155.
Figure 108) modified by the Author, for q;=2, with no chording and with a
chording of S/1~5/6 , with no skewing, with skewing by one rotor slot pitch
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Figure 15 b: Characteristic of A attenuation factors acc. to i{ichter ([12], p. 155.
Figure 108) modified by the Author, for q;=3, with no chording and with a
chording of S/1~5/6 , with no skewing, with skewing by one rotor slot pitch
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Figurel5.c: Characteristic of A attenuation factors acc. to Richter ([12], p. 155.
Figure 108) modified by the Author, for q,=4-8, with no chording and with a
chording of S/t~5/6 , with no skewing, with skewing by one rotor slot pitch

11. High Voltage Stator Winding with Open Slots

The formula for the MMF harmonics generated by the stator
winding and their winding factor is valid for the theoretical
machine with no slots on the stator and rotor, with the conductors
of infinitely small width so the slot opening was not taken into
account. However, the high-voltage winding is placed in open slots
according to standard technology. The circumferential change of
the MMF along the slot opening is not stepwise anymore as it is
shown in Figure 16.

T |

Figure 16: Sketch for the MMF of a conductor with a finite width along the slot
opening ([15] Figure 19, p. 46)

Similar conditions also develop in the case of strong saturation
of the tooth head.

The width of the slot depends on the design of the machine,
within which the width of the copper wire depends on the voltage
level and the resulting insulation thickness. From the point of view
of the present investigation, it is considered a good general
approximation if the width of the conductor is taken as 1/3 of the
stator slot pitch. Figure 17 shows the resulting MMF curve for q;=2
and q;=3.
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Figure 17: Image of MMF of one phase for q;=2 and q;=3

The figure is identical to the MMF generated in the case of a
stator slot skew of 1/3 stator slot pitch; therefore, a high-voltage
stator in itself is equivalent to a stator slot skew of this magnitude.

About the phenomenon, Jordan proved how it reduces the
differential leakage; the result is described in [15]. Differential
leakage is a general, cumulative quantity. Here, however, we
cannot be satisfied with the general evaluation, since the effect on
the synchronous torques and on the noise components must be
precisely determined one by one. Therefore, the considerations of
Chapter 4. must be applied, which requires the analysis of Figure
17.

Figure 17, on the other hand, does not correspond to Figure 9,
therefore (11) is not valid. The arrangement can only be examined
with a full Fourier analysis. Based on the figure, it is expected that
the arrangement corresponding to such a small amount of skew
will not have a perceivable influence on the behavior of the
machine; however, this will only be partially true. The
investigation provides the following result see Table 4.

Table 4: Stator Harmonics in High-Voltage Motors

q1 2 3
harmonic  magnitude of harmonic
v

5-7 0,24 0,19
11-13 0,80 0,18
17-19 0,17 0,80
23-25 0,42 0,15
29-31 ~0 =0
35-37 ~0 0,40
41-43 ~0 ~0
47-49 0,20 =0
53-55 =0 =0
59-61 0,2 =0
65-67 =0 =0
71-73 ~0 0,2

Evaluation of it is as follows:

- in order to evaluate the results, the calculated values shall be
compared with the winding factor for the respective harmonic. The
reason for this is that the values are not reducing factors, but
residual values. It can be seen that there is no perceptible change
up to the 2™ slot harmonic, which is then reduced by half. The
higher harmonics are significantly reduced even by such a small
skewing. Still, the design engineer does the right thing if he ignores
the effect of open slots in the vast majority of cases.

- it was already shown in [11] III. F that harmonics of higher
order, depending on the size of the air gap, do not play a role from
the point of view of subject examination. Table 4 shows further
that for machines with open stator slots, even the harmonics with
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order number higher than 2" slot harmonic have no role except
slot harmonics, but they also appear only strongly reduced. This
means that in high voltage motors much less harmonics shall be
considered as in low voltage ones.

- based on [11] Table VI. 4 pole, however, it can be seen that
there might still be one or two slot numbers that could be used in
high-voltage machines, such as the Z,/Z,=24/32 slot number; it is
a so called “of 2/3q” rotor slot number, the dangerous highest
torque occurs in brake range, the second high torque in motoric
range is acceptable, the high stillstand torque is caused by high
order harmonics, therefore, it is fairly reduced by open stator slot

- at this point the variation in magnetic conductivity of the
airgap cannot remain out of consideration; [10] provides detailed
guidance in the matter.

12. Summary

In this study, the effect of the skew of the rotor slot on the
parasitic torques of a squirrel-cage induction motor was examined
through analytical method. It was established that the generally
accepted physical explanation for this phenomenon is incomplete
and therefore misleading it does not cover the complete physical
truth.

Here, the complete physic was studied; a clear distinction was
made between the physics of the effect of skewing on synchronous
and asynchronous parasitic torques. Further, a clear distinction was
made between the physics of stator slot skew and rotor slot skew.
The explanation of rotor slot skew regarding synchronous parasitic
torque is: the skewing reduces the harmonics of the fundamental
harmonic current of the rotor, thereby reducing the synchronous
parasitic torque. A modified theorem defining the creation of
synchronous parasitic torques is proposed. The calculation was
based on comparing the stepped MMF curve of the straight rotor
slot and the trapezoidal MMF curve of the skewed slot. By setting
the harmonic content of the two curves in proportion, a new
formula was provided.

A new basic theorem was formulated: the magnitude of the
residual synchronous parasitic torque due to skewing by one stator
slot pitch is always the same, being independent from the
magnitude before skewing, from the slot number combination and
from the winding factor of the stator harmonic creating the torque;
it is independent from whether the skew is performed on the stator
or on the rotor; it depends only from the order number of the actual
harmonic: all of these are proven by formula.

The degree of skewing on the rotor is not determined a priori,
as it was thought until now, but can be applied on a targeted
manner with regard to the dangerous harmonic torque; another
theorem was formulated on when to skew according to the stator
and when acc. to the rotor slot pitch or with other pitch. Further,
the theorem was supplemented in case of synchronous parasitic
torque in rotation: the skewing may be done acc. to critical
harmonic in order to achieve mathematical zero result. With this
theorem, the explanation of the effect exclusively by the stator slot
harmonic as well as preforming the skewing exclusively by one
stator slot pitch is exceeded.

It was proved in [10] at the first time that the synchronous
parasitic torque and radial magnetic force can be transferred to
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each other; that is, the results can also be used in noise reduction.
It is a task for further research to investigate the distinct effect of
skew on the noise because the topic is generally not researched in
sufficient depth.
