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Abstract

Motors and pumps are the crucial components for various industrial production processes such as
manufacturing, oil and gas, and chemical processing. However, one common issue affecting their
reliability and efficiency is shaft misalignment. Research indicates that 30—40% of major financial
losses in industrial operations are caused by misalignment, while 42-50% of motor failures are due to
bearing damage. It is caused by poor alignment, insufficient lubrication, or improper installation. This
study focuses on evaluating the effect of shaft alignment on vibration levels and motor power
consumption in a cooling water pump at the Koto Panjang Hydroelectric Power Plant. A quantitative
experimental approach was applied to measure and compare equipment performance before and after
alignment. Results show that alignment reduces the highest axial vibration velocity by 8.35 mm/s and
vertical vibration by 1 mm/s. Furthermore, motor power consumption decreases by 8.35%, as
demonstrated by a reduction in average motor current from 76.8 A to 71.2 A. The vibration pattern
confirms the angular misalignment as the dominant factor contributing to instability. These findings
show the importance of routine shaft alignment, not only for minimizing vibration and extending
equipment lifespan but also for enhancing energy efficiency and reducing operational costs.
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1. Introduction

Modern industry heavily depends on motors and pumps as vital components in
various production processes for fluid transfer, especially in the manufacturing, oil and
gas, and chemical processing sectors [1], [2]. The role of advanced diagnostic tools in
maintaining the reliability of induction motors is crucial. The use of the discrete wavelet
transform (DWT) is to identify motor misalignment in induction motors, a common
failure source often linked to poor installation. A misaligned shaft exhibited higher
vibration amplitudes and faster running speeds with harmonic patterns. Vibration analysis
is a reliable method for diagnosing mechanical issues and preventing further failures in
rotating equipment. Therefore, shaft alignment monitoring directly improves pump
performance and operational safety [3], [4]. Motors and pumps play an important role in
transmitting energy and transferring fluids; thus, the performance of fluid processes
greatly determines the productivity and overall system reliability [4], [5].

Maintaining proper shaft alignment is a challenge in marine propulsion systems,
particularly under the influence of ship hull deformation (SHD) caused by operational
factors like waves, load, and speed. The conventional monitoring methods using eddy
current displacement sensors fail to account for SHD effects [6]. However, shaft
misalignment in motors and pumps often becomes a primary cause of reduced energy
efficiency, leading to premature wear and potential operational failures, which negatively
impact maintenance costs and production continuity [7], [8]. Excessive vibration issues
in the Primary Air Fan (PAF) at the Central Java 2 Adipala coal-fired power plant are one
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of the misalignment problems caused by frequent equipment trips. Therefore, vibration
monitoring and control strategies directly reduce downtime and improve reliability in
industrial energy systems [9]. Moreover, misalignment directly impacts efficiency, not
just in industrial machinery but also in renewable energy systems, reinforcing the
universal importance of alignment monitoring and correction [10].

Shaft misalignment is a common defect in rotating machinery besides imbalance, and
it can also cause significant financial losses for industrial facilities [11], [12]. As faced by
industrial areas, excessive vibration caused by misalignment or bearing issues leads to
critical failures, downtime, and high maintenance costs. These issues arise as the
conditions and works of each machine vary. Therefore, they face a burdensome load in
their work and experience performance degradation [13], [14]. The shaft misalignment is
a critical failure mode, commonly studied alongside other severe faults in pumps and
induction motors. It implies that misalignment can occur at varying severities and
operating conditions, making it a versatile and recurring problem in real-world machinery
[15]. The impact of misalignment can result in efficiency reductions between 30 and 40%
due to machine downtime, component replacement, inventory management, and energy
lost [16]. Therefore, it clearly shows that misalignment reduces energy efficiency, forcing
the motor to consume significantly more power. It reinforces the causal relationship that
the greater the misalignment, the higher the energy loss, and it indicates that different
misalignment levels directly affect efficiency, and the study experimentally quantified
that correlation [17], [18]. Additionally, this fault increases the risk of bearing failure,
which accounts for nearly half of motor failures, caused by manufacturing defects,
inadequate lubrication, and improper installation processes [19], [20]. Moreover, it also
results in efficiency loss in the short term and vibration-induced electrical and mechanical
degradation, including short circuits and wear in stator windings [21], [22]. One
contributing factor to misalignment is the "soft foot" condition on machine mounts, where
unequal contact between the machine foot and foundation leads to uneven load support
[23].

Misalignment also affects the vibration stability of the system, especially at half
switching speed, where stability decreases as the misalignment angle increases [24]. This
adds complexity to the system dynamics, potentially causing chaotic operational
behaviour as structural stiffness rises. The negative impacts of misalignment on rotating
machines include significant energy loss, as well as reduced operational efficiency and
availability of industrial equipment [18], [25]. Therefore, early detection of shaft
misalignment is crucial to maintain machine performance and to prevent further damage.
The shaft alignment process is a critical step that must be carried out to ensure the motor
shaft position aligns with the pump shaft, both angularly and parallelly, to minimize
operational issues and financial losses [26], [16], [27]. This is especially important for
machines running continuously, such as cooling water pumps (Raw Water) in power
generation industries, which are prone to misalignment over time.

Research on shaft misalignment represents a prevalent and critical fault in pump
systems, often resulting in elevated vibration levels, excessive energy consumption, and
accelerated mechanical degradation. Such conditions compromise operational efficiency
and reliability in the conditions of increased maintenance costs and the risk of unplanned
downtime. Accordingly, this study aims to explore the relationship between shaft
alignment, vibration, and motor power consumption on pumps, to formulate effective
solutions to mitigate these adverse effects and enhance system performance.
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2. Methods

The research was conducted at PT Nusantara Power Unit Pembangkit Pekanbaru,
specifically at the Koto Panjang Hydroelectric Power Plant service unit, located on
Bangkinang — Jalan Payakumbuh, Merangin Village, Kuok District, Kampar Regency,
Riau Province. The experimental object of this research was a cooling water pump driven
by an IEC 60034 motor with a rated power of 45 kW. The primary instruments used in
this study included an SKF Shaft Laser Alignment Tool TKSA 51 for alignment
measurement, a vibration meter for monitoring dynamic responses, and an electrical
measuring device for recording current and voltage to estimate motor power
consumption.

This research was designed to evaluate the performance of the pump and motor under
two operating conditions. They are pre-alignment, the initial condition with
misalignment, while post-alignment is the condition after shaft alignment correction.

1. Measurement points were located at four positions: motor non-drive end (NDE),
motor drive end (DE), pump NDE, and pump DE.

2. Vibration was recorded in three axes (horizontal, vertical, and axial) at each point.

3. Power consumption was measured under constant load conditions to ensure
comparability between the two states.

Motor power consumption was determined by measuring line current and voltage
using a clamp ammeter, with data recorded under identical load conditions for both
alignment states. The shat alignment process was then conducted following the correction
and horizontal shifting of the motor base. After alignment, vibration, and power
consumption measurements were repeated at the same locations and directions.

The collected data were analysed by comparing vibration amplitudes and motor
current before and after alignment. Changes in vibration severity were interpreted with
reference to ISO 10816 vibration standards, while reductions in power consumption were
expressed as a percentage of energy savings. This procedure enabled a systematic
evaluation of the relationship between shaft alignment, vibration behaviour, and energy
efficiency in centrifugal pump operation.

3. Results and Discussion

At the initial stage, measurements or data acquisition of shaft alignment were
conducted using the SKF Laser Alignment Tools TKSA 51. Before performing the shaft
alignment work, a soft foot inspection was first carried out, as shown in Figure 1.

Sensor
Status

Figure 1. Soft foot inspection results
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The results of the soft foot inspection are shown in the figure above, with
measurement values around the motor foot points recorded as 0.03 mm, 0.00 mm, 0.02
mm, and 0.04 mm. These values indicate gaps or imbalances at each motor foot,
illustrating the amount of correction needed to level the machine. The ideal soft foot value
is as close to zero as possible, and the industry standard typically used for raw water
pumps is less than 0.05 mm. Although such small soft foot conditions may not cause
immediate damage, they can adversely affect the long-term health of the machine, as
indicated in Table 1.

Tabel 1. Shaft misalignment measurement results

Parameter Vertical Horizontal
Offset (mm) -0,03 0,14
Angle (mm/100 mm) -1,05 0,40

Referring to the tolerance limits set by the SKF laser alignment tool according to
motor speed categories (rpm), for motors with rpm between 1000 and 2000, the upper
limit for offset is 0.1 mm, and for angular error, 0.08 mm per 100 mm, as shown in Table
2.

Table 2. Shaft alignment tolerance

Tolerance
Speed (rpm) Offset (mm) Angular Error (mm/100
mm)
0-1000 0,13 0,10
1000-2000 0,10 0,08
2000-3000 0,07 0,07
3000-4000 0,04 0,06
4000-5000 0,03 0,05
5000-6000 0,03 0,04

Based on the alignment measurement results, the vertical offset position, with a result
of 0.03 mm, is still within tolerance limits, indicating that the vertical position of the
motor shaft is satisfactory. This means that the vertical shaft position of the motor is
relatively aligned with the pump shaft. Next, the horizontal offset position shows a result
of 0.14 mm, which exceeds the tolerance limit, indicating a horizontal displacement that
can cause vibration and excessive load on the shaft. The vertical angle is quite large and
out of tolerance, indicating that the motor shaft is tilted vertically, which can cause
excessive vibration, stress on the bearings and couplings, wear, and reduced machine
efficiency. Furthermore, the angular error in the horizontal position yields a result of 0.40
mm/100 mm, similar to the angular error in the vertical position. The horizontal position
also exceeds tolerance, indicating a horizontal tilt angle that requires correction to achieve
perfect shaft alignment. The measured results are usually reported in Hz and mm/s, taken
from three directional axes: vertical, horizontal, and axial on the bearings alternately at
the NDE (Non-Drive End) and DE (Drive End) of both the motor and the Raw Water
pump, as shown in Table 3.
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Table 3. Pre-alignment vibration values
Vibration Values
Location Motor Pump
NDE DE NDE DE

Horizontal
e | s [

Vertical (mm/s)
Axial (mm/s)

3.86

Based on the vibration measurement results of the Raw Water 3.1 motor at the
Horizontal location, the vibration values are quite high with NDE at 7.66 mm/s and DE
at 8.2 mm/s, both marked in red, indicating critical vibration levels that require immediate
attention. At the Vertical location, NDE shows a value of 4.78 mm/s (red), while DE is
lower at 3.69 mm/s (orange), indicating variation in vibration levels that still need to be
monitored.

Data vibration measurements on the pump at the Horizontal location show vibration
values of 3.36 mm/s (orange) at NDE and 6.54 mm/s (red) at DE, indicating that the DE
side of the pump experiences quite high vibration and requires attention. At the Vertical
location, NDE reaches 6 mm/s (red) and DE 7.89 mm/s (red), both showing high vibration
levels that could potentially interfere with pump performance. At the Axial location, NDE
is 6.29 mm/s (red) and DE is 3.86 mm/s (orange), indicating significant vibration,
especially on the NDE side, as illustrated in Figure 2.

Stationary (S) Movable (M)
Serial Number 1824-0044 1824-0043
Connected Yes Yes
Battery Level 56% G4%
Detector (mm) 003 0,02
i =2
Rotation Angle 0,00 -0,0°
Angle Difference 0.1° e . ]

Figure 2. Adjustment of the Height and Alignment of Both Sensors

After the installation of the stationary sensor and the movable sensor, and the adjustment
of the height and angle between the two sensors has been carried out, the sensor setup
procedure is complete, and the alignment data collection work is ready to be performed.
At the initial measurement stage, data will be taken at three positions. It is at 0°, 90°, and
180°.
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|__V-Offset 0,06 mm
V-Angle -0,05 mm/100

H-Offset 0,01 mm
H-Angle 0,02 mm/100

Figure 3. Measurement results after repairs

The shaft alignment measurement was conducted to ensure the conformity of the
position and angle between the motor and the components installed in the assembly, as
illustrated in Figure 3. The main parameters measured include vertical offset (V-Offset),
horizontal offset (H-Offset), as well as vertical angular deviation (V-Angle) and
horizontal angular deviation (H-Angle). The measurement results after the alignment
correction are shown in Table 4.

Table 4. Parameter values before and after alignment

Parameter After correction
Offset Vertical (mm) 0,06
Offset Horizontal (mm) 0,01
Angle Vertical (mm/100 mm) -0,05
Angle Horizontal (mm/100 mm) 0,02

After the alignment process was carried out on the shaft of the raw water pump and
vibration measurements were conducted, the data obtained are presented in Table 5 as
follows.

Table 5. Vibration values after alignment
Vibration Values

Location Motor Pump
NDE DE NDE DE
HORIZONTAL (mm/s) 2,68 4,36

VERTIKAL (mm/s)
AXIAL (mm/s)

294 44

The vibration value on the motor in the horizontal direction at the NDE side is 2.96
mm/s, which falls into the moderate category (yellow), while at the DE side it is 2.08
mm/s, which is still in the safe category (green). This indicates that the horizontal
vibration of the motor is relatively controlled. Next, in the vertical direction, the vibration
value at the NDE side is 3.78 mm/s, categorized as moderate, while at the DE side, it is
only 0.92 mm/s, classified as safe. In the axial direction, the axial vibration values on both
sides of the motor (NDE 1.87 mm/s and DE 2.80 mm/s) are within safe limits. For the
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pump, in the horizontal direction, the vibration at the NDE side of 2.68 mm/s is
categorized as safe, while at the DE side, it is 4.36 mm/s, falling into the moderate
category. In the vertical direction, the vibration value at the NDE side is 2.94 mm/s, which
is safe, but at the DE side, it is 4.40 mm/s, categorized as moderate. Axial vibrations at
the NDE and DE sides of the pump are 2.44 mm/s and 2.16 mm/s, respectively, both
categorized as safe, indicating stable conditions in the axial direction.

The results of motor voltage and current measurements using transducers installed on
the MCC (Motor Control Centre) panel are shown in Table 6 below.

Table 6. Current measurement before and after alignment

Current Motor (A) Average

Condition
R S T current
Before alignment 76 77 77 76,8
After alignment 71,8 71,3 70,7 71,2

Calculation of Electrical Power Consumption with Voltage (V): 383.7 Volts and
Power Factor (cos ¢): 0.86, as shown in Table 7.

Table 7. Motor Power Calculation Results

Condition Motor power
(kW)
Before alignment 44,3
After alignment 40,6
0.6 04
= 0,4 A
0,14
é 0,2 T 0,06 0301 0’02
- 0 - — —_—
o
2 024 0,03 -0,05
& 04
S 0,6 - before alignment after alignment
& 0,8
z
12 -1,05
B Offset Vertikal (mm) Offset Horizontal (mm)
Angle Vertikal (mm/100 mm) Angle Horizontal (mm/100 mm)

Figure 4. Histogram before and after shaft alignment

The graph above explains the condition of misalignment and the condition after
corrective shaft alignment was performed. The measurement values before correction
showed considerable variation, especially in the angular error parameters (vertical and
horizontal angles) with values of -1.05 mm/100 mm and 0.4 mm/100 mm, respectively,
compared to the tolerance value of 0.08 mm/100 mm. After correction, the vertical angle
changed by 1 mm to -0.05 mm/100 mm. The horizontal angle decreased by 0.38 mm from
0.4 mm/100 mm to 0.02 mm/100 mm. The relatively flat orange line close to the zero axis
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in the graph indicates that the correction successfully stabilized the position and angle of
the shaft effectively.

Vibration analysis functions as a diagnostic tool capable of detecting many problems,
including imbalance, misalignment, bearing failure, and gear damage inside the gearbox.
In Figure 5 below, the vibration velocity before and after repair is depicted.

12,00 11,15

10,00
8,20
8,00

3,78

7,66
6,11
6,00 4,78
3,69
4,00 2,96 555
187 2,08
0,00 H

Horizontal Vertical NDE Axial NDE  Horizontal Vertical NDE Axial NDE
NDE NDE

Velocity (mm/s)

o

H Pre-alignment M Post-alignment

Figure 5. Vibration value graph before and after alignment

The vibration value at the axial DE point before repair was 11.15 mm/s. After the
repair was conducted, the vibration value decreased to 2.8 mm/s. On the horizontal DE
side, the vibration decreased from 8.20 mm/s before repair to 2.08 mm/s after repair.

A study in "Vibration Analysis & Condition Monitoring for Rotating Machines"
emphasizes that measuring and controlling vibration is crucial for predictive maintenance
[21]. The reduction in vibration values is an indicator of the effectiveness of the alignment
in reducing imbalance and excessive friction that trigger vibrations, as shown in Table 8.

Table 8. Decrease in vibration velocity

Before After Impairment
Measurement Point Alignment Alignment
value (mm/s)
(mm/s) (mm/s)
Horizontal NDE Motor 7,66 2,96 4,70
Vertical NDE Motor 4,78 3,78 1,00
Axial NDE Motor 6,11 1,87 4,24
Horizontal DE Motor 8,2 2,08 6,12
Vertical DE Motor 3,69 0,92 2,77
Axial DE Motor 11,15 2,8 8,35

Based on the vibration velocity measurement data in Tables 3 and 5 and the graph in
Figure 5, all measurement points show a decrease in vibration velocity. The largest
decrease in vibration velocity occurred at the Motor Axial DE point with a reduction of
8.35 mm/s, while the smallest decrease was at the Motor Vertical NDE point with a
reduction of 1 mm/s after repair.
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Vibration Pattern Identification

The spectrum data on the induction motor vibration at the horizontal DE side, vertical
DE, and axial DE sides show the vibration pattern caused by misalignment. In Figure 6,
the highest signal is located at a frequency of 24.42 Hz. The dominant peak at 1x RPM is
very clear, indicating a strong dynamic force in the horizontal direction. A peak at 2x
RPM is also visible, indicating angular/parallel misalignment. The amplitude of the peak
at 1x RPM is very high, followed by the peak at 2x RPM in the axial direction at both
bearings. Figure 8 shows a strong axial force, which is usually associated with angular
misalignment, causing thrust force in the axial direction.

>
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|
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Figure 6. Horizontal DE Motor Vibration Spectrum
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Figure 7. Vertical DE Motor Vibration Spectrum
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Figure 8. Axial DE Motor Vibration Spectrum

Figures 6 to 8 present the vibration spectrum of the motor drive end (DE) in the
horizontal, vertical, and axial directions at 1465 RPM (24.42 Hz). The spectra clearly
reveal dominant peaks at the fundamental running frequency and its harmonics. These
patterns are characteristic indicators of shaft misalignment, particularly angular
misalignment, which typically generates significant vibration components in both axial
and radial directions.

In the horizontal spectrum, in Figure 6, strong amplitudes at the 1% and 2x running
frequencies reflect coupling forces induced by misalignment. The vertical spectrum, in
Figure 7, shows similar harmonic components but with lower amplitude compared to the
horizontal direction, suggesting uneven load distribution across the motor bearings. The
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axial spectrum, in Figure 8, exhibits the highest amplitudes. It reaches nearly 10 mm/s,
which is a distinct signature of angular misalignment. High axial vibration is widely
recognized in the literature as a primary symptom of shafts not being collinear.

The reduction in power consumption, as calculated in Table 7, decreased from 44.3 kW
to 40.6 kW after alignment using Equation (1), resulting in a value of 8.35% as follows:

A43240° % 100 % = 8,35% (1)
44,3

This indicates power savings, which aligns with the reduction in vibration values seen in
the vibration graph previously analysed in Figure 6. After the alignment process on the
motor and pump shafts, all measurement points showed a decrease in vibration velocity.
The largest decrease in vibration velocity was at the Motor Axial DE point with 8.35
mm/s, and the smallest decrease was at the Motor Vertical NDE point with 1 mm/s after
repair. This reduction indicates that alignment successfully reduced shaft misalignment,
which is the main source of excessive vibration. Vibration spectrum analysis usually
indicates the presence of angular misalignment, which causes excessive dynamic loads,
friction, and mechanical losses. After alignment, load distribution becomes more
balanced, friction and dynamic forces decrease, resulting in lower motor current demand
and more efficient power consumption. This is consistent with the study "Experimental
investigation on shaft motor coupling misalignment impact on energy consumption,"
which explains that misalignment in machine shafts can cause an increase in energy
consumption of about 15% [18]. The level of escalation depends on the severity of the
misalignment. Empirical studies show that machines exhibiting shaft misalignment
require increased motor energy for rotation, leading to energy waste and higher
operational costs. By implementing corrective alignment measures, power consumption
can be significantly reduced, potentially by 15% or more, while also enhancing machine
longevity and optimizing operational efficiency.

4. Conclusion

The observation results obtained the following conclusions: After the alignment
process on the motor and pump shafts, all measurement points showed a decrease in
vibration velocity. The largest decrease in vibration velocity was at the Motor Axial DE
point with 8.35 mm/s, and the smallest decrease was at the Motor Vertical NDE point
with 1 mm/s after repair. This reduction indicates that alignment successfully reduced
shaft misalignment, which is the main source of excessive vibration. Motor power
consumption decreased by approximately 8.35%, reflected by the average motor current
decreasing from 76.8 A to 71.2 A. This shows that alignment not only improves
mechanical performance but also operational energy efficiency. The vibration pattern
caused by misalignment, based on the spectrum data analysis, indicates a high 1X peak
in the axial direction, and smaller 2X and 3X peaks, which are harmonics arising from
angular misalignment.
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