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Abstract: Exhaust gas recirculation (EGR) is a NOx reduction technology that can meet stringent
environmental regulatory requirements. EGR blower systems must be used to increase the exhaust
gas pressure at a lower rate than the scavenging air pressure. Electric motor drive systems are
essential to rotate the EGR blowers. For the effective management of the EGR blower systems in
smart ships, there is a growing need for predictive maintenance technology fused with information
and communication technology (ICT). Since an electric motor accounts for about 80% of electric
loads driven by the EGR, it is essential to apply the predictive maintenance technology of the electric
motor to maximize the reliability and operation time of the EGR blower system. Therefore, this paper
presents the predictive maintenance algorithm to prevent the stator winding turn faults, which is the
most significant cause of the electrical failure of the electric motors. The proposed algorithm predicts
the remaining useful life (RUL) by obtaining the winding temperature value by considering the load
characteristics of the electric motor. The validity of the proposed algorithm is verified through the
simulation results of an EGR blower system model and the experimental results derived from using
a test rig.

Keywords: exhaust gas recirculation blower; life prediction; fault detection; permanent magnet
synchronous motor; predictive maintenance; smart ship

1. Introduction

The International Maritime Organization (IMO) regulations on pollutants emitted
from ships are getting stronger every year. The IMO NOx Tier III regulations require
newly built ships with keel placement after 2016 to reduce emission control areas (ECA)
by approximately 76% compared to the Tier II regulatory values [1]. To satisfy these
strict requirements, various NOx reduction technologies are being continuously studied.
Typically, exhaust after-treatment technologies, such as exhaust gas recirculation (EGR)
and selective catalytic reduction (SCR), are the main options for ship manufacturers to
ensure their environmental requirements [2-9]. The SCR method is the most effective for
reducing NOx emissions using the urea—water solution. However, this system has the
disadvantages of significant volume footprint requirements, additional weight, increased
capital cost, engine heat, and pressure drop. Moreover, the efficiency of the SCR is highly
dependent on the exhaust gas inlet temperature and the system maintenance [10,11].

On the other hand, EGR is a technology that recirculates a part of exhaust gas dis-
charged from an installed engine to the intake air. It can reduce the oxygen concentration
in the combustion chamber and increase the ratio of inert gas, thereby suppressing the
temperature rise of combustion gas and thermal NOx formation reactions [12-15]. Because
NOx is formed when oxygen and nitrogen combine due to extreme cylinder temperatures,
replacing some of the oxygen (O;) in the cylinder with inert exhaust gas (CO;) reduces
NOx production. Recirculating this small fraction of exhaust gas back through the intake
manifold can provide other benefits besides NOx reduction [16-18].
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One of the additional benefits of modern EGR systems is that the internal engine air
temperature is maintained. Thermodynamics plays an important role in the atomization
of fuels in gasoline and diesel engines. For this reason, the internal engine temperature
must be manipulated carefully and accurately. Modern EGR systems are designed with
this in mind. The EGR system can help achieve the desired internal engine air temperature
to reduce NOx, and this adds another benefit: a reduction in internal engine temperature is
also associated with increased engine life. Valves, especially exhaust valves, are susceptible
to stress from sudden temperature changes and the loads they must withstand. Exhaust and
intake valve failures are directly related to engine failure, as valve failures often damage
pistons, connecting rods, and cylinder walls. Keeping the valve cooler can help the valve
last longer and stay in the proper position [19-21].

Figure 1 shows a configuration of the EGR system for the smart ship. The EGR system
has two loops (the main loop and the EGR loop) to induce the air (exhaust gas and fresh
air) into the scavenge air receiver. The main loop is positioned to deliver fresh air through
the compressor and cooler. The EGR loop is positioned so that the recirculated exhaust
gas is delivered to the scavenge air receiver. The EGR loop contains the EGR scrubber,
demister, and EGR blower system. Since the pressure of the exhaust gas is lower than the
pressure of the scavenging air, the recirculated exhaust gas should be forced by the EGR
blower [22]. The EGR blower system is classified as an impeller and an electric motor drive
system with an inverter.
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Figure 1. Configuration of the EGR system for the smart ship.
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With the advent of the fourth industrial revolution, predictive maintenance techniques
for the non-intrusive management of electrical and mechanical systems on smart ships
have been the subject of many research papers in recent years [23].
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Since the electric motors make up about 80% of all electrical loads driven in the EGR,
there has been much focus on ways to better diagnose the wellness condition of these
motors. To maximize the reliability and operation time of the EGR blower system, it is
essential to apply the predictive maintenance technology of the electric motor [24]. The
frequent causes of electric motor failures are bearing failures (41%), stator winding turn
faults (37%), and other causes (22%). The main causes of stator turn winding faults are
the overvoltage due to the PWM waveforms of an inverter and the insulation aging due
to the winding temperature [25]. The EGR blower system suppresses the overvoltage by
adding an LC filter to the output of the inverter. However, the winding temperature of the
electric motor for the EGR blower depends on the input phase current according to the
load fluctuation. Thermal aging of the motor, due to these phase currents, is also a major
cause of winding turn faults. The existing studies performed accelerated life evaluation
using sample coils to predict the remaining life of motor windings [26-28]. They cannot
predict the remaining life, depending on the load on the system. Predictive maintenance is
the accurate inference of the life of a part based on the experience and data recorded by
the sensor. Predictive maintenance is a huge advantage for businesses. Factory closures
are expensive and knowing the remaining life of a part allows businesses to replace a
part during their operational downtime, thus reducing maintenance costs by 30% and
unplanned downtime by 70% [29].

It is necessary to consider these load characteristics in predicting the insulation aging
of the winding. Therefore, this paper proposes the predictive maintenance algorithm, which
considers the load characteristics of permanent magnet synchronous motors (PMSMs) for
driving the EGR blowers for smart ships to prevent stator winding turn faults. Based on
the trend line of the required lifetimes according to the winding temperature, the proposed
algorithm derives the predicted remaining life of winding by using the information about
the motor that is received through wireless communication with the inverter.

To prove the validity of the proposed algorithm, the power load of the PMSM—based
on the EGR blower performance curves—is analyzed for each speed, according to the air
flow and the power equation and is derived using the trend line. Based on the derived
power equation, the performance of the PMSM that is suitable for the EGR blower operation
is analyzed through a basic design and an electromagnetic field analysis. The operation
simulation of the EGR blower system for one day is performed using the load model, and
the RUL results are analyzed. Then, the validity of the proposed algorithm is verified
through comparison with the experimental results.

2. Performance Analysis of the EGR Blower System
2.1. Performance Analysis of the EGR Blower

Figure 2 shows the performance curves of the EGR blower. The press ratio is a ratio
of inlet pressure and outlet pressure. The EGR blower delivers the required air flow to
the engine by controlling the speed of the PMSM while maintaining a constant pressure.
The range of required air flow is 1~2 m3/s, so the speed control range is from 5400 rpm to
9000 rpm. In this control range, the transmission power to the impeller in the EGR blower
for stable air flow supply can be expressed as follows [30]:

27\ 3
Pr= Kblower (60) (1)

where Kpjyyer is the EGR blower constant [31], and 7 is the rotor rotation speed in rpm.
When the air flow and pressure ratios are 2 m3/s and 1.11, respectively, the required
transmission power and torque are 150 kW and 159 Nm, respectively, at 9000 rpm. Table 1
shows the specification of the EGR blower and the selected specifications of the PMSM
while considering the performance curve of the EGR blower. The specifications of the EGR
blower system are as follows: a pressure of 3.5 bar, an input voltage of 440 V, a rated current
of 340 A, 8 poles, 36 slots, and the insulation class F.
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Figure 2. Performance curves of the EGR blower.

Table 1. Specifications of the EGR blower system.

Item Value Item Value
Rated pressure 3.5 bar Motor type PMSM
Rated air flow 2m3/s Input voltage/current 440 V/340 A
Shaft power/torque 150 kW /159 Nm Poles/slots 8/36
Shaft speed 9000 rpm Insulation class F

2.2. Performance Analysis of the PMSM

Figure 3a shows the geometric and FEA results of the PMSM using the electric motor
software Motor-CAD. Figure 3b,c show the finite element analysis results of the PMSM
based on Table 1. When three-phase sine wave currents of 340 A are conducted in three
phases, the windings of PMSM are at a rated speed of 9000 rpm and the peak value of the
line voltage is 569.6 V, which has a voltage margin of about 8.5% compared to the DC link
voltage of 622 V of the inverter. The electromagnetic torque and efficiency of the PMSM are
162 Nm and 96.5%, respectively, which satisfies the requirements of the blower. Figure 3d
shows the temperature saturation curves of the PMSM, where the ambient temperature
maintained at 40 °C, the point with the highest saturation temperature is 137 °C for the
winding, the saturation time is about 2 h, and it satisfies the required insulation class F.
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Figure 3. Electromagnetic field analysis of the PMSM. (a) Geometric and FEA results; (b) line-to-line voltages; (c) electro-

magnetic torque; and (d) temperature saturation curves of the PMSM.

3. Predictive Maintenance Algorithm

of the PMSM

Table 2 shows the minimum lifetimes according to the winding temperatures required
by ASTM D1830 when the insulation class of the electric motor is F. The designed PMSM
has an insulation class F and operates under 140 °C, as shown in Figure 3d. Therefore, a
trend line is used to predict the lifetimes of the winding over the operating temperature
range. Figure 4 shows the trend line of the required lifetimes according to the winding
temperatures, based on the ASTM D1830.

Table 2. Hours required for class F in standard ASTM D1830.

Aging Temperature (°C)

Time (Hours)

240
220
200
180

40
100
500

5000
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Figure 4. The trend line of required lifetimes according to winding temperatures, based on ASTM D1830.

The equation (T7), using the trend line analysis of the required lifetime curves accord-
ing to the winding temperature, can be expressed as follows:

T = —8.94 x 107°T3 +5.95 x 1073T2 — 1.31T,+97.08 2)

where Ty is the real-time temperature of the winding. The winding temperature of
the PMSM for driving the EGR blower is measured in real-time by a temperature sensor
installed inside the PMSM. The analog signal of the temperature sensor is transmitted to the
inverter, converted into digital data, and transmitted to a tablet computer through wireless
communication. The transmitted information calculates the RUL using the predictive
maintenance algorithm equation. The RUL equation (), can be expressed as follows:

T,=T; (1 —/%dt) 3)

The RUL, according to the real-time temperature data, is calculated and integrated to
calculate the reduction amount. After that, this value is subtracted from the initial RUL
value (Tj) to finally calculate the RUL for predictive maintenance. T; is 97.08 when Ty, is 0
in Equation (2).

4. Verification
4.1. Simulation Results

To verify the validity of the proposed algorithm, a simulation using an electronic
circuit simulation software (PSIM) was performed through the model of the EGR blower
system, as shown in Figure 5. The step time of the simulation was set to 1, and the total
time selected was 86,400 s to reflect the driving time for one day.
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Figure 5. Simulation model of the EGR blower system.

The speed profile of the EGR blower system, according to time, was applied in the
consideration of the engine load for one day. The temperature profile was obtained through
thermal analysis of the PMSM by applying load conditions based on the speed profile. The
equations, using a trend line analysis of the air flow (Q) and the power (Py) according to
the speed (1), can be expressed as follows:

Q=247 x 107824723 x 10720 (4)

Pr=206 x 10719%34+1.72 x 1072'n®> — 129 x 107 7n+142 x 1071 (5)

The line-to-line voltage (v,;) of the PMSM was calculated by multiplying the power
(Pr) value by the motor constant (K,). The phase A current (i;) was calculated by multiply-
ing the power (Py) value by 1/+/3 and dividing the calculated efficiency profile according
to the calculated line-to-line voltage (v,;) and the speed (11). The RUL (T;) was calculated
using Equations (2) and (3).

Figure 6 shows the simulation results of the EGR blower system, which were derived
by calculating data at 1 s intervals for 24 h. Figure 6a shows the motor speed (1), air
flow (Q), and winding temperature (T). The air flow fluctuates according to the speed
of the EGR blower. An increase in the air flow is a torque load in the PMSM side, so the
phase A current of the PMSM increases. The phase current fluctuations appear as frequent
steady states and transient states on the winding temperature curve. Figure 6b shows the
line-to-line voltage (v,3), the phase A current (i;), the RUL (T), and the percentage of the
RUL (Ry). Ry is calculated as follows:

Ry = % x 100 (6)

It can be seen that the response of the line-to-line voltage and phase current of the
PMSM depends on the speed of the EGR blower. As a result, it can be confirmed through
simulation that the change in the amount of RUL reduction is affected by the increase in
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the temperature of the winding due to the change in the phase current according to the

load of the PMSM.
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Figure 6. Simulation results. (a) Motor speed (1), air flow (Q), and winding temperature (T); (b) line—to-line voltage (v,,),
phase A current (i;), the RUL (T;), and the percentage of the RUL (Ry).

4.2. Experimental Results

To validate the simulation results, an experimental setup was developed that used the
test rig to evaluate the EGR blower system, as shown in Figure 7. To maintain the pressure
of 3.5 bar, the required air flow was adjusted, using the EGR control valve, based on the
speed profile over time; the speed of the EGR blower was controlled by the inverter. The air
flow value is transmitted to the server PC through the air flow sensor installed in the test
rig. The values of the speed, winding temperature, line-to-line voltage, and phase current
are transferred to the tablet computer through the inverter. The RUL and RUL percentages
are calculated based on received values using software implemented with LabVIEW NXG.

Figure 8 shows the experimental results of the EGR blower system derived by calcu-
lating data at 1 s intervals for 24 h. Compared with the simulation results, the response
and magnitude of the speed and air flow are the same. In the case of winding temperature,
a slight ripple occurred due to the difference in saturation temperature as a result of the
ambient temperature fluctuating from 31 to 36 °C as well as the noise of the inverter.
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Figure 8. Experimental results. (a) Motor speed (1), air flow (Q), and winding temperature (T); (b) line-to-line voltage
(vap), phase A current (i;), the RUL (T), and the percentage of the RUL (Ry).

Compared with the simulation results as shown in Table 3, the values of the RUL
show a difference in the reduction amount due to the change in ambient temperature; thus,
the RUL and the percentage of the RUL are 97.0616 years and 99.9834%, respectively, after
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one day of operation with the EGR blower system. To analyze the difference between the
simulation and experiment results, the error difference between the simulation results and
the experimental results is expressed as shown in Figure 9. The ambient temperatures for
the simulation and the experiment are 40 °C and 23 °C, respectively. The error difference in
the initial temperature of the winding of the PMSM is about 17 °C. Since the percentage of
the RUL is the ratio of the initial RUL and the real-time calculated RUL, the error difference
between the RUL and the percentage of RUL is the same. The maximum error difference
of the winding is about 7 °C. This difference results in a higher RUL for one day in the
experiment. Due to this difference, a high RUL is calculated in the experiment, but it is a
satisfactory result in terms of the effectiveness of the proposed algorithm.

Table 3. Comparison of RUL.

Simulation Experimental
RUL (Year) 97.0633 97.0616
RUL (%) 99.9852 99.9834
20 H 1 H T H 1 d 1 H 1
—
s Error difference of T,
~ 10 v
2
2
<
b
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Figure 9. Differences between simulation and experimental errors.
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5. Conclusions

Due to the fourth industrial revolution and environmental regulations, the need
for predictive maintenance technology fused with ICT is increasing to maximize the
reliability and operation time of the EGR blower system for reducing NOx in smart ships.
Therefore, this paper presented the predictive maintenance algorithm for preventing the
stator winding turn faults of the electric motor in the EGR blower system.

The equation for deriving the real-time RUL of the winding by applying the time
required by standard ASTM D1830 was proposed to predict the amount of insulation aging
caused by the winding temperature, which is the main cause of the stator winding turn
faults. Secondly, for the implementation of the algorithm, an electromagnetic analysis and a
thermal analysis of the PMSM were performed based on the performance curve of the EGR
blower. The validity of the proposed algorithm was verified by implementing a simulation
model of the EGR blower system using the analysis results. To verify the simulation results,
a test rig used to evaluate the EGR blower system was constructed and tested under the
same load conditions as the simulation. As a result, the validity of the proposed algorithm
was verified through the comparison of the simulation results and the experimental results.
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