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ABSTRACT The performance of motors can vary considerably, depending not only on the design but also the
manufacturing process. In particular, for motors used in systems wherein vibration and noise are important,
the characteristics of the motors change according to the manufacturing method; hence, it is essential to
study the effect of the manufacturing process on the characteristics of motors. In this study, motors with a
connected core and segmented core are compared and analyzed; particularly, the motors are intended for use
in a brake system. The general strengths and weaknesses of each core type are determined, and the electrical
and mechanical properties of the motors are analyzed through finite element analysis (FEA). The motors are
applied to an integrated brake system that does not employ a vacuum booster, and motors with each type of
core are fabricated and tested to verify their characteristics. Finally, the analysis results obtained using FEA
and the test results are compared and analyzed to evaluate the validity of this study.

INDEX TERMS Connected core, electromagnetic force, integrated brake system, manufacturing tolerance,
mechanical tolerance, noise and vibration, segmented core, torque ripple.

I. INTRODUCTION
Recently, the growing importance of both energy-efficient
internal combustion engines and eco-friendly vehicles has
led to the replacement of hydraulic and mechanical systems
with electrical systems driven by electric motors. The elec-
tric power steering system is representative of such systems.
Research and development on the use of a motor instead of a
hydraulic device to generate pressure in the brake system has
been intensively carried out; moreover, this system has been
applied to some vehicles. Consequently, the role of the motor
in vehicles has become increasingly important to improve
fuel efficiency or driving distance on a single charge.

Motor design for automotive applications is a com-
plex task that requires consideration of motor performance
and size as well as manufacturing costs and productivity.

The associate editor coordinating the review of this manuscript and
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However, recent studies on motor design have focused
on rotor shape design for increased power, for exam-
ple, studies on multilayer interior permanent magnet (PM)
motors [1]–[3]. As a result, there is little research on actual
manufacturing. Most studies concerning manufacturing have
also focused on cogging torque analysis. Zhu investigated the
effect of additional air gaps, which occur owing to manufac-
turing tolerances, on the cogging torque in modular stator
lamination structures [4]. Gasparin discussed the sensitivity
of PM assembly tolerances as well as width and thickness
variations [5]. Islam studied the cogging torque by consider-
ing stator lamination anisotropies and eccentricities as well as
the effect of the aforementioned tolerances on mass produc-
tion [6]. Kitamura presented an analytical expression of the
cogging torque caused by roundness errors of the stator [7].

This paper deals with the electrical and mechanical prop-
erties of motors with two types of cores, i.e., segmented and
connected cores [8], and the advantages and disadvantages
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FIGURE 1. Integrated brake system.

FIGURE 2. Motor component.

FIGURE 3. Rotational motion to translational motion.

of different manufacturing techniques. The motor is applied
to an integrated brake system without a vacuum booster. The
motors to which each core is applied are fabricated and tested
to verify their performance. The electrical and mechanical
characteristics of each core are analyzed numerically and
compared with the test results of applying both motors to
brake systems. In particular, the noise and vibration source of
the brake system to which each core is applied are analyzed
through measurement and analysis of results. This paper
presents the following: (1) a comparison of the figures and
characteristics of segmented and connected cores according
to the manufacturing methods; (2) the overall advantages
and disadvantages of the segmented and connected cores;
(3) analysis of the electrical and mechanical characteristics
of segmented and connected cores; and (4) noise, vibration,
and harshness evaluation of the brake system in a vehicle
equipped with a segmented core and connected cores.

II. PRINCIPLE OF A BRAKE SYSTEM
Conventional brake systems generate pressure from a vac-
uum pump or vacuum booster using the intake manifold of
the engine, and an anti-lock brake system (ABS) module
is installed to configure the whole brake system. The brake
system introduced in this study is one in which the existing
hydraulic booster is replaced with a motor, and the electronic

TABLE 1. Motor specifications for integrated brake system.

stability control and ABSmodules are integrated into a single
box consisting of a hydraulic control unit (HCU), an elec-
tronic control unit (ECU), and motor assembly, as shown
in Fig. 1. The motor assembly consists of a motor, worm,
wormwheel, and pinion. The structure is shown in Fig. 2. The
motor shaft is integrated with the worm. The worm and worm
wheel have a particular gear ratio; hence, the worm wheel
rotates depending on the gear ratio when the rotor rotates
once. The integrated brake system operates in the following
sequence. When the driver steps on the brake pedal, current
flows into the motor. Simultaneously, the pedal simulator in
the HCU simulates the pedal feeling of the driver, and the
signal of the pedal sensor in the brake pedal is transmitted
to the ECU. The ECU applies the motor current to generate
the appropriate hydraulic pressure corresponding to the pedal
input. The motor generates torque, amplifies it through the
worm and worm wheel gear connected to the motor shaft,
and transmits it to the pinion. The pinion is connected to the
rack; the rack is connected to the pump, which ultimately con-
verts the rotational motion of the motor into the translational
motion of the pump. Fig. 3 describes the principles of rota-
tional motion and translational motion. Increasing the motor
current causes the pump to advance and deliver the brake fluid
to the caliper of each wheel to generate the pressure in the
four wheels. When the pressure is released, the motor current
is reduced, and the pump is moved backward by the hydraulic
pressure in the caliper because the pressure on the caliper side
is higher than the pressure generated by the motor torque.
Thus, the motor always operates when the brake is actuated.
The motor specifications for the integrated brake system are
listed in Table 1. and the operating steps of the brake system
are shown in Fig. 4.

III. STRUCTURE OF A STATOR CORE
Generally, the stator core generally consists of a one-piece
core, segmented core, and connected core [9]. The one-piece
core has a limit on the size of the coil winding nozzle, which
decreases the fill factor, but it can also reduce the roundness
error caused by the manufacturing process. However, owing
to the nozzle size, it is subject to design restrictions, such as
a slot open. The segmented core can have a high fill factor
by combining each divided core after coil winding. However,
the roundness may deteriorate depending on the assembly
tolerance level. This increases the harmonic components of
the radial force which is local electromagnetic force and the
harmonic components of tangential forces which increases
the torque ripple and cogging torque that cause unwanted
vibration and noise components [10], [13]–[19]. Moreover,
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FIGURE 4. Operating sequence of the brake system.

if the number of slots is large, the assembly cost may increase.
With regard to the connected core, the fill factor may decrease
depending on the nozzle diameter [8]. Furthermore, a long
string of lamination pieces is rolled together and connected by
welding on one side; therefore, the roundedness of the con-
nected core may deteriorate owing to unwanted tolerances,
similar to the case of the segmented core. This could have
an adverse effect on the noise and vibration. However, when
the coil is connected in series, the number of fusing points
due to the bus bar is reduced, and the number of bus bars is
reduced comparedwith that in the segmented core. Therefore,
there is room for reducing the overall size and cost of the
motor in accordance with the number of bus bars reduced by
manufacturing the connected core.

The difference between the segmented core and connected
core is shown in Fig. 5. In the connected core, the entire stator
core, in the form of a straight line that connects each stator
tooth in one electrical steel sheet, was obtained through a
pressing process, as shown in Fig. 5(a). After stacking each
sheet through interlocking, coil winding is performed with
the expanded stator core. The nozzle winds the coil around
one tooth, and then it moves to the next tooth correspond-
ing to the same phase to wind the coil around that tooth.
After coil winding, the stator core is assembled via banding,
the beginning and end of the stator tooth are welded and
made into a single stator. In contrast, the segmented core is
a type of core obtained by stamping a sheet of stator core
tooth through a press process, as shown in Fig. 5(b), and then
stacking each sheet by interlocking. After winding the stator
coil around each stator tooth, each stator tooth is assembled
into a circular shape and made into a single stator via the

FIGURE 5. Stator core manufacturing process and core shapes (a)
Connected core (b) Segmented core.

welding or shrinkage-fitting of the motor housing. As the
connected core has an unfolded stator, the nozzle size is not
limited by slot open; therefore, the coil can be wound over a
certain number of turns compared with the one-piece core.
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FIGURE 6. Scrap differences between cores (a) Connected core sheet
after blanking (b) Segmented core sheet after blanking.

One advantage is that a bus connection is not necessary
when winding the coil over one tooth to the next. Another
advantage is that the scrap rate of the electrical steel sheet
can be reduced, thus reducing the material cost, as shown in
Fig. 6. The red regions in Figs. 6(a) and 6(b) illustrate the
scrap rate differences between cores. Although the difference
in the scrap in Fig. 6 seems very small and there is no sig-
nificant difference in the cost per unit, the difference in cost
is significant in mass production. Administrative expenses
can also be reduced because in the case of the connected
core, only a piece of the core is manufactured and handled.
However, with regard to the segmented core, cores that are as
many as the number of slots are manufactured and handled.
As a result, in the case of the connected core, conversion costs
(e.g., packing, crating, and handling costs) and administrative
costs are reduced.

IV. FEA ANALYSIS USING COMMERCIAL TOOLS
In the previous section, the productivity and costs of con-
nected and segmented cores were compared. In this section,
the differences in the stator core shape or motor according to
the manufacturing method are described. The electrical and
mechanical characteristics of each core type are analyzed and
compared via finite element analysis (FEA). These include
average torque, cogging torque, torque ripple, and displace-
ment of stator by radial electromagnetic force.

A. FEATURE OF CORES
Fig. 7 shows the results of a computed tomography (CT) scan
of a motor with a segmented core and connected core. The
pictures obtained from the CT scanner show the upper section
of the motor. As the motor in this paper is intended for mass
production, it is necessary to secure a sufficient insulation
distance for the coils between different phases to minimize
the defect rate. Therefore, the fill factor of the connected
and segmented cores in Fig. 7 is designed considering mass
production. The most substantial difference between the two
cores can be observed in the joint, as shown by the red
circles in Fig. 7(a). To maintain the roundness of the sta-
tor or minimize the stress due to core interference, a design
tolerance is considered to prevent the interference between
the teeth and another one. Thus, a small hole is formed after
assembly, and a large gap is observed between the two teeth
in the connected core, as shown in Fig. 7(a), unlike in the

segmented core. In contrast, the segmented core has a small
and almost uniform air gap between the teeth, as shown in
Fig. 7(b). In the following sections, the changes in electrical
and mechanical properties according to the manufacturing
method are analyzed.

FIGURE 7. Pictures of cores, obtained from a CT scanner: (a) Connected
core (b) Segmented core.

FIGURE 8. No load electrical characteristic of two cores (a) No load
back-electromagnetic force (b) cogging torque of connected core and
segmented core.

TABLE 2. Electrical properties of motors with different cores in no load
condition.

B. ELECTRICAL PROPERTIES
The electrical properties of motors with different cores under
no-load and load conditions are compared in this section.
The no-load electrical properties determined via FEA are
shown in Fig. 8 and Table 2. The results were compared
when the mechanical tolerances shown in Fig. 9 were equal
to zero. The peak and total harmonic distortion (THD) of
the back- electromotive force (emf) of the connected and
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FIGURE 9. Mechanical tolerance of (a) connected core (b) segmented
core.

FIGURE 10. Torque waveforms corresponding to connected and
segmented cores.

TABLE 3. Electrical properties of motors with different cores under load.

segmented cores are 4.06 V and 4.09 V, and 0.89% and 0.85%
respectively. The peak-to-peak cogging torques of the con-
nected and segmented cores are 18.1 mNm and 12.7 mNm,
respectively. The electrical properties in the load condition
were compared under the same torque of 3.32 Nm, as shown
in Fig. 10 and Table 3. The torque ripples of the connected
core are 1.11% and 1.06%, respectively. There is no signifi-
cant difference, but the electrical properties of the connected
core tend to be worse than those of the segmented core.
In the manufacturing process of connected and segmented
cores, air gaps due to mechanical tolerances inevitably occur,
as shown in Fig. 9. As the motor mainly operates under the
load condition, the torque ripple, which is a load character-
istic, was investigated through FEA according to mechanical
tolerances. The calculation results are shown in Fig. 11 and
Table 4. The torque ripple of the motor increased as the airgap
due to mechanical tolerance increased, for a constant torque.
When the mechanical tolerances are the same, the torque
ripple of the connected core tends to be higher than that of
the segmented core. As shown in Fig. 11, the torque ripple
of the connected core is more sensitive to tolerance than the
segmented core.

FIGURE 11. Torque ripple of connected and segmented cores according
to mechanical tolerance.

TABLE 4. Torque ripple according to mechanical tolerance.

FIGURE 12. Normalized radial electromagnetic force exhibited by
connected and segmented cores.

The torque ripple of the gear shaft is transmitted to the
entire brake system through the gear system, as shown
in Fig. 2 and 3, causing the whole system to vibrate [11].
Because a motor with eight poles is used for the brake system,
24 times of torque fluctuations occur when the rotor rotated
once. Then, the 24th-order noise and vibration component of
the motor, generated by the torque ripple, can be observed in
the system. As mentioned above, the torque ripple generated
by the connected core is greater than that of the segmented
core, therefore, under similar tolerances, the 24th-order noise
and vibration component generated by the torque ripple of
the connected core is expected to be greater than that of
the segmented core in the system. Fig. 12 shows the nor-
malized radial electromagnetic force generated by the motor
with different stator cores. The radial electromagnetic force
acts on the teeth of the stator and induces the vibration of
the stator. The radial electromagnetic force is calculated at
a fixed point in the air gap according to the rotation angle
of the rotor; consequently, the main frequency of the radial
electromagnetic force is eight times the rotational speed.
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FIGURE 13. Housing-stator core displacement of (a) connected core
(b) segmented core.

TABLE 5. Displacements exhibited by motors with different core types
under load.

The vibration induced by the radial electromagnetic force can
be measured based on the eight-order component. Because
the amplitudes of the radial electromagnetic forces exhibited
by connected and segmented cores are similar, the vibration
at the eighth-order component might be measured in a sim-
ilar manner. However, the characteristics of the stator core
structure also affect the vibration, even under same excitation
force. Thus, the mechanical properties of each core should be
considered.

C. MECHANICAL PROPERTIES
A comparison of the mechanical properties of motors with
different cores is presented in this section. This analysis was
conducted using Abaqus, a commercial FEA tool, via an
implicit method. In implicit analysis, Newton–Raphson itera-
tions are performed after each increment to enforce the equi-
librium between the internal structural forces and externally
applied loads. The equilibrium is usually enforced within
some specified tolerance. During the Newton–Raphson itera-
tions, the stiffness matrices are updated and reconstructed for
each iteration to being done accurately. The same magnetic
forces are applied to all nodes at the end of the teeth, and
magnetic forces are time-dependent in transient analysis.
In analysis condition, the housing and the stator core are
bonded to each other. The displacement of each stator core
is calculated by applying the radial electromagnetic force to
the teeth of the stator, as shown in Fig. 13.

The results are summarized in Table 5. In the table, the
‘‘Avg.’’ value is the average amount of displacement around
the periphery of the housing, and ‘‘Max.’’ is the value at
one point where the magnitude of displacement around the
entire housing is the largest. The displacement of the seg-
mented core is approximately 40% of the connected core

FIGURE 14. Cycles of displacement in different cores at one node.

displacement. For the same core type, the mechanical tol-
erance does not affect the displacement. Fig. 14 shows the
displacement of eight cycles per revolution of the rotor at
one node point where the maximum displacement fluctuation
changes. Although the degree of displacement varied at each
node in the housing, the housing was deformed at eight cycles
per revolution of the rotor, as shown in Fig. 14. In addition,
the fluctuation of the eighth-order component displacement is
larger in the connected core than that in the segmented core.
The reason for the difference in displacement is the assembly
structure between each core. In the case of the connected core,
the core ends are connected. In the case of the segmented
core, the midpoint of the stator yoke is connected via press
fitting; hence, the moment of each tooth is different, as shown
in Fig. 13, which affects the overall displacement. This result
indicates that the eighth-order noise and vibration component
of a motor with a connected core is larger than that of a motor
with a segmented core because the amplitude of the applied
radial electromagnetic force is similar, as shown in Fig. 12.

V. ANALYSIS BASED ON TEST RESULT
The integrated brake system is located directly on the driver’s
side panel near the dashboard in the engine room, as shown
in Fig. 15. The operating sound produced by the brake system
during braking is easily heard by the driver. Therefore, in an
integrated brake system, the operating sound is a critical
requirement. The operating sound mainly consists of the
structure-borne sound from the motor, which excites the sys-
tem through the worm and worm wheel, and the hydraulic
sound generatedwhen a brake fluid passes through the narrow
channel of the HCU. However, the hydraulic sound is in the
high-frequency region; furthermore, it was excluded from
the analysis in this study. As shown in Fig. 15, the brake
system was mounted on the vehicle. The operating sound was
measured from the driver’s seat, whereas the acceleration was
measured with acceleration sensors on the HCU and motor,
respectively. The noise and vibration were measured in a
semi-anechoic room to prevent unwanted reflections.

Table 6 presents the results of the operating soundmeasure-
ments performed at the driver’s seat. In the table, ‘‘Apply’’
indicates the generation of brake pressure, and ‘‘Release’’
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FIGURE 15. Noise and vibration test environment.

TABLE 6. Operating sound level differences between segmented and
connected core.

indicates the reduction of brake pressure. To improve the
reliability of the test, three motors with a segmented core and
two motors with a connected core were tested in the same
brake system (i.e., same ECU and HCU). Within the same
group, the resultant deviation was caused by the mechanical
tolerances of each motor that constituted the system. The
dominant mechanical tolerances include electric motors as
well as worm and worm wheel gear, all of which were added,
resulting in the deviation of the overall operating sound level.

The sound level measured at the driver’s seat has multiple
order components, among which the sound level of the 24th-
order component is high, as shown in Fig. 16. The oper-
ating sound is believed to have originated from the motor,
as the 24th-order noise component is identical to the order
of the torque ripple. There also exists a 24th-order vibration
component in the HCU and motor, as shown in Fig. 16.
The 24th-order vibration component, which was measured in
the HCU, is mainly from the motor torque ripple because the
motor and HCU were assembled together thorough the gear
system [11]. Therefore, the 24th-order vibration component
caused by the motor increased the HCU’s acceleration and
affected the sound level at the driver’s seat. The 24th-order
vibration component was also measured in the r-direction
using the acceleration sensor attached to the motor housing
because the torque ripple of the motor excited the HCU
connected to the motor shaft; this component is transmitted
back to the motor.

The eighth-order component of motor acceleration
in Fig. 16 was dominant because the acceleration sensor was

FIGURE 16. Experimental result corresponding to an automotive brake
system.

FIGURE 17. Order-tracking of the operating sound.

located at the top of the stator teeth, which indicates the local
force that is radial force [12]. The eighth-order vibration
component was predominant in the motor housing, but the
eighth-order noise component was not large at the driver’s
seat because the stator and motor housing was not directly
connected to the motor shaft and gear system.

As shown in Table 6, the magnitude of vibration and noise
of motors with the connected core increased compared with
those of motors with the segmented core. The overall level
of the operating sound increased by 2–3 dB(A) in the system
with the connected core. Since the fluid noise mainly occurs
in the high-frequency range, it is possible to exclude it as
the cause of the eighth- and 24th-order noise components.
Theoretically, the main noise and vibration components gen-
erated by the motor are the 24th-order component, which
is the torque ripple arising from the global force, and the
eighth-order component generated by the radial force [12].
Thus, as shown in Fig. 17, the sound level was analyzed
with regard to the order. The sound level according to the core
difference was analyzed by dividing it into the eighth and 24th

orders. The noise corresponding to the 24th-order component
increased dramatically. This was caused by differences in
manufacturing methods for connected and segmented cores
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FIGURE 18. Amplitude of 24th order torque ripple under different types
of cores.

FIGURE 19. Torque ripple histogram for two cores.

when considering a similar level of deviation in the same
system. Therefore, it is determined that the difference in
the 24th-order noise component measured from the driver’s
seat is caused by difference between the 24th-order com-
ponent of the torque ripples of the two types of motors;
thus, the 24th-order component of the torque ripple exhib-
ited by the segmented and connected cores was investigated.
Fig. 18 shows the magnitude of the torque, determined via
discrete Fourier transform (DFT) analysis. The results show
that the torque ripple corresponding to the 24th-order compo-
nent of the connected core increased significantly. To increase
the reliability of the result, more samples were investigated
to compare the magnitude of the torque ripple between the
segmented and connected cores. Since we already know that
the main component of the torque ripple is the 24th-order
component, in accordance with the DFT computation result
shown in Fig. 18, the 24th-order component is expected to
increase when the torque ripple of the overall level increases.
A total of 152 segmented core samples and 52 connected
that the overall magnitude of the connected core torque ripple
increased by 0.6% in Fig. 19. Comparison with the previously
analyzed results shows that the simulated torque ripple results
have the same tendency as the actual test results. Through
analysis, the torque ripples at the same torque were compared

that could generate the same pressure on the wheel via the
brake. The torque ripple exhibited by the connected core
was larger than that of the segmented core. In addition,
as the tolerance increased, the increase in the torque ripple
of the connected core was greater than that of the segmented
core; hence, the increase in the 24th-order vibration and
noise component measured in the vehicle originated from
the electrical characteristic. The measurement results also
confirmed that the 24th-order component of the torque ripple
increased in the connected core. The eighth-order component
shown in Fig. 17 is attributed to the structural characteristic
because the radial forces analyzed via FEA are almost similar,
as presented in the previous section. This is because in the
analysis results, the eighth-order component of the radial
magnetic force is dominant, and the degree of displacement
of the connected core, under a similar radial magnetic force,
increased by at least two times that of the segmented core.

The test results obtained via FEA, according to core types,
are summarized as follows.

· In the brake system with the connected core, the 24th-
order sound level is mainly caused by the increased torque
ripple (electrical property).

- In the analysis and tests, the torque ripple increased in
the connected core.

· The increase in the eighth-order sound level of the brake
system with the connected core is mainly attributed to struc-
tural differences (mechanical property).

- Although the radial force is similar, the displacement of
the motor in the connected core is two times higher in
the FEA.

VI. CONCLUSION
In some cases, the connected core has an economic advantage
over the segmented core. However, it is still necessary to
determine the characteristics according to the manufacturing
method of the stator core. In this paper, we presented the
mechanical and electrical characteristics of the segmented
and connected cores based on FEA; the characteristics were
also verified via testing. The torque ripple of the motor was
measured and compared. The vibration and noise were also
measured for the two types of cores under the system environ-
ment. In terms of manufacturing method and cost, the con-
nected core may be more economical; however, from a noise
and vibration point of view, the connected core has disad-
vantages compared with the segmented core. The selection of
an appropriate manufacturing method will ensure the desired
system performance with regard to noise and vibration.
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