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Abstract: In an interior permanent magnet synchronous motor, an adhesive such as bond is generally
injected into the magnet tolerance to prevent vibration of the permanent magnet within the insertion
space. In this case, a disadvantage is that the magnet tolerance does not contribute to the performance.
In this paper, ferrofluid is inserted to improve the torque density, utilizing the magnet tolerance. When
inserting ferrofluid into the magnet tolerance, it is important to fix the magnet because conventional
adhesives are not used, and it is important that the ferrofluid does not act as a leakage path within
the insertion space. In this study, a new rotor configuration using a plastic barrier that satisfies these
considerations was introduced. The analysis was conducted through finite element analysis (FEA),
and this technique was verified by comparing the simulation results and the experimental results
through a dynamo test. It was confirmed that the no-load back electromotive force in the final model
increased through ferrofluid injection.

Keywords: permanent magnet (PM) motor; interior permanent magnet synchronous motor (IPMSM);
ferrofluid; torque density; magnet tolerance

1. Introduction

When inserting a permanent magnet into the rotor core of an interior permanent
magnet synchronous motor (IPMSM), it is ideal to match the insertion space and the size of
the magnet. If the sizes of the insertion space and the magnet are the same, it is difficult
to insert the magnet, so a magnet tolerance, a kind of empty space between the rotor
core and the magnet, is necessary. When the size of the magnet tolerance is increased,
the electromagnetic performance deteriorates. In addition, the magnet is broken due to
vibration generated between the magnet and the magnet tolerance when the motor is
operated at high speed. In order to prevent vibration between the magnet and the magnet
tolerance, an adhesive is put into the magnet tolerance to fix the magnet. In this case, the
magnet tolerance does not contribute to the performance improvement.

In this paper, ferrofluid is inserted to improve the torque density, utilizing the magnet
tolerance. Various studies have been conducted on special materials including nanoparti-
cles [1–8]. Ferrofluid is a magnetic liquid and refers to water or oil mixed with ultra-fine
powder [9–16]. A photo of ferrofluid observed by transmission electron microscopy (TEM)
is shown in Figure 1 [12]. Ferrofluid does not have magnetism when there is no magnetic
field, but it becomes magnetized when an external magnetic field is applied with a mag-
net [9–16]. Substances with these properties are called superparamagnetic. Figure 2 shows
the B-H curve of vacuum and ferrofluid [17]. In the B-H curve, the slope of the graph is the
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permeability, and Figure 2 shows that the permeability of ferrofluid is much higher than
that of the vacuum. Therefore, when ferrofluid is injected into the magnet tolerance, it can
reduce the reluctance of the magnet tolerance and increase the electromagnetic performance
by replacing the rotor core.
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There have been studies applying ferrofluid to increase electromagnetic performance
in a motor. In Ref. [18], the motor was simplified, and the magnetic field and torque
were calculated by applying ferrofluid. In [19,20], the force of the motor was calculated
according to the saturation flux density by applying ferrofluid to the airgap of the stepping
motor and the induction motor. Similarly, in Ref. [21], ferrofluid was applied to the airgap
of the induction motor, and the effect of the viscosity of the ferrofluid was also analyzed.
In all of the papers mentioned above, ferrofluid was applied to the airgap of a motor, and
no study has applied ferrofluid to the magnet tolerance.

There are disadvantages to applying ferrofluid to the airgap as in Refs. [18–21]. Since
particles of ferrofluid are not all insulated, eddy current loss occurs largely in areas with
large changes in magnetic field. Using the airgap is greatly disadvantageous in terms of
eddy current loss because the change in airgap flux density is much greater than that in the
magnet tolerance located on either side of the magnet. In addition, sealing is very difficult.
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Since the airgap is located between the rotating part and the fixed part, it is difficult to
prevent the ferrofluid from escaping in the z-axis direction of the motor. On the contrary,
it is quite advantageous in a mechanical design to insert the ferrofluid into the magnetic
tolerance because a plastic air dummy can be used as a sealing cap by covering both ends of
the z-axis of the rotor. In addition, a problem with using the airgap is the cost of ferrofluid.
Ferrofluid is expensive compared to its capacity, and the price varies widely according
to characteristics such as permeability and viscosity. Since the area of the airgap is much
larger than that of the magnet tolerance, the capacity that can use ferrofluid also increases,
which makes using the airgap quite disadvantageous in terms of cost. Finally, there is a
problem of leakage flux. When ferrofluid is applied to the airgap, the magnetic flux of
the magnet does not always return to the rotor through the stator [22]. In some cases, it
comes directly back to the rotor through the ferrofluid of the airgap, and there is no way to
control this [22]. When ferrofluid is applied to the magnet tolerance, on the other hand, it
is possible to control the leakage flux through the rotor shape with minimal ferrofluid.

When inserting the ferrofluid into the magnet tolerance, it is important to fix the
magnet because the existing adhesive is not used, and it is important that the ferrofluid
does not act as a leakage path within the insertion space. In this study, a new rotor
configuration that utilizes plastic barriers is proposed. The plastic barrier is a shape that
wraps a permanent magnet at both ends within the insertion space. The plastic barrier
prevents the ferrofluid from acting as a leakage flux path within the magnet tolerance and
prevents the magnet from vibrating within the insertion space by fixing the magnet on both
sides. It is also possible to minimize ferrofluid usage in the insertion space and increase
the no-load back electromotive force (EMF). Finally, since the plastic barrier is shaped to
fix the permanent magnet, the variable for the radial position of the permanent magnet
can be selected. The model with the maximum no-load back EMF was selected by setting
the length of the plastic barrier and the position of the magnet according to the radial
direction as rotor variables. A model with the maximum no-load back EMF was chosen as
the proposed model.

When designing the rotor by injecting ferrofluid, the no-load back EMF increases. It
causes an increase not only in the magnetic torque and efficiency but also in the vibration
and noise [23–26]. In order to design a high-performance and high-efficiency motor, it is nec-
essary to consider vibration and noise, as well as the electromagnetic performance [23–26].
Therefore, a rotor design for decreasing vibration was additionally carried out with the
proposed model [27–30].

The analysis model was selected as a 6-pole 9-slot IPMSM that enters the four-wheel
drive (4WD) hydraulic control system, and the model that satisfied the target specifications
through finite element analysis (FEA) was selected as the final model. A dynamo test
for the prototype of the final model was conducted to compare the no-load line voltage
according to the presence or absence of ferrofluid, and the test results were compared with
the results of FEA to confirm the validity.

2. Magnetic Circuit through Ferrofluid Injection

Figure 3a shows the magnetic circuit for the half pole pair of IPMSM to obtain the
magnetic flux of the airgap [22]. Using the motor’s symmetry, the magnetic circuit for
the 1-pole model, as shown in Figure 3a, was derived. The magnetic flux of the airgap
determines the no-load back EMF and magnetic torque, which are measures of motor per-
formance.

Rs is the reluctance of the stator core, and 2Rg is the reluctance of the airgap to half the
magnet. Rls is the reluctance of the magnetic flux that leaks to the adjacent pole without
linking the armature winding, and Rlb is the reluctance for the magnetic flux that leaks
to the adjacent pole through the barrier. Rt is the reluctance of magnet tolerance, 2Rm is
the reluctance for half the permanent magnet, and Rr is the reluctance of the rotor core.
The magnetic flux that leaks into the rib is expressed as Φrib, and this is considered in the
permanent magnet source Φr. Φm is the magnetic flux leaving the permanent magnet; Φlb
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is the leakage flux of the barrier. Φm minus Φlb is Φma. Φls is the leakage magnetic flux of
the airgap, and Φg is the magnetic flux of the airgap.
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Figure 3. Magnetic circuit for the half pole pair of the interior permanent magnet synchronous motor (IPMSM): (a) conven-
tional model; (b) conventional model with ferrofluid.

Figure 3b shows the magnetic circuit when ferrofluid is injected into the conventional
model. Since the permeability of ferrofluid is 10 times larger than that of vacuum, it is
possible to minimize the reluctance of the magnetic tolerance Rt through the injection of
ferrofluid. The formula for reluctance can be expressed as follows. Therefore, in Figure 3b,
the reluctance of the magnet tolerance is expressed as 0.1Rt.

R =
l

µA
(1)

The parallel circuit for Rlb and Rls can be eliminated by using klb, the barrier leakage
factor, and kls, the airgap leakage factor in Figure 3a. Those leakage factors have values
slightly less than 1. Φr and Φma can be expressed through the leakage factor as follows,
which can lead to the expression of Φg.

φg = 2klsφma (2)

φma = klbφm (3)

φg = 2klbklsφm (4)

When the parallel circuit is removed through the leakage factor, the reluctance of the
airgap, the rotor and stator, and the magnet tolerance is connected in series and is expressed
as Equation (5). Here, kr means the reluctance factor and has a value between 1 and 1.2.

4Rg + 4Rt + Rs + Rr = 4krRg (5)
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The magnetic circuit of Figure 3a can be simply expressed as Figure 4a, and Φm and
Φg of the conventional model are as follows:

φm =
1

1 + kr
Rg
Rm

(
φr

2
− φrib

)
(6)

φg =
2klbkls

1 + kr
Rg
Rm

(
φr

2
− φrib

)
(7)
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The magnetic circuit of Figure 3b can be expressed as Figure 4b, and since the reluc-
tance of the magnet tolerance is minimized, Equation (5) is expressed as follows:

4Rg + 0.4Rt + Rs + Rr = 4krk f Rg (8)

Here, kf means the ferrofluid factor and represents a value between 0.9 and 1. Equation (7),
which shows the airgap magnetic flux Φg through the magnetic circuit of Figure 4b, is
expressed as follows:

φg =
2klbkls

1 + krk f
Rg
Rm

(
φr

2
− φrib

)
(9)

Equation (9) is larger than Equation (7), the airgap magnetic flux of the conventional
model, due to the ferrofluid factor kf. This means that the no-load back EMF and magnetic
torque can be increased through ferrofluid injection.

3. Basic Design of Proposed Model

In order to confirm the performance improvement through ferrofluid injection, this
section derives a model with the maximum no-load back EMF through FEA. To apply
ferrofluid to a small motor with a large magnet tolerance compared to the size of a per-
manent magnet, IPMSM with a stator diameter of 56 mm was selected as the analysis
model for a 4WD hydraulic control system. The specifications of the analysis model
are shown in Table 1, and the cross-section of the full model and the rotor are respec-
tively shown in Figure 5a,b. In general, the magnet tolerance is designed to be about
0.1 mm, but in this study, it was designed to be 0.2 mm to clearly confirm the change in
performance for ferrofluid.
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Table 1. Specifications of the analysis model.

Parameter Value Unit

Number of poles 6 -
Number of slots 9 -

Current 50 Apeak
Rotating speed 4000 rpm

Stator outer/inner diameter 56/30 mm
Rotor outer/inner diameter 29/9.28 mm

Stator and rotor material 50PN470 -
Airgap length 0.5 mm
Stack length 38 mm

Magnet tolerance 0.2 mm
Magnet length and width 9.1/2 mm

Magnet material N40SH -
Number of turns 6 -
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3.1. Rotor Design through Ferrofluid Injection

Figure 5b shows the conventional model without ferrofluid injection. Figure 6 is the
shape of the rotor of a conventional model in which ferrofluid is injected into the magnet
tolerance. Since the ferrofluid leaks into the barrier and the permanent magnet is not fixed,
Figure 6 cannot actually be manufactured.

Figure 7 shows the waveform of the no-load back EMF, the standard for magnetic
torque. Figure 7a,b show the case where the magnet tolerance is 0.1 mm and 0.2 mm,
respectively. In Figure 7a, it can be seen that the Vrms value of the no-load back EMF
increased by 6.56% through the injection of ferrofluid into the conventional model. In
Figure 7b, since the amount of ferrofluid entering the magnet tolerance increases, the
increase in the no-load back EMF is about 12.82%, and it can be seen that the increase in
the no-load back EMF is about twice that of Figure 7a.
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3.2. Selection of Rotor Variable and Proposed Model

As shown in Figure 6, when ferrofluid is injected into the magnet tolerance of the
conventional model, the disadvantages are that the ferrofluid acts as a leakage flux path
and cannot fix the permanent magnet, as shown in Figure 8a.

Figure 8b shows the rotor parameters. As shown in Figure 8b, by setting the barrier
length Dbarrier as a design variable, the barrier can be made into a shape that fixes the
permanent magnets on both sides. If a nonmagnetic material such as plastic is injected into
the barrier, it is possible to fix the permanent magnet and minimize the leakage magnetic
flux path shown in Figure 8a. As the permanent magnet is fixed through the plastic barrier,
it becomes possible to select Dmag, the position of the permanent magnet according to the
radial direction, as a variable. Then, the model with the maximum no-load back EMF can
be selected.

Figure 9 shows the analysis result of the no-load back EMF according to Dbarrier. As the
value of Dbarrier increases, the leakage magnetic flux decreases and the back EMF increases.
However, if the Dbarrier becomes greater than 0.3 mm, the amount of ferrofluid unnecessarily
decreases, even if the leakage magnetic flux path is minimized. As the no-load back EMF
decreases when the amount of ferrofluid used is reduced, it is important to select the length
of the Dbarrier as the minimum length that can block the leakage magnetic flux path.
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Figure 10 shows the no-load back EMF according to Dmag in the 0.3 mm Dbarrier model
with the maximum no-load back EMF. In Figure 10, the Dmag value of 0 mm means that
the permanent magnet is located at the center of the insertion space in the rotor core.
Increasing the Dmag value in the negative direction means that the permanent magnet
moves toward the rotor center within the insertion space. Increasing the Dmag value in the
positive direction means that the permanent magnet moves toward the airgap direction
within the insertion space. Since the magnetic tolerance of the analysis model is 0.2 mm, it
can be seen that the x-axis range in Figure 10 is from −0.2 mm to 0.2 mm. Since the value of
the no-load back EMF increases as the permanent magnet is positioned as close as possible
to the airgap, it is important to select the maximum value of Dmag.

It was confirmed that the model with Dbarrier of 0.3 mm and Dmag of 0.2 mm has the
maximum no-load back EMF, and this was selected as the proposed model. Figure 11
shows the shape of the proposed model. The proposed model is advantageous in terms of
manufacturability because the permanent magnet is attached in one direction within the
insertion space of the rotor core.
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Figure 11. Rotor of the proposed model.

Figure 12 shows the waveforms of the no-load back EMF of the conventional and
proposed models. Compared with the conventional model, the no-load back EMF of the
proposed model increased by 17.95%.

Figure 13 shows the waveforms of their cogging torque. Cogging torque also increased
by 161.72%. Therefore, in the next section, the design of the rotor to reduce the cogging
torque is presented.

4. Detailed Design of the Rotor to Reduce Cogging Torque
4.1. Target Specification of IPMSM for the 4WD Hydraulic Control System

Injection of ferrofluid increases the no-load back EMF and performance of the torque,
but it decreases the performance of the cogging torque and the torque ripple. Therefore,
the proposed model needs an improved design for vibration and noise. In order to meet
the target specifications of IPMSM in Table 2, the design of the rotor was performed. The
torque, cogging torque, no-load line voltage total harmonic distortion (THD), efficiency,
and torque ripple were selected as the target function.
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Table 2. Target specifications.

Parameter Conventional Model Proposed Model Target Value Unit

Torque (avg) 706.11 797.33 Max mN·m

Cogging torque (pk2pk) 3.37 8.82 3 mN·m

No-load line Voltage THD 13.71 15.15 5 %

Efficiency 75.09 77.38 77.5 %

Torque ripple 14.88 16.57 5 %

4.2. Variable of Rotor to Reduce Cogging Torque

The cogging torque is caused by the difference in the large reluctance between the
permanent magnet and the stator slot and the low reluctance between the permanent
magnet and the stator slot [23–26]. Tapering was applied to the outer diameter of the rotor
to reduce the cogging torque by reducing the change in airgap reluctance [27–30]. The
variable for tapering the outer diameter of the rotor was set as Dtap. As shown in Figure 14,
the length of the rotor’s radius is fixed, and tapering is greatly applied to the outer diameter
of the rotor as the Dtap length increases.
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4.3. Analysis of Target Function

Figure 15 shows the change in torque and cogging torque according to the length
of Dtap. As Dtap increases, the permanent magnet moves toward the rotor center and the
torque decreases, and the rate of change in airgap reluctance and cogging torque decrease.
However, when Dtap becomes greater than 4 mm, the cogging torque increases again.
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Figure 16 shows the change in efficiency and no-load line voltage THD according to
the length of Dtap. As Dtap increases, the iron loss and eddy current loss decrease, so the
efficiency tends to increase. However, when the Dtap exceeds 4 mm, the efficiency decreases
due to the decrease in the torque value.

Figure 17 shows the torque ripple according to the length of Dtap. As Dtap increases,
the torque ripple also decreases, and it can be seen that Dtap values of 4 mm and 5 mm
meet the target specification of less than 5%.

4.4. Selection of the Final Model

A final model that satisfies the target specifications of IPMSM was derived through
the design of the rotor that reduces the cogging torque and torque ripple of the proposed
model. Table 3 shows the specifications of the final model. The final model is the shape of
the proposed model with Dtap of 5 mm.
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Table 3. Specification of the final model with ferrofluid.

Parameter Conventional Model Proposed Model Final Model Unit

Torque (avg) 706.11 797.33 740.58 mN·m

Cogging torque (pk2pk) 3.37 8.82 2.15 mN·m

No-load line voltage THD 13.71 15.15 4.32 %

Efficiency 75.09 77.38 77.96 %

Torque ripple 14.88 16.57 4.99 %

Figure 18 shows the rotor when ferrofluid is injected into the final model. In Figure 18,
the sealing cap is fixed to the rotor core with a bond and plays the role of preventing
ferrofluid from leaking out to the airgap.
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4.5. Structural FEA

When tapering is applied to the rotor, it is important to confirm the structural strength
of the rib. Therefore, the equivalent stress and safety factor of the conventional model and
the final model were compared through structural FEA. Figure 19 shows the equivalent
stress when the rotor rotates counterclockwise at a speed of 4000 rpm. Since the rotor
rotates counterclockwise, it can be seen that the permanent magnet sticks clockwise in the
insertion space. The max equivalent stress of the conventional model occurred at the edge
of the permanent magnet that meets the support structure of the rotor core and had a value
of about 8.62 MPa. In the case of the final model, in contrast, the permanent magnet was
stably fixed due to the plastic barrier structure and had a value of about 1.78 MPa. The
equivalent stress of the rib was 1.90 MPa for the conventional model and 1.61 MPa for the
final model, indicating that the final model had a slightly smaller value. This is because the
burden on the ribs is also reduced through the plastic barrier. In addition, when tapering
the rotor, the thickness of the rib was designed to be constant, so it can be confirmed that
there is no significant difference in structural strength.

Figure 20 shows the safety factors of the conventional and final models. Like the
previous analysis, the safety factor was compared when the rotor rotated counterclockwise
at a speed of 4000 rpm. At the corner of the permanent magnet, which is the point of
maximum equivalent stress of the conventional model, it can be confirmed that the safety
factor has a value of 9.28, which is the lowest. At other points, both the safety factors of the
conventional and final models have values of 15, which are the same. Therefore, it is finally
confirmed that there is no problem in the structural strength of the final model compared
to that of the conventional model.
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5. Test and Verification

A prototype of the final model was prepared, and value of the no-load line voltage
was checked according to whether or not ferrofluid was injected. The process of setting
up the experimental equipment is shown in Figure 21. First, a permanent magnet was
inserted into the rotor core. The permanent magnet was inserted to adhere to the airgap
in the insertion space, as shown in Figure 18. Next, plastic barriers made by 3D printing
were inserted into both ends of the permanent magnet in the insertion space to fix the
magnet. When ferrofluid is sprayed onto a permanent magnet through a syringe, the
ferrofluid is sucked into the magnet tolerance due to the magnetism of the permanent
magnet. Ferrofluid was injected until it was sufficiently injected into the insertion space
and was no longer sucked into the magnetic tolerance. The capacity of the ferrofluid and
the volume of the rotor and permanent magnet used to make the final model are shown in
Table 4. Lastly, when the plastic sealing cap is attached to both ends of the z-axis of the
rotor core with a bond as in Figure 18, the leakage of ferrofluid can be prevented.
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Table 4. Capacity of ferrofluid used to make the final model.

Parameter Value Unit

Volume of rotor 100,399 mm3

Volume of permanent magnet 4145 mm3

Capacity of ferrofluid 0.812 mL

Figure 22 shows the dynamo test result of no-load line voltage at a rotation speed of
572 rpm. Since the test was performed with and without the injection of ferrofluid, it can
be seen that two waveforms appear.
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The values of no-load line voltage from the dynamo test and FEA simulation can be
compared in Figure 23. The value of the no-load line voltage of the final model injected
with ferrofluid increased by 14.53% in the FEA simulation compared to the model without
ferrofluid. In the dynamo test, however, an increase of 4.71% can be seen. The cause of
this can be thought as the limitation of 3D printing technology. In small motors, the plastic
barrier that enters the insertion space of the rotor core is small, so it is difficult to fully
print it by 3D printing. Therefore, when there is a gap in the barrier part, the ferrofluid
gathers in the path where the reluctance is minimized, which forms a leakage flux path, as
shown in Figure 8a. Research to supplement this will be conducted in a future study. The
tolerance was made large by making a plastic barrier with a 3D printer, but it is believed
that tolerance and errors can be reduced by making it with a plastic injection mold.
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Figure 23. No-load line voltage of the final model through a dynamo experiment and finite element
analysis (FEA) simulation (572 rpm).

In Table 4, it can be seen that the no-load line voltage was improved by 4.71% while
using very little ferrofluid compared to the total volume of the rotor. The increase in the
volume of the magnet that was necessary to achieve the increase in EMF obtained through
ferrofluid was confirmed. According to the thickness of the permanent magnet, the no-load
line voltage was analyzed at 572 rpm through FEA simulation. It can be seen in Figure 24
that the thickness of the permanent magnet has to be increased from the existing 2 mm to
2.3 mm. This means that the use of permanent magnets should be increased by 15%.
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6. Conclusions

In this paper, a method to improve the performance of the no-load back EMF and mag-
netic torque by injecting ferrofluid into the magnet tolerance is proposed. Since ferrofluid
is injected into the magnet tolerance instead of adhesive, a new rotor configuration is
proposed to fix the magnet. The new rotor configuration through a plastic barrier prevents
the ferrofluid from acting as a leakage path and fixes a permanent magnet, which derives
a model with the maximum no-load back EMF. The final model was actually produced,
and a dynamo test was conducted. The increase in the no-load line voltage was confirmed
through ferrofluid injection.

The method of improving the torque density through ferrofluid proposed in this study
can be expected to improve the performance without a large cost compared to previous
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studies. Previous studies have focused on injecting ferrofluid into the airgap. In this case,
however, a large amount of ferrofluid was needed, and it increased the cost. Fabrication
was also disadvantageous because the performance varied depending on the viscosity
of the ferrofluid, and sealing was difficult. The design of the shape in this study can
complement the shortcomings of previous studies. The shape of the rotor suggested in this
study is considered to be useful in fields that require high performance and high efficiency,
such as robots, aviation, and medical fields.
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