iriried applied
L sciences

Article
Analysis of a Vibrating Motor Considering Electrical,
Magnetic, and Mechanical Coupling Effect

Jun-Hyung Kim, Yuan-Wu Jiang and Sang-Moon Hwang *
School of Mechanical Engineering, Pusan National University, Busan 609-735, Korea;
joonyng7@gmail.com (J.-H.K.); evan jiang.pnu@gmail.com (Y.-W.].)
* Correspondence: shwang@pusan.ac.kr; Tel.: +82-051-510-3204

check for
Received: 25 February 2019; Accepted: 1 April 2019; Published: 5 April 2019 updates

Abstract: A vibrating motor is a multi-physics product in which there is coupling between electrical,
magnetic, and mechanical domains. To obtain a more accurate analysis, nonlinear parameters, such as
inductance, speedance, and force factor, are considered as functions of current and displacement
based on the finite element method. By solving a voltage equation using a numerical iteration method,
current and displacement at each frequency of the vibrating motor can be calculated. The validity of
the analysis method was demonstrated by comparing the results of the experiment with those of the
simulation and they were found to be similar.
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1. Introduction

Electronic devices have fascinated people all over the world, with emphasis being placed on
improving performance. Especially in the case of vibrating machines, such as vibrating motors,
the importance of analyzing the electromagnetic and mechanical systems is becoming increasingly
significant. To enable improvement, an accurate method of analyzing a motor is required and there are
various suggestions available for motor analysis.

In previous studies, a novel design of a vibrating machine was analyzed using the finite element
method (FEM) for the electromagnetic and mechanical fields [1-4]. A novel linear impact-resonant
actuator was analyzed using a magnetic circuit model, which represented the magnetic circuit using
a lumped parameter method [5]. Nam et al. proposed a novel design of a linear actuator with a
large magnetic force to reduce the response time, which was analyzed by a transient analysis in the
mechanical domain [6]. A resonant piezoelectric vibrator was developed and analyzed by outlining
the mechanics of the piezoelectric unimorph [7,8].

There are several widely used approaches to conduct a multi-physics analysis, such as the equivalent
circuit method (ECM), the lumped parameter method (LPM), and the finite element method. A new
linear-electromagnetic actuator used for cellular phones was designed using the voltage equation of
the equivalent circuit method that treated electromagnetic parameters such as inductance, speedance,
and force factor as constant values [9]. A vibration actuator was developed based on active magnetic
springs by taking advantage of polynomial fitting to outline the magnetic force characteristics [10],
and Lee developed a horizontal linear vibrating actuator and modeled the mechanical domain
by a two-degrees-of-freedom system that considered the electromagnetic and mechanical domains
separately [11]. However, in both cases, nonlinear parameters such as inductance, speedance, and force
factors were not considered. In other application fields, to make the electromagnetic-mechanical coupling
analysis convenient, commercial software (COMSOL Multi-physics) has been developed. This software
has been used to analyze a loudspeaker driver [12,13]. In the software, the mechanical forces are
calculated as the product of a force factor and a current. The current is from the voltage equitation that
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considers the back electromotive force (EMF) term and both the current and displacement are calculated
by the software.

In previous research, the characteristics of the electrical, magnetic, and mechanical coupling with
respect to the inductance, speedance, and force factor, which are caused by the vibration of the motor,
were considered as constant values. In this study, the nonlinear parameters are considered as functions
of displacement and current to analyze the performance of the vibrating motor using FEM and a
numerical iteration method. The electrical, magnetic, and mechanical coupling analysis considering
nonlinear parameters of the vibrating motor is used for securing an accurate motor analysis result.
A comparison between the ECM, commercial software, and the proposed method is given in Table 1.

Table 1. Comparison between the equivalent circuit method (ECM), commercial software, and the

proposed method.
Method Strength Weakness
ECM Fast No consideration of nonlinear
parameters
Commercial software Easy to use No consideration of nonlinear
parameters
Proposed method Consideration of nonlinear Requires complex post-processing

parameters

The vibrating motor used in this research was cylindrical in shape and its outer diameter, height,
direct current resistance (DCR), and input power were 10 mm, 4.1 mm, 12.6 (3, and 1 W, respectively,
as depicted in Figure 1.
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Figure 1. (a) Exploded view of vibrating motor. (b) Projection view of vibrating motor.

2. Analysis Method

2.1. Electrical and Magnetic Analysis

During the electrical and magnetic analysis, the vibrating motor was modeled with several
different positions of the vibrating part, and current was applied through the coil. The governing
equations are Maxwell’s equations.

V-D=p

V-B=0 1)
V xH=]+dD/ot

V x E = —0B/ot
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where D is electric flux density, B is magnetic flux density, | is current density, H is permanent magnetic
intensity, and p is the charge density.

For each position and current, the flux density was obtained by FEM. After solving Maxwell’s
equations, the flux density located at every node point in the model was acquired. The model used for
electrical and magnetic analysis is shown in Figure 2.

Figure 2. Model used for electrical and magnetic simulation.

After obtaining the results, the flux density was converted into flux linkage, from which it is easy
to calculate the inductance and speedance.

The definition of flux linkage is the product of the flux density, coil turns, and the coil’s sectional
area. The flux density and flux linkage are shown in Figure 3.

After calculating the flux linkage, inductance and speedance can be calculated using the
following method: Inductance is defined as the derivative of flux linkage with respect to the current,
and speedance is defined as the derivative of flux linkage with respect to displacement.

Additionally, flux linkage, inductance, and speedance are all functions of displacement and
current and these parameters can be used to calculate the back EMF.

yi) =24 @

where 7, y, N, 5, and By are current, displacement, coil turns, coil sectional areas, and average flux
density, respectively.

Ay,i), L(y,i), and K,y i) are flux linkage, inductance, and speedance, which are described as
functions of displacement and current. By using flux density, the force that acts on the vibrating part
was calculated using the Maxwell stress tensor method. The Maxwell stress tensor is a second-order
tensor used in electromagnetic field analysis to represent the interaction between electromagnetic
forces and mechanical momentum,

_ 1 1 2
Fu = yojsj [(B-ne)B— 5B*nc]ds 3)

where F, is the magnetic force, B is the flux density, #. is the unit normal vector, and S is the closed
surface of the selected part. The electromagnetic force (F,) is the force acting on the magnet of the
motor and it is expressed as the total force (F;y,;). Because of the permanent magnet, magnetic material,
and current, the total force (Fyy) is composed of the cogging force (Fygging) and the current force

(Fcurrent)~
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Figure 3. (a) Flux density, (b) flux linkage.

The cogging force is a purely attractive force between the magnetic material and the permanent
magnet depending on the position of the vibrating part when there is no current in the coil.

The current force is calculated by subtracting the cogging force from the total force on the vibrating
part. Additionally, the force factor is calculated as the force divided by the current,

Fcagging(y) = Frotar (¥, 1) ;=0
Feurrent (Y, 1) = Frota1 (Y, 1) — Fcogging(y) 4)
Kf (y; 1) = Feurrent (]// 1) /i

where Feogoing(Y), Frotal(Y,1), Feurrent(y,7), and Kg(y,i) are the cogging force, current force, total force,
and force factor, respectively. These parameters are also functions of current and displacement.
The nonlinear parameters, such as inductance, speedance, and force factor, are expressed as functions
of displacement and current, as shown in Figure 4.

The nonlinear parameters are constantly changing with position and current. These parameters
are involved in the following voltage equation,
di

] d
A+ Komg (1) = 5)

V =iR+ L(y,z)dt T

where V, R, and t are voltage, resistance, and time, respectively.
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Figure 4. (a) Inductance; (b) speedance; (c) force factor.

2.2. Mechanical Analysis

In the mechanical analysis, the displacement of the vibrating part was calculated using the FEM
with forced vibration. The governing equation can be written as follows:

M]y + [Cly + [Kly = {Feurrent } (6)

where [M], [C], [K], y, and {Feyrrent} indicate the matrix representations of mass, damping, stiffness,
displacement, and the current force vector. The displacement of the vibrating part is obtained using a
given input force and boundary condition for the vibrating motor. The model used for the mechanical
simulation is shown in Figure 5.

(a) Force Input Area and Displacement Output Area (b) Boundary Condition (Fixed)

Figure 5. (a) Force input area and displacement output area; (b) boundary condition (fixed).
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However, it is important to remember that the force applied in this step is a constant value.
In reality, the force of the motor is constantly changing with current and position. Therefore, a transfer
function is needed.

Because the mechanical system is linear, a transfer function can be applied between the input
force and output displacement. The transfer function is defined as the output divided by the input of
the system. The relationship can be described as follows:

h(f) = yo(f) Yo (f)eilwt+a(f) B Yo(f)ei(f) o

fo Fyelw! B F

where h(f) is the transfer function that is shown in Figure 6, Fy is the assumed constant force amplitude,
Y(f) is the response displacement amplitude, and «(f) is the response displacement phase.
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Figure 6. Frequency-based transfer function.
2.3. Electrical, Magnetic, and Mechanical Coupling Analysis

To perform the coupling analysis, two differential equations, which are the forced vibration
equation and the voltage equation, must be solved simultaneously. However, it is difficult to solve these
correlated equations by hand. Therefore, numerical analysis is needed to solve these two equations.

The numerical fixed-point iteration method was chosen to solve the electrical, magnetic,
and mechanical coupling analysis. Figure 7 shows a flow chart that describes this method.
The fixed-point method was chosen because it is easy to program in an application and the flow
of the method can be seen and understood intuitively. Through this procedure, the forced vibration
equation and the voltage equation can be solved simultaneously and the simulation displacement and
current can be obtained. There are many other numerical methods that can be used to find the solution,
such as the Newton-Raphson method or the modified secant method. These may provide the solution,
but these methods require a more advanced level of programing skill.

In the electrical and magnetic analysis, the voltage equation is expressed with nonlinear
parameters such as inductance, speedance, and force factor as Equation (5). Input voltage and
current are waveforms and can be written using Euler’s formula. By dividing the input voltage into
the input current, the impedance can be obtained as:

4 o .
T = Ze = R+ jwL(y,1) + jwKens (v,1) ®)

where y and i are the initial displacement and current and Z, is the impedance. Because the transfer
function from Equation (7) is maintained, Equation (9) can be obtained:

y = f(y,i)h )
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The actual force depending on current and displacement can be expressed as follows:

fy,i) = Ke(y,i)i. (10)

By substituting Equations (9) and (10), Equation (11) can be obtained:
Ze = R+ jwL(y,i) + jwKenmg(y, 1)K (y, i)h. (11)

Here, the electrical, magnetic, and mechanical coupling effects are derived and, finally,
the calculated impedance can be obtained using nonlinear parameters from the electrical and magnetic
analysis and the transfer function from the mechanical analysis. By using this calculated impedance,
the simulated current is obtained as follows:

. 1%
Isimulated = f (12)

e

The simulated displacement and impedance can also be obtained:

Ysimulated = Kf(yr i>hisimulatedr (13)
14
Ze, simulated — = _* (14)
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Figure 7. Flowchart of analysis procedures.
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When using the numerical iteration method, the simulation was run until the initial values and
simulated values converge. Before solving the voltage equation, the initial values of current and
displacement, which are determined from the mechanical analysis, were set. For solving the voltage
equation, the simulation procedure was as follows. In the beginning, frequency was given as an initial
value, and the corresponding voltage and mechanical force were given. The initial values of current
and displacement were fed into the simulation. By using the initial values, the initial impedance,
which includes nonlinear parameters, was obtained. The value of the calculated current was acquired
by dividing the voltage by the initial impedance. The calculated and initial current values were then
checked to see whether they fall within the margin of error.

The simulation was run until the current converged. After the value of the calculated current
was obtained, the displacement iteration, which includes current information, was started using the
calculated current. Because of the electrical, magnetic, and mechanical coupling effects, both the
current and displacement iterations should be considered at the same time. When the iteration was
complete, the simulated impedance, current, and displacement were attained. Through the iterations,
the current in the electrical and magnetic domains and the displacement in the mechanical domain
were considered at the same time. At the beginning of the simulation, the initial values of current and
displacement were assumed values. At the end of the simulation, the obtained values of current and
displacement were very close to the experimental values.

3. Experiment

The displacement of the vibrating part of the motor was measured using Klippel equipment with
a laser. By shooting the laser into the hole on the upper cover of the motor, the displacement of the
vibrating part could be determined.

The method for measuring impedance was as follows. After applying voltage to the motor,
the current, depending on the frequency, was measured by a current sensor in the Klippel equipment.
By doing this, the impedance was calculated by dividing the measured current by the applied voltage.

The experiment setup of the Klippel equipment is shown in Figure 8, and the experimental
conditions are demonstrated in Figure 9.

’ Klippel Scanner

i Measured point

Vibrating motor

Computer

Klippel Distortion

Analyzer 2 . Power
3 © @]
CH1 Qutpu a
PLX 1802 Amﬁlifieu

Figure 8. Experimental equipment setup.
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Finally, Figures 10 and 11 show the simulated displacement and impedance compared with
the experimental results obtained using the Klippel equipment. The results of the experiment and

simulation match well.

Figure 9. Experimental conditions.
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4. Conclusions

A vibrating motor in electronic devices is influenced by electrical, magnetic, and mechanical
coupling effects. In particular, the current and displacement of the vibrating motor are strongly affected
by these characteristics because both have an influence on the nonlinear parameters, such as inductance
and speedance. These two characteristics are closely linked and must be considered simultaneously.

In this work, an electrical, magnetic, and mechanical coupling analysis method is introduced by
considering the nonlinear parameters, which are functions of displacement and current, based on a
numerical iteration method combined with electrical, magnetic, and mechanical FEMs.

As part of the electrical, magnetic, and mechanical coupling analysis, the numerical iteration
method was run to solve the voltage equation and obtain current and displacement values, which
were found to be very close to experimental values. As the results of the simulation and experiment
were almost identical, it is possible to say that the analytical method has been verified experimentally,
as shown in Figures 10 and 11.

In conclusion, this analysis method will be applied to the analysis of vibrating motor performance.
Future work should be focused on designing a new type of vibrating motor with a more efficient and
powerful performance.
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