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Abstract: Currently, vibration has been one crucial factor hindering the application of switched
reluctance motor (SRM). Hence, it is of crucial importance to predict and suppress this undesirable
vibration. This paper proposes a multi-physics analysis-based vibration prediction approach for
SRM. It consists of three modules: digital controller and drive circuit module, electromagnetic field
module, and mechanical module. In the mechanical module, it not only includes the influence of the
stator, but also fully considers the influence of rotor, end cover, bearing, and other components of
the motor on the system modal. Moreover, the vibration data under different control strategies are
obtained in real time, and data dynamic interaction between the three segments can also be achieved.
By combining the electromagnetic forces and the system structure modal, the vibration of SRM can
be predicted. Finally, the effectiveness of the proposed method was verified on 12/8 poles, 1.5KW
SRM drive system test bench. The results demonstrate that the modal simulation method based on
static pre-calculation achieves high accuracy, and the vibration spectrums predicted by the proposed
method shows good agreement with the experimental results.

Keywords: switched reluctance motor; vibration prediction; multi-physics modelling

1. Introduction

Due to its simple structure, low cost and high reliability, a switched reluctance motor (SRM) has
been highlighted for many industrial applications [1,2]. For instance, SRM is considered as a promising
candidate for the distributed-driven electric vehicle [3,4]. Based on the analytical Fourier fitting method,
Sun et al. [5] presented a convenience method for modeling an in-wheel switched reluctance motor.
To alleviate the harmful effects of vibration induced by the unbalanced electromagnetic force, Qin
and co-workers [6] developed a vibration mitigation method based on a dynamic vibration absorbing
structure. Despite its many advantages, SRM suffers from inherent vibration and acoustic noise, which
limits its application in the industrial potential market. Therefore, researchers have investigated the
vibration and acoustic noise problem for SRM from various aspects: stator and rotor pole shaping [7],
motor topology optimization [8,9], switching angle adjustment [10], insert of zero voltage loop during
switching [11], and current waveform profiling [12]. In order to predict the vibration of SRM, accurate
modal analysis and radial force calculation are of vital significance.

The natural frequencies and vibration modes of SRM can be calculated by modal analysis,
which are used to analyze the vibration characteristics. Cai et al. [13] showed that the vibration is
largest when the harmonic frequency of electromagnetic force coincides with the modal frequency.
Callegaro et al. [14] recommended a phase radial force shaping method based on harmonic content
analysis, which was experimentally validated with experiments at different speed and load conditions.
Kimpara and co-workers [15] analyzed the mechanical coupling path of stator and rotor and its
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influence on vibration modes. Taking into account the electromagnetic characteristics, mechanical
vibration, and acoustic noise, Liang et al. [16] proposed a numerical modeling method for classical
SRM and mutually coupled SRM. In [17], FEA methods were used to determine the modal shapes
and natural frequencies for SRM, and the influence of end-bell and self-weight were also considered.
However, the above methods only analyzed the modal of the motor stator, and did not consider
the influence of windings, end cover, bearings, and other components on the system modal. Radial
electromagnetic force is the main excitation source for the vibration and noise of SRM [18]. Calculation
of electromagnetic force can be categorized into analytical methods and finite element analysis (FEA)
methods. Anwar et al. [19] and Husain et al. [20] derived the electromagnetic field distribution of SRM
by dimension parameters and calculated the radial force according to the virtual displacement principle.
However, the analytical methods require precise system parameters, and the corresponding derivation
process of the radial force is quite complicated. In [21,22], the finite element-based multi-physics
analysis method was adopted to calculate the electromagnetic force, and the electromagnetic force
was used as the excitation of the vibration model. Fiedler et al. [23] and Srivas et al. [24] proposed a
multi-physical field numerical simulation method, in which only the vibration characteristics of the
stator were considered.

With the obtained electromagnetic force and modal information, the vibration of the motor
can be determined quantitatively. By utilizing the modal information and electromagnetic force,
Fiedler et al. [23] calculated the stator vibration response by a modal superposition method. Tang and
co-workers [25] established the transfer function model of vibration based on impulse excitation
experiment and employed the transfer function model to calculate and analyze the vibration.
Anwar et al. [19] and Lin et al. [26] computed the SRM vibration by convolution method. When the
number of switching actions in a cycle is relatively large, the computational time will also increase.
With the aid of a piecewise first-order linear function, Guo et al. [27] proposed an efficient vibration
calculation method. However, the saturation effect is not taken into consideration.

In-depth analysis shows that the above vibration prediction methods only analyzed the vibration
characteristics of the stator and ignored the influence of other components on the system vibration.
To predict its vibration more accurately, it is necessary to consider the influence of more components
including stator, rotor, housing winding, end cover, and bearing on the system modal. Consequently,
this paper proposes a novel vibration prediction method for SRM based on multi-physics modeling. It
includes three core segments: control algorithm integration, electromagnetic field dynamic analysis,
electromagnetic force calculation, and modal analysis. The highlight of the proposed method is that it
allows modification of system inputs, such as geometry dimensions, material parameters, or control
strategies, at each step of the simulation process. The vibration data under different control strategies
is obtained in real time, and data dynamic interaction between the three segments can be also achieved.
Therefore, from the perspective of reducing vibration, it can be used to optimize the structural design
and the control strategy of the switched reluctance motor. In addition, in the mechanical module, it
not only includes the influence of the stator, but also fully considers the influence of rotor, end cover,
bearing, and other components of the motor on the system modal. The remainder of this paper is
organized as follows. In Section 2, the operational principle and the origin of vibration of the SRM
are presented. Section 3 develops the multi-physics modeling-based vibration prediction method. In
Section 4, the implementation of the prediction model is presented, and experiments are conducted to
validate the proposed method. Finally, the conclusions are drawn in Section 5.

2. Vibration of the Switched Reluctance Motor

SRM mainly consists of a stator unit, a rotor unit and corresponding structural components, as
shown in Figure 1a. The stator unit includes iron core, winding, slot wedge, insulating material and
motor lead, while the rotor unit contains rotor shaft and rotor core. Both the stator and the rotor use a
salient pole structure that was formed by laminating silicon steel sheets. In addition, the windings
are installed only at the stator pole. Furthermore, the structural components are mainly composed of
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housing, end cover, bearing cover, bearing, junction box, and junction column. Figure 1b illustrates the
stator and rotor structure for a 12-8 SRM. Four radial relative windings at the stator pole form a phase.
If current is applied to a specific phase of the motor (e.g., phase A), the magnetic field force is generated
due to the distortion of the electromagnetic field, which makes the rotor rotate to the position where
the pole axis of the rotor and the pole axis of the stator coincide. At this time, the magnetic resistance is
at a minimum. When the phases B, C, A and B in Figure 1b are sequentially energized, the rotor will
continuously rotate in a counterclockwise direction, and, vice versa, in a clockwise direction.

Figure 1. Structure and working principle of switched reluctance motor (SRM): (a) structure of SRM;
(b) working principle of a 12-8 SRM.

Currently, the vibration problem is one of the research hotspots of the SRM. It is mainly caused by
the change of the electromagnetic force between air gap magnetic fields of the stator and rotor. When
the stator winding of SRM is energized, an induced magnetic field is formed at the stator pole, which
further magnetizes the rotor. At this time, electromagnetic forces are generated between the stator
and rotor, as shown in Figure 2. The electromagnetic forces acting on the stator and rotor, namely
Fs and Fr, are a pair of forces and reaction forces. The electromagnetic force Fs can be decomposed
into tangential magnetic force Fst and radial magnetic force Fsr. When the stator winding is excited,
the radial magnetic force Fsr increases, stretching the stator along the radial direction. However,
if the current is cut, the radial magnetic force Fsr is reduced to zero, and the stator rebounds in
the radial direction. With the continuous commutation of the excitation winding for the SRM, the
radial magnetic force Fsr of the different phases repeatedly attracts and releases the stator, causing
structural deformation of the motor stator. If the frequency of Fsr is close to the natural frequency of
the motor, it will excite the resonance of the motor body and cause strong radial vibration. Similarly,
the electromagnetic force Fr can be also decomposed into tangential magnetic force Frt and radial
magnetic force Frr. Due to the doubly salient construction and fundamental excitation principles,
the majority of the flux in SRM is in the radial direction. Although the torque ripple caused by
fluctuations of Frt during motor excitation and demagnetization may also induce tangential vibration,
it can be neglected compared with radial vibration, which has been also verified by the works of
several researchers [1,18,26]. For instance, Cameron et al. [18] designed a series of experiments to
investigate the vibration in SRM, and the experimental results showed that radial vibration of the
stator frame caused by radial electromagnetic forces is the dominant source of vibration in SRM. The
authors in [1,26] also proved that the acceleration response of SRM mainly resulted from the sudden
change of radial electromagnetic forces. Consequently, this paper focuses on the establishment of a
radial vibration prediction model.
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Figure 2. Schematic diagram of an electromagnetic field and electromagnetic force.

3. The Proposed Multi-Physics Modelling-Based Method

The operation of an SRM is a process of interaction of electro-magnetic-mechanical multiple
physical fields. The performance parameters of multiple physical fields are constrained by each other.
The electromagnetic characteristics of traditional motors are usually linear or quasi linear. For SRM, it
has poles both on stator and rotator, and the windings are bounded on the stator, as shown in Figure 1.
On the other hand, due to the saturation characteristics of ferromagnetic material, the flux linkage
begins to saturate when the current reaches certain values. During the motor running process, the
SRM’s electromagnetic properties versus position and phase current exhibit nonlinear characteristics
and thus are difficult to model accurately compared with traditional motors. Due to its nonlinear
electromagnetic characteristics and the special action mode of electromagnetic force, the multi-physics
interaction behavior of SRMs is more complicated than that of traditional motors. In addition, the
components of SRM, including stator, rotor, shell winding, end cover and bearing, have influence on
the system modal. Therefore, for the performance optimization and control method design of SRM, it
is of vital importance to model and analyze from the perspective of multi-physics field, and fully take
into account the influence of more components on the system modal. This paper presents a numerical
simulation method that fully considers the interaction relationship of multi-physical fields. It includes
three segments: digital controller and drive circuit module, magnetic field module, and mechanical
module. To obtain an excitation current, the gate signals of the controller module are employed to
drive the power amplifier. The winding of SRM is energized by the generating current, and an induced
magnetic field will be formed. Thereafter, the electromagnetic forces can be acquired. Finally, the
vibration of SRM is predicted by combining the electromagnetic forces and the system structure modal.

3.1. The Controller and Drive Circuit Models

As shown in Figure 3, the modeling of SRM controller is divided into four parts: speed controller,
current controller, position and speed calculation module, and execution angle calculation module.
The speed controller outputs the reference current Ire f , while the current controller generates a gate
signal Gi that controls the interruption of insulated gate bipolar translator (IGBT). In addition, the
position and speed calculation module compute the rotor angle θest and speed ωest, while the execution
angle calculation module obtains the turn on and turn off angles, i.e., θon and θo f f . For SRMs, the
modeling of the drive circuit mainly involves the modeling of the switching device IGBT. If the change
of the capacitance parameter and the switching process characteristics are ignored, the saturation
voltage Vsat and the current Isat can be calculated as follows: Vsat = AFET × (VGS −VP)

MFET

Isat =
k
2 × (VGS −VP)

NFET
, (1)
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where AFET is the saturation factor, VGS is the gate to source voltage, Vp is the pinch-off voltage, MFET

is the saturation exponent, NFET is the transfer characteristic exponent, and k is the transfer constant.
Meanwhile, the current IC of the linear region is expressed as:

IC = BN × Isat × (1 + KLM×VDS) × (2−
VDS
Vsat

) ×
VDS

Vsat
, (2)

where BN is gain of current, the KLM is the channel length modulation factor, and VDS is the drain to
source voltage. The coefficient k, the voltage Vp, and the current gain BN are parameters that vary with
temperature and can be corrected based on the actual temperature value.

Figure 3. Controller of SRM.

3.2. The Electromagnetic Module

There are three main numerical methods available for the electromagnetic field simulation,
including the finite element methods, boundary element methods, and finite difference methods. In this
work, we adopt the most widely used finite element method based on the following assumptions [28]:

1. Neglect both magnetic flux leakages from the excitation pole to the stator yoke through the stator
pole space and from the excitation pole to the adjacent stator teeth.

2. The eddy current effect is negligible.
3. Neglect the magnetic field and motor end effect outside the boundary formed between the outer

diameters of stator and rotor.
4. The equation Bs = ∇ × U is satisfied when the vector magnetic potential U is introduced in the

solution domain.

Considering the above assumptions, the electromagnetic field problem in the plane Ω can be
expressed as the following boundary value problem [29]:

Ω : ∂
∂x

(
γ∂Uz
∂x

)
+ ∂

∂x

(
γ∂Uz
∂y

)
= −Jz

Γ1 : Uz = U0

Γ2 : γ∂Uz
∂n = −Ht

, (3)

where γ is the magnetoresistance of the stator and rotor cores, Jz is the current density, Uz is the vector
magnetic potential, Ht is the tangential component of the magnetic field, and Γ1 and Γ2 are the first
and second boundary conditions, respectively. Equation (3) can be equivalent to a problem of the
conditional variation as follows:

W(Uz) =
s

Ω

(∫ Bs

0 γBsdBs − JzUz

)
dxdy−

∫
Γ2
(−Ht)Uzdl = min

Bs =
√

Bs
2
x + Bs

2
y =

√
( ∂Uz
∂x )

2
+ ( ∂Uz

∂y )
2

Γ1 : Uz = U0

(4)



Appl. Sci. 2019, 9, 4544 6 of 16

After a finite element division of the entire solution domain of the electromagnetic field, the
difference function for each small element can be given by:

U = NiUi + N jU j + NmUm, (5)

where U is the magnetic vector potential at any point in the element, Ni, N j , and Nm are the shape
functions that are related to the element node coordinates; Ui, Uj, and, Um are the magnetic vector
potentials on the element nodes.

The algebraic equations of the nodal function can be obtained through converting the variational
problem to another problem of finding the extremum of the energy function W. We can get the nodal
magnetic potential by solving the algebraic equations using the Newton –Raphson method. Then, the
field quantity can be obtained by a finite element post-processing. According to [30], the flux linkage ψ
and inductance L through the phase winding can be expressed as ψ = lst

∫ xl
xr

Bsydx = lst(Ur −Ul)

L =
ψ
i =

lst(Ur−Ul)
i

(6)

where lst is the axial length of the motor stator. Ur and Ul represent the magnetic vector potentials on
the left and right sides of the coil, respectively. The radial force Fr and tangential force Ft are calculated
by Maxwell tensor method as follows:

Fr =
1

2µ0

∮
S (Bs

2
r − Bs

2
t )dS = 1

2µ0
D
2 lst

n∑
i=1

[(B2
sri − B2

sti)(θi − θi−1)]

Ft =
1
µ0

∮
S (BsrBst)dS = 1

µ0
D
2 lst

n∑
i=1

[(BsriBsti)(θi − θi−1)]

, (7)

where D is the arc length of the integral path, N is the number of arc segments, Bsri and Bsti are the
radial and tangential components of flux density Bs, µ0 is the permeability of vacuum, and (θi − θi−1)

is the radian angle of each arc. Finally, the electromagnetic torque Te can be calculated by the tangential
force Ft [30]:

Te =
D
2

2pFt =
lst

µ0

D2

4
2p

n∑
i=1

[(BsriBsti)(θi − θi−1)], (8)

where p is the number of motor rotors.

3.3. The Mechanical Module

The mechanical module includes two sub-modules: modal identification and vibration prediction.
The modal identification integrates the constrained modal simulation and takes into account the effects
of stator, rotor, shell winding, end cover, bearing, gravity, and assembly stress on the stiffness of the
installed motor. The modal simulation of SRM is developed based on static pre-calculation, and the
dynamic equilibrium equation of its vibration system can be given by((

K f f K f r
Kr f Krr

)
n×n

+

(
S f f S f r
Sr f Srr

)
n×n
−ω2

(
M f f M f r
Mr f Mrr

)
n×n

) {
u f

}
0


n×1

=

(
0
{Rr}

)
n×1

, (9)

where
(

K f f K f r
Kr f Krr

)
n×n

is the prestress matrix,
(

S f f S f r
Sr f Srr

)
n×n

is the stress stiffening matrix,(
M f f M f r
Mr f Mrr

)
n×n

is the mass matrix, and Rr is the binding force vector. The characteristic equation in

Equation (9) can be expressed as (
K f f + S f f −ω

2M f f
){

u f
}
= 0 (10)
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Solving Equations (9) and (10) yields the eigenfrequencies ωi and eigenvectors {ufi} of each order
modes, which respectively correspond to the natural frequencies and modal modes of the vibration
system. The SRM can be simplified to a second-order system, and its input and output are the radial
force Fr and the motor surface displacement x, respectively. The motor surface displacement is the
displacement of the measuring point, which is located on the outer surface of the stator core and
directly above the salient pole of any phase (e.g., phase A), as shown in Figure 4. The generic modal
superposition method [25] is used to predict the system output x, namely

x(s) =
n∑

i=1

Qi
1

s2ζiωnis +ωni2
, (11)

whereωni is the characteristic frequency, ζi = c/2mωn is the damping ratio, and Qi is the gain coefficient
of the ith order mode.

Figure 4. Illustration of the motor surface displacement.

4. Experimental Results and Verification

4.1. Implementation of Simulated and Experimental Platforms

The implementation of the vibration prediction model based on the multi-physics analysis is
illustrated in Figure 5. The controller is built with MATLAB/Simulink (R2017a, the MathWorks, Inc.,
Natick, MA, USA). The information exchange between controller and drive circuit is realized by
S-Function. The speed control module is constructed by the existing module of Simulink. The current
control module, i.e., the drive circuit switch control module, is programmed using the S-Function.
The modeling circuit of the driver circuit module is the same as the actual driver circuit that consists
of IGBT. In addition, the inductance and resistance of the driver circuit are added to the model to
simulate the characteristics of the real circuit. The drive circuit model of SRM is built by the ANSYS
Simplorer (19.0.0, ANSYS, Inc., Canonsburg, PA, USA) and the mechanical module is established
by the ANSYS Structure. The digital controller determines the gate signal generated by the driver
circuit controller, and the power amplifier is driven by controlling the switch of the Insulated Gate
Bipolar Transistor (IGBT). Consequently, an excitation current is generated in the field winding to
form an electromagnetic field. Radial and tangential components of the electromagnetic force are then
transmitted to the mechanical structure for vibration prediction. It is worth noting that the computing
time for the multi-physics simulation depends on the running time we set. On average, it takes about
18 h and 30 min to accomplish the entire simulation process of 0.2 s on a workstation computer (Intel
Xeon E5-1650 3.5 GHz, 64.0 GB of DDR3L RAM, Intel, Inc., Santa Clara, CA, USA, Windows 10 OS,
Microsoft, Inc., Redmond, WA, USA).
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Figure 5. Schematic diagram of the simulation platform.

In general, electromagnetic field simulation of SRMs uses a two-dimensional model. The
two-dimensional model ignores the edge effect of the motor, and the accuracy of the simulation results is
slightly reduced compared to the three-dimensional model [31]. However, the computational efficiency
of the two-dimensional model can be greatly improved compared with that of the three-dimensional
model [32]. Therefore, electromagnetic field simulation is conducted with the two-dimensional
model in this paper. In the two-dimensional simulation of electromagnetic field, it is assumed that
the magnetic field is uniformly distributed along the axis. Meanwhile, the effects of end magnetic
field and external magnetic field on the motor are neglected, and the stator outer ring is set as the
simulation boundary. The main parameters of the SRM in this simulation is shown in Table 1, and the
corresponding material parameters are listed in Table 2. Both stator and rotor of the SRM are laminated
by the silicon steel sheet (Grade 50W470). The shaft material is 10# steel, while the winding material is
copper. The stator, rotor and shaft of the SRM are modeled in the software and their material are set
accordingly. Subsequently, the gap between the stator and rotor is modeled and its material is set to be
air. Eventually, electromagnetic field simulation model can be established, as shown in Figure 6.

Table 1. Main dimension parameters of the model.

Name Value Name Value Name Value

Stator Pole
Number 12 Rotor Pole

Number 8 Coil number 100

Stator outer
diameter 130 mm Rotor outer

diameter 77.4 mm Lamination
coefficient 0.95

Stator inner
diameter 78 mm Rotor inner

diameter 30 mm Rotor pole arc
coefficient 0.355

Stator yoke
height 8 mm Winding

diameter 1.2 mm
Winding
parallel
number

2

Core length 120 mm Rotor yoke
height 7 mm Stator pole arc

coefficient 0.5

Table 2. Material parameters setup in finite element analysis (FEA).

Material Density
(kg/m3) Poisson’s Ratio Young’s Modulus

(Pa)
Shear Modulus

(Pa)

Silicon Steel 7700 0.26 2 × 1011 7.9365 × 1010

Gray Cast Iron 7200 0.28 1.1 × 1011 4.2969 × 1010

Structure steel 7850 0.30 2 × 1011 7.6923 × 1010

GCr15 7830 0.30 2.19 × 1011 8.4200 × 1010
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Figure 6. Electromagnetic field model: (a) structure (b) mesh.

In order to accurately model the structure of the SRM in Figure 1a, the constraints between the
components are determined according to their real assembly arrangements. The modeling methods for
individual components of the SRM are as follows.

The motor frame is fixed to the workbench through bolts, and the actual installation is completed
by the constraints of the bolt holes and the frame surface. Considering the end cover and motor frame
fixed to each other, they are handled as an integration. The stator is pressed into the casing through a
pressing machine and is integrated with the frame. In addition, the stator is fixed to the motor frame.
The winding is fixed to the stator slot by insulating sheets, which has a great influence on the stator
mode and cannot be ignored. The equivalent effect of the windings is explored by changing the density
of the stator material:

ρ̃s =
ρsVs + ρcVW

Vs
, (12)

where ρ̃s is the equivalent stator density, ρs is the stator density (the density of silicon steel sheet), VS is
the stator volume, ρc is the winding density (copper wire density), and VW is the winding volume.

Due to interference fit, the rotor and shaft are fixed to each other. The shaft is fixed to the inner
ring of the bearings and thus it remains stationary between the front and rear end covers. The outer
rings of both bearings are bonded to the front and rear end covers, and the friction coefficients between
the inner and outer rings are set to be 0.0015.

Figure 7a shows the mechanical structure of the SRM and Figure 7b presents its meshing model.
In the mechanical module, it not only includes the influence of the stator (containing iron core,
winding, slot wedge, insulating material, and motor lead), but also fully considers the influence of
rotor(containing rotor shaft and rotor core), end cover, bearing, and other structural components of
the motor on the system modal. Meanwhile, the boundary conditions are set as the constraint of the
movement and rotation of the base of the machine. Based on the simulation results and experimental
data, the material parameters are adjusted to make the mass of the simulation mechanical model
consistent with the actual mass of SRM. In addition, the model is tuned many times according to
experimental results.

Figure 7. Three-dimensional structure of SRM and its meshing model: (a) mechanical structure of the
SRM; (b) meshing model of the SRM.
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To verify the effectiveness of the proposed multi-physics modeling-based method, a 1.5 kW
SRM prototype with the same geometric parameters as the simulation model is utilized to build the
experimental platform, as shown in Figure 8. The control of SRM is implemented in a Digital Signal
Processor (DSP) TMS320F2812 from Texas Instruments (Dallas, TX, USA), which work at a frequency
of 150 MHZ. The current and voltage signals are measured in real time through sensors and data
acquisition card. The rotor position is obtained by an incremental encoder with resolution of 1024.
Meanwhile, the vibration is measured using a piezoelectric accelerometer attached to the housing
surface of the stator core on the radial direction of the A-phase tooth as shown in Figure 8. Therefore,
the measured shell surface vibration can reflect the actual vibration of the motor to the greatest extent.
A 1.5 kW DC motor is used as the mechanical load and can provide a loading ranging from 0 to 20 Nm.

Figure 8. (a) The experimental platform of SRM; (b) the measurement points.

4.2. Simulation and Experimental Results

4.2.1. Analysis of Flux Linkage Characteristics

Based on the established magnetic field module, the flux linkage characteristics of several rotor
angles are analyzed. Considering the accuracy of the position sensor used in the experimental test, the
rotor angle is set from 0◦ (aligned position) to 22.5◦ (unaligned position) with the step increment of
4.5◦. In the Ansys software (Canonsburg, PA, USA), the mesh can be divided intelligently. As can be
seen from Figure 6b, the mesh around the air gap is finer. The exaction current is applied to phase
A windings, and the value is between 2A and 16A, with the increment of 2A. The current density Jz
is obtained by dividing the excitation current and the cross-sectional area of the winding wire. The
magnetic vector distribution is solved by the software solver. The flux linkage data can be obtained
after post-processing. To verify the simulation results, relevant experiments are carried out. The test
procedure is as follows: fix the rotor at the required position, and apply a certain width pulse voltage
to the A phase to make the current rise to at least 16A, then record the current and voltage data; tune
the rotor to 4.5 degrees, repeat the previous operation until the rotor angle is 22.5 degrees, and then
finish the measurement.

The comparison between the simulation results and experimental results is shown in Figure 9. It
is seen that the flux linkage curve calculated by the simulated magnetic field is consistent with the
experiment results, which proves that the magnetic field simulation model of the SRM built in this
paper conforms to the characteristics of the actual motor. Meanwhile, Figure 9 shows that the flux
linkage curve of the SRM is nonlinear, which is related to the rotor angle and current magnitude. When
the rotor is at the aligned position, the flux linkage is the largest, while the flux linkage is smallest at
the unaligned position. Due to the saturation characteristics of ferromagnetic material, the flux linkage
begins to saturate when the current reaches to 6A. In addition, the simulated flux linkage curve agrees
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well with the experimental curve in the rotor position region with smaller flux linkage, but there are
some differences at the regions with larger flux linkage. The difference is manifested in the fact that the
saturation effect of the flux linkage is greater in the experimental measured curve, that is, the slope of
the relationship curve decreases faster.

Figure 9. Flux linkage curve.

4.2.2. Comparisons of the Obtained System Modal Results

The system modal of the SRM is obtained by using the simulation method presented in Section 3.3.
In addition, the sinusoidal excitation method is adopted to acquire the actual system modal. Specifically,
by applying different frequencies of sinusoidal signals to the SRM through exciter, the frequency
response characteristics of the motor are obtained, and the vibration characteristics of the motor are
determined. In the test, the SRM is fixed on the desktop by elastic cotton, and the sinusoidal excitation
force is generated by the exciter (BK 4809, 10N). In addition, the vibration of the shell surface is
recorded and analyzed by the laser Doppler Vibrometer (Polytech PSV-500-3D). Then, the exciter
generates sinusoidal excitation with varying frequencies and scans the vibration response of the motor.
The frequency response of the test points is shown in Figure 10. It is seen that the frequency of the
first four orders are 618 Hz, 1215 Hz, 3022 Hz, 3856 Hz, respectively. The experimental characteristic
frequencies are compared with those obtained by the proposed finite element method, as shown in
Table 3. According to the simulation and experimental results, it is shown that the proposed modal
simulation method based on static pre-calculation achieves high accuracy, and the errors between
predicted and experimental results are within 3.7%. Compared with the results predicted by only
considering the stator, the prediction error of the proposed method is reduced by at least 2.5%.

Figure 10. Frequency domain responses at the test point.
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Table 3. Natural frequency results of FEA and the experimental method.

Mode
Order

Experiment
(Hz)

The Proposed FEA Method FEA Considering Stator Only

Predicted Frequency
(Hz) Error (%) Predicted Frequency

(Hz) Error (%)

1 618 602 2.59 583 5.66
2 1215 1198 1.40 1167 3.91
3 3022 2966 1.85 2885 4.53
4 3856 3999 3.70 3601 6.61

4.2.3. Verification of the Vibration Prediction Model

In order to verify the accuracy of the vibration predictive model, the SRM operates under the
condition of constant torque and speed. Vibration tests were carried out both on the simulation
platform and experimental setup. The drive circuit adopted asymmetric half-bridge power amplifier.
The speed controller adopted a proportional integral (PI) control algorithm, and the current controller
used the hysteresis control method. To begin with, the speed was set as 625 rpm and the load torque
was 2.5 Nm. For the sake of simplicity, the turn-on angle and turn off angle were chosen as 40◦ and
160◦ according to [33]. In addition, the damping coefficient is determined by measuring the attenuation
speed of the motor vibration amplitude after the excitation stops, and the gain of the corresponding
mode is calculated according to the measured damping coefficient. The obtained parameters for the
vibration prediction model are shown in Table 4.

Table 4. Transfer function parameters for Modal 1–4 orders.

Mode Order Frequency Damping Ratio Gain

1 602 0.0109 0.0000453
2 1198 0.0156 0.0000376
3 2966 0.0167 0.0000013
4 3999 0.0172 0.0000292

Since the electromagnetic force acting on the stator is directly related to the phase current, it is
essential to accurately predict the current waveform. Figure 11a shows the comparison between the
obtained current from the vibration prediction model and experimental results. The vibration spectrum
obtained by experiment and simulation is shown in Figure 11b. It can be seen from the current curve
that the experimental current value is not zero at the current turn-off point due to the zero drift of the
current sensor. Although the simulation data and experimental data do not completely match because
of the signal interference of the experimental platform itself, the error of current is relatively small and
within an acceptable range. Simultaneously, based on Figure 11b, it can be seen from the vibration
spectrum curve that the error of vibration magnitude is small, which validated the effectiveness of the
proposed multi-physics modeling-based vibration prediction method.

Then, the speed was set as 1500 rpm and the load torque was 6.0 Nm. The turn-on angle and turn
off angle were also chosen as 40◦ and 160◦. Figure 12a presents the comparison between the obtained
current from the vibration prediction model and experimental results for this case. The vibration
spectrum obtained by experiment and simulation is illustrated in Figure 12b. It can be seen that, with
the increase of speed and torque, the errors between the predicted values and the experimental results
were still within the acceptable range. Consequently, the presented vibration prediction method based
on multi-physical modeling can be utilized for the structural design optimization and control strategy
optimization of SRMs.
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Figure 11. Current and vibration spectrum under simulated and experimental platform with the speed
625 rpm and the load torque 2.5 Nm: (a) current and (b) vibration spectrum.

Figure 12. Current and vibration spectrum under simulated and experimental platform with the speed
1500 rpm and the load torque 6.0 Nm: (a) current and (b) vibration spectrum.
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5. Conclusions

In this work, we develop a novel multi-physics modeling-based vibration prediction framework
for SRM, in which the influence of components including stator, rotor, shell winding, end cover, and
bearing on the system modal and interaction relationship of multi-physical field are fully taken into
account. Through the integration of the control algorithm and the electromagnetic field analysis, the
dynamic distribution of the electromagnetic field can be obtained to calculate the radial force. In the
modal analysis, the influence of the stator, rotor, end cover, bearing and other components of the
motor is fully considered. In addition, data dynamic interaction can be realized between the three
segments, and the vibration data under different control strategies can be acquired in real time. To
verify the proposed multi-physics modeling-based method, comparisons between the numerical and
experimental results have been made. It is shown that the proposed vibration prediction method
is provided with a high prediction accuracy for SRMs. Compared with the experimental results,
the predicted error of vibration magnitude is quite small. Meanwhile, due to consideration of more
components, the obtained system modal by the proposed method is rather accurate and the errors
between predicted and experimental results are within 3.7%. Therefore, the proposed multi-physics
modeling-based vibration prediction method can be applied to the structural design optimization and
control strategy optimization of SRMs.
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