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ABSTRACT This paper presents a 2-D analysis of synchronous reluctance motors (SynRMs) considering
the end-plate effect. In an electric machine with a laminated steel core, an end-plate is often attached to
the rotor core to support the structural robustness of the machine. End-plates occasionally comprise carbon-
steel, which changes the magnetic behavior of the electric machine. Thus, an electric machine that utilizes
the 3-D finite element analysis (FEA) should be designed to consider the comprehensive magnetic flux
path. However, the application of 3-D FEA for the whole design process is computationally expensive.
Therefore, we proposed a 2-D FEA-based design strategy that can consider the additional magnetic path of
the end-plate for SynRMs. The proposed analysis method was developed based on the magnetic equivalent
circuit analysis and d- and q-axis flux linkage calculation. The effectiveness of the proposed method was
verified by presenting the actual design case of a SynRM and via an experimental study.

INDEX TERMS End-plate, finite element analysis (FEA), magnetic equivalent circuit (MEC), synchronous
reluctance motor (SynRM).

I. INTRODUCTION
In the development of electric machines, 2-D finite element
analysis (FEA) can be used to analyze the electromagnetic
characteristics of the machine owing to its axial symmetry.
However, in cases where the axial symmetry is distorted or
the behavior of the magnetic field cannot be neglected, such
as rotor overhangs, skew structures, and additional peripheral
geometries for fabrication, 2-D FEA cannot guarantee suffi-
cient accuracy. In particular, when a highly accurate analysis
is required owing to strict performance requirements, analysis
errors due to the 2-D technique occasionally cause significant
problems. Hence, 3-D FEA that considers the comprehensive
magnetic behaviors is utilized to achieve high accuracy.

Meanwhile, the end plate, called a clamping or retaining
plate, is used to ensure the structural robustness of the stacked
core of an electric machine [1]–[3]. The end-plate is generally
a solid structure comprising materials such as stainless steel
or carbon-steel. In particular, the end-plate with magnetic
materials can potentially alter the magnetic behavior in the
electric machine owing to the additional leakage and linkage
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paths associated with the magnetic materials. Hence, in the
absence of axial symmetry, 2-D analysis cannot be used—
in other words, 3-D FEA becomes inevitable. However, the
application of 3-D FEA for the whole machine design pro-
cess is computationally expensive, as iterative modeling and
analysis are required.

Several studies have been conducted to analyze the 3-D
structure of the motor with the objective to reduce time in
terms of overhang [4]–[11] and skewing [12]–[16]; however,
only a few studies consider the end-plate effect [3], [17]–[18].

In this regard, an analysis to effectively consider the end-
plate effect of a synchronous reluctance motor (SynRM) is
proposed in this paper. The proposed strategy can be sum-
marized as follows: 1) The d- and q-axis flux linkages are
analyzed via 2-D FEA by neglecting the end-plate effect;
2) a q-axis magnetic equivalent circuit (MEC) is constructed
based on the geometry of the target machine and end plates;
3) the corresponding coefficient based on the MEC model
is derived; 4) the updated flux linkage is calculated using
proposed formulas; 5) the target machine is analyzed via
2-D FEA based on the new flux linkage and its angle obtained
in 4); 6) the q-axis flux linkage and motor performance are
calculated based on the results obtained in 5).
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TABLE 1. Specifications of SynRM.

FIGURE 1. 2-D Analysis of SynRM. (a) rotor analysis model with d- and
q-axis. (b) Magnetic flux density at rated load condition.

The effectiveness of the proposed method is verified to
present the actual design case of the SynRM with the 3-D
FEA and experimental results.

The remainder of this paper is organized as follows: The
detailed methodology of the proposed method is explained in
Section II. The proposed method is validated by presenting
the analyzed results from the design application of an actual
SynRM, which is discussed in Section III. the conclusions of
the study are presented in Section IV.

II. ANALYSIS METHOD CONSIDERING END-PLATE
EFFECT
A SynRM is designed with an air region called a magnetic
flux barrier in the rotor. This barrier is designed to minimize
the leakage of the magnetic flux from the stator; in addition,
the barrier generally has three to five layers depending on the
size, capacity, and ease of manufacture [19]–[23]. To obtain
high-power density, the target SynRM is designed based on
a rotor structure of five layers for a large difference between
the d- and q-axes reluctances.

First, the industrial four-pole 75 kW class SynRM was
designed via 2-D FEA, commonly used in the general design
of radial flux machines. The design details of the motor
are summarized in Table 1, and the magnetic flux density
distribution obtained via 2-D FEA at the rated output power
is shown in Fig. 1.

A. ROTOR END-PLATE
Fig. 2 shows a typical rotor assembly of a SynRM comprising
a lamination core, a shaft, and an end-plate. The end-plate is

FIGURE 2. Rotor structure of SynRM with end-plates.

TABLE 2. Analysis and test results of SynRM.

crucial for ensuring a tight bonding of the laminated rotor.
The structural component occasionally affects the electro-
magnetic performances of the rotor that comprises magnetic
materials such as carbon-steel. Because the structure makes
the analysis model lose the axial symmetry, a 3-D analysis
becomes inevitable.

The analyses and experimental results of a 75 kW class
SynRM with the end plates comprising carbon steel are
summarized in Table 2. The 2-D FEA results, wherein the
end-plate effect is not considered, exhibits the lowest input
current and the highest efficiency at the required torque.
However, the results of 3-D FEA and experimental measure-
ments exhibit a remarkable difference from the 2-D analysis
results, as summarized in Table 2. Even though 3-D FEA
and experiment results corresponded well, the analysis time
for a single case exceeded ten hours. Hence, a rapid analysis
method that can be applied for the whole design process has
been developed in this study.

B. OBSERVATION OF MAGNETIC FLUX BEHAVIOR
Fig. 3(a) shows the distribution of the magnetic flux density
of the SynRM at the rated input condition, which is analyzed
via 3-D FEA. The flux path in the end-plate was observed
to cause distortion in the intended flux and leakage paths.
In detail, two analysis models, where the d- and q-axes
currents are separately excited, are generated by dividing the
rated current and phase angle. Figs. 3(b) and (c) show the
magnetic flux behaviors of the end-plate by d- and q- axis
respectively.

The magnetic flux caused by the d-axis current passes
through the core region of the rotor. However, the magnetic
flux caused by the q-axis current crosses the flux barriers
which have high reluctance. Therefore, the magnetic flux
caused by the q-axis current flows toward the end plate where
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FIGURE 3. 3-D Magnetic flux density of the SynRM end-plate: (a) at rated
current. (b) with only d-axis current. (c) with only q-axis current.

FIGURE 4. Flowchart of the proposed analysis method.

the reluctance is relatively smaller, and the magnetic flux
density of the end plate is saturated. Overall, the end-plate
significantly affects the q-axis magnetic circuit and reduces
the system reluctance by the parallel flux path.

C. PROCEDURE OF THE PROPOSED ANALYSIS METHOD
To rapidly analyze the SynRM considering the end-plate
effect, an analysis strategy based on the q-axis MEC and 2-D
FEA was developed. The overall procedure of the proposed
method is shown in Fig. 4. The detailed description of each
step is as follows:

1) 3-D FEA OF BASIC MODEL WITH END PLATE
First, the 3-D FEA of the SynRM basic model reflecting the
end-plate is performed. At this time, analyze for a short time

step because it is to check the effect of the leakage magnetic
flux. Then, the saturation region of the end plate by the q-axis
current is analyzed.

2) ANALYZING SynRM BY 2-D FEA
First, the target machine is analyzed via 2-D FEA, neglecting
the end-plate effect. This result will be adjusted in the subse-
quent steps.

3) CONSTRUCTING Q-AXIS MEC
As described in Section II.B, because the end-plate consider-
ably influences the q- axis flux path of SynRM, q-axisMEC is
required. In this section, the end-plate effect when applying a
q-axis current is analyzed throughMECmodeling of the rotor
core and end-plate of SynRM.

Fig. 5 (a) schematically shows the q-axis magnetic flux
path formed toward the end-plate and rotor core side of
generated from the stator when the q-axis current is applied.
As shown in Fig. 5 (b), this magnetic flux path can be rep-
resented by a parallel system of the reluctance Rep, which
passes through the end-plate side and the main magnetic
path, Rmain passing through the rotor core side. Therefore,
the change of the q-axis inductance can be estimated accord-
ing to the presence or absence of the end-plate by calculating
the reluctance ratio of Rmain and Rep.

First, to show the calculation process of Rmain, the shape
of the rotor core and corresponding design parameters are
shown in Fig. 6 (a). The rotor core comprises a five-layered
air barrier, center-post, and bridge structure to withstand the
stress during rotation. The center-post and bridge region are
designed to be as thin as possible to minimize leakage flux;
thus, they operate close to completemagnetic saturationwhen
the load current is applied. Hence, the center-post and bridge
can be treated the same as the air region for constructing
the MEC model. The q-axis MEC representing the flux path
through the rotor core can be represented as shown in Fig. 6
(b). Here, Rbi1 and Rbi2, which represent the reluctances of
the i-th layer, can be calculated by (1)–(2) based on the design
parameters expressed in Fig. 6 (a). Finally, the total reluctance
Rmain can be calculated by (3).

Rbi1 =
2ti

µ0(wii1 + wii2)lst
, (1)

Rbi2 =
2ti

µ0(woi1 + woi2)lst
, (2)

Rmain =

2
∑
i
Rbi1

∑
i
Rbi2∑

i
(Rbi1 + Rbi2)

, (3)

where the corresponding shape parameters are represented
in Fig. 6.

Next, the configuration of Rep representing the magnetic
flux path of the end-plate side and the corresponding design
parameters are illustrated in Figs. 7 (a) and (b). The magnetic
flux path due to the q-axis current bypassing the end-plate can
be divided two major reluctance components: Rqr and Rqc.
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FIGURE 5. Theq-axis MEC modeling of the SynRM: (a) rotor structure and
linkage flux path. (b) q-axis MEC.

FIGURE 6. q-axis MEC modeling of the rotor core: (a) rotor structure and
corresponding design parameters. (b) the q-axis MEC.

The Rqr represents the reluctance of radial path through
the center rib, and Rqc is the reluctance of circumferential
path forming through the outer surface of the end-plate.
Both reluctances include air regions due to saturation of end-
plate, as shown in Fig. 7(c). In this case, assuming all the
flux paths are saturated, the permeability of these flux path
can be regarded as µ0. Each of lumped components can be
calculated by (4)–(7) based on the geometry.

Rqr,plate =
wr

µ0hdr
, (4)

Rqr,air =
wa

4µ0h(s1 + s2)
, (5)

Rqc,plate =
wc

µ0hdc
, (6)

Rqc,air =
s1 + s2
2µ0hwa

, (7)

where the corresponding shape parameters are represented
in Fig. 7.

Then, the total reluctance of the end-plate by q-axis current
can be calculated by (10).

Rqr = Rqr,plate ‖ Rqr,air , (8)

Rqc = Rqc,plate ‖ Rqc,air , (9)

Rep = 2(Rqr ‖ Rqc). (10)

4) DERIVING THE CORRECTION COEFFICIENT FROM THE
MEC ANALYSIS
Because the end-plate and the laminated core are located
in the axial direction, the reluctance is formed in parallel,
as shown in Fig. 5. Here, the correction coefficient kep is
derived based on the end-plate reluctance Rep and the reluc-
tance Rmain of the rotor core, which were previously calcu-
lated via the MEC analysis. The magnetic flux generated by
the stator current passes through the air gap and is divided by
the reluctance ratio of the rotor core and end-plate according
to the magnetic flux divider’s law. Finally, the correction
coefficient kep is defined as the reluctance ratio by (11) to
consider the 3-D effect according to the presence or absence
of the end-plate.

kep =
Rmain

Rmain + Rep
. (11)

5) CALCULATION THE UPDATED FLUX LINKAGE
The q-axis flux linkage λq is updated by (12) and (13) with
the flux linkage obtained by the 2-D analysis and the kep.
Then, the magnetic flux phase angle θ0 is calculated by (14),
as illustrated in Fig. 8. Since the updated q-axis flux linkage
also affects the total flux amount, a new total flux value is
derived by (15) with the d-axis flux linkage λd .

1λq = λq(1− kep), (12)

λ∗q = λq +1λq, (13)

θ∗0 = arctan(
λ∗q

λq
), (14)

8∗0 =

√
λ∗2q + λ

2
d . (15)

6) CALCULATING Q-AXIS FLUX LINKAGE AND MOTOR
PERFORMANCE
From the analysis result obtained in 4), the d-axis flux linkage
is extracted. Finally, output torque property can be calculated
by (16)–(18), where Np, Ld , Lq, id , and iq, represent the
number of poles, d-axis inductance, q-axis inductance, d-axis
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FIGURE 7. q-axis MEC conceptual diagrams of the end-plate:
(a) reluctance of end-plate structure. (b) reluctance of air region.
(c) q-axis MEC.

FIGURE 8. Phase diagram of the q-axis flux linkage.

current, and q-axis current, respectively.

L∗q =
λ∗q

Iq
, (16)

Ld =
λd

Id
, (17)

FIGURE 9. Application of the proposed method in the entire design
process.

T =
3
2
Np
2
(Ld − L∗q )id iq. (18)

D. APPLYING TO ENTIRE DESIGN PROCESS
Fig. 9 shows the application of the proposed method in the
entire design process of the motor. The output power is the
most important performance to be considered in the motor
design. In particular, several design candidates need to be
analyzed in the SynRM design process because the compli-
cated geometry of air layers must be considered. From this
perspective, the proposed method can partially replace the 3-
D FEA, as shown in bold in Fig. 9.

Consequently, the iterative design process to obtain the
designs, which satisfy the required output torque, can be
realized 2-D based analysis. Hence, the design time can be
significantly reduced.

III. RESULTS
To verify the proposed method, analyses with three different
load conditions were performed and compared. The load con-
ditions were set to 100%, 75%, and 50% of the rated current.
In addition, to verify the applicability of the maximum torque
per ampere control method, predominantly usedwhen driving
SynRM with maximum efficiency, the torque characteristics
according to the current phase angle were analyzed. At each
load condition, three different analyses were conducted:
1) 2-D FEA with neglecting the end-plate, 2) 3-D FEA,
and 3) the proposed analysis method. The test bench for the
experiment of SynRM is shown in Fig. 10.

Table 3 compares the results of the analyses. The 2-D FEA
results show much higher torque performance at all analysis
conditions since the end-plate effect was neglected. However,
the results of 3-D FEA agree well with those of the pro-
posed 2-D method, exhibiting differences of 2.0%, 5.0%, and
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FIGURE 10. Test bench for the experiment.

TABLE 3. Analysis results at three different current conditions.

TABLE 4. Analysis and test results at rated output power.

6.5% at 100%, 75%, and 50% current conditions. Because
the proposed method assumes the magnetic flux saturation,
the higher accuracy appeared at the higher current conditions;
some differences occur at low loads. However, a computa-
tional advantage of the proposed method is confirmed; this
method completes the analysis in only a few minutes, unlike
3-D FEA, which consumed several hours.

Finally, the current and torque characteristics at the rated
output of the target model were analyzed to compare the
analyses with the test results, as summarized in Table 4.
In conventional 2-D FEA, the required torque was obtained

with the lowest current because the end-plate effect was
not considered. In contrast, the results of 3-D FEA and the
proposed method agree well with the experimental results,
at the same output power with a difference of less than 1.9%
with respect to current.

IV. CONCLUSION
This paper contributes to the rapid and effective design for the
SynRM with an end-plate structure. The proposed analysis
methodology was developed based on the q-axis MEC, 2-D
FEA, and the flux linkage adjustment process. In addition,
we present the entire design process using the proposed
method. The method was validated by comparing analysis
results with the 3-D FEA results for three different load con-
ditions. Because the computational cost can be remarkably
reduced, the proposed analysis method can be widely used as
an effective design strategy for electric machines.
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