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Interior permanent-magnet synchronous motors (IPMSMs) produce both magnetic and reluctance torques.
The reluctance torque is due to the difference between the d- and g-axis inductances based on the geometric
rotor structure. The steady-state performance analysis and precise control of the IPMSMs greatly depend on
the accurate determination of the parameters. The three essential parameters of the IPMSMs are the armature
flux linkage of the permanent magnet, the d-axis inductance, and the g-axis inductance. In the basic design step
of an IPMSM, the inductance parameters are very important for determining the motor characteristics, such
as the input voltage, torque, and efficiency. Thus, it is very important to accurately estimate the values of the
motor inductances. The inductance parameters of IPMSMs have nonlinear characteristics along the magnet
size because the iron core is saturated by the magnet and armature reaction fluxes. In this study, the induc-
tance parameters were calculated using both the magnetic-equivalent-circuit method and the finite-element
method (FEM). Then the calculated parameters were compensated by the saturation coefficient function, which
was also calculated via the magnetic-equivalent-circuit method and FEM.
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1. Introduction

Inductance parameters calculated via the magnetic-
equivalent-circuit method were compared with those
obtained from the finite-element method (FEM) with a
different magnet size. When configuration of machine is
complex and presence of saturation cannot be neglected,
Magnetic equivalent circuit method is suffered. The d-
and g-axis inductances are calculated by permeance in the
ideal magnetic circuit. The accuracy of this method
depends greatly on the correct determination of saturation
coefficient, which rely on the machine geometry [1].
Linear interpolation was used to compensate magnetic
circuit method for the saturation coefficient.

2. Inductance Calculation

The magnet flux linkage is usually estimated from the
back electromotive force (EMF). It is possible to estimate
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accurate value of magnet flux rotor speed and induced
voltage are measured precisely. However, estimation of d-
axis and g-axis inductances need more careful approach
as it involves saturation and cross-coupling effects. There
are various approaches to estimate d-axis and g-axis
inductances such as magnetic equivalent circuit methods,
finite-element analysis, and experimental measurements
[2].

In magnetic equivalent circuit method, inductance para-
meters are a function of the magnetic width, thickness,
and pole arc ratio. In the following equation, the saturation
effect is neglected [3].

L, = é/uo(kwlNgh)le L :gﬂO(kwINeh)le (1)
d 2 " > g 2 " ’
T pg T pg

where g,”: effective airgap length of d-axis and g,”:
effective airgap length of g-axis.

In FEM, the saturation can be studied appropriately, and
the estimated inductances are fairly accurate. The d- and
g-axis inductances can be obtained from the flux linkage
vector diagram [4].
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Fig. 1. Permanent-magnet variables.
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3. Compensation of the Saturation
Coefficients

The inductances are affected by the magnet width and
thickness. Fig. 1 shows these two variables.

The function of position (x;, y;) is expressed as f{x;
vi))=f;;- This function is calculated from the values of
points A and B, as follows:
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where h: distance between x; and x;; and k: distance
between y; and y;.;.

Saturation coefficient &, is defined from FEM and the
magnetic-equivalent-circuit method as follows:
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Table 1 shows the initial four points that are the base
points for interpolation.

From these points, the following saturation coefficient
functions are obtained:

K% (x, ) =—175.82xy + 66.91x — 1.21y + 1.03
Ko (x, ) = =269.95xy + 105.75x — y + 0.97, (6)

where x =7, and y=w),.

Fig. 2(a) and (b) show the saturation coefficients for the
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Table 1. Initial four points for interpolation.
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Fig. 2. Comparison of the saturation coefficients: (a) S60 core;
(b) SO8 core.

S60 core (saturation level: 1.7 Tesla) and the SO8 core
(saturation level: 1.6 Tesla), respectively.

4. Conclusion

In this study, the inductance parameters calculated via
the magnetic-equivalent-circuit method were compensated
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using the saturation coefficient. This coefficient was
obtained via linear interpolation. Only four executions of
FEM analysis are required to obtain an interpolated
coefficient function. Thus, this method is useful for
determining the magnet size in the basic design step.
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