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Dynamic Analysis of Interior Permanent Magnet
Motor Based on a Magnetic Circuit Model

Kenji Nakamura, Kenichi Saito, and Osamu Ichinokuvember, IEEE

Abstract—This paper presents a new magnetic circuit model
of an interior permanent magnet (IPM) motor for use in SPICE,
which is the general-purpose circuit-simulation program. The
magnetic circuit model consists of reluctances and permanent Number of winding
magnet magnetomotive-force sources. In the SPICE simulation, a E| wmyphase  : 150 wms
magnetic circuit model of the IPM motor and its driving circuit | Windine resistance/ohase
are coupled by a proper circuit. Using the proposed model, we can < = :0_49‘)9
calculate dynamic characteristics of the IPM motor easily.

Stack length  :45 mm

Index Terms—Dynamic analysis, interior permanent magnet Inertia: 5.4 X 104 kg+m?

(IPM) motor, magnetic circuit model, SPICE. J
|. INTRODUCTION Fig. 1. Schematic diagram of the IPM motor.

N recent years, high-efficiency motors are required in public
welfare and the industrial field. An interior permanent
magnet (IPM) motor has high efficiency and torque because the _t# i % i % i
motor can utilize both magnet and reluctance torque due to the -
magnetic saliency. The IPM motor is widely used for electric
household appliances, OA, and electric vehicles [1], [2]. |
For the optimum design, several papers have reported on the L ﬁ A ﬂ A
analysis of the IPM motors based on a finite element method

(FEM). Most of the papers, however, discussed static charggy »  configuration of the motor-driving circuit.
teristics such as a motor torque and flux distribution [3], [4].

For the dynamic analysis, some papers have reported aboubgig and 4, respectively. The stator has windings concentrated
electrical equivalent circuit of the IPM motor [5], [6]. A”Othefaround each stator pole. The number of winding turns of each

effective solution for the dynamic analysis of the IPM motor 'Bhase is 150. The rare-earth magnet “Nd-Fe-B” is buried in the

utilization of the magnetic circuit model. rotor iron. Residual magnetic flux densiBy. and coercive force
This paper presents a new magnetic circuit modgl of the IPM  of the permanent magnet are about 1.3 T and 1000 kA/m,
motor for use on the general-purpose circuit simulation progragspectively. Fig. 2 is the driving circuit of the IPM motor. In

“SPICE.” First, we obtain the magnetic circuit_m_odel of the IPMpis paper, the rotor angle where the rotor is in the position as
motor based on the fundamental characteristics of the mMotQkown in Fig. 2, is set to®0

Second, we combine the motor magnetic circuit and its driving The |PM motor utilizes both magnet and reluctnace torques

circuit using a proper circuit in the SPICE. We also calculage 1o the variation of reluctance in the magnetic circuit. There-
dynamic characteristics of the IPM motor, including the moto;bre, it is understood that the magnetic circuit model of the

driving circuit. IPM motor consists of reluctances and permanent magnet MMF
sources.
ll. MAGNETIC CIRCUIT MODEL First, we obtain the reluctances of the magnetic circuit model.

Fig. 1 shows a schematic diagram of the IPM motor used Y¥& assume that regions of permanent magnet burying in the

the considerations. The number of poles of a stator and rofgkor iron are the vacuum space. When a current flows through
the U-phase windings under the assumption, the fluxes flow in
_ _ the motor as shown in Fig. 3(a). The magnetic circuit of the IPM
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Fig. 3. Flux flow diagram when a current flows through the U-phase Windindzég' 6. The magnetic circuit model of the IPM motor.
and the magnetic circuit corresponding to it.
Mutual inductanced/,,.,, M,.,, andM,,, are given by
- Lo -
= Myo(0) = > = > Ly cos4k(6 — 4m/3) (2a)
5 k=1
g Ly <
E My () = = = > Ly cos4k6 (2b)
S k=1
L n
1 1 " L L 1 0
e T T Muu(9) = = = > Ly cosdk(f — 27/3).  (20)
Rotor angle (deg.) k=1
Fig. 4. The U-phase inductanda, (6) versus rotor angle curve. When the nonlinearity of core material is n_eglected, the re-
luctances are given by the definition of the inductarce=
(N?/R,,), which is
1.0
N? N? N?
§ 05 Ruv(e) - MU/’J" Ruv(a) - M’ll’U’ Ruv(e) - M’LL’U (3)
E
g 0 where the number of winding turns 8.
= 05 Next, we determine the permanent magnet MMF sources of
the magnetic circuit model. Using the finite-element method
O (FEM) analysis, we calculate the flux, which flows through the
Rotor angle (deg.) stator pole due to the magnetization of the permanent magnet.

Fig. 5 shows the variation of flu¥,,. () passing through the
Fig. 5. Variation of fluxe..... (6) passing through the U-phase stator pole wittU-phase stator pole with rotor angle. The flux is expressed as an

rotor angle. approximate equation, which is

winding for various rotor angles using a FEM analysis. Fig. 4 is Pmu(0) = P sin 20. (4)
the U-phase winding inductandg, (¢) versus rotor angle curve.

The inductance curve can be expressed with Fourier series %sT.he U-phase per’manent magnet MM.F spurm§(0) are
erived by the Ohm'’s law for magnetic circuits

n N2
L,(0)=Lo+ Z Ly, cos 4k0. (1a) Jmu(0) = Riu®mu = L—u(/’mu- %)
k=1
In case of the other phases, the permanent magnet MMF
In case of the other phases, the inductances are given in gb@rces can be obtained as same as the U-phase. Finally, the

same manner as the U-phase, which is magnetic circuit model of the IPM motor is expressed as shown

in Fig. 6.
L,(8) = Lo+ Z Ly, cos4k(8 — 27 /3) (1b) [ll. DYNAMIC ANALYSIS
k:l Fig. 7 shows a flow diagram of the calculation. In Fig. 7,
Luo(0) = Lo + Z Ly, cos 4k(0 — 47 /3). (1c) Whenthe rotorangléis given, the controller determines a tran-
1 sistor gate signal and the exciting current in the motor-driving
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Fig. 7. Flow diagram of the calculations.
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Fig. 8. The electric and magnetic coupled circuit of the IPM motor for the
SPICE simulation.
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Fig. 10. Calculated waveforms of the line voltage and phase current when the

. L . . . load torque is 3.0 Nm.
circuit is calculated. From the fluxes in the magnetic circuit

model and differential of the reluctand® (6)/d¢ and perma-
nent magnet MMFf,..(9)/df, we obtain a reluctance torque IV. CONCLUSION
Tr and magnet torqué,,, respectively. When the load torque

Ty, is given, the rotational speeds calculated based on MOUoNt, - 1se in SPICE. We can easily calculate the exciting current,

equation. The integrgl of rotationa_l speed gives bl rOtor"’.‘shglptorque, and speed. In this paper, we used the FEM analysis to
All above calculations are carried out in the SPICE S'mm"i’Jbtain the inductance. If we can obtain the inductance based on

tion. The torque, motion equation, rotor position, and controll He other methods. we can simulate the dynamic operation of
as shown in Fig. 7, are expressed by the Analog Behavior Mo z IPM motor With,out the FEM

(ABM), which is one of the standard components of the SPIC
Using the ABM, an element can be expressed freely by an arith-

We proposed a hew magnetic circuit model of the IPM motor
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