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Abstract

The Synthetic Frozen Permeability Method in FEA
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H/. As a result, H, for each working point in Alnico is different.
® Finico = Hé_Alm-CO tainico - The equivalent magneto-motive force (MMF) for Alnico will be changed with the
variation of the excitations, consequently, the PM flux linkage calculated by CFPM will cause an error.

of PMs are frozen ** The PM torque components due to the two types of PM can be separated with SFPM considering cross coupling effect, which
provides valuable insights for further design and optimization in HPM-VFM.

n hybrid permanent magnet variable flux machine (HPM-VFM), both high coercive force magnet, e.g. NdFeB, and low coercive force magnet, e.g. Alnico are » Both in fully magnetized state and incompletely magnetized state, the ok —— caicuiated by CFPM o alculated by CFPM
employed. The variable flux is achieved due to Alnico while the torque density is boosted thanks to NdFeB, thus, a wide speed range and high efficiency can be obtained. results calculated by CFPM and SFPM are compared. o5 | —— caloulated by SEEM i ety SN
n HPM-VFM, The dimensions of the two types of PMs not only determine the output capacity, but also influence the magnetization performance of HPM-VFM. For * The sums of the individual flux linkages using CFPM and SFPM are compared g g o
. - . . . . . . . ' ' ' = 0.05 2 0
the design and optimization, the total torque segregation and the PM torque segregation of the two kinds of PMs are needed to examine the actual contribution of them. with the total tlux linkage calculated by nonlinear FEA. % o .
Generally, frozen permeability method (FPM) can separate on-load field components produced by various excitation sources. However, in variable-flux machine, due [ Pe\;f‘:;"gl;‘::::;‘;?;::”‘ ] io.% 005
to the nonlinear magnetic properties of Alnico, the operating point of Alnico changes along with the variation of the load conditions, as a result, conventional FPM (PM + current) o "oy
. . . . . . . . . . . . 0.15 -0.15 |
(CFPM) will cause an obvious error in on-load PM field components. In the proposed method, the recoil line of Alnico is considered and frozen in the finite element N ol
: T : : . : : S d fix th bilit “l 21
analysis (FEA), then the total PM torque and individual PM torques produced by different magnets can be obtained considering cross coupling effects. Finally, the results B ERE P e POIMERRIEY 025 ol v v
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based on the two methods are compared with the value calculated by direct nonlinear FEA. freeze the iron core A'Z%']e)(degree) Ang'eédk‘;g)ree)
Fig. 7 On-load PM flux linkages calculated by two FEMs and nonlinear FEA in:
The REfe renCEd H PM'VFM (a) fully magnetized state (b) incompletely magnetized state.
o o i o Reset PM blocks as air Record the operation point 0351 0.35
hueesin — The Principle of VFM : Machine Topology | ) { (B.H) of the PMs ] e .
process [ NdFeB l 0.25 £ —— calculated by CFPM 0.25 |- calculated by CFPM
I o : ¢ flu% TABLE I ) o . 020 | — calculated by SFPM 0.20 } —— calculated by SFPM
o Dem:%zzz;z;atmn : Q-2 // MAIN DIMENSIONS AND PARAMETERS OF THE REFERENCED HPM-VFM Perform linear EEA with the Assign a new linear demagnetization curve = 81(5) - g 0.15 |-
AL -\ : Parameter Value Parameter Value winding current and to the PMs, which passes through the %, oo ] S 8;2 ]
= A Maximum voltage of a source : Rated power 1 4 kW Rated current 11 A calculate the on-load point(B,H) and with the same recoil 3 000 | £ ool
LU / i ' armature flux linkage permeability of the original PMs’ S 005 [ = 005 L
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1‘: I >0 >0 >1v "E 4 /'y 7/ / \ : Stator outer diameter 142 mm Rotor poles 4 l -0.15 - 0.15 -
“\ ) Eﬂ E L / Induced voltage ! Stator inner diameter 75 mm B, (NdFeB) 13T Set ‘zero’ e the current and perform 222 : 822 ]
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\ > S <«—Magnetic force of | calculate the on-load PM flux linkage 035 oas e e
\ \ / permanent magnet : Stack length 50 mm B, (Alnico) 1.089 T 0 0 20 40 GOAng?g (deé?ge) 120 140 160 180
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; | ]| : / > i , PM whole length 20 mm H. (Alnico) 133 kA/m Fig. 6 Flow chart for the SFPM in FEA nfae)( eoree) (b)
Speed Rotational speed : U
Fig. 1 Principle for extending , , , | @ Both Alnico and NdFeB are tangentially magnetized. € Both in two magnetization states, the value of the on-load PM flux linkage Fig. 8 Sum of the individual flux linkages calculated by two FEMs and the
the torque-speed range Fig. 2. .Volta.ge regulation a.t variable- I Posiive Negative € The magnetization state and direction of NdFeB are calculated by CFPM is lower. total flux linkages calculated by nonlinear FEA in:(a) fully magnetized state
speed in variable flux machine. i Magnetization qunetit%ation constant, while that of Alnico can be adjusted. € The error caused by two CFPM is larger in incompletely magnetized state. (b) incompletely magnetized state.
i direction Irection . . A ..
The PMs are magnetized to high state at low speed region and demagnetized | ¢ To avoid negative d-axis current demagnetizing the . .
correspondingly along with the increase of the speed. I Fig. 3 The topology of the referenced HPM-VFM. Aln.lco, q-a>.<|s f!ux barriers are set to achieve reverse TO rq ue Decom posrtlon
I saliency ratio with Lg> L.
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Operating Process = Two Frozen Permeability Methods | ¢ e | B | fems CFPM___ SFPM___ Nonlinear FEA
: = —— calculated by CFPM = —— calculated by CFPM F sl —— NdFeB T N 5 88 628
A : 2 b —— calculated by SFPM .| —— calculated by SFPM N —— Alnico PM ( m) _ _ _
load 4 I . I . : T 1t ! Trer(NM) 0.22 0.22 -
p ' | To divide the total flux linkage into individual | o R b on ‘10 ¢ 50 . 5
—— Alnico no-load - ‘,.f'_ 12 : components produced by current and PMs T pdeare T T P angeegreey T Pangetegreey totat (NT1) ' ' '
~-=-= NdFeB A LA : | (a) | (b | Dyqiue (%) 6.44 0.31 :
2 = le | e i However Fig. 9 Total torque in: (a) fully magnetized state (b) Fig. 10 The PM torque produced by
L0 & g l » L incompletely magnetized state. the NdFeB and Alnico with SFPM. TABLE1II
N (a) : When the load condition or excitations are changed: _ COMPARISON OF THE AVERAGE TORQUES CALCULATED BY TWO FPMS AND
1 & F AWQB | + The permeability of iron core will be changed * D, ,e is the error between the sum of the decomposed torques by the two FPMs and the total NONLINEAR FEA IN INCOMPLETELY MAGNETIZED STATE
408 Z Ry ' E ; . . . ' 0 i - L o DM Mt oA
S ey |7 ] I * The working point of Alnico will recover along new recaoil line. torque calculated by .nonlln.ear FEA. . _ _ . Items CFPM SFPM  Nonlinear FEA
1 © — [ e The PM torque Tp,, is obtained through the on-load PM field calculation by applying g-axis
v A : PM Top (NT) 434 5.55 -
406 2 |f I\ i | l current only. . 010 010
3 - <0 _ ) , , -
] % I— — i € The results of the separated torque components calculated by SFPM match well with that of ret(N)
rd - 0.4 : The sum of the individual flux linkages due to each excitations nonlinear FEA. Ttotar (NM) 4.64 083 006
7 O Y i is not equal to the total flux linkage at the operating point. € The exact contribution of the two PMs can be seen in Fig. 10, and further optimization of the Dyatue (%) 18.02 3.36 -
e | recoil line air-gap | 0. Ag +A, 2 Ag +Ar : PMs’ dimension will be carried out based on the proportion of the two individual PM torques.
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H| D) 1o ’ Conclusi
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1000 -800 -600 -400 -200 0 Fig. 5 Magnetic circuit model of HPM-VFM in FPM: i ( )| 5y . _ . - . . _
Magnetic field strength, H (kA/m) (a)all excitation (b) PM single excitation (c) current : ** This paper proposes a synthetic frozen permeability method in order to accurately separate the on-load PM field components in the
Fig. 4 B-H curve of the employed Alnico and NdFeB. single excitation. | HPM-VFM which is desighed with nonlinear permanent magnets. Both the permeability of the iron core and recoil line of the PMs are
|
€ The B-H curve of NdFeB is linear, thus its working point only moves along the demagnetization curve. : o M — B pe\;meability of frozen in the proposed method.
. . . : e : - nly the permeability o . : : . :
® The working point of Alnico recovers along the corresponding recoil line and reach a resultant coercive force | O — - oh core and the recoil ne || % The results calculated by SFPM coincide well with the nonlinear FEA, and it is more accurate and reliable than CFPM.
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