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Abstract: Modern road vehicles are more and more often being equipped with electric actuators.
These are intended to play critical roles in passengers comfort and safety. Among the electrified
components onboard road vehicles, one can distinguish electric power steering (EPS) systems, which
have been the subject of intensive investigations covering both design and control aspects. The
abilities of several AC motor topologies to fulfil the EPS systems’ requirements have been assessed
by a large scientific community in both academia and industry. The present work was aimed at
the prediction of the electromagnetic features of the flux-switching permanent magnet machines
(FSPMMs), with an emphasis on the air gap flux density. The latter was firstly formulated while

neglecting the slotting effect at both sides of the air gap. Then, stator and rotor permeance functions,

check for

taking into account the slotting effect and the PM flux concentrating arrangement, were incorporated
updates

. i . into the derived flux density spatial repartition. Moreover, the accuracy of the latter was improved
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saturation. The last part of the paper presents a simple approach to enhance the developed torque of
FSPMMs in an attempt to meet the EPS requirements.
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Zi-Qiang Zhu and Qinfen Lu 1. Introduction

Until four decades ago, electrical AC machines were designed accounting for the fact
that they were intended to be grid-connected. This led to the well-known conventional
machines (induction and DC-excited synchronous machines) in which the stator windings
are sinusoidally distributed in slots around the air gap so as to couple optimally with the
grid sinusoidal supply. Starting from the 1980s, the emergence of power electronic convert-
ers removed the need for that concept as the basis for machine design. A new approach
assumes that the best machine design is the one that simply produces the optimum match
between the electrical machine and the power electronic converter. This has led to the
so-called converter-fed machines. Much attention is presently focused upon the design
of new converter-fed machines in which many conventional rules are rethought, such as
(i) making multi-phase rather than three-phase machines, (ii) changing the winding shape
and arrangement, (iii) changing the magnetic circuit material and geometry, (iv) changing
radial, axial or circumferential flux paths, (v) opting for dual excitation in the stator rather
than in both sides of the air gap and so on.

Due to this trend, many converter-fed machine topologies have been introduced and
are currently under investigation. Among these, one can distinguish the flux-switching
permanent magnet machines (FSPMMs). They were introduced in [1], where a procedure
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dedicated to the design of flux-switch alternators is presented. It covers candidates char-
acterized by a rated power ranging from 100 to 5000 W and a rated speed ranging from
10,000 to 50,000 rpm.

Since the works of Rauch and Johnson [1], much interest has been addressed to
FSPMMs due to their robust and passive rotors. In [2], Hua et al. treated the optimization
of the rotor pole-arc of a FSPMM equipped with 12 stator teeth and 10 rotor poles, in an
attempt to minimize the harmonic content of its back-EMF. In [3], Gysen et al. proposed a
model of flux-switching permanent magnet machines based on the Fourier expansion of
the air gap flux density. The proposed model enabled the prediction of the electromagnetic
torque, whose finite element analysis (FEA) validation revealed some discrepancies. In [4],
Wang et al. initiated their work with an investigation of the origin of the cogging torque
exhibited by FSPMMs. Then, they proposed a design approach, based on teeth notching,
to reduce the cogging torque. In [5], Yan et al. investigated the cogging torques of single
and three-phase transverse-flux FSPMMs. They found that the ratios of stator and rotor
core circumferential widths to pole pitch are the key parameters to the minimization of
the cogging torque. In [6], Wu and Zhu investigated the effects of the modulation of
rotor saliency and magnetic gearing on the torque production of FSPMMs, considering
different armature winding arrangements and stator lamination segment geometries. In [7],
Zeng et al. developed a permeance-magnetomotive force model of FSPMMs that enables
the derivation of the the air-gap flux density produced by both stator excitations (PMs
and AC current fed armature). An analysis of the harmonic content of both air-gap flux
density components has revealed several effective harmonic pairs which share the same
rank and rotational speed. In [8], Zhao et al. treated the analysis and reduction of PM eddy
current loss in a four-phase FSPMM. The contribution to the PM eddy current loss of each
effective harmonic of the air gap flux density was identified. Then, the effectiveness of two
concepts of flux barriers in the rotor magnetic circuit to reduce the PM eddy current loss
was proven. However, this led to a reduction in the torque and may compromise the rotor’s
mechanical robustness. In [9], Hu et al. derived the so-called improved sub-domain model
of FSPMMs. It is based on the identification of the major harmonics of the flux density in
each sub-domain thanks to the incorporation of a permeance function of the air gap. In [10],
Zhu and Xu presented the design and performance assessment of a bearingless FSPMM.
The proposed concept is equipped with a torque winding and a suspension force in the
armature. Special attention has been paid to the reduction of the cogging torque considering
the PM chamfering technique. In [11], Wu et al. investigated a dual stator single rotor
DC-excited FSPMM. It is equipped with an armature in the outer stator and a field in the
inner one. The rotor is made up of iron pieces linked by iron bridges. Special attention
has been paid to the investigation of the effect of the rotor iron bridges on the back-EMF
induced in the field. In [12], Chen et al. introduced a FSPMM equipped with an auxiliary
set of PMs inserted in pairs of notches located in the stator teeth. The additional PMs
enabled an improvement in the torque production with an increase in the average value
and a reduction in the ripple. However, it should be underlined that that was achieved at
the expense of an increase in the cost and the complexity of the manufacturing process.

From the above literature review, it is clear that, in spite of the dense harmonic
content of their flux density spatial repartitions, FSPMMSs could exhibit a low ripple torque
capability, especially in notched teeth designs. Moreover, the high mechanical robustness
of their rotors, the high fault-tolerance of their armature windings, and the simplicity of
their control make them viable candidates for electric power steering (EPS) applications.
Basically, as the key actuator in an EPS system, the electric motor converts its input electric
power into the mechanical power demanded for the steering maneuvers. The requirements
for the electric motor in an EPS system are similar to those in servo motor applications,
which has to fulfill a high torque/power density, achieved with low inertia, low torque
ripple, improved compactness, high fault-tolerance, and safety. Regarding the latter, safety
requirements demand that the steering functionality moves from fail-safe to fail-operational
for highly automated systems such as the steer-by-wire concepts.
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EPS motorization has been the subject of intensive investigations during the past
decades. In [13], Bianchi et al. proposed a fault-tolerant interior permanent magnet (IPM)
motor dedicated to electric power steering. It consists in a redundant concept that combines
two motors on the same shaft. In [14], Saha et al. treated the optimization of a spoke
type brushless AC motor in order to reduce the cogging torque and then to meet the
requirements of EPS systems. In [15], Liu et al. proposed a tubular linear electromagnetic
set composed by a MP motor and a magnetic gear dedicated to the EPS system applications.
In [16], Park et al. compared three shapes of the surface-mounted PMs of a motor dedicated
to EPS applications. It has been found that the reduction in the torque ripple is allied
to a loss in the average torque. In [17], Yang et al. proposed and compared dual three-
phase SPM and IPM fractional-slot machines which are fail-operational for safety critical
applications, such as steer-by-wire SPM applications.

To the authors” knowledge, no previous work regarding the feasibility to equip EPS
systems with FSPMMs has been reported in the literature. The present work proposes a
simple approach to improve the torque production capabilities of FSPMMs in an attempt
to meet the EPS requirements. It consists of injecting harmonic currents generating torque
components that cancel the ones acting as brakes among those resulting from the funda-
mental current. Prior to doing so, special attention is paid to the analytical prediction of
the air gap flux density. Such a prediction is initiated assuming smooth stator and rotor.
Then, the slotting effect and the PM concentrating flux arrangement are taken into account
by the incorporation of stator and rotor permeance functions. Moreover, the accuracy of
the predicted flux density spatial repartition is improved using two dedicated correction
functions that take into account the rotor position and the magnetic saturation.

2. Analytical Formulation of FSPMM Features
2.1. PM Air Gap Flux Density

For the sake of simplicity, let us assume that the rotor of the FSPMM has a smooth
surface (slotless rotor). The radial component of the air gap flux density created by the
stator PMs in the middle of the air gap, Bpym(6), could be deduced from the air gap
magnetomotive force distribution Fpys(6). The latter is expressed in the form of a Fourier
series expansion as follows:

[ee]

Frm(0) = n:1235 M(n) sin(nps0) 1

where 6 is the mechanical angle described along the airgap and p; is number of PM pairs

which is the half of the number of the stator slots N;, and M(#n) is expressed as follows:

4 M «
M(n) = E% cos(nps%> 2)

where Mpy, is air gap magnetization vector due to the PMs, with:

B Wi
MPM _ r PM

= orom 2 g) 3)

where:

. By, uppm, and Wpy are the magnet remanence, relative permeability, and width, re-
spectively;
*  «pp is the angular PM width at the air-gap stator inner border;
*  g¢is the air gap thickness, with ¢ = Rj;;1s — Rextr-
The above-described and other geometrical parameters involved in the air gap flux
density formulation are identified in Figure 1.
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Figure 1. Half of the cross-section of the FSPMM under study.

2.2. Permeance Functions

For the sake of an accurate prediction of the air gap flux density, permeance functions
are considered to account for the stator and rotor saliency. Then, the expression of Bpy(6)
is deduced from Fpy(0) as follows:

Bou(0) = L Fou@) @

where A is a permeance function that varies according to the considered saliency (or
saliencies).

2.2.1. Stator Permeance Functions
Permeance Function Accounting for the Slotting Effect

Accounting for the slotting effect, A;(0) is a static permenance function that depends
only of the spatial position 0:
n=oo
As(0) = ¥ As(n)cos (ans (9 - %)) + Bs(n) sin (ans (9 — %)) 5)

n=1

where Ag(n) and B,(n) are expressed as follows:

As(n) = —412”1232 (1 + cos(2nmSy) — Sir&gﬁ?g?))
’ (6)
Ri, 1—cos(2n7S,) .
Bs(n) = 4Ps7t152 ( ??5551:)” r) —sm(27‘er))

where S, is the stator slot opening to the slot pitch ratio.

Permeance Function Accounting for the PM Flux Concentrating Arrangement

In the manner of A,(#), the second stator permeance function takes into account the
PM flux concentrating arrangement, denoted A, (8), is static and depends only of the
position 6:

Apm(6) = n:goAPm(”) cos (2"Ps <9 - TS_;PM>> + Bpm(n) sin (ans (9 — TS_;PM)> (7)
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where Ay, (1) and By, (n) are expressed as follows:
B Rints sin(2n7tSpm )
Apm(n) - _4psn2 1 +COS(2”7TSpm) - W (8)
Ry (1 —cos(2nmSym)) .
Bpu(n) = ap? (7S pm) —sin(2711Spm )
. . . . ApM
where Sy, is the PM opening to the slot pitch ratio —
S

2.2.2. Rotor Permeance Function

The rotor permeance function varies with the position 0 in the air gap and the rotor
one 6,:

Ar(6,60,) = ?Ar(n) cos(npy(6 — 6,)) + By(n) sin(np,(6 — 6,)) ©)

where p, is the number of the rotor poles which is equal to the number of the rotor teeth
N;, and A,(n) and B,(n) are expressed as follows:

A(n) = — 2R€x”2 <1 + cos(2n7tR,) — 781?1(12;g1§7) )
Reft:n (1 —cos(2nmR,)) . r (10)
B,(n) = 2p ( (1R, - 51n(27mRr)>

where R; is the rotor slot opening to the rotor slot pitch ratio.

2.3. Improvement of the Accuracy of the PM Air Gap Flux Density Prediction

Beyond the permeance functions, the sharp double saliency of FSPMMs makes nec-
essary the incorporation of two correction factors in the formulation of the air gap flux
density, in order to account for: (i) the rotor position and (ii) the magnetic saturation.

2.3.1. Correction Allied to the Rotor Position Variation

Under the assumption of a slotless rotor, the flux generated by a stator PM flows
according to the path illustrated in Figure 2a. In this case, the rotor position dependent
correction function, denoted Ky, is equal to unity.

(a) (0) (c)

Figure 2. Flux tube surface in the air gap (hatched in blue). Legend: (a) Case of a slotless rotor,

(b) position of minimum flux linkage (PM in the stator facing the middle of a slot in the rotor),
(c) position of maximum flux linkage (PM in the stator facing the middle of a rotor tooth).

Accounting for the rotor slotting effect, the correction function is first formulated for a
given tooth (j) having a spatial position 6; as follows:

kr]. (60r, 9]) = kyo + kyp1cos(prbr + Nggj) (11)

where Ny is the greatest common divisor of (N;, Ng).

Two phenomena resulting from the rotor slotting are illustrated in:
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e  Figure 2b,c: narrowing of the flux tube surface within the air gap;
¢ Figure 2b: stator leakage fluxes taking place in both extremities of each PM.

Considering the rotor extreme positions illustrated in Figure 2b,c, the correction
function k;; takes the following limits, respectively:

CfPM(l - (/:,\fPM)(ath - D‘pm)Rints

Kruin = (Ts — &s) Rings — (Tr — &7 ) Rextr (12)
k, (“th - ’Xpm)Rints
e (erRextr - “PMRints)
where:
Rslot - Rints
CfPM B Rexts — Rints (13)
E?PM = 2880
Wemlg +288Mm
where:
- lg = Rygs(Sr =50 &= [xr))
2 (14)
M = Rints — R;xtr

Considering the two sides of teeth (j) and (j + 1), sandwiched between two successive
PMs, a correction function, noted as K, (6, 0]-), is formulated using kr], and kr(f 11y, @S follows:

. & ~ o N
K (6y,0;) = Ko(j) + )133 Kym(n, f) s1n(n75Ng9,) (15)
n=1,3,...
where:

Ko(j) = ki, Or.6) + krz(fﬂ) (0r,0(j11))

(16)
. 2<k7j(9“ 91) - kr(j+1) (9”6(j+1)))
Kim(n,j) =
mn
Finally, the vector of the rotor correction functions, denoted Ky, is given by:

KRr(6y) = [Ke(6r,01) o oovvnnnnnn () PP K;(6r,0N,)] (17)

2.3.2. Saturation Correction Function

Referring to Figure 2b,c, one can expect that both rotor and stator teeth will be locally-
saturated within the air gap, and specificity in these extreme positions of the rotor will be
characterized by similar saturation levels on both sides of the stator tooth.

Except in these particular positions, the two stator tooth sides have different saturation
levels, leading to different saturation correction factors. For the sake of their prediction,
two sets of tooth side are distinguished: (i) the sides facing the outside of the PMs and
(ii) the sides facing inside in the PMs. Consequently, two saturation correction functions,
denoted k;; and ks, have been considered for each stator tooth. These function vary with
respect to the tooth spatial position 6; and with the rotor one 6;, as follows:

where 0, are the initial shifts of the two tooth sides.

The analytical prediction of the no-load air gap flux density should take into consideration:

¢ The nonlinear behavior of the iron due to the magnetic saturation which is commonly
accounted for using the B-H curve,
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*  The deformation of the flux tube within the air gap due to the fringing effect, as
illustrated in Figure 3.

a

N
~U

Figure 3. Flux tube deformation within the air gap: the fringing effect.

The flux tube deformation caused by the fringing could be accounted for, considering
a surface coefficient Cs, which is expressed as:

B
Cs= -2 = ! (19)

B,‘ 2g
1+ <0<th - IXPM)

For a given tooth (j), a correction function K (6,, Gj) is built up considering kg; (i = 1,2),
as follows:

Ks(0,0) = Ko() + L Kon(n,f) sin(n 2 Ng6,) j=1...Ns (20)
n=1,3,...

where:

ks1(0,0;) + ks (6, 0:
G = b8 el
(21)
. 2(ks1(0,0;) — ks (6;,0;
Ksm(’”l/]) _ ( sl( ])7'[1/1 52( r ]))
Finally, the vector of the saturation correction functions, denoted Kg, is expressed
as follows:

Ks(6,) = [Ks(6r,61) .. ovnenn. .. Ks(B,6)) coeevvennn Ks(6,,0n.)] (22)

2.4. Armature Magnetic Reaction
Let us consider a three-phase balanced current supply feeding the armature phases:

iﬂ(er) = lmax Sin(p”Q”t + (5) = Iyax Sin(er + 5)
lb(er) = Imax Sin(prQT’t + 6 — 2%) - Imux sin (9r + o — 2?71’) (23)
ie(0r) = Dnaesin(pr Ot +5+2L) = Lugcsin(0r+0+ 27

where (), is the rotor speed, and where ;4 and 4 are the current maximum value and
initial phase.
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The Fourier expansions of the resulting MMEF spatial repartitions of the armature
phases are expressed as:

Fa(0,6,) = Y Neia(6,)F(n)cos(2nN,0)
1

Fy(6,6,) = ¥ Neip(6,)F(n) cos(2nNgd — 2F) (24)
1

Fo(6,0) = L Neic(6)F(n)cos(2nNgd + 2F)
1

where N, is the number of turns per armature coil and where F(n) is the normalized
armature MMF amplitude:

: T
o sin (nj ,B)
F(n) = ————=~ 2
() = = — 25)
where B is the coil pitch to the armature pole pitch T, ratio:
B~ L (26)

Ta

Finally, one can formulate the Fourier expansion of the armature magnetic reaction,
denoted B, (0, 6,), as follows:

Ba(0,0r) = —5—(Fa(0,01) + Fu(6,6,) + Fe(6,6,)) (27)
g+ tot

where Ao is the total permeance:
Atot = As + Apm +Ar (28)

2.5. Torque Formulation

The developed torque T; can be formulated as follows:
Ty = Tem + Tc (29)

where T,;;, and T, are the electromagnetic and cogging torques, respectively.
Referring to [7], FSPMMSs exhibit almost similar direct and quadrature inductances.
Hence, their electromagnetic torque is limited to the synchronizing component [18,19]:

(Rexts - Rints)laBm i
op q

Tom = 3kwkuNrNch< (30)

where:

* By is the equivalent no-load air gap flux density;

. I, is the active length of the machine;

*  Nj is the number of coils per phase;

*  ky is the winding factor;

*  k, and o0y are the permeance correction and leakage flux factors, respectively, [18];
* i, is the armature current quadrature component.

The cogging torque T, prediction is based on the co-energy W, which is expressed as:

1
W:—/Bz av 31
2ng Jy PPM (31)

where V is the volume of the air gap.
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The cogging torque is formulated as follows [4]:

_IW
aGr

T. = (32)
3. Case Study

The design parameters and the geometrical ones (identified in Figure 1) of the FSPMM
under study are listed in Table 1. The analysis treated hereunder considers two cases: (i) the
case where the magnetic saturation is not taken into account and (ii) the case where the
magnetic saturation is taken into account.

Table 1. Design and geometrical parameters of the FSPMM under study.

Parameter Symbol Value
Number of phases q 3
Number of stator slots N; 12
Number of rotor slots N, 10
Number of coils per phase Np 4
Number of turns per coil N, 120
PM remanence B, 11T
PM relative permeability UPM 1.04457
PM width Wpm 2.5 mm
Stator outer radius Ryt 67 mm
Stator inner radius Rints 35.8 mm
Stator slot radius Rsio 59.7 mm
Rotor outer radius Rextr 35.3 mm
Rotor slot radius R, 34.8 mm
Stack length Iy 100 mm
Stator slot pitch Ts 30°
Rotor slot pitch T 36°
Stator tooth opening X 25.2°
Stator slot opening K 4.8°
Stator PM opening Xpym 4°
Rotor tooth opening oy 16.92°

3.1. Analysis Assuming a Linear Magnetic Circuit

The analytical prediction of the flux density created by the PMs in the airgap Bpy(0),
with just the stator slotting effect taken into account (A = As) and without any correction,
led to the spatial repartition illustrated in Figure 4. The same figure shows a 2D FEA
validation of the analytically-predicted spatial repartition considering a slottless rotor.
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2F SRR, ——FEA - - - Analytical TR

Air gap flux density (T)

» ; ; ; ; ;
0 1 2 3 4 5 6
Mechanical angular position (rad)

Figure 4. PM flux density spatial repartition with the stator slotting effect taken into account,
assuming a slottless rotor, and without correction.

The analytical prediction of the flux density Bpys(6), with the stator and rotor per-
meance functions taken into account (A = As 4 A;) and without any correction, led to the
spatial repartition illustrated in Figure 5. The same figure shows a 2D FEA prediction of
Bpp(0). From the analysis of these results, one can notice remarkable disparities between
the analytical and FEA spatial repartitions in some peak values.

——FEA - - - Analytical

Air gap flux density (T)

0 1 2 3 4 5 6
Mechanical angular position (rad)

Figure 5. PM flux density spatial repartition with the stator and rotor slotting effects taken
into account.

The analytical prediction of the flux density Bpys(6) for different positions of the rotor,
with the stator and rotor permeance functions and the rotor position correction function
taken into account, led to the spatial repartitions illustrated in Figure 6. The same figure
shows a 2D FEA validation of the analytically-predicted spatial repartitions. One can notice
a good agreement.
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Mechanical angular position (rad) Mechanical angular position (rad)
(c) (d)
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S 05) ) 1 S 05
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= 0 i R = 0
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L] k]
< -1 < -1
-1.5} -1.5f
) L h L . 2 .
0 1 4 5 6 0 4
Mechanical angular position (rad) Mechanical angular position (rad)
(e) ()

Figure 6. PM flux density spatial repartitions for different rotor positions, with the stator and rotor
permeance functions and the rotor position correction function taken into account. Legend: (a) 6, =0°,
(b) 6, =5.4°, (c) 0, =12.6°, (d) 0, = 18°, (e) 6, =23.4°, (f) 6, = 30.6°.

3.2. Analysis with the Magnetic Saturation Tnken into Account
3.2.1. PM Air Gap Flux Density

The analytical prediction of the flux density Bpy(6), with the stator and rotor perme-
ance functions and the rotor position correction function taken into account and without the
saturation correction, led to the spatial repartition illustrated in Figure 7. The same figure
shows a 2D FEA prediction of Bpy;(6) with the magnetic saturation taken into considera-
tion. From then analysis of these results, one can notice remarkable differences between
some amplitudes of the analytical and FEA spatial repartitions.
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Air gap flux density (T)

Mechanical angular position (rad)

Figure 7. PM flux density spatial repartitions with the stator and rotor slotting effects and the rotor
position correction taken into account: (analytic) without saturation correction, (FEA) B-H curve

implemented.

The analytical prediction of the flux density Bp(0) for different positions of the
rotor, with the stator and rotor permeance functions and the rotor position and saturation
corrections taken into account, led to the spatial repartitions illustrated in Figure 8. The
same figure shows a 2D FEA validation of the analytically-predicted flux density spatial
repartitions. One can notice good agreement. This statement is confirmed by the spectra
shown in Figure 9, corresponding to the FFT of the analytically- and FEA-predicted Bp;(0)

shown in Figure 8a.

2 ——FEA - - - Analytical
E 1.5
£ 1
|7}
Z
< 05
%
£ o ]
=
& -0.5
k]
< -1
-1.5}
2 L . L . L
0 1 2 3 4 5
Mechanical angular position (rad)
(a)
» ——FEA - - - Analytical

Air gap flux density (T)

0 1 2 3 4 5
Mechanical angular position (rad)
(c)

Figure 8. Cont.

—

Air gap flux density (T)
I
S

|
(3]

Fd r
o = n W
T —

|

=

=
T T

——FEA - - - Analytical

=)

2 3 4 5 6

Mechanical angular position (rad)
(b)

—

S h
h o = n
T —

]
S

Air gap flux density (T)

|
—
T

——FEA - - - Analytical

2 3 4 5 6

Mechanical angular position (rad)
(d)



World Electr. Veh. ]. 2022, 13, 64

13 0of 19

Air gap flux density (T)

2 ——FEA - - - Analytical N ——FEA - - - Analytical
1.5f e 1.5
1t ES |
2
0.5/ p < 05
0 3 [ ; o ! !
i =
o
-0.5 & -0.5
5]
-1 < -1f
-1.5} -1.5
-2 ; ; ; ; -2 ; ; ; ; ;
0 3 4 5 6 0 1 2 3 4 5 6
Mechanical angular position (rad) Mechanical angular position (rad)
(e) ()

Figure 8. PM flux density spatial repartitions for different rotor positions, with the stator and rotor
permeance functions and the rotor position and saturation corrections taken into account. Legend:
(a) 6, =0° (b) 6, =54°, (c) 6, =12.6°, (d) 6, = 18°, (e) 6, = 23.4°, (f) 6, = 30.6°.
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Figure 9. Spectra corresponding to the FFT of the analytically- and FEA-predicted Bpy;(0) shown in
Figure 8a.

3.2.2. Armature Magnetic Reaction

The FSPMM under study is characterized by 7, = %, which leads to the following
normalized armature MMF amplitude:

F(n) = 2 sin(2nay,) (33)

s n

Figure 10 illustrates the analytically-predicted spatial repartitions of the armature
magnetic reaction for two maximum values of the armature current such that (a) [;;4x =3.6 A
and (b) Iux = 4.8 A, and for the initial rotor position (6, = 0°). The same figure shows a
2D FEA validation of the analytical results where the PM material has been changed to air.
One can notice an acceptable agreement which confirms the effectiveness of the analytical
formulation of the armature magnetic reaction thanks to the considered stator and rotor
permeance functions and the introduced correction functions.
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Figure 10. Analytically- and FEA-predicted spatial repartitions of the armature magnetic reaction for
0, = 0°. Legend: (a) Ijax = 3.6 A, (b) Ljax =4.8 A.

3.2.3. Torque Production Enhancement

Basically, in smooth pole AC machines, the torque results from the synchronization
between a rotating magnetic field (RMF) created by the stator and a RMF created by the
rotor. In emerging AC machines such as FSPMMs, the torque production condition is
achieved by several harmonics.

In the case of the studied machine, this statement is confirmed by the spectra depicted
in Figure 11. Considering the dominant harmonics, the variations in their phases with
respect to the rotor position are illustrated in Figure 12. One can distinguish three types of
RMF dominant harmonics involved in torque production according to their rotation, as
classified in Table 2. The analysis of the later reveals that the harmonic of rank 8 behaves as
a load torque.

Table 2. RMF-dominant harmonics contributing to torque of the FSPMM under study.

RMF Dominant PM Harmonic RMF Rotation Armature Harmonic Rotation
Harmonic Rank Amplitude (T) Direction RMF Amplitude (T) Direction

4 0.33 forward 0.36 forward

6 1.01 constant 0.07 static

8 0.17 backward 0.23 backward
14 0.14 forward 0.18 forward
16 0.42 forward 0.14 forward
18 0.48 constant 0.1 static
28 0.22 forward 0.052 forward

In order to cancel the negative contribution to torque of the harmonic of rank 8, a
three phase current supply with an harmonic frequency equal to twice the one of the
fundamental, is injected in the armature. Beyond the angular frequency, the amplitude
and the initial phase of the injected 8th harmonic current were varied in an attempt to
select a combination that optimizes the developed torque, as illustrated in the mappings of
Figures 13-15.
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Figure 11. Spectrum of the spatial repartition of the analytically-predicted flux density at 6, = 0°.
(a) Flux density created by the PMs, (b) armature magnetic reaction.
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Figure 12. Phases of the dominant harmonics of the spatial repartition of the analytically-predicted
flux density versus the rotor position. (a) Harmonics of the flux density created by the PMs, (b) har-
monics of the armature magnetic reaction.
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Figure 13. Mapping of the mean total torque developed following the injection of an harmonic current
of rank 8, plotted in the plane (8th harmonic initial phase, 8th harmonic amplitude to fundamental

amplitude ratio).
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Figure 14. Mapping of the ripple of the total torque developed following the injection of an harmonic
current of rank 8, plotted in the same plane as Figure 13.
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Figure 15. Mapping of the ripple to mean value ratio of the total torque developed following the
injection of an harmonic current of rank 8, plotted in the same plane as Figure 13.

Referring to Figure 13, it clearly appears that the combination characterized by an 8th
harmonic initial phase of 137r/8 and an 8th harmonic amplitude to fundamental amplitude
ratio of 5% yields the highest mean torque. Moreover, Figure 14 shows that this combination
exhibits a low torque ripple.

The analytical prediction of the torque-angle characteristic was carried out for
Iinax = 3.6 A and for the combination characterized by an 8th harmonic initial phase of
137t/8 and an 8th harmonic amplitude to fundamental amplitude ratio of 5%. The obtained
results are shown in Figure 16. The same figure also shows the torque-angle characteristic
predicted with the FSPMM fed by just the fundamental current of rank 4.
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Figure 16. Torque-angle characteristics for a peak fundamental current of 3.6 A. Legend 1: (continu-
ous line) armature current supply limited to the fundamental of rank 4; (interrupted line) armature
current supply including both the fundamental of rank 4 and the harmonic of rank 8, such that the 8th
harmonic initial phase is equal to 137t/8 and the 8th harmonic amplitude to fundamental amplitude
ratio is equal to 5%. Legend 2: (red) analytical results, (bleu) FEA results.

For the sake of validation, Figure 16 gives the FEA-predicted torque-angle characteris-
tics corresponding to the two cases: (i) armature phases fed by currents incorporating the
fundamental of rank 4 and the harmonic of rank 8, and (ii) armature phases fed by currents
incorporating a single angular frequency equal to the fundamental of rank 4.

From the characteristics illustrated in Figure 16, one can deduce the torque mean value
and ripple ratio (ripple peak-to-peak value over the mean value). These are classified in
Table 3. One can notice that the injection of harmonic currents of rank 8 yields an increase
in the torque mean value of almost 9%.

Table 3. Comparison of the analytically- and FEA-predicted torque-angle characteristics with and
without injection of harmonic currents of rank 8.

Analytic Torque FEA Torque
Mean (Nm) Ripple (%) Mean (Nm) Ripple (%)
with injection of 8th harmonic 15.2 6.9 15 119
without injection of 8th harmonic 13.9 7.5 13.8 10.8

4. Conclusions

Thanks to their passive and robust rotors, FSPMMSs could suitably equip EPS systems.
From this perspective, we proposed a simple approach to improve the torque production
capabilities of FSPMMs in an attempt to meet the EPS requirements. It consists of injecting
harmonic currents generating torque components that cancel the ones acting as brakes
among those resulting from the fundamental current.

To do so, special attention has been paid to the formulation of the air gap flux density
spatial distribution. The analytical study was initiated by the derivation of the air gap flux
density generated by the stator PMs neglecting the slotting effect. Then, the latter and the
saliency caused by the PM concentrating flux arrangement were taken into account through
the incorporation of stator and rotor permeance functions. Moreover, the accuracy of the
predicted flux density spatial repartition was improved using two dedicated correction
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functions that take into account the rotor position and the magnetic saturation. The
analytical prediction of the air gap flux density spatial distribution was achieved with the
incorporation of the armature magnetic reaction.

This done, the RMF dominant harmonics were identified using the spectra of the
air gap flux density generated by the PMs and by the armature magnetic reaction, for
a given rotor position. It was found that the torque production condition is fulfilled by
several harmonics, and one among them behaves as a load torque. In order to cancel out
the negative contribution of such a harmonic and then enhance the torque production, a
current supply having the same harmonic frequency was injected. In spite of the simplicity
of the proposed approach, it has been found that an almost 9% increase in the mean torque
could be gained if appropriate amplitude and initial phase of the injected harmonic current
are selected. With that said, the authors believe that there is still some way to go before
FSPMMs could be regarded as mature technology for EPS systems.
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