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Fig. 1. Topology of the CRDR-AFPM machine.
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Fig 2. Modeling of machine winding.

In this case, the voltage equations for the case study machine are

XS R a given by (1):
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o The (1) can be used to investigate machine performance character-
istics under various operating conditions. Therefore, it is necessary

to calculate the parameters of (1) analytically. According to (1), the

Fig. 3. Armature equivalent circuit of the machine. . :
parameters of Back EMF, self- and mutual inductances, and resistance
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must be calculated. Therefore, in the following, some formulas are
proposed for calculating these parameters.

A. Calculating the Back EMF Waveform of Phase A

1) The Induced Voltage Due To the PMs of the Low-Speed Rotor:

For obtaining a formula for determining the waveform of the Back
EMF, the calculations are done at the machine’s average diameter.
A part of the 2D model of the machine at the average diameter is
shown in Fig. 4. It should be mentioned that to 2D model and simu-
late the axial flux machines, the structure of the machine must be
sliced and unfolded. In this case, the 2D structure of the machine
takes the form shown in Fig. 4.

Considering the drops of Magnetomotive Force (MMF) in the cores

of the stator and rotor in location x, by MMF_(x,) and MMF, (x,), the
PM remanent flux density is calculated by (2) [28]:

B, (xo)=B.[1=(MMF,. (xo)+MMF. (xo))/ (2Hcplpm )1
@

where X, is a number between 0 and 7,/2. The values of B', for differ-
ent values of x, are determined using (2).

A Fourier series is applied to the values of B’ (x,) as is shown in (3)
[27]:

B, (Xo)=bo +bicos (cxo +71)+byc0s (25x0 +72) 3)

Where parameters by, b,, ¢, y,, b, and y, are determined easily using
the technique of curve fitting.

The magnetization vector function M, (x) for different values of y in
the range of [0, /1 is given by (4) [28]:

1B, / pnoin PM materials

—(szgrp /(45 —n2n2>)siny2

+(2b1 /(ct, +nn))sin((a,- (stp +nm)/2)+71)
+(261/ (g7, =nm))sin(( o (T, —n7)/2)+ 1)
+(262 (267, +nm) sin (@ (255, +n7)/2)+7:

+(2b /(26t, =nm) )sin((a (267, =n7)/2) +72) (5)

The stator core is slotless, and the stator windings are wrapped
around the stator core. Therefore, the winding arms are placed on
the stator core. In this case, the magnetic flux density in the wind-
ing zone along the vertical axis for |, +g<y<[, +g+l, is obtained
by (6):

. (K},/2)(1—e5‘)/(1—e52)(e53+e5“)

By (x,y.t)= Znﬂ,s,s,..‘ %COS (n ((4p,x /((1+T)D, )) =PiOn (t))))

(6)

where factors §,-5, are calculated by (7)-(10):

$1=(-8pinlom )/ ((1+T)Ds ) 7)
S2=(-8pin (g +h +1om))/((1+T)Ds ) (8)
S3=4pin(Iom —y)/((1+F)DO) )

Ss=(pin(2g+2l +lpm—y))/((1+T)Do ) (10)

After calculating B, (xy,t), the flux linkage of one coil is obtained
by (11):

PpH_pm (t) = (P/ (1 _F)Do /2a, )><

= 4
{0 in air gap area between PMs @
Niayer Nrurnlayer {i} ((zpBpm/m)+Axis+p )

where K’ is calculated by (5) [28]: i1 Z,a J.((rpepm)wu)
K, = (4b0 /(nn))sin(a,-nn/ 2)7(4b1g‘rp /(gzrg - nznz)) siny, By (X Jpm +9 +0.5h, — Ayt )dt
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Fig. 4. Part of the 2D structure of the machine.
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=((1+1)D, / (44, ))x

Niayer Nturnlayer o
DI IS I
(K, (1-T)D, /2n)(e% +e%) /(1-e)(1-€") an
xsin (n (8, (t)))
Where factors S, S, and 9,(t) are calculated by (12)-(14):
Ss=(4pin(-g -0, +Ay;))/((1+T)Ds ) (12)
56:(—4p,n(g +1.5/W+Ay,j))/((1+F)Do) (13)

91 (£)=P100m (t)~ 0 —((4P12x; )/ ((1+T)Ds ) (14)
Where 6, for phase A is equal to zero.

The induced voltage in arm A1 of the winding of phase A is given
by (15):

Epp1 (t) :[(1_r2>Dozp/®m/ (t)]x

8a,

Z”’ﬂyerz"’ﬂn’ayef z e +e’ )/(1_e52)(1_esw) (15)
n=135,. xcos(n(S, (t)))

The induced voltages in the other arms of the winding of phase A are
calculated using an identical method. However, it should be noted
that a shift angle exists between the voltages of each arm. Therefore,
the induced voltages in the adjacent arms of the winding of phase A
are calculated by (16):

Epuy  (t) :[(1‘FZ)DOZPI%I (t)]

(8a)

Niayer NTun/ae{’ ©
Z ; Z " Zn:1,3,5,ﬂ.
[ K,;(esi‘+e56)/(1—e52)(1—e51) J

xcos(n(S, (t)—(an, (k —1)/N/))) (16)

where Kis an integer in the range of [1, 4].
Epna k (t)= (((1 —rz)Dgp|OJm|t)/(8ap))

K’n(e55 +e56)/(1_e52)x(1_e51)
Niayer NTurntayer {i}

XZ z i POt —(2mpi (K—1)/N)
T n3s,. XCOS[_epH—((4pleU)/((1+r)Do))}

According to Fig. 2, the winding of phase A on the low-speed side
has eight arms, in which four arms are shifted 180 degrees related

to the other four arms. Therefore, the induced voltage in these four
arms of the winding of phase A is determined by (17):

Ens « (r):(((1_

Niayer Nrurniayer { ©
z 5 Z o Zﬂ:‘IS,SN,
{ K, (e55 +e56)/(1—e52)(1—e5‘)

xcos(n (9, (t)~(2mps (K ~1)/N; )~ ))

FZ)DOZP/(Dm/ (t))/(sap ))

(17)

The induced voltage in the arms of stator windings on the low-speed
side is obtained by (18):

Epti_tow (t) =Epm « (t) +Epna k (t)
=Epui_ (t) —Ep12 (t)*EPHLs (t)+EPHL4 (t)

+Epz 1 (t)—EPHLz (t)—EPsz (t)+EPH274 (t) (18)

Ep_iow ()= (((1 _FZ)DOzp,wm, (t)) /(8a, ))

K, (e55 -res"’)/(1—eSZ )(1—e5‘ )x(cos(n(S, (t)))

—cos(n(S, (t)—(2np, /N/))
—cos n(S, (t)—(4mp, /N:))
+cos n(S, (t)-(6mp /N/))

(19)

2) The Induced Voltage Due To the PMs of the High-Speed Rotor:
Using a similar procedure, the induced voltages in the stator wind-
ings on the high-speed side are obtained. In this case, the induced
voltage in the arms of the winding of phase A on the high-speed side
is given by (20):

Ept_high (t) = (((1 -1 )Dozphwmh (t)) / (Sap ))

(e +e5‘°) ( )( )
Z”fayerZNmmm,{i}z i (cos(n ( ))

—cos(n(Sh t)—(2np /N,)) (20)
—cos n(S,, t)—(4mnp, /N,))
+cos n(Sh t)—(6mps /N,))

where factors S,-S,, and 9, (t) are calculated by (21)-(25):
S7=(~8pwnlom )/ ((1+T)Do) (21)

S5 =(~8pun (g +M +1pm))/((1+T)Do) (22)



Electrica 2026; 26: 1-18
Mirzahosseini. Analytical Modeling of a Counter-Rotating AFPM Generator

S, =(4pun(0 0%, + &y, ))/(1+T)0,) “
510:(phn(g +1.5/W+Ay,-j))/((1+l")Do) (24)
9 (t) =pn0,, (t)—epH —Oinitiar —((4phAXU)/((1+F)D° )) (23)

3) The Back EMF of the Machine

One arm of a coil is placed on the low-speed side, and the other
arm is placed on the high-speed side. Therefore, the waveform of
the Back EMF is determined by summing the induced voltages as is
shown by (26):

Ertimain =Epn_iow (t)+EPH7high (t) (26)

B. Calculating Inductances
The current density of phase A is calculated by (27):

Jo(t)=4iq(t)/(a,mDle ) (27)

The current density vector function is given by (28):

0, O<y<lpm+g
JK;:“ boyit)= Z;’BSMO( ) lom +9 <Y <lpm +g +1,,
_{ +J,(t) in conducting area of phase A 28)
0 elsewhere
where factor o(t) is calculated by (29):
o(t)= (4Ja (t)/ (nrc))sin(ocsnn /2)xcos(nmx / t,)
—2nmp, (K —1)/N;) (29)
where q, is defined by (30):
0t =GDyire / (NigyerTy ) (30)

The vector of the magnetic field strength produced by the current
density J, is calculated by (31):

J.=VxH, (31

In addition, the magnetizing vector along the y-axis is calculated by (32):

Cyt)=0
Ma_y « (x,y,t) =1Jo .k (X,,V,t)dx +C(y,t) N
K=1,..,4
0, 0<y <l g
2 t / I I (32)
znga,sw\)( )' pm TG <Y <lpm +g +ly

where factor v(t) is calculated by (33):
0(t)= (4 (¢)5, / (N )sin(asnz/ 2)xsin(nmx / 7,)

—2nmp, (K —1)/N;) (33)

The new vector of the magnetic field strength H,, for various winding
arms is given by (34):

H a_kK =H a_K -M a_K (34)

In this case, the magnetic flux density due to the current density J, is
calculated by (35):

B a_kK ZHOH a_kK ZHO’:I a_kK +“OM a_kK (35)

K=1,.4 K=1,..4 K=1,.4 K=1,.,4

Based on the Gauss law for magnetic fields, (36) and (37) are
considered:

V-B o,k =0 (36)

—~V-Hak =V-M,x =0 (37)

Considering U, , as a magnetic scalar potential function that meets
the (38):

Hax ==VU ok (38)
In this case, the differential equation of partial derivatives is given
by (39):

82U a_kK aZU a_K aM a_kK
K=1,..., 4+ K=1,..., 4:§'MGK — K=1,..., 4:0 (39)

In addition, the boundary conditions are as shown by (40) and (41):

Uax (x,9+ly +lmt)=U o (x,0,t)

K=1,..,4 K=1,...4
ou 4 ou 4 «
K=,...4 K=,..4 (40)
- = x=0—" = [ x =T, =0
ox o ox b=y
6U a_K aU a_kK
lim / ) Kl _[im / X K=,..4 @1
y—=lpm+g ox y—=lpm+g Ox

By solving the above equation, the magnetic flux density is attained
by (42):

((pou(t)/Z)x((1—eS” )1

2;1:1,3,5,... (e$1z +e$13 )/ (1 _e$14 ))) !

O<y<lpm+g

B (mov(t)/2)x2-((1-€")

Zn:lﬁ,s,ﬁ. 5(67512 +eSns ) / (—I *GSM ))))

v om +g <y <lpm+g+l,

(42)
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where factors S-S, are calculated by (43)-(48):

Su=(-2nnl, /1,) (43)
Snz(nﬂ:(y—g—lpm)/‘rp) (44)
Sis=(-nm(y +g +lpm )/ 7, ) (45)
S =(nm(g +hy +1om) /7, ) (46)
Sis=(-2n7(g +Iom)/1,) 47)
Sis=(nm(=y +g+2h +1pm)/ 7, (48)

In this case, the linkage fluxes of the winding are calculated by (49):

Niayer Numslayer!s) erpl (K- 1)/NI)+AX,,+1,,
E E 1B ok (X,Ymit)|dx
(2ppi(K-1)/N1 J+Ax;

Niayer Nm,,,;,ayg,),& ].,lol)’(t)li
Z Z Z ( ( 1 e$15)( esv +e51s)/(179514)))
(49)
where factors v (t), y,, S,, and S, are obtained by (50)-(53):
v'(t)= (4Ja () /(nn)g)sin(asnn/Z)cos(n [mAX; /1, ]) (50)
Ym =lpm +g+0.5l, —Ay; (51)
S17=(nm(Ay; ~051,)/1,) (52)
Sis =(nm(Ay; +1.50, )/, ) (53)
The total linkage flux of phase A is given by (54):
Aot (t) =g k1 (t ) —Aa k=2 (t)— Xa k=3 (t ) +Na ks (t) (54)

By dividing the linkage flux of each phase by the current of that
phase, the self-inductance of that phase is obtained. Hence, the self-
inductance of phase A is equal to (55):

Lo=Xar(t)/ia(t) (55)

The mutual inductance of each phase is calculated by dividing the
linkage flux of that phase by the current of the other phase. The total
linkage flux of phase B due to the current of phase A is calculated
by (56):

Niayer NTumslayerI
7\'(1 K-b Z E E
& k=,
&Z':1 4

(25ppi(Z"-1)/Ny )+ A+
J‘ " , / p[IIB a_K (X,}’m,t)JdX

(2eppi(Z 1Ny )+ x5 K=1,..4

a Z Niayer Z NTums/ayer {i Z
HoV" ()

fo-((memer v i-e) -

where factors v”(t) are calculated by (57):
0 (t)=(44a(t) 53 / (n7)’ sintassnm/ 2)

xcos(n| 2mp; (2'=1)/ Ny =2mp; (K =1) /Ny = (mAx; /7, ) ) (57)

Therefore, the mutual inductance between the two phases is
obtained by (58):

La—b :7\,[,77 (t)/la (t) (58)

A similar procedure is used to determine the self- and mutual induc-
tances on the high-speed side of the stator. It should be noted that
in the calculation for the high-speed side, just the index“h" is substi-
tuted instead of “I"”in the formulas.

C. Calculating the Resistance
The phase resistance of the armature winding is calculated by (59):

RPh = 8KskmpcuNtZ ’;‘Y"’ (l +lmsu +Ics +2Lwlayer { })/(apNIayerﬂ:Dw:re)
(59
IV. SIMULATION AND DISCUSSION

In this section, various simulations are conducted to evaluate the
novel structure’s performance and the accuracy of the proposed
analytical formulas. In addition, the machine performance charac-
teristics are compared with those of other structures presented in
published papers.

A. Evaluating the Obtained Formulas

The sizing equation and design algorithm of the axial flux perma-
nent magnet motor have been presented in [29]. In [29], both rotors
rotate at the same speed and direction. Moreover, the winding
arrangement of this reference is also different from the winding
arrangement of the present article. Considering these differences,
the sizing equations of this reference have been developed for the
structure with counter-rotating rotors. Then, using these equations,
a 50 W sample machine has been designed as the case study gen-
erator. The specifications of this sample machine are given in Table I.

In this paper, the precision of the suggested formulas is evaluated
using FEM. To obtain machine Back EMF, rotors are rotated with
synchronous speeds while the stator windings are under open cir-
cuit conditions. The distribution of flux density under open circuit
conditions is shown in Fig. 5. Regarding the saturation level of the
material used for the stator core, Fig. 5 approves the expected elec-
tromagnetic performance of the proposed structure. The linkage
fluxes of the stator windings obtained through FE simulation and
the proposed formula are illustrated in Fig. 6. The percent normal-
ized root mean square error between the results of the two methods
is approximately 3%. Therefore, the proposed formula for calculat-
ing linkage fluxes has high accuracy. These linkage fluxes induce
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voltages in the stator windings. The induced voltages (Back EMF)
are obtained by derivation from linkage fluxes. The induced voltages
and total Back EMF waveform are obtained using (19)-(26) and FE
simulation. The voltages induced by the low-speed and high-speed
magnets in the arms of stator windings are depicted in Fig. 7 and Fig.
8, respectively. Furthermore, the total induced voltage is shown in
Fig. 9. As is clear, the total voltage is twice the voltage of each rotor
side. In addition, comparing the results of the two methods proves
that the new analytical formula is accurate.

The X, for both sides of the stator are identical. In addition, the wind-
ing conditions, especially the resistance and the current, are also the
same for both sides of the stator. In this case, the powers produced
by the high-speed and low-speed sides are identical. The total power
of the machine is obtained by summing the power of the two sides,
which is twice the power of one side.

The ratio of pole arc to pole pitch a;has a considerable influence on
the Back EMF waveform and the value of harmonic components.
The Back EMF harmonics and their THD for various a, obtained
from FE simulations and the proposed formula are given in Table II.
According to Table II, when the values of g, for high-speed and low-
speed rotors are 0.63 and 0.83, respectively, the Back EMF waveform
has minimum Total Harmonic Distortion (THD). As is evident, the dif-
ference between the results of FEM and the analytical formula is less
than 8%.

The air gap reluctance is much greater than the core reluctance;
therefore, the MMF drop across the air gap is more significant. As
can be seen from (11), the length of the air gap has an influence on
the linkage fluxes of the windings. Therefore, the length of the air
gap also affects the induced voltages and the inductances. For this
purpose, the air gap length can be a good candidate for investigat-
ing the accuracy of the derived formulas. The machine air gap length
is changed, and its effect on the Back EMF and the precision of the
suggested formula are presented in Table lll. According to the results,
increasing the air gap length decreases the amplitude of the first
harmonic of the Back EMF. In addition, the error between the results
of FEM and (26) is less than 7%.

In the next step, the precision of the new formulas for determin-
ing self- and mutual inductances is evaluated. For calculating the
self and mutual inductances of phase A, a current source of 0.7 A
is applied to the terminal of phase A while the currents of the two
other phases are zero. This current produces magnetic fluxes within
the machine. The linkage fluxes of phases A and B are shown in Figs.
10 and 11, respectively. Dividing the linkage flux of phase A by the

TABLE I. SPECIFICATION OF THE SAMPLE MACHINE

Parameter Value
Nominal power 50W
The peak value of the terminal voltage 60V
Rated frequency 50 Hz
Speed of high-speed rotor 600 rpm
Speed of low-speed rotor 428.5 rpm
The physical length of the air gap T mm
Thickness of PM 5mm
The axial length of the winding 4.4 mm
Number of pole pairs of the low-speed rotor 7
Number of pole pairs of the high-speed rotor 5
The thickness of the stator core 6.6 mm
The thickness of the rotor core 4.7 mm
The outer diameter of the stator core 145.1 mm
The inner diameter of the stator core 749 mm
Flux densities of stator and rotor yokes 16T

applied current yields its self-inductance. In addition, by dividing
the linkage fluxes of phase B by the current of phase A, the mutual
inductance between phases A and B is obtained. Table IV gives the
results obtained from FEM and analytical formulas. The results indi-
cate a slight error between the two methods.

As previously mentioned, the air gap length significantly influences
the machine’s inductances. The inductances for various air gap
lengths are presented in Table IV. The difference between the self-
inductances obtained from FEM and (55) is less than 6.8%. In addi-
tion, the difference between the mutual inductances obtained from
the two methods is less than 7.2%. Therefore, the proposed formulas
for calculating inductances have acceptable accuracy. For calculat-
ing inductances, the current applied to phase A is constant; there-
fore, based on (55) and (58), if the accuracy of the obtained values for
the inductances is confirmed, the accuracy of the linkage flux values
(Figs. 10 and 11) is also implicitly confirmed. In Table IV, the values
obtained for the inductances using the analytical method and the

%netic Flux Density
ontour Plot : T
1.7000
l 1.5455
1.3909
1.2364
1.0818
I 09273
0.7727
0.6182

0.4636
0.3091
0.1545

0.0000

Fig. 5. Flux density distribution at open circuit conditions.
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FEM are compared, and the accuracy of the results is validated. Thus,

based on this table and the above relationships, Figs. 10 and 11 have

Linkage Flux (Wb)

0.015  0.02

Time (S)

0.025

0.03  0.035

Induced Voltage (V)

-
o

N

-30 A N’ 7
Dash Lines: Analytical Solid Lines: FEM
_40 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (S)

Fig. 7. Voltage induced by the low-speed rotor magnets in the arms of the windings.
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Fig. 8. \oltage induced by the high-speed rotor magnets in the arms of the windings.
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Time (S)
Fig. 9. Waveforms of Back EMF attained from FE simulation and (26).

TABLE Il. THE BACK EMF FOR VARIOUS VALUES OF A,
Q First Harmonic Amplitude (V) Back EMF THD (%)
High-Speed Rotor Low-Speed Rotor FEM Analytical Error (%) FEM Analytical Error (%)
048 0.68 52.99 504 4.88 9.59 89 7.2
0.51 0.71 54.85 51.98 523 7.79 7.27 6.68
0.54 0.74 56.54 53.7 5.02 5.99 552 7.8
0.57 0.77 58.07 56.11 3.38 4.19 3.93 6.2
0.6 0.8 594 57.2 3.7 241 26 79
0.63 0.83 60.56 61.96 2.3 0.65 0.61 6.2
0.66 0.87 61.17 62.74 2.57 1.06 1.13 6.6
0.7 0.9 61.6 63.21 2.6 3.12 3.29 54

FEM, finite element method.

also been evaluated and confirmed.

After approving the exactness of the new formulas, (1) has been
implemented in MATLAB to investigate the performance characteris-
tics of the case study generator. The parameters of (1) are calculated
using the proposed formulas. A 3-phase electrical load has been con-
nected to the generator’s terminal. In this case, the instantaneous
value of the electromagnetic force due to the low-speed side is
obtained by (60):

_€a (t)iai(t)+eos(t)iv i (t)+ec(t)ici(t)
Vo (1)

The index “I"is used to emphasize that the parameter values are for
the low-speed side. In the calculations for the high-speed side, just
the index “h”is substituted instead of “I"in the formulas. The (60) cal-
culates the instantaneous values of electromagnetic forces for both
sides. These forces are illustrated in Fig. 12.

(60)

Fon (1)

The low-speed rotor rotates at 428.5 rpm, while the high-speed rotor
rotates at 600 rpm. In this case, the linear velocities of the low-speed

and high-speed rotors are 2.468 and 3.456 m/s, respectively. The
linear velocities of both rotors are shown in Fig. 13. By multiplying
the force and velocity of each rotor, the input power of that rotor is

TABLE Ill. THE BACK EMF FOR VARIOUS AIR GAP LENGTHS

First Harmonic Amplitude (V) Back EMF THD (%)

Air Gap

Length Error Error
(mm) FEM Analytical (%) FEM Analytical (%)

1 60.56 61.96 23 0.65 061 6.15

15 56.9 58 19 0.667 0.71 6.44
2 5343 54.36 1.74 0.655 0.7 6.87
25 50.18 51 1.63 0.646 0.68 526
3 47.16 4791 1.59 0.636 0.67 535

35 44.37 45.04 15 0.649 0.69 6.3

FEM, finite element method.
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Fig. 10. Linkage flux of phase A.
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Fig. 11. Linkage flux of phase B.

obtained. In this case, the total input power of the generator is 62 W.
The output power of the machine is as shown in Fig. 14. Dividing the
output power by the input power yields an efficiency of 80.6%.

TABLE IV. THE SELF- AND MUTUAL INDUCTANCES FOR VARIOUS AIR GAP

LENGTHS

Air Gap Self-Inductance (mH) Mutual Inductance (mH)
Length

(mm) FEM Analytical Error (%) FEM Analytical Error (%)
1 3.96 3.75 53 -0.0063 —-0.0059 6.35
15 3.85 4.03 4.68 -0.0077 -0.0073 519

2 3.76 3.55 5.59 -0.0092 —0.0096 435
25 3.68 343 6.79 -0.0108 -0.0101 6.48

3 36 38 5.56 -0.0126 -0.0135 7.14
35 3.53 3.36 4.8 -0.0144 -0.0138 4.7

FEM, finite element method.

B. Overload and Overspeed Capability

For overspeed capability, the machine is simulated at speeds higher
than the rated value. For overload capability, a comprehensive anal-
ysis is performed while various symmetrical, balanced three-phase
resistive loads are connected to the machine’s terminals. The Root
Mean Square (RMS) output voltage response versus RMS output
current of the machine is shown in Fig. 15. At the rated speed, the
lowest output voltage is about 41.85V, while at 50% overspeed and
40% overload, it reaches 62.6 V. It is obvious that the output volt-
age increases with increasing machine speed. In addition, increasing
the load decreases the RMS value of the output voltage. However, at
constant speed, the curve’s slope is not significant, confirming the
advantages of stable voltage. The output power for the proposed
structure is shown in Fig. 16. The analysis indicates that the output
power of the proposed structure continues to increase with increas-
ing speed. This demonstrates the broad and high-speed operational
capability of the proposed structure.

C. Voltage Regulation Characteristics
For an externally connected resistive load, the voltage regulation
factor (AU) is calculated by (61) [30]:
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» R x? Fig. 17 illustrates the variation of the voltage regulation versus the
AU = (Rioaa +Rpn)” +X: ~1|x)0% 61) output phase current at different speeds. It is clear that voltage regu-
Rioad lation is inversely proportional to the value of the connected load.
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Fig. 15. Variable speed output voltage and current response of the sample-designed machine.

Therefore, an increase in the value of the connected load (which
leads to a reduction in load current) reduces the voltage regulation
factor. The voltage regulation for the rated load is about 12%, while
for 40% overload (when the load current is 40% higher than the
rated current), the voltage regulation increases to 20%. For the case
study structure, the windings are wrapped around the stator in a
toroidal configuration. Therefore, the effective air gap length (physi-
cal air gap + thickness of coil arms) of the proposed structure is large,
resulting in low synchronous reactance (X)). According to Table IV,
the value of winding inductances and consequently synchronous
reactance (X;= 2mxf,xL,) is low compared to the phase winding resis-
tance (R,,= 13.14 Q) and the resistive load. In this case, speed varia-
tion has no significant effect on the voltage regulation, as is evident
from Fig. 17.

D. Capability of Withstanding Demagnetization

In the design of the 50 W sample machine, N45H magnets have been
used. The B-H curve of this magnet at 60°C is depicted in Fig. 18.
According to the figure, the flux density of the knee point of the
curve is about —0.3 Tesla. The machine is simulated under overload
conditions so that a three-phase current with an amplitude twice the
nominal current of the machine passes through the stator windings.

Fig. 19 illustrates the flux density distribution inside the high-speed
and low-speed PMs obtained from the 3D FE simulation. The results
demonstrate that the PMs do not experience demagnetization.

E. Advantage of the Proposed Structure

The proposed structure is suitable for high-torque and low-speed
applications such as gearless elevators. In places where axial length
is limited and common radial flux machines cannot be used, the pro-
posed structure is a suitable choice. In addition, the proposed wind-
ing arrangement has a small end winding, which reduces the copper
weight and coil losses. For better comparison, some characteristics
of the 50 W sample machine are compared with the machines pre-
sented in [14, 30-33]. The power ratings of the machines of [14, 31,
32] are approximately 1492 W, 1586 W, and 400 W, respectively. In
comparison, the power of the sample-designed machine is only 50
W. Furthermore, the speeds of the machines also vary, which can
significantly affect their dimensions and performance. For example,
generally larger electrical machines tend to have higher efficiency
than smaller ones. Nevertheless, the machine in this article can be
compared to the machines designed in these references from cer-
tain aspects. For instance, the efficiency of the machine of [14, 30],
and the machine of [31] is about 87.98% and 88.01%, respectively. In
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Fig. 16. Variable speed and current response to the output power of the sample-designed machine.
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comparison, the sample-designed machine’s efficiency is 80.6%. As
is clear, the efficiency of the sample-designed machine is lower than
that of other structures. It should be noted that the dimensions of
the sample-designed machine have not been calculated optimally.

An optimal design can yield better performance characteristics and
smaller dimensions. One of the main challenges with PM generators
in wind turbines is cogging torque, which can destabilize operation
at low wind speeds. The dual-rotor machine of [14, 30, 33] with inner
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Fig. 19. Flux density distribution of PMs of the sample-designed machine under overload condition: a) Low-speed PM b) High-speed PM.
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and outer rotors exhibits cogging torque levels of 13.94% (inner) and
17.6% (outer). The machine presented in [32] has adjacent 10-pole
and 14-pole rotors with cogging torques of 8% and 7%, respectively.
In contrast, the 50 W machine eliminates cogging torque due to its
slotless stator design. Thus, from a cogging torque perspective, the
proposed structure demonstrates clear superiority over the other
machines.

In [14, 30], the induced voltage THD is 15.5%. The machine of [32]
shows some improvement with 11% THD, but this is still unsatisfac-
tory. The machine of [31] has two windings, reporting THD values of
3.17% and 4.25% for the induced voltages of these two windings.
While these represent an improvement over [14] and [32], they still
fall short of the present article’s performance. The present article’s
slotless design achieves a remarkable THD reduction to just 0.61%.
This exceptionally low value indicates superior voltage waveform
quality and negligible harmonic content.

The proposed machine with a slotless stator core offers manufactur-
ing advantages over the slotted cores of the machines of [14, 30-33].
The absence of slots simplifies core fabrication and reduces manu-
facturing costs. This cost-effective feature, combined with its supe-
rior THD performance and elimination of cogging torque, makes the
novel topology particularly advantageous for practical applications.

V. CONCLUSION

In this paper, a novel generator structure for wind turbine applica-
tions has been introduced. The new structure has two counter-rotat-
ing rotors and a slotless stator. A 50 W and 50 Hz generator has been
considered as the case study. The low-speed rotor rotates at a speed
of 428.5 rpm. In addition, the high-speed rotor rotates at a speed
of 600 rpm in the opposite direction. Some formulas for calculating
the electrical equivalent circuit parameters have been proposed.
The FEM has been hired to evaluate the performance characteristics
of the generator and the precision of the new formulas. The results
allow one to formulate the following conclusions:

« The absence of local saturation approves the expected electro-
magnetic performance of the proposed structure.

« The error between the results of FEM and the new formula for cal-
culating THD of the Back EMF is less than 8%.

+ The THD of the Back EMF waveform, when the values of a, for high-
speed and low-speed rotors are 0.63 and 0.83, is minimum.

« The THD of the Back EMF has been calculated using FEM and ana-
lytical formulas for various air gap lengths. The error between the
results is less than 7%.

« The self- and mutual inductances have been calculated using FEM
and new formulas for different air gap lengths. The difference in
self-inductance results is less than 6.8%. The error for determining
mutual inductance is less than 7.2%.

« By simulating electrical equivalent circuits in MATLAB, the
machine’s performance has been evaluated. The machine pro-
vides the required power, and the generator’s efficiency is about
80.6%. Higher efficiency is achievable through optimal generator
design.

« The machine’s ability to handle overload and overspeed has
been examined. At rated speed, the minimum output voltage is
approximately 41.85 V, while the machine demonstrates an out-
put voltage of 62.6 V when operating at 50% overspeed and 40%
overload.

+ Findings show that speed variations do not significantly affect
voltage regulation.

« The designed machine has good capability to withstand
demagnetization.
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