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Abstract: This paper investigates the scaling effect on power factor of surface mounted permanent magnet Vernier (SPM-V) machines with
power ratings ranging from 3kW, 500kW, 3MW to 10MW. For each power rating, different slot/pole number combinations have been
considered to study the influence of key parameters including inter-pole magnet leakage and stator slot leakage on power factor. A detailed
analytical modelling, incorporating these key parameters, is presented and validated with 2D Finite Element Analysis (FEA) for different
power ratings and slot/pole number combinations. The study has revealed that with scaling (increasing power level), significant increase
in electrical loading combined with the increased leakage fluxes, i.e. (a) magnet leakage flux due to large coil pitch to rotor pole pitch ratio,
(b) magnet inter-pole leakage flux and (c) stator slot leakage flux, reduces the ratio of armature flux linkage to PM flux linkage and thereby
has a detrimental effect on the power factor. Therefore, unlike conventional SPM machines, the power factor of SPM-V machines is found
to be significantly reduced at high power ratings.

] In line with this objective, this paper presents a
1. Introduction detailed study on the performance of conventional SPM-

Offshore wind power has huge potential to be one @hachine (as shown 1) over a wide range of power
the main renewable energy sourckes electric power ratings (3kW to 10MW) compared to a conventional SPM
generationLarger wind turbinesansignificantly reduce the machine with main focus on the power factor. Different
overall cost of offshore wind farms, making the wind energglot/pole number combinations will be analyzed for each
a competitive source of clean energy Bécause of the harsh power rating to assess the optimal performance. In previous
environment, the reliability and maintenanceédlaeen major work, researchers have used simple power factor equations to
challenges for the offshore wind market. Gear box igualitatively explain the poor power factor of SRM-
considered to be one of the weakest link in the whole driveachines against the conventional SPM machines [6], [12],
train system, creating serious reliability issues f2Hirect [15]-[17]. However, a detailed consideration of parameters
drive system enables the complete elimination of the gearblidse inter-pole magnet leakage and stator slot leakage fluxes
by directly coupling the generator with the shaft of turbinacross different slot/pole numbers for power factor
blades. However, high power at low speed equates to highlculation has not been performed before. Therefore, the
torque and hence increases the volume and mass of the dioectsideration of these parameters in the power factor
drive generators. Several solutions have been proposed inthkulation and their quantitative validation with 2D FE
past to improve direct drive machines torque/power densianalysis across power ratings and different slot/pole numbers
such as transverse flux machines [3], magnetically gearadds to extra novelty of this work.
machines [4], [5] etc. However, these machines often have Outer rotor

. . . . Per manent
complicated structures, making them less attractive for high magnets
power applications.

Recently, Vernier machines, based on the same
principle as magnetically geared machines [6], have become
very popular mainly due to their high torque density
combined with simple structure. In addition, its inherent low
torque ripple makes it very suitable for low-speed direct drive
applications [7], [8]. However, a relatively low power factor
compared to conventional permanent magnet (PM) machines Statbr
currently prevents its penetration into wider industrial winding
applications [9}{11] due to the requirement for largerFig. 1. An example of SPM-V machine topology with 6-
converter ratings, which could lead to increase in system ca$bt/10-pole.
and losses. Several novel Vernier topologies have been
proposed in the past to improve the power factor of such Basic working principle of Vernier machine
machines [12][15] to address this critical issue. However,
the review of Iitergture reveals that most of the_works related SPMV machines, unlike conventional SPM machines,
to power factor improvement and its analysis have begfijize the flux modulation principle for generating high
performed for relatively small scale (up to few kWs) Vem'eforque [14], [15]. The stator open slot structure in Vernier

mac.hines. Moreover, a systematic study of the impact gf;-hines (as shown [in_Fig] 1) modulates the rotor magnet
scaling on power factor has not been done before. Such stygvie in the airgap, which can be calculated by [7]
is critical due to the increasing power rating of offshore wind w

turbine. Fop (05, t) = Z Fppicos(iP.0s — iw,t) D
i=1,3,5...
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where B. is the rotor pole pair numbew, is the rotor e Large rotor pole pair number

electrical speedFp,; is the amplitude oft" order MMF Large coil pitch to rotor pole pitch ratio
harmonics and; is the angular position in the airgap with Large rotor pole pair number results in a

respect to stator reference. The airgap permeance Create%r@bortionately higher inter-pole magnet leakage compared
the stator open slot structure is given by to the total flux per pole. Many of the previous studies have
, correlated the poor power factor of the Vernier machine to
AOs) = Ao + z Ajcos(jZ6;) (2)  this inter-pole F?nagn%t leakage [21]. However, it has been
. J=123.. . observed that there is a significant proportion of magnet flux

whereZ is the number of stator slotd, is the glonstant that crosses the airgap, traverses through the stator back iron
airgap permeance value aflis the amplitude of™* order ye¢ il does not contribute to the induced EMF. This major
harmonics of the permeance function. For simplicityleakage is due to the large stator coil pitch to rotor pole pitch
considering only the interaction between the fundamentgitio utilized by Vernier machines to produce high torque by
magnet MMF f;) and the constanf\() as well as the first modulation effect [12]. These PM leakage fluxes will be

order (\;) components of the airgap permeance, the airg@festigated in detail in the following section.
flux density[B, (6, t)] is given by [7], [19], [20]

B,(8,,t) = By, cos(P.6; — wet) 3. Analytical modelling of power factor
+ B,_p, cos[((Z — P)0s + w,t)] _ _ _ o
+ Byyp, cos[((Z + B)6; — w,t)] As in conventional SPM machines and to simplify the
calculation of power factor, it is reasonable to neglect the
] ®) voltage drop due to armature resistance [14] and thereby
With expressing the power facta?K) as
Bpr = FIAO Eph 1
— 2 2
B, p. = > FiA 4) \/E;h + (LpnXpn) \/1 + (ngXph) (6)
ph
LBZ"'Pr = §F1A1 wherel,, is the armature currerf,, is the induced EMF,

whereBj,_is the fundamental airgap flux densiBy,_, and X, is the phase reactance. The power factor can be rewritten
B,.p, are the modulated airgap flux densities, respectivelysing the armatured{,) and permanent magne¥,) flux
As the modulated airgap flux density generates the sanigkages as

electrical frequency as the fundamental, all of them can _ 1 _ 1
contribute to the induced EMF and therefore classified as
- ; Lplw, \? Y\ ()
working harmonics. 1+ (M) 1+ (_A)
The subharmonic in the modulated airgap flux density, Ton®pm @, Pem

B,_p_, rotates at a speed of,J/(Z — P,.)] times the rotor . . : .
Z=Pry P rV_( vl : . .ngereL is the synchronous inductance, is the electrical
mechanical speed. This results in a fast changing airgap fie ; :
ngular frequencyl,,, is the series turns per phase gng,

for a relatively small mechanical motion of the rotor enabling o

high torque for the SPM-V machines [18]. This is similar t the magnet flux per coil pitch. The power factor of the

a magnetic gearing effect wherein a high speed is gener MV machine d?Pe”dS on the ratio of armature flux

from a low speed rotary motion. The ratio of this high speaffikége 1 PM flux linkage. The lower this ratio, the higher

modulated airgap field to the low rotor mechanical speedti € power factor.. . . _—

defined as the gear rati6,{ of the SPM-V machine and is . The following steps are involved in the derivation and
validation of the analytical model for power factor:

given byG, = P./(Z = F.). To maximize the utilization of (a) Analytical model and FE validation for PM flux linkage

this high-speed low pole pair —B. ) subharmonic . . :
: incorporating PM leakage fluxes developed in [22].
component, the stator is wound for the same modulated p IG)‘ AnaI;)ticaI rr?odel and I%E validation fo? arma[tur]e flux

pair. Therefore, the slot/pole number combination of th linkage incorporating the stator slot leakage flux.

SPMV machines follows a specific rule described by (c) Combining the above two steps to obtain the ratio of
P.=Z—-PorP.=Z+F (5 armature flux linkage to PM flux linkage for derivation of
power factor equation.
) Validation of power factor equation and studying the
impact of scaling on performance of 88MV machines

whereP, is the stator winding pole pair number. It has bee
proven that the Vernier machine designed with slot/po
number combination given bj. = Z — P, enables higher
torque compared to the one using the alterngfive= Z +

P,) [18]. Therefore,B. = Z — P, is used throughout this
paper for maximizing the torque capability. For this slot/pole

Ce ! The calculation of open circuit induced EME,£_,)
number combination, the gear ratio can be represented as the ;e i the inter-pole leakage flux is presented in [22] for
ratio of rotor pole pair number to stator winding pole pai? 9 P 9 P

number, i.e.G, = P./(Z — P.) = P./(P.). an integer slot SPM-V machine as

To produce higher torque than a conventional SPM ke T wm Dy Lgeic Bp, Kpy G?
machine, the SPM-V machine utilizes higher gear ratio. Epn—v = Ne) <(2@T+1)
Therefore, with the same stator structure as the conventional

SPM machine, an SPM-V machine will often have th¥herek, is the fundamental winding factofy, is the
following geometric features: number of series turns per phasg, is the rotor mechanical

2

3.1. Open circuit PM flux linkage

A+ 1) (8)



angular velocityD, andLs are the airgap diameter and theTable 1 Key parameters of SPM machine

stack length, respectivel),. is defined as the ratio of, to

A,. The inter pole leakage factdfy) is given by [22] Skw S00kW__SMW__10MW
Rated speed(rpm) 170 32 15 10
K, =~ 29 (99  Outer diameter(m) 0.426 2.195 5 10
sl T, Airgap length (mm) 0.5 2.15 5 10
wherert, is the rotor ‘po_le pitch anglis the mechanical airat:gcrljeltecgmr(nn;)(,ﬁ 0_86%41 0%?22 0_12'37 01 :2
gap length as shown|Hig. 2 Phase current(Arms) 2.7 438 2694 8796
The induced EMF ) is essentially derived from thgectrical
peak flux calculated by integrating the airgap flux densitading(AT/mm) 9.3 62.7 58.6 54.5
[sed_(3)] working harmonics over one coil pitch. It is worffurns/phase 720 161 56 32
noting that the integration of the fundamental airgap flux
density Bp ) with B. pole pair over the large coil pitch (as L 2°
shown |) already takes into account the leakage flux g181 —»— Without leakage factor
due to large coil pitch to magnet pole pitch ratio (discussed in =16 ~-o Withleakagefactor
sectioff ). Therefor, (B) incorporates the inter-pole leakage 2141
flux and the leakage flux due to large coil pitch to rotor pole g12{ AEABIL 10 108 105
pitch ratio. The peak value of phase open-circuit flux linkage ~ §'°1 101 105 100 100 15 o
. © 0.8
can be derived from (B) as expressed by 20 i st pe o ot poe
2 2 z 04 number‘ ‘ ‘ ‘ I‘ numbgr
Wpu = EkprhTrLsthPrKfl <m/\ + 1> (10) 3 4 5 6 7 8 9 10
Normalized pole pitch (T;)
@)
Rotor yoke 20
. N | | S | I N —— | N ;%’1.8 g —)(—W?thout leakage factor
— . £ 16 --o--With leakage factor
g — s 514 1'412_3?
A+ b, by ! ‘ht | A % 12 4 M'OO
E ;': 098 058 008 007 067 095
1 3 5 7 9 11 13
Fig. 2. Schematic of one pole model of an SPM-V with a Normalized pole pitch (z;)
gear ratio 5 resulting in five magnet poles within one coil )
pitch of an integer slot winding. 20
%’ 18 A —x— Without leakage factor
3.2. Validation with 2D FEA £ 6] 184 --o--Withleskagefactor
514 37
Four conventional SPM machines with power ratings %1,2, L e, 107 107 108
of 3kW, 500kW [23], 3BMW [24] and 10MW [25] are selected 10 ] e S
as both the reference design and to provide the specification 3 o5 - a e s os 102
for comparable SPM-V machines. The key parametérs o 5 06 { High slot pole Low slot pole
these conventional SPM machines are highlighble 1 % oq lnumber ‘ ‘ number
An outer rotor topology similar to the one showh in Fig. 1 is 0 Y Namated ode o ) 10
adopted here for all the power ratings because of its suitability ormalized pole pitch &)
for low speed high torque direct drive applications [26]. For (©
each power rating of conventional SPM machine, o 2° e ,
corresponding SPM-V machines with different slot/pole ge Tﬂ:tﬂ?ﬁ:ﬁﬁ:{f“
number combinations are obtained by following the rule, S 152
= (Z—P,). A gear ratio of 5 has been selected for this =l
study as this is a popular gear ratio widely used in literature E 12 —
[7], [10], [19], [27H29]. The different slot/pole number N e o O 008 100 102
combinations derived for the SPM-V machines are shown in E |,
- . X 5 0.6 { High slot pole Low slot pole
[Table 3 (se¢_Appendix|3). To enable a fair comparison T — T
between SPM and SPM-V machines, all the designs for each 0 2 4 6 8 10

power rating are optimized using genetic algorithm for
maximum torque with their rotor outer diameter, magnet
volume, phase current and copper loss kept constant.

Normalized pole pitch (z;)

(d)

Fig. 3. Comparison of normalized PM flux linkage, with and

without considering leakage factor, for different slot/pole
number combinations of SPM-V machines at power ratings
() 3kw, (b) 500kW,(c) 3MW, and(d) 10MW.



For a given power rating, the PM flux linkage of SPM-
V machines varies significantly across different slot/pole
numbers. Hence, a normalized value of flux linkage is used
here to compare the accuracy of the analytical equation [see ,
and also to study the influence of leakage factor. The
ratio of flux linkage calculated from analytical equation to NP
that obtained by 2D FEA is defined as the normalized value .~ { ;’E@ =
for PM flux linkage. Further, to make the study more generic, Y/ N2
the slot/pole numbers for different power ratings are 2% T
expressed as normalized pole pit€h) Wwhich is defined as N6
the ratio of pole pitch#.) to magnetic airgap lengtly)
given by [22]

Fe—h=7 1)
(g +7 n ) 9 Fig. 5. Open circuit flux distribution for 500kw SP M-

machine with phase A having the maximum flux linkage.

Table2 Inter pole leakage factoK(;) calculated usi)

) . . . However, it is observed that even for a low slot/pole
for different power ratings at various rotor pole pair

number with negligible inter-pole leakage flux, the

numbers £,) of SPM-V machine proportion of PM flux resulting in induced EMF is Ikti
KW 500kW MW 10MW significantly less compared to the total flux generated by the
e e e X five magnets under one coil pitch. To verify this, open-circuit
s n | B r | B sl F i fluxes are extracted using 2D FEA as shown_in Fjg. 5. The

20 0.967| 35 0.952| 40 0.944| 60 0.919 500kW SPM-V machine is used as example, and the rotor
30 0.952| 70 0.908| 50 0.931| 100 0.869 position is where the phase A has its maximum flux linkage.
40 0.936| 105 0.865| 60 0.919| 200 0.741 The total PM flux contributed by the 5 magnets under one coll
60 0.907| 140 0.821| 80 0.894| 300 0.613 pitch (@ppy tor) IS Obtained by summing the fluxes extracted
185)0 S-SE %Zg 8;;; 128 g-ggg 400  0.484 from the bottom face of these magnets (yellow solid lines in
: ' : [Fig. 5). The flux contributing to the induced EME{,;) is
] obtained by summing the flux extracted freai anddd’
~_The leakage factors f@PMV machines calculated (yeq dotted line fn Fig.]5). The difference of these two fluxes,
usind (9] for different power ratings are givep in Tale 2. Thg,,., ... anddpys, is the total PM leakage flux per coil pitch
comparison of normalized PM flux linkage, with and wnhout(pm;lk ). The inter-pole leakage flux contribution as a
considgring the leakage _factdff 0 in|@0)| is shown i ropor!t]fé()rlt oféyr Can be obtained from the analytical result
forltdlfflere?t pr?weihra:mgtﬁ aCtrt%SS slot/%ole tnumbfelrs.kT own iiﬂFi. B(b). Thereby, the two PM leakage fluxes, i.e.
r r W Wi nsideration
fzifors fheearleyi;S E(l) signailficantogiﬁereeﬁgesbeivsegn (;nzl?/ti?: er pole leakage flux kpiuceip) and the leakage flux
O : . pMikg coil) due to large coil pitch to rotor pole pitch, can be
predictions and 2D FEA results, particularly at high slot/pol - . I
egregated. The comparison of these individual leakage

number. This means that for high slot/pole numb -
. ! 'J P . yxes for the 500kW SPM-V machine across slot/pole

combinations, the inter-pole leakage flux becomes significa )

compared to the total flux per pole as shown in Hig. 4(b) afyMmPers is shown 6. All the fluxes are presented as a
can result in reduced power factor. As expected, for S'll:,lvl_normahzed value witlpp), ;,¢ Deing the reference base value.
machines with low slot/pole number, the inter-pole leakage is

negligible compared to the flux per pole, as shovn in Rig. 4(a).

1

0.8 1

06 1 —x— PMIkg-tot
04 { --e--PMIkg-coil ——o : PMEME .. —.-—""
02 1 Lo

o{ W FEFTETTMI— A —— e —

-0.2 {High slot pole _ Low slot pole
number "~ number

Normalized PM leakage flux
<
\

-04

e +
" Normalized pole pitch(s;)

Fig. 6. Comparison of contribution of individual PM
leakage fluxes to the total PM flug £y, ;,:) generated by

T @ o () the five magnets under one coil pitch across slot/pole
Fig. 4. Open circuit flux distribution with one magnet number for the 500kW SP M-V machine.
aligned with the stator tooth for the 500kW SPM-V machine
with slot/pole number The comparison reveals very interesting results that
(@ Ny = 42,P. = 35,P, = 7, (b) Ny = 294, P, = 245,P, = the total leakage flux at high slot/pole numbgr £ 2) can
49, reach almost 87% of the total PM fluggy ,0.). And out of

this, 80% is contribution from leakage flux due to large coil
pitch to rotor pole pitch ratio@{pu kg coi)- Although, the

4



inter-pole leakage flux af. = 2 can be 42% ofpgyy, itis estimate the magnitudes of the armature fluxes. The

still negligible compared to thep kg coir- following assumptions have been made for this calculation:

e The stator and rotor core are infinitely permeable.

e Airgap flux density is constant along the radial
direction.

i

il
il
il
o
2 |h.|||!.,:?[

Fig. 7. Contribution of inter-pole leakage flux and leakage fir

flux due to large caoil pitch.

The open-circuit flux distribution af. = 2 for the
500kW SPM-V machine is shown[in Fid. 7. It clearly shows
the fact that compared to the total generated flux from the £
magnets, significantly less fluxes are linking with the winding.
For low slot/pole numbers, although the inter-pole leakage is
negligible,@ppkg coir 1S almost 56% 0&py ¢oc. Thus, the
study reveals that for Vernier machines, their PM leakage
fluxes are largely dominated by the leakage flux due to large
coil pitch. This is an inherent characteristic as they utilize the (b)
flux modulation or gearing effect to produce high torque. ABig. 8. Armature flux distribution (without magnet
a matter of fact, the higher the gear ratio is, the higher the ceicitation) of the 500kW machine.
pitch to rotor pole pitch ratio will be. This trend will lead to(a) 7, = 2.2 with mainly two flux pathsd,, crossing the
higherg kg cou resulting in even lower power factor. airgap andps, slot leakage flux)b) 7,, = 6.7 with mainly

two flux paths ¢, and¢, both crossing the airgap).
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N
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In addition to the PM flux linkage, the power factor 4

calculation also requires accurate prediction of the armature i I T i

flux linkage. This section focuses on the derivation of an U Loopig: i A ! Ry i

analytical equation for estimating the armature flux linkage ! :‘ ! . :

considering the stator slot leakage flux, which is not \__— Loop2=p, NPy e by

negligible for a permanent magnet machine with a large | S-=----------- shutelelelelelalalalalululnlats .

magnetic airgap length. Fig. 9. Schematic showing three major flux loops (Loopl
carrying flux¢,, Loop2 carrying fluxp, and Loop3

4.1. Armature flux calculation carrying flux¢;) of armature flux distribution (no magnets
excited).
The armature flux distributions (without magnet Applying Ampere’s circuital law, the fluxes in the

excitation) in 500kW Vernier machines for a Igwdesign three loops can be calculated as [see Appenldix 1 for more
7, = 2.2) and a high, design ¢, = 6.7) are shown ih Fig. detailed derivations)
8] (a) and (b), respectively. The flux distributions are shown

at an instant when the phase C current is maximum. It is & zﬂm (12)
observed that for low, design, where the stator slot opening m K.(G +1)

becomes comparable or lower than twice the magnetic airgap

length ('), there is significant amount of slot leakage flux _ V200 G5 1, QLiseic _ o (13)
[¢5 in[Eig._§(a)]. For hight, design, the slot leakage is 2T om K (G +1) !

negligible as the slot opening is much larger thgh @hd

therefore almost all the fluxeg{ andd,) cross the airgap. by =0 Gt 0Ly (ﬁ) (14)
It is worth noting here that, the stator slot depth increases V2m b,

towards high slot/pole numbers to keep the copper |°§\fhereQ is the electrical loadingn is the phase number,
constant. is the stator slot heighh, is the stator slot opening agt =

A schematic of the armature flux distribution for one ( )\ — ko' is the effective airgap lenatk. is the
stator pole with three major flux paths (Loopl, Loop2 anéc g +um) — fed gap lengti,
Loop3 highlighted in red dotted lines) is showr in_Fify. 9Carter’s coefficient given by [20], [30]

Ampere’s circuital law is applied to these three loops to



leakage flux contribution. The validation of the analytical

-1
K, = [1 _ %55 {tan—l (b_O) I [1 _,_l(ﬁ)]}] (15)  armature fluxes for all the power ratings, with and without

considering the slot leakage flux, is showfn in E@.Similar
to the PM flux linkage validation, the armature flux is

=
o
L

1S3
©

—¥— Without slot

Normalized armature flux
o
o

represented as normalized value with their corresponding 2D
FEA value as a base value.

The comparison shows that there is significant
contribution from slot leakage flux to the total armature flux

ekage at high slot/pole number combinations where the slot width

04 ] o= With slot leakage becomes comparable or less than twice of the magnetic airgap
‘ length. The slot leakage flux can be as high as 50% at a

027 Hiohsotpole _________, Lowdotpole normalized pole pitch of around 2. Therefore, the

o0t . . . ; - . . consideration of this slot leakage flux is very important for

Normalized pole pitch (T,)

@

accurate power factor calculation. Although the analytically
predicted armature flux (considering the slot leakage flux)
has almost ~10% deviation from 2D FEA, the error is nearly

g
=}

{0950.95 093
9'0--9---_(.)('331 ______ q 23 -----

o
o

0.75

o
=)

0.66

Normalized armature flux
o
»

constant across various slot/pole numbers.

089 4.2. Armature flux linkage calculation

<050 Tng;;ts:gtag;age _ The armature flux Iink_age_ for the main flukdt;) can
1046 be directly obtained by multiplying the number of turns per
021 High slot pole Low slot pole phase as the main flux crosses the airgap and loops around
I —— the entire turns per coil in the slot (fee Fif). 9). Thus, the
2 4 6 8 10 12 armature flux linkage¥,, ) for the main flux is given by
Normalized pole pitch (%)
4V2u, TthrZT_rTrQLstk

(b)

LIJAm = ph(4¢1) = (16)

097
-99000 089 090 22 09
Bommmman ©---C"7

o g
© =}
2}
o

o
=)

—¥— Without slot |

Normalized armature flux
o
»

I
N

1 High slot pole

—-
number

089 gg

--e--With slot leakage

Low slot pole

m K. (G- + 1)

1. However, for the slot leakage flux, the effective

= 0% number of turns needs to be calculated to obtain the flux
linkage. The schematic used for calculating the effective

eskage number of turns is shown[in Fiia] which highlights the slot

leakage flux loops around the conductors in a slot.

o
S}
o

Normalized pole pitch (%)

©

I
N

number
2 4 6 8 10

h;

5
=10 93
| L% o8  __o----mo=om=oooooooc
«é 08 {0.86 0.90
I

0.6 .
-: —— Without slot leakage -
E 0a] 5 -=0-=With slot leakage ] T
E y
5 021 High slot pole Low slot pole
z number ’ number

0.0 T T T T T T T

1 2 3 4 5 6 7 8 9

Normalized pole pitch (T,)

(d)

Fig. 11. The schematic showing stator slot leakage flux
loops around the conductors in a slot. The coil in the slot
with a slot height ok, has a number of conducta¥s. The

Fig. 10. Comparison of normalized armature flux, with and fiy is assumed to be evenly distributed along the height of
without considering the slot leakage flux, for SRM- the slot in proportion to the enclosed current carrying

machine at power rating

conductors.

(a) 3kW (b) 500kW Vernier(c) 3MW and(d) 10MW.

It is worth noting here that the ma

. £ The schematic shows that the colil in the slot has a
%des OF PUXERumber of conductorsVf) distributed evenly along the height

flowing in Loop1 and Loop?2 are the same |

For validating the armature flux calculation, total flux linking
with the phase C is estimated directly by FEA by doublin

the flux extracted from contowt’ [marked i

line in[Fig. g(b)]. This value is then compared with th

analytically calculated value wherein the
pitch is expressed a&b; + 2¢3, where2

and 43)] of the slot ;). The magnitude of the flux in each loop is
assumed to be proportional to the conductors enclosed by the
ﬂJop. The variation of the magnitude of flux along the height
of the slot is shown jn Fid.1] with ¢,,,,, being the maximum
yalue contributed by, number of turns. The effective
umber of turns (out ¥, turns),N,, linking with the total

n yellow dotted

total flux per co
b5 is the slot

6



slot leakage fluxZ¢s) can be calculated as (Fee Appendix 2 100

for more detailed derivation)

(N + 14N, - 1)
Neff = 6Nt

Therefore, the total slot leakage flux linkadg () per

phase can be derived as
Nerr _ V2u,

h
Wy, = 25T~ = 2206, 0L (3

N, m

5. Power factor calculation and validation

5.1. Power factor for different slot/pole numbers

The power factor equation can then be given as

--e--Scenario 1 —a- = Scenario 2
098 | Z‘.“*-Z-:_s —x—Scenario3  —e—FEA

14
©
=

14
©
=

Power factor

092 1High slot pole
number

Low slot pole
number

—

3 4 5 6 7 8 9 10
Normalized pole pitch (Tr)

@)

10
0.9 1
08

= 07 A

B 06 -

05 1

;% 0.4 4
0.3 1

0.2

--¢--Scenario 1 —2 - Scenario 2
—¥— Scenario 3 —e—FEA

pp = 1 _ ! L e
W, 4@, \? \/1 + (K.)? 1 3 s 19 1 13
1+ (TPTSI) Normalized pole pitch (zr)
(b)
whergKt is the factor whi_ch represents thg ratio of armature 10 ool . oamios
flux linkage to PM flux linkage. Substituting the values of 1 L semrios e FEA

PM and armature flux linkages frorQ)]|(16)

can be expressed as

= (42 (52) e
" \V2m/ \ Bp, ) Kp(1 + Kyer) LK. \G, + 1

0.2

h, N, High slot pole Low slot pole
+ b—t ;]ff] Z'(l] 1 number —_—" umber
ot T 3 5 7 9 1
2 f . -
wherek,,, = (ZGG—TH)AT, representing the permeance term. Normelized pole pitch (zr)
T
The following three scenarios have been included in 1o ©
the validation of the derived analytical equation to study the 09 --o-- Scenario 1 —a - Scenario 2
influence of each parameter on power factor. The equation 081 «_ —x—Scenario3 —e—FEA
for K, corresponding to each scenario is also highlighted. gg;
e Scenario 1: PM flux linkage without leakage factor £ 05 |
(K¢) and armature flux linkage without slot leakage %g;‘
flux (2¢3) 02 7 High slot pole Low slot pole
73 5 01 1 number —> umber
T.. 0.0 T T T T T T T
K, = <2 2“°”)< Gy )(i)( I 1 2 3 4 5 6 7 8 9
m Gr+1/\Bp, K.(1+ Kyer) Normalized pole pitch (zr)
e Scenario 2: PM flux linkage with leakage factor and (d)

armature flux linkage without slot leakage flux

i - (2 Zuom)(_G? \(Q 7
"\ m G, +1)\Bp ) \KKr (1 + Kyper)

Fig. 12. Comparison of power factor calculation (with
incremental improvements from Scenario 1 to Scenario 3)
with 2D FEA across slot/pole number combinations at
power ratings

() 3kwW, (b) 500kW,(c) 3MW, and(d) 10MW.

e Scenario 3: PM flux linkage with leakage factor and

armature flux linkage with slot leakage flux [5@6)|

The overall comparison shows that the power factor
calculation using the analytical equation, incorporating the

The impact of each scenario on the power factd?M leakage factori,) and the armature slot leakage flux in
calculation is compared across various slot/pole numbersSatenario 3, provides significantly better agreement with the

different power ratings, as showr in Fig)

FEA prediction. It also shows that the effect of these leakage
fluxes on the power factor is significant, especially for higher
slot/pole numbers. Interestingly, even though the PM inter-
pole leakage flux is negligible compared to the leakage flux
due to large coil pitch, they still have a significant impact on
the value of power factor. This is because their magnitudes



become comparable to the flux linking with the winding asnity for both conventional SPM and SPM-V machines.
slot/pole number increases. Therefore, the achievable power factors for both machines are
It is interesting to note here that the power factoalmost near to unity. However, with increasing electrical
shows an increasing trend (scenario 1) with higher slot/pdeading,K, for SPM-V machine can go beyond unity, leading
number when these leakage fluxes are neglected. This cartdaignificantly reduced power factor, which is around 0.5.
understood froh21)] The last term ih2T)| represents the But for the conventional SPM machirig, is still much lower
geometric parameter of the machine which is mainly #han 1, enabling it to achieve much higher power factor.
function of airgap permeance. The variation of this term, the
ratio of 7, to K. (1 + K,.,), is plotted against the normalized 16

pole pitch for all power ratings and is showh in Higl. For a 14| ~——Conventiona SPM  -<--SPMV ="
given normalized pole pitch, this geometric term is observed 12 (\/Power factor,//@

to be almost the same across all power ratings and shows ¢ 1 R R G — e —x
decreasing trend with higher slot/pole numbers. The first o8 \j"*: <

three terms i 21)] are almost constant across slot/pole  0s { e e,
numbers. Therefore, the power factor shows an increasing 04 K,

trend with higher slot/pole numbers for SPM-V machines. 02 ’@/”’

However, after the consideration of the PM leakage flux and ©
armature stator slot leakage flux, this benefit in power factor

at high slot/pole number disappears. This is particularly the
case for higher power ratings. Although, at low slot/pol€&ig. 14. Variation of K, and power factor with electrical
numbers, the inter-pole leakage flux and the slot leakage fllpading forz, = 3.

are negligible, the PM leakage flux due to large coil pitch still

10 20 30 40 50 60 70 80
Electrical loading (AT/mm)

persists making the power factor poor for SPM-V machines. The comparison of power factor between the
conventional SPM and SPM-V machines at different power
4 ratings predicted by 2D FEA is shown 15. As
——3kW -8 S0OLW -4 3MW  —- - I0MW explained above, it is observed that the power factor of SPM-
=1 V machine drops significantly with increased rating. The
f 2 500kW SPM-V machine with the largest electrical loading
s shows the poorest power factor. However, the conventional
= s SPM machine is able to give an acceptable high power factor
e 1] grem® across power ratings. The SPM-V machine with low
“-_:; o electrical loading, e.g. the 3kW machine, is able to provide a
v 05 1 High slot pole , Lowsltpolel  high nower factor (>0.9) comparable to that of the
number " number . .
0 : . . . = conventional SPM machine.
1] 2 4 6 8 10 12 18
Normalized pole pitch (%) ii : . e eon
Fig. 13. Comparison of the ternf, /[K (1 + Ky.,)], 512] s owwvane i vane
between different power ratings plotted against normalized 8 1 o . °
pole pitch. g 08 u
& 06 4 e
5.2. Scaling effect on power factor 2‘2‘ (,35'-“?““7--* .................. -
" *
For simplification,[ 21)] has been considered to °0 2 4 6 8 o 12
understand the trend of power factor with scaling (increasing Normlaized pole pitch (z,)

power rating). The gear ratiG,( = 5) is maintained the same ¢, 15 comparison of power factors (calculated using 2D

for all power ratings. The last _te_”ﬁ’/[KC(l + K‘.’”)]' i_s FEA) between Vernier machines with power ratings of 3kW,
also found to be constant for a givgn The magnetic loading 5oy 3MW and 10MW.

(Bp,) is not expected to change significantly across power
ratings. Therefore, the power factor is directly proportional to 5.3 Experimental Validation
the electrical loading@). The comparison ok, between

conventional SPM and SPM-V machines calculated i ( The experimental validation for the 2D FEA model
as a function of electrical loading (for an assurijeek 3) is  has been presented in the previous publication [22] which
shown iff Fig14] The values oBj, andK, are assumed to be discussed a detailed analytical model for the induced EMF of
0.8T and 1.5, respectively. For the conventional SPkhe SPM-V machine. Two small prototypes (one for
machine,G, = 1 and K,.,, = 0 has been usedt can be conventional SPM and one for SPM-V machine) have been
observed fro that the value ok, for SPMV tested and compared to validate the analytical and 2D FEA
machine increases with electrical loading at a much faster rat@dels. As this paper discusses a topic which is an extension
than conventional SPM machine. This is due to their jgh of the previous publication [22], the test validation are
value resulting in increased leakage due to a large coil pitchssumed to be valid for the present work as well.

The power factors derived from their respectife
usind @9)]are also shown For very low electrical

loading (<10A/mm) K, is observed to be much less than



6. Conclusion T

N, = ‘;3 (28)
The impact of scaling on power factor of SRM- °
machines is investigated using power ratings ranging frorTApp|ying
3kw to 10MW. A detailed analytical modelling,
incorporating the effects of all the leakage fluxes has been Ieke—pic = V2Lon/a (29)
presented and validatett has been revealed that SRM-
machineshavean additional and significant PM leakage flux 7DyQ
resulting from their large coil pitch to rotor pole pitch ratio Tonlpn === (30)
which is absent in conventional SPM machines. This leakage
flux together with the PM inter-pole and stator slot leakage D,
fluxesreduce the power factor of SPM-V machines especially 2P, =61 (31)
at high slot/pole numbers. Although leakage fluxes are high,
negligible armature reaction at low power rating/electrical 2G, T,
loading (~ <20AT/mm) enables SPM-V machines to achieve Ts = G, +1) (32)

reasonably good power factor (> 0.9). However, at high

power rating/electrical loading, the above mentioned leakaggve get

fluxes significantly reduce the power factor of SRM-

machines compared to conventional SPM machines V2o G255 7,QLgk

" m K.(Gr+1) (33)

7. Acknowledgment ] ) ] )
wherel,, is the phase currerQ,is the electrical loading of

the machinem is the total number of phases.

This work is supported by the UK EPSRC ProsperltApplying the same approach for Loop2, gives

Partnership “A New Partnership in Offshore Wind” under

Grant No. EP/R004900/1. V2o G271, QL
= ————= (34)
m  K.(G,+1)
8. Appendices Therefore, the magnitudes of flux flowing in Loopl

and Loop?2 are the same.
Applying Ampere’s circuital law in Loop3 and

8.1. Appendix 1 assuming a linear variation of ampere-turns in the coil, gives

Applying Ampere’s circuital law to Loop] (seeFig. 9, f H.dl = Nl X (35)
i . = Nelekt—p
gives he

Assuming the whole MMF drop to be across the slot
opening, the flux density in the stator sld;{) can be
§alculated as

f H.dl = Nyl gr_pi (23)

whereN; is the number of turns per coil of stator winding an
Icke—pk is the peak value of armature current. The peak value _ HoNeleke—p (x) (36)

of radial airgap flux densityBy,,,) along Loopl is given by g5 = b, he

toNelciee—pic IntegratingB,, over the entire height of the sldt,}

B . .= 24 .
gaLl 29" (24) and length of the machiné,) we get
h
where = poNelwt—picLsti (= 37
¢3 HolNelcke pklstk (Zbo) ( )
hom By following the same procedure as adopted for
"_K + =K.g 2 . -
g =0 (g rec) <d (2) obtaining 83)|fro $5 can be rewritten as
. h
with —_to e
b2 = 2 Gt QLuue (5 (38)
2 b\ g’ 1 b, \7"
—|11-Z -1(Z2) _ <L (=2 26 .
K, [1 nés {tan (g’) b, In [1 + 4(g’>]}] (26) 8.2. Appendix 2
. T'he total flux in Loopl. can then be derived by The magnitude of the flux in each loop (see El.is
integratingB,q,, Over one slot pitche() as assumed to be proportional to the conductors enclosed by the
toNeLeke—piLserT loop. The variation of the magnitude of flux along the height
= —— Zgl,), — (27)  ofthe slotis shown With ¢,,q being the maximum

) value contributed by, turns.
N, can be expressed in terms of turns per prggsé, (

number of parallel branches)(and stator winding pole pair
(F) as



1:&)(1
Nt

| , 3 () (%)

Conductor 2: Area under trapezaid'b’'b multiplied by
number of conductors within the area, given by

(39)

¢m ax

~

=

bl C | i i E E . !
lallzigi :' i i i | S B(Zxﬁ)(Zx?\,—t)—%(lth)(lxi—t)]><2 )
O—El b ¢ n —%X3x2
Towardsh; ¢

Extending this logic, the flux linkage with the final
conductor N, is given by

@x 2n—1)n

t

Fig. 16. Variation of flux magnitude from conductor 1
with ¢4, being the maximum flux contributed by tNg
turns. Conductor 1 is placed first at the slot bottom. (41)
The total slot leakage fluxp;) contributed by all the
conductors in one slot is given by the area under triangté
The individual flux linkage with each conductor is calculate

The total flux linkage is the summation of individual
8onductor flux linkage and is given by

. N¢
as below: . , o o (N + 1)(4N, — 1) 42
Conductor 1: Area under triangdea’ multiplied by number Nz 2, @n = Dn =g x ———pr——— (42)
of conductors within the area, given by ¢ n=1 ‘
8.3. Appendix 3
Table 3 Slot/pole number combinations investigated in this paper
Machine Design | 3kW 500kW 3MW 10MW
Type number [y P, P, N, P, P, N, P, P, N, P, P,
Conventional | 0 96 16 16 294 49 49 480 80 80 960 160 160
Vernier 1 24 20 4 42 35 7 48 40 8 48 40 8
Vernier 2 36 30 6 84 70 14 60 50 10 72 60 12
Vernier 3 48 40 8 126 105 21 72 60 12 120 100 20
Vernier 4 72 60 12 168 140 28 96 80 16 240 200 40
Vernier 5 96 80 16 210 175 35 120 100 20 480 400 80
Vernier 6 120 100 20 252 210 42 192 160 32 - - -
Vernier 7 - - - 294 245 49 240 200 40 - - -
Vernier 8 - - - - - - 360 300 60 - - -
Vernier 9 - - - - - - 480 400 80 - - -
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