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Coil excited Pseudo Direct Drive electrical machines

A. Penzkofer, G. Cooke, M. Odavic, and K. Atallah
Department of Electronic and Electrical Engineering, University of Sheffibleffigld S1 3JD, U.K.

A Pseudo Direct Drive (PDD) equipped with a coil excited high-speed (HS) rotor is presented. An analytical model which predicts
the flux density in the air spaces and permanent magnets (PM) of the PDD is presented, and it is shown, that a good agreement exists
between the analytical and finite element (FE) predictions. Furthermore, the model is employed to investigate the effects of the key
design parameters on the performance of a coil excited PDD for a 10MW wind turbine application and an optimised design is
proposed. It isshown that shear stressin excess of 100kPa can be achieved, and that compared to a PM excited PDD areduction in PM
mass can berealized. It isalso shown that the efficiency over the operating range of thewind turbine can be maximized by adopting an
appropriate control strategy of the HSrotor excitation currents.

Index Terms—Pseudo Direct Drive, magnetic gear, wind turbine

I. INTRODUCTION Pz
M AGNETIC GEARS(MG) can be an alternative solution to
mechanical gears in many applications and ha Stat .
increasingly received attention by industry and research in t Permanent magnets

recent decade§ [[]. Because of the contactless torc Outer airgap
transmission capability and the inherent overload protectic "ole-piece rotor
L . L . . Inner airgap
reliability can be significantly improved. A particular
promising design with torque densities similar to those
mechanical gearboxes is the concentric MG][2,[3
Furthermore, stator windings may be added to form
magnetically geared machine [1][4]J3 design which only
requires two mechanical airgaps and where the PMs with 1
higher pole-number is fixed to the stator is presented by t
Pseudo Direct Drive (PDD)_ [b]Due to the compact
integration of the magnetic gearing element within th
machine these types of machines could enable the realisa
of light-weight and compact dm-train solutions for many
applications, such as wind turbirfes][6]. However, despi
ther many advantages a concern for the application of wit
remains the relatively larger quantities of permanent magn
(PM) required for their realisatipn [7]. Therefore, while RDD
hav.e .SO far been de_S|gned and manufactured Wwih Fig. 1. Schematic ai PDD segmentThe PMs on the stator are magnetise
excitation on both the high-speed (HS) rotor and the stator giscrete Halbach arrangement
is proposed that in order to reduce the PM mass and introd

an extra degree of controllabilitthat the HS rotor is excited finjte element (FE) analysis may enable an accurate analysis
using coils supplied with a dc current. Fig. 1 shows @ the PDD it also could require in a significant computational
schematic of a coil excited PDD where the PMs on the Hgfort. An analytical model has been proposefl i} [7]-[9] for
rotor are replaced with a winding supplied with a dc current. the prediction of the flux density distribution in the PM and air
The novel design for a coil excited PDD has beefegions of PDDs with HS rotor PM excitation. In this paper an
considered for a 10MW wind turbine. In order to achieve agnalytical model for the prediction of the flux density
efficient and economically feasible design optimisation studiggstributions in the air spaces and PMs of a PDD with coil
have been conducted in this work. Generally is thgcited HS rotor is presented. It employs similar methodology
optimisation of the PDD essential to achiewéight-weight o the one adopted for the PM excited HS rotor PDD, and the
and cost effective drive train solution. However, theys rotor coils and the stator coils are represented by
optimisation may involve investigating into the effects ofquivalent current sheets. The model is employed to
many variables and hence large amounts of data. Althougfyestigate the effects of the key design parameters on the key
performance indicators of the PDD, such as mass and
efficiency. However, a design has been selected for a more
Color versions of one or more of the figures in thisepare available ~ detailed analysis using FE method. It is shown, that replacing
online at http://ieeexplore.ieee.org. the PMs on the HS rotor of a PDD with windings can result in

High-speed
rotor
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reductions in PM mass, and that shear stress in excess of

100kPa can be achieved. It is also shown that the contro}I1

whereJ; is the inertia of the turbing, is the inertia of the

strategy, more specifically the variation of the dc excitatiop|S rotor, and, is the inertia of the PP rotor and the inertias

lejf_rr(_ant W't? tr‘:\"nd _Ispee_(;l, dhz?);'g_rll';'car;t eﬁ?Ct on the of the components connected to it, such as the shaft and the
eficiency ot the coll excite - Iherefore, in summary v, pine. 6r, 6ys and 8pp are the angular positions of the

coil excited PDD is proposed together with an analytic{, ine the HS rotor, and the PP rotor respectively, mpd
model for the prediction of its key design parameters. Tha%dQ are the number of pole-pairs on the HS rotor and the
analysis and design optimisation is focused on a 10MW wind, mper of ferromagnetic PPs on the PP rofpr.is the

trbine. magnitude of the dc current in the HS rotor windings, ianisl

the magnitude of the rms current in the stator windiffigg,,

Ty, andTg are the pullout torque of the MG element of the
Similarly to the PM excited PDD the windings on the H$DD, the torque supplied by the wind, and the electromagnetic

rotor interact with the windings on the stator to productrque, respectivelyks is the stiffness of the shaft connecting

electromagnetic torque, which is transferred to the pole-piettee turbine to the PP rotor.

(PP) rotor by the interaction of the windings on the HS rotor[Fig. 3 shows the torsional models of a wind turbine drive

and the PMs on the statpr. Fig. 2 shows the harmonic spedtein employing PM excited and coil excited PDDs. It can be

of the flux density waveforms in the airgaps adjacent to tisgen that the MG element of the PDD can be replaced by two

stator and the HS rotor, due to the windings on the HS rotéieal gears and 1-to-1 magnetic coupling, having a stiffness

and the PMs on the stator, respectively. It can be seen that/hediven by

introduction of the ferromagnetiePsresults in a dominant

260 pole-palr asynchronous space harmomc field WhIC = Ty (Ir) c05(Q8pp — PisOis) =

interacts with the stationary PMs to transmit torque, while the Q

40 pole-pair synchronous harmonic interacts with the stator

winding to produce electromagnetic torque in a similaghered is the referred load angle. In a PM excited PRD

Il. PRINCIPLE OF OPERATION

T”%('f)cos(e,;) (@)

manner to a wound rotor synchronous machine. is only a function ob, while in a coil excited PDIR; is also
The equations which govern the motion of the turbine, tizfunction of;. This should be taken into consideration, when
HS rotor and the PP rotor are controlling such a PDD. From equations (1)-(3) it can be seen,
that the MG element of the PDD is essentially a compliant
29, transmission which could isolate the mechanical drive line
]TF =Ty — ks(0r — 0pp) (1) from shock loads caused by the electrical system, such as

transient and short circuit currents. And hence improving the
reliability of the mechanical drive line and reducing its size

2
]PPd# = kg(67 — Opp) (2) since it would not be subjected to the electrically produced
dt , overload torques. However, the inherent compliance of the
~Tpuu(ly) sin(QOpp — Pusbus) magnetic transmission should be carefully considered in the

design and control of the drive train, since it would introduce
low frequency oscillatory modes.



I1l. ANALYTICAL MODEL

The methodology which has been employed to develop the = Jus.an cos(no)
analytical technique for the prediction of the flux density Jus(€) = Z )(sin(na))
distributions in the airgaps and PM regions of MGs and PDDs n=1

with PM excitation on HS rotor and stafor JI7I[81J9], is .
adopted for the development of the analytical model for theimilarly, at R the circumferential component &f equals the
prediction of the flux density distribution in the airgap and PMurrent sheet, hence

regions of the coil excited PDD. The effects of the stator and
the HS rotor windings are accounted for by currents sheets or), Bo,v(Rs,0) Moy (6) _

(12

HS,Cn

. ! : Rg, 0) = =—J,(0 13
the stator iron bore diameter and the HS rotor outer diameter, oav(Rs, 6) Loy Uy Js(6) (13
respectively. End effects are neglected and the iron is assumed
to be infinitely permeable where Hp,, By, and My, are the circumferential

The Maxwell equations for quasi-static conditions are components of, B andM in regionlV, respectively/; is the

current sheet at the stator bore radius representing the effects

VE=0 (5) of the stator windings and is expressed as a Fourier series
Vxi =f ©6) by the coefficientgs 4, and/s ¢, as
7 L E B ; N Isan cos(nb)
whereH is the magnetic field strengthjs the current density  j.(9) = Z An) ( _ ) (14)
andB is the magnetic flux densitg is related tad by i \scn ) \sin(nd)
B = poH in air regions (7)  The vector potentials for the air gap regidinandlll, and the
- - B PP air regions 1,Q given iff [8] can be expressed as
B = pou,H + ugM in PM regions (8)
v (Rys Py(r,Rppy) (A
where u, is the permeability in ajrp, is the relative Ay (r,0) =A;,+ Z {ﬂn—m( ”’n> (19
- — ", . L — En(Rys, Rppi) \Ciin
permeability of the PMs, and is the residual magnetisation. n=1
Furthermore the flux density is given By= V x 4, whereA 4 Beri Fa(r Rus) (B”'">} : (C(.)S ne)
is the vector potentiald is given by solving the Laplace and n Ey(Rppi, Rus) \Diin sinnf
Poisson equations oo
q RPPo Pn(TrRmo) AIII,n 16
. Ay (r,0) = Ao + n E.(Ropo RoI\C (16)
A =0 in the air regions 9) n=1 n\tPPor ftmo/ \ MILn
A = Vx M inthe PM regions (10 Rmo M<Bm’n>} : (COS n9>
- H g n En(Rpo, Rppo) \Ditin sinn@

and applying the boundary conditions. Due to the symmetry iﬂ (r.0) =R (
i\ — A\ppi

T
o Ao + Biol —)
z, only the z-componemt of the vector potential is non-zero. Lo 1o rlR (19

PPi

If A is expressed as a Fourier series, the coefficients of the & Enr/5(r, Rppo)

Fourier series for the various regions are related by the +ZRPP,- {E (RoniR )A,-,n
boundary conditions at the interfaces. At the interfaces n=1 n/BNPPL TEPPO

between the iron regions and the air/PM regions the tangential Enn/p(r, Rpp;) B 0_0
component off is zero. Apart fronthe HS rotor outer radius Enn/g(Rppis Rppo) " cos(nr( /B

Rys and the stator bore radiuss, Rwhere the tangential

component off is equal to the current sheet representing thehereRpp;, Rpp, andR,,, are radii shown in Fig.,18 is the

HS rotor windings and the stator windings, respectlvely][10]. PP opening angleg; is the angular position of the i-th slot,
The circumferential component al equals the current and

sheet &R,s, hence

) Pew=(2) +()" (18)
HG,II(RHS' 0) = _BG,II(RHS' 0) = —Jus(6) (11 pan .
o B = (1) = () 19

where Hg ;; and By ;; are the circumferential components of

the magnetic field and flux density in regitin respectively. are functions of values v and Whe solution for the vector
Jus is the current sheet representing the effects of the HS ropmtential in the PM regiolV is given by [9]:

windings andit is expressed as a Fourier series by the

coefficients/ys 4, and/yscn as Ay, 0) = Ay, 0) + Ap 1y (1r,0) + Ac iy (1, 0) (20



where Ay is the general solution and> 4 is a particular Bg 111(Rimo» 0) = — (Bo 1v (Rino» 0) — tioMg 1 (6))  (34)
solution of equatiorf40} without a current sheet, and: A is ’ pr = ’
accounting for the effects of the current sheet. For a discrete

Halbach magnetisation these take the form: give the following relations between coefficients of regibhs
andIV[[9]]
B,(r,Rs) (Awn cos(n)
A )= ) ——— ' ( . ) 21
G,IV(r ) _IPn(Rmo'RS) CIV,n Sln(nH) ( ) <AIV,n> - <BIII,n) Pn(Rmo:RPPo) (35)
"= o CIV,n DIII,n En(Rmo:RPPo)
sin(n@y) cos(no) Aprn 2
A0 =8, %0 ) (<0 2z Y A
P'IV( ) rn=1 n( ) —COS(Tl@S) sm(n@) ( ) CIII,n En(RPPo: Rmo)
*© Rs ]s,A,n cos(nf) <Bm,n> _ l(AIV,n)En(Rmo'RS) (36)
Acy(r,0) = oy Z — ’ < . > (23 Diiin Ur \Civn ) Pa(Rino, Rs)
n \Uscn sin(nd) -1
n=1 ” Rmo " En(Rmo:RS) ]sAn
P REGRD (e’ N
X (—) ——(—) Rs Po(Rino, Rs)) \Jscn
RS Pn(Rmo'RS) RS B . ( @)
sin(n s
. _ +—(=h €n + X5 (R ( )
where B is the remanence of the PMs, afigl is an angle ur( nmspsEnmsps + X (Rno)) —cos(nBg)

dependent on the stator PMs positiostsown in Fig. 1 The

function X,,(r) depends on the magnetisation and it is givewhere X, (r) is the derivative ofX,(r). The boundary

by conditions at the interfaces between the air gap region Il and
I1l, and the PP air regions lead to the following set of relations
between coefficients of regiois 1l and 1..., O[[8]]

Q .
() -2 o)

2 ke [Pen/s(Rppis R
+Z_[ kn/ﬁ( PPi PPO)A
k:lﬁ

Pn(rt RS)

X,(r) = hn.ms.ps (Y"(T) h m

Yn(Rmo)> (24

_ MsPs sin (n %) (25)

nmsg, - n,
SPs T n ps

R 7\ _ E R .'R ik
Y,(r) = = (_) G, + fn(r)(ne,*{,mslps + €nmgps) (26) wre/8 (Rppis Rppo)

n \Rg 2 B ](f(k,n,i))}
1 Exr/3(Rppis Rppo) bk gk,n, i)
r rp—— n>1 -
fa(r) = Q ,
1 . (B.
—rin(r) n=1 (AIII,n) _ Rpp; {@ (r(n, l)) (39)
2 Crrn = Rppo L \s(n, i)
ETT.m-Ps = €mgspsn-ps + Emspsn+ps (28) d k [ 2
' Y- N
Enmps = Emspsn—-ps ~ Emspsn+ps (29 P 13 Exr/3(Rppis Rppo) b

_ Punyg(Rppi, Rppo) B ] (f(k, n, i)) }

- 0fn _
Gy = —(n€msps + Enmops) a_r(RS) + Enmsps (30) Eyr/p(Rppis Rppo) Y \g(k,n, i)

1 nmod p; =0 o
= 2 (R 2 A
En,vs {O n mod Ds *#0 (31) Aik — Z_{ HS ( II,n> (39)
T~ np (Rppi En(Rys, Rppi) \ Crin
whereps is the number of pole-pairs on the stateg, is the B,(Rus, Rppi) (Bun f(k,n,i)
number of Halbach segments per pole-pair, mandod p; is " E,(Rys, Rppi) \ Dy n ) (g(k, n, i))
the modulo operation. '
Applying the boundary conditidnif)] gives the following v 2 (Rppo Pu(Rppos i) {Artin
relation for the coefficients of regidhand the current sheet: Bix = Z E{R "E, (Ropo) R )(C ' > (40)
n=1 PPi &n PPo» *mo I1I,n
Ain\ _ Jus.an (32) _ Rimo 2 (BIII,n>} ] (f(k' n, l))
CII,n — Fo ]HS,C,n RPPi En(RPPo' Rmo) DIII,n .g(k' n, l)
The boundary conditions at the interface between retilon 4, = 4,,, + Zi{RHS 2 (A”'") (41
andlV: ' ' n:1nﬁ Rppi En(Rys, Rppi) \ Ciin

_ B, (Rys, Rppi) Biin ] (r(n, l))
Brad,III (Rmor 6) = Brad,IV (Rmov 9) (33) En (RHS: RPPL') DII,n S(Tl, l)



TABLE | 0.2 T T
PARAMETERS OFA PDD FOR A10MW WIND TURBINE Analytical
) 0.15H -+ FE (linear steel) .
Quantity value o FE (nonlinear steel)
Pullout torque of the MG component [MNm] 11.9 = 01
Number of identical segments 20 — ’
Gear ratio 7.5 2
Pole-pieces per segment 15 Uc) 0.05
Pole-pairs on HS rotor per segment 2 %
Pole-pairs on LS rotor per segment 13 » Qg
Halbach segments per pole-pair 4 =}
Airgap diameter [m] 8.0 Z _005H
Length of airgaps [mm] 8.0 %
Active axial length [m] 1.22 0] _o.q | A
Remanence of PMs [T] 1.25 o - b
Relative recoil permeability of PMs 1.05 HS rotor
Rated PP rotor speed [rpm] 9.6 -0.15 4l6t oBanl 1
Rated electrical frequency [Hz] 48 P 9 ¢ >
PM mass [tons] 4.5 -0.2 . . ! ' : ; . L
Copper mass [tons] 20 1 2 3 4 . 5 6 7 8
Active steel mass [tons] 59 Angular position [deg]
Electromagnetic efficiency at rated power [%)] 95 a) HS rotor currents are turned off.
2 . . : : :
R Analytical
PPo _ L + FE (linear steel) |
Ao+ Bogln—=A4 42 1.5
PO L0 R b HLo (42 O  FE (nonlinear steel)
o —
n Z i{RPPo P (Rppo, Rino) <A111,n) E
o~ nB (Repi En(Rppos Rino) \ Ciirn E)’
_ Rino 2 <BIII,n)} ) (T‘(Tl, l)) 3
Rppi En(Rppor Rmo) \Diiin s(n, i) 5
. . ) . . S
where f(k,n,i), g(k,n,i), r(ni) ands(n,i) are functions T
. . 9]
given if [8] s
Table | gives the parameters @LlOMW coil excited PDD Heioisi
for a wind turbine, where the PP rotor is directly connected t  ~'5| slot opening |
the turbine The developed analytical model has beer 5 , : : . , .  —
compared with 2-d FE for the PDD in Table I. The accuracy ¢ 0 1 2 3 4 5 6 7 8 9
the analytical solution is determined by the highest harmoni Angular position [deg]
orders that are employed for the Fourier series in the airgap) Stator currents are turned off.
and PM regions. The matrix that has to be inverted in order 1 2 - - . } = .
gain the values of the unknown coefficients is of the siz 3 f:Ea('IYUCE\' "
2 _ ; ; 1.5k inear stee 1
NZ ¢a, WhereN,,.q; = 8N + (2N, + 2)Q, whereN is the highest o FE (nonlinear steel)

order harmonic considered in the air and PM regions,\and

—

-

is the highest order harmonic considered in the PP air regior -.
The computational effort would, therefore, dependa
significantly on the purpose of the analysis. For example i&
only the transmitted torques are required, which would be th-:
case for optimisation purpose¥, should not be much larger 2
than the highest number of pole pairs per section, e.g. for tI's
design in Table N should be larger than 13. However, if for g
example torque ripples are requirBdshould be increased in T~

1

order to capture the effects of the higher harménids [7] _15} HS rotor ]
|[Fig. 4@) angl Fig. [5a) show the variations of the radial flu slot opening

densities in the inner and outer airgaps, respectively, when tl -2 : . I L t >

rated stator current is applied and the HS rotor currents a i ¢ & = | 4 3 8 L . 9

turned off [ Fig. 4b) anfd_Fig.]5b) show the variations of the) on toad ngular position [deg]

radial flux densities in the inner and outer airgaps’ o _ o o _
respectively, when the HS rotor current is applied and thz;?.: Variation of radial flux density with the angulargition in the inner
stator is open circult. Fig.¢¥ and Fig. $) show the variations 9ap.

of the radial flux densities in the inner and outer airgaps,[Fig. 6 shows the electromagnetic torque on the PP rotor at

respectivelyat full load. It can be seen that a good agreemep{jlout torque. It can be seen, that the torque calculated by FE
exists between the FE and analytical predictions. Howevgy reduced, particularly for steel with non-linear

minor differences can be observed due to the slot openings. characteristics, however the difference is only about 5%.
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+ FE( Fig. 7. Variation of the pullout torque with the H&or excitation current
1.5F (linear steel) i HS it of d HS rot "
o  FE (nonlinear steel) (HS rotor current per unit of rate: rotor cutyen
E 1 25 : : : : : .
= :._‘ Analytical
@ 0.5 4+ FE (linear steel)
5 .
3 Al O FE (nonlinear steel) -
<
= +
= -0.5 —_
5 ;v, 1.5
£ - =S
=
-1.5 o 11
=D L i L 1 L 1 L i
0 1 2 3 4 5 6 7 8 9
Angular position [deg] 0.5}
c) On load
Fig. 5 Variation of radial flux density with the angulargition in the outer

alrgap. 1 1 i 1
0 025 05 0.75 1 126 15 1.75 2

[Fig. 7| and _Fig. B show the variations of the pullout torque HS rotor current (p.u.)
and the fundamental component of the EMF with the currerFig. 8. Variation of the EMF with the HS rotor exibn current(EMF per
If, respectively. It can be seen, that the puIIout torque and tlunit of the rated EMF and HS rotor current per ohitated current)

EMF would initially vary linearly withlr, however, saturation
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introduces a degree of non-linearity ds is increased, achieved, which is due to saturation in the HS rotor teeth. It
particularly beyond the rated value. can be seen, thdt the copper loss is decreased the minimum
achievable PM mass and as expected the copper mass
IV. DESIGN oF A10MW PDD increases. It can also be seen, that for a given copper mass the

The analytical techniquetsave been employed to study the COPPer loss may increase with inc_:reasing PM mass. Singe an
effects of the main design parameters on the efficiency arficréase of PM mass would also increase the effective airgap
masses of the active components of the PDDs for a 10MM&Nath, this could lead to an increase of the required HS rotor
wind turbine. For a PDD with the same airgap dimensions g4rent and therefore to increased copper lossashe other
the PDD given in Table [[ Fig.]9 afid Fig0| show the hand, also the magnitude of the flux density due to the PMs
variations of the copper mass and the active mass, whi@puld increase, which would decrease the required MMF
includes the PM mass, the copper mass, and the laminafégduced by the HS rotor current. However, this would
steel mass. with the PM mass and the loss in the Copigi@,crease the EMF, which would lead to an increase of the
windings, respectively. The iron loss has been neglected SROr current and therefore also to increased copper losses.
this analysis, since for most of the considered designs it is ti@ally it can be seen, that for a given copper mass a minimum
smaller loss component, with a contribution of about 1.0% &PPPer loss can be achieved at about 6tons of PM material
rated power. Only designs for which the flux density in the H#hile for a given total active mass a minimum copper loss can
rotor iron teeth can be kept below 1.5T have been consider8§,achieved at about 8tons of PM material.

For a given copper loss a minimum PM mass can be thereford ©r the forthcoming analysis the copper loss is kept at 4.0%
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of the rated power. For a gear ratio of 7.5 and the same airgagntical segments. Fid.3land Fig.14|show the variations of
dimensions as the PDD in Tabl¢ |, Fidlland Fig.12|show the copper mass and the active mass, with the PM mass and
the variations of the copper mass and the active mass with the number of segmentahere the equivalent shearstress at
PM mass and the equivalent shearstress at pullout torgpellout torque is 100kPa. For each segment the numbers of
where the equivalent shear stress at pullout torque is given fgle-pairs and pole-pieces satisfy the following relationship in
1 order to enable a gearing effect:

. _ 2Tpull
rull = pp2y,

(43 Q" = pus *+ bs (44)
whereQ* is the number of pole-pieces per segmghy, is the

whereD is the airgap diameter amglis the axial length. It can number of pole-pairs on the HS rotor per segment,gnid

be seen, that designs with minimum copper mass or tothe number of pole-pairs per segment on the stator. For the

active mass can be achieved, however the PM mass may @esigns ip Figl3|and Fig.14|the same numbers of pole-pairs

be minimum. Furthermore, a minimum PM mass of abo@nd pole-pieces per segment have been employed as for the

3.5tons can be achieved, however at the expense of increaB&d in Table I. Hence the gear ratio is kept constant at 7.5.

copper and total active mass. Furthermore, the ratio of radial to circumferential dimensions
Due to the large size of the investigated PDDs, they apé the PPs, the airgap lengths, and the inner airgap diameter

likely to be constructed from several circumferentiallyare kept constant. It can be seen, that a minimum copper mass




or total active mass can be achieved, however, the PM me TABLE Il

may not be minimum. If only designs with a minimum PM COST COMPARISON OF OMW PDDs

. L. . . . PM excited Coil excited
mass are considered, a minimum active mass can be achie\ Quantity PDOTO]

. PDD, Table |
for a number of sections of about 20. It can also be seen, tt Ejectromagnetic efficiency 99 95
when the number of sections is decreased the total active mi at rated power [%)]
considerably increases, which is mainly due to the increas¢ PV mass [tons] 135 45
. Copper mass [tons] 7 20
bac!( Iron mass. o Active steel mass [tons] 36 59
|Fig. 15[and Fig.16|show the variations of the copper and Scenario1 _
total active mass with the PM mass and the gear ratio, whe Manufactured cost for PM material 60k€/ton
. . Manufactured cost for copper 15k€/ton
the equivalent shearstress at pullout torque is 100kPa and 1 pjanufactured cost for laminated stee 3kElton
designs have the same number of segments as the PDDs Total active material cost 1128 k€ 747 k€
Table I. It can be seen, that the minimum PM mass does n Scenario2—high PM price
N . Manufactured cost for PM material 180k€/ton
vary significantly for the range of gear ratios from 5.5 t0 8.5 . tactured cost for copper 15k€/ton
and that also the total active mass and copper dwsst vary Manufactured cost for laminated stee 3k€/ton
significantly over this range for these designs Total active material cost 2748 k€ 1287 ke

:Fié. 1Z| shows the variations of the active masses in 6m alf
8m airgap diameter PDDs with the PM mass, where th . o ]
equivalent shear stress at pullout torque is 100kRd the Magnitude as the price in 2011 (ScenarioThe copper and

gear ratio is 7.5It can be seen, that for a given PM mass &t€el prices are assumed to be unchanged. It can be seen, that

however this can only be achieved at the expense of increadétve material could increase by more than 140%, while for a
copper and laminated steel mass. coil excited PDD the cost is only 70% higher in Scenario 2.

However, compared to the PDD with HS rotor PM excitation

60 ; ; ; . ‘ the coil excited PDD has a lower efficiency and increased
\6m — Copper copper and active steel mass. Furthermearecoil excited
- 8m % — —-Laminated steel||  19\w PDD could be achieved with an airgap diameter of less
\ \ P than 8m.
\ X s
\ X o EOpTS i >
401" selected \ T 1 V. CONTROL OF THEPDD

design The generator may be connected to the grid employing a

power electronic converter equipped with an active rectifier dc
link and a grid inverter, as it would be the case for a
conventional PM generator. However, since the excitation of
the rotor can be actively controlled the active rectifier may be
replaced by a passive diode rectifier, resulting in less costly,
101 1 simpler and more reliable power electronics. In any case the
generator should be controlled to maximize efficiency.
Similarly to conventional wound field machines the HS rotor

Mass [tons]
8

O i i | i | I

0 2 4 6 8 10 12 14 winding could be supplied through slip rings and brushes, or
PM mass [tons] using a brushless exciter sysfem [16]
Fig. 17. Variation of active masses with the PM mass, whershearstress i The electromagnetic losses in the coil excited PDD can be

100kPa, the gear ratio is 7.5 and the copper loss is tx@d%. separated into the copper losses in the HS rotor windipgs

) ) o the copper losses in the stator windiRgsand the iron losses
Since the analytical method assumes infinitely permeakw? the laminationsP.

steel and doesn’t take into account of saturation, FE has . iron: These losses are dependentan

. L and the rotational spedt of the PDD, and can be expressed
subsequently been used in order to further optimize the
selected design given in Table | and shovjn in Fi§The PM
mass of the selected design is 4.5tons, which is less than for a
similar PM direct drive, w%era PM mass of 6tons has been Pioss = Pu(lr) + Ps(Is) + Piron(Ir. I5, 2) (49)
reporte, and significantly smaller than for a similar PDD
with HS rotor PM excitation, where the PM mass is 13.5torféhere
[[9]] Due to the volatiity of the PM magnet prife [15] ,
employing a coil excited PDD may provide increased stability PH(If) = Rulf (46)
to the cost of the drive train. For example, Table Il gives the Py(ls) = 3Rgl2 (47)
manufactured cost for the active materials of a PM excited and

a coil excited PDD for a scenario, where the cost of the PMhereRH andRg are the resistances of the HS rotor and stator

material '_S close to the current _mar-ket value (Scenario 1_)’ ,a@gils respectively, calculated at the operating temperature of
a scenario where the cost is increased and of similar



120°C. Furthermore, in order to simplify the analysis anc 400
minimize the losses without the need for extensive and tim -
consuming finite element analysis, the iron losses leeen — s
assumed to be given by the following analytical expression ¢ 5501 \ f’
I¢, I andQ: ‘\\ f
s 250+ X4
Pyon(Is. Is, Q) = Q (cpfIf +cnsl?)  (hysteresis) (48) X \Vf — HS rotor copper loss
o 200 — — Stator copper loss
+Q%(copIf +c.513)  (classical eddy currents) o | | e Iron loss
s ) 21075 — 150} 4+ Finite element iron loss |
+QM (o fIF + o 512) (excess eddy currents)
100} 1
- : O Sl sk (ELE SEEE TR
Chfs Cnss Cofs Cosh Cep @Ndc, g, are coefficients, determined p———————————
from a selected number of iron loss predictions using finitt %[ '|‘-+'-"1'“+"|'-,'J'-,~
element analysis. Therefore, the coefficients, c., andc, s 0 Lo : :
0 5 10 15 20 25

are determined by a single iron loss prediction on no-loa

condition, i.e. Iy =0, while ¢,5, c,s and c,s, are

Wind speed [m/s]

subsequently determined when the machine is fullyddad Fi9-19 Variation of the losses with the wind speed.

Furthermore, the stator PMs experience time variations in the
operating points, which will induce eddy currents. However
ther magnitudes depend on the level of segmentation, and t|
associated losses are typically small for this type of machir
and are, therefore, neglected in this analysis.
From equation$ 45)[(48)] the coil excited PDD can be

controlled so as to minimize the electromagnetic losses, whi
satisfying the operational requirements/constraints as follows

100
98
961

Tyuu = 1.2 X turbine torque

(49

Efficiency [%)]
3

P 88t _
EMF > minimum EMF (50 86l |
I < rated stator current (5)) g4l |
—Tou~12- Ty
I < rated HS rotor current (52 g2} it
pull R
L. 80 1 1 1
As long as the rated currents are not exceeded the minimt 0 5 15 20 25

EMF would be limited by the required boosting and the
resulting ripple in the current and its effects on the efficienc'

of the machine and the size of the required filter.
In the analysis the variations of the power coefficient an
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Fig. 18. Variation of the EMF with the wind speed for a[P®ith HS rotor

Wind speed [m/s]
Fig. 20. Variation of the efficiency with the power. (Rullk torque per unit of
rated torqudy)

the rotor speed la been selected similar to those adopted in
INNWIND.EU reference turbing [1}], where the rotational
speed of the turbine varies between 6.0 and 9.6rpm. As an
exampl¢ Fig18|shows the variation of thEMF of the PDDs

with coil excited and PM excited HS rotors with the wind
speed, where the minimum EMF for the coil excited PDD is
kept the same as for the PM excited PDD, in order to allow for
a more appropriate comparison with the PM excited PDD. It
can be seen, that in order to minimize the electromagnetic
losses the EMF may have to be reduced faster than the
rotational speed.

[Fig. 19|shows the variation of the resulting copper and iron
losses with the wind speed. It can be seen, that the HS rotor
copper losses are relatively large compared to the other losses.
Therefore, in this case in order to minimise the losses the
stator current remains constant until the minimum EMF is
reached. In general in a PDD the stator losses are inherently
lower compared to direct drives and other PM machines.

coil excitation and for a PDD with PM excited H3aio (EMF per unit of the Therefore, although the HS rotor losses are relatively high to

rated EMF)



the stator losses in this machine, they are not very high in
absolute terms. Nevertheless due to their location on the ro
special forced air cooling should be considered. T o9l pull |
[Fig. 20]shows the variation of the efficiency with the wind<~ ——=Tou=11-Tg o
speed. It can be seen, that the efficiency remains fai ? 98| O PM excited HS rotor [9] 1
constant until the excitation current is increased to ensure 1@
EMF remains above the minimum value. It can also be see2 97| 1
that efficiency improvements can be realized, if the constrai
in[(49)]is relaxed and the PDD is allowed to operate closer
the pullout torque. This is possible because of the extra deg
of controllability enabled by the coil excitation.
In order to assess the annual energy efficiency a Weib 2

c
probability distribution for the wind speed frequency ic5 o3}

adoptefl [17:
k v k-1 v k
p(v) = A (A) EXp[ (A) ] Fig. 22. Variation of the annual energy efficiengith the minimum EMF.
(Minimum EMF per unit of the rated EMF, and pullooetdue per unit of

wherev is the wind speedsy = 2.35 is the shape parameterrated torquéy)
and A=12.01m/s is the scale parameter, which have been
selected to fim measured wind profile at a height of 110m at
the FINO3 offshore research platform in the norti sed [13], as

100 \ :
—T 12T
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95¢ s

al energy ef

941

I i
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(53) Minimum EMF (p.u.)

VI. CONCLUSION

can be seen A model for the analytical prediction of the flux density
distribution in the airspaces and PMs of coil excited HS rotor
0.045 - i ; - - PDDs is presented. It has been shown, that a good agreement
1 n [—1Measured data exists between the analytical and FE predictions. Furthermore
0.04+ T Weibull distribution : L !
k/ 1 the analytical models have been employed for the optimisation
0.035¢ An I8 of a 10MW caoil excited PDD for a wind turbine. It has been
0.03k / 1 \ shown that shear stress in excess of 100kPa can be achieved,
Foy | and that significant reductions in PM mass can be realized
$ 0.025¢ l \ compared to a PDD with HS rotor PM excitation, albeit at the
;é) 0.02} [ I expense of increased total active mass and reduced efficiency.
o However, it has also been shown, that controlling the
0.015 excitation current is necessary, in order to maximise the
0.01+ annual energy efficiency.
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