The use of doubly fed reluctance machines for
large pumps and wind turbines
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Abstract— Brushless doubly-fed induction machines (BDFIMs) have
been extensively researched over the last 15 years becauseh® possi-
bility of using a partially rated inverter in many applicati ons with limited
speed variations. However, the special cage rotor construon and sub-
stantial rotor losses is one of the key deficiencies of theseachines. A
similar and extremely interesting machine, the brushless dubly-fed re-
luctance machine (BDFRM), has been largely ignored in compdson. This
was mainly due to the fact that reluctance rotor designs wer@ot capable
of generating saliency ratios large enough to make the BDFRMompeti-
tive with other machines. However recent developments in retance ro-
tors, spurred on by research into synchronous reluctance mzhines, have
resulted in high saliency ratio cageless rotors that are ecmmic to build.
This, together with the promise of higher efficiency and simfer control
compared to the BDFIM, means that further investigation of the BD-
FRM is warranted. This paper presents a comparative theoratal analysis
and aspects of practical implementation of the important catrol strate-
gies and associated machine performance/inverter size ta-offs for the
BDFRM in the light of its most likely applications - large pump type ad-
justable speed drives and variable speed constant frequepavind power
generation systems.

Keywords—brushless doubly-fed machine, self cascade machine, relu
tance machine, electric machine control.

I. INTRODUCTION

range variable speed systetythe overall system cost could be
significantly lower compared to applications with fullyted
converters despite the somewhat increased cost of the ma-
chine itself* [1]. The previous advantages can be also accom-
plished using static Kramer or Scherbius cascades based on a
DESRIM. However, the BDFRM/IM’s brushless, and therefore
maintenance-free, structure offers improved reliabtlitghese
systems. For these reasons, BDFRM/IM based drive technol-
ogy may be an ideal brushless solution for such areas as Vari-
able Speed Constant Frequency (VSCF) hydro and wind power
generation [3-5], commercial Heating, Ventilation and-Air
Conditioning (HVAC), large pump-type drives (pumps [6, 7],
fans, blowers, compressors etc.) as well as turbo machinery
(where the rugged nature of the rotor and the synchronous ma-
chine mode of operation can be exploited [8]).

The BDFIM/RM has two stator windings of different pole
numbers and generally different applied frequencies (Rip.
- the primary (power) winding is grid connected and the sec-
ondary (control) winding is converter-fed. Magnetic cangl
between the windings, a pre-requisite for torque to be predu
from the machines, is provided via the rotor having half the

THE Brushless Doubly Fed Reluctance Machine (BDFRMjotal number of stator polés In the BDFIM case, the rotor
belongs to a group of slip power recovery machines Qs of special cage construction composed of nested loops [9]
gether with the classical Cascaded Induction Machine (CIMyyhereas the BDFRM can use any of the Syncrel's rotor designs.
the traditional Double Excited Sllp Rlng Induction MaChine|n many respects the BDFRM and the BDFIM are Obviou3|y
(DESRIM) and the Brushless Doubly Fed Induction Machingjmilar, however the BDFRM has the following important ad-
(BDFIM)*. A common property of all the machines from thisyantages:

group is that if the operational speed range is restrictesha c , |t is potentially more efficierft(since the ‘cold’ rotor losses
verter, which is normally supplying one of the windings, camre much smaller than with the BDFIM), and should be able to

be fractionally rated the specific rating being determingthle

operate at higher speeds because the cageless rotor canee mo

magnitude of the speed range around a “synchronous” %peegbbusuy constructed.

In order to achieve the enhanced control and operationaémogl |t is considerably easier to model and control as the BDFIM
erX|b|I|ty and improved power quality a bi-directional PWM has an additional W|nd|ng on the rotor.

converter should be used. The cost, switching losses aed lip |n contrast to the BDFIM, the BDFRM allows inherently
harmonic content of this Configuration would be substdmiql decoup|ed control of torque and primary reactive power (50
reduced by the lower kVA requirement. As far as the machingoes the DESRIM) which further facilitates its vector cotr

is concerned, it turns out that with the same torque as an igchemes [11]. For the BDFIM, complicated decoupling algo-
duction machine or an equivalent synchronous reluctance mghms are required to achieve the same objective [12].

chine (Syncrel), a larger BDFIM/RM is required [2]. There-, |t can operate stably and reliably over the entire speederang
fore the use of a BDFIM/RM allows a trade-off between thQat sub- and super-synchronous Speeds) in both motoring and
size of the converter and machine. For classes of largeteimi generating modes. The BDFIM, on the other hand, has sta-

bility problems around the zero-torque operating pointyat s
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1A good review of the BDFRM/IM historical evolution is presed in [1].

2This is half the speed of a conventional synchronous machinmg the
same number of rotor poles. It corresponds to the situatiomwteinverter-
fed winding of the BDFRM/IM is DC supplied.

3For a speed range of 2:1, that is typical for pumps and windrag) the
converter real power rating can be reduced to about 25% oh#whine rating.

4Note that in small power applications, the cost benefits wowldbe that
pronounced due to relatively low market prices of associpteder electronic
hardware.

5Unlike a conventional machine, the BDFRM/IM’s rotor pole nienban be
odd (for 4/2-pole stator windings). The most common designrtedan the
literature is however with a 6/2-pole stator and a 4-polerot

61t has been experimentally verified in [10] that this is theecdighe ma-
chines are inverter driven but not for dead on-line operatio
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Fig. 2. Power curve of a typical Danish 600-kW wind turbi@ogrtesy of
Fig. 1. A schematic of a BDFRM based drive system with closexgbIscalar Danish Wind Turbine Manufacturers Association)
control

hi il v limit h virtue of VSCFG, variable speed turbines have many other ad-
This paper will consequently limit its scope to the BDFRM., 55465 over fixed speed ones: considerably improved power

The primary target applications of the BDFRM are enws'ﬂgality, reduced mechanical stresses on a drive train ameklo

aged to be large pumps [6] and VSCF wind turbine generatoggise ‘impact at low wind speeds (more details about this and
[3]. In these systems the shaft power is approximately V@i yo|ated issues can be found in [4]). However, if the generato

with the speed cube. This paper will attempt to answer hoy¥ inierfaced to the supply grid using a fully-rated powaecel

the BDFRM should be controlled to achieve optimum theore{'ronics, these advantages can be offset by the high systetm co

ical performance under this condition. Control propert@s 1 ;se of BDFRM with a small bi-directional PWM converter

be investigated include: maximum torque per inverter amper, 14 he therefore a cost-effective and reliable brushldes

maximum power factor (at the mains supply side) and mini;g, go1ution for VSCFG. Furthermore, an additional degree
mum inverter VA for a given torque. Trade-offs associatethwi of control freedom relative to singly-fed machines and esns

these control strategies shall be examined, and corretatb quent possibility of reactive power compensation (i.e. @ow

the BDFRM parameters with those of its single-fed countet, .o\ reqylation) and/or efficiency optimisation [4, 5laddi-
part, the Syncrel, shall be made where appropriate. The mgs., 1, torque (real power) control, are undoubtedly theeoth

chine ability of primary reactive power control for miniMuM a4 tive BDFRM features that can be of particular intetes
copper losses in the machine shall be also considered. Bagits 2nd similar applications

principles of scalar and vector control of the machine wil b
also established. Most of this analysis is carried out uisidg-
pendent normalised modelling techniques for an ideal nmachi
(no saturation and with sinusoidal windings).

The maximum power output of a typical wind turbine can be
represented as [4, 5]

1
Ptmax:g'ﬂ'p'cp(/\optw@)'D2'v3 (1)
II. MAIN APPLICATIONS
This section is a brief review of the above mentioned mo&/Nerep is the air density (specific mass), is the power coef-

likely applications of the BDFRM - wind turbines and largeficient (i.e. turbine efficiency)\,,; = Dw;/2v is the optimum
pumps. tip speed ratiqw; is the turbine rotor angular velocity) is

The majority of wind turbine installations use grid-the blade pitch,D is the blade (rotor) diameter andis the

connected cage induction generators because they aiealgtat Wind speed. Therefore, by varying the turbine speed so that
cheap, reliable and reasonably efficient. The generatasris nthe tip speed ratio is kept constant at its optimum value for a
mally mechanically coupled to a turbine rotor shaft throagh 9iven wind speed in the base speed region (between the mini-
step-up gearbox. This configuration is of fixed speed typeesin MUM ‘cut-in’ speed and the rated speed) the turbine effigienc
the generator is operated slightly above the synchronceessp IS then maximised. At higher wind speeds, the power must
in order to have small absolute slips and therefore betfer ef2€ restricted to a rated level to avoid generator overl@aés
ciency. The most serious limitation of such a system is thet t SNown in Fig. 2. o _
available wind power is not adequately utilised and the maxi !N large pump applications, the BDFRM based adjustable
mum energy extraction can be achieved only at a single WirﬁP?Ed drive can be used instead of a wound roto_r mductlonlma-
speed (or in a very narrow range). It is mainly for this reasoﬁh'n_e as a maintenance-free brushless a_Iternatlve [6]h Wit
that Variable Speed Constant Frequency Generation (VSCF@jtially rated converter, the payback periods can be anbst

has been recently becoming very popular. — ) )
In this respect the BDFRM is superior to a wound rotor synohts ma-

Apart from the pOS§IbI|Ity of max'mum wind Power Cap'_chine which can also serve as a wind power generator (mudtigesigns are
ture at all allowable wind speeds, which is certainly thermaioften used as direct i.e. gearless drives).



N chosen to be aligned with the primary flix (as this is of fixed

frequency and approximately constant magnitude due to the
ds winding grid connection) and the other rotatingat-w, = w;

dp (Fig. 3).

Remark 2. Theizandi, termsin (4) and (5) are the complex
conjugates of the ‘coupled’ current vectors from the seaond
to the primary winding and vice versa and they rotatevat
andw, respectively. These two terms are the original current
NP vectors referred to their complementary winding side bud in
: ' g frequency (not traditional turns ratio) sense. This fretye
a, | transformation results from the modulation process (s
d\ws that in a communication mixer) of the stator mmf waveforms
° via the rotor, and represents the basic mechanism behind mag
p 1 0 o, netic coupling and torque production in the machine [17].

Remark 3: It is interesting that despite the existence of two
separate frames and the fundamentally different operating
Fig. 3. The reference frames and current angles for BDOFRM riiglel ~ Ciples, the above equations are virtually identical in fdom
those for the DESRIM. The fact that there is such a close model
tially reduced which, given all the performance benefitsasf-v  similarity of the two machines means that the existing antr
able speed pumping in terms of energy savings, would magehemes for the DESRIM can be essentially applied to the BD-
the BDFRM preferable to uncontrolled constant speed indu&RM [18, 19].

tion machines in these systems. Remark 4: It should be noted that the dynamics of the BD-
FRM are not as fast as those of the DESRIM because of the
relatively high leakage inductances of the BDFRM. This 4imi
Before considering the control related issues in detailym tation is not that important for the applications considdrere

be beneficial to brlefly review the fundamental propertieﬁt ar(especia”y not for pumps) as very quick transient respdﬂ;}se
key space-vector equations of the BDFRM. It is beyond thgot required.

scope of this paper to develop the complete dynamic model

of the BDFRM, and relevant expressions will simply be stated _RemarkS: From a control V|ewpo!nt, gnother Important im-
[14,15] :- plication of the above currentmapping is that the seconttary

primary flux coupling termL,,;i; in (4) can be directly con-
trolled by the secondary currents supplied from an inverter

Ill. PRELIMINARIES

7P How this is achieved is discussed next.
D S
u, = Rpi, + a + jwpA, (2)
_ R . dAS . A 3
Uy = Roiy + —0 +j(wr —wp)A, ®) IV. CONTROL ASPECTS
Ap = Lpip + Lpsi: =X (/\pq =0) 4

A, = Lyiy + Lyt ) A. Relevant Expressions
whereL, ; , are the constant self and mutual 3-phase induc- In order to make the development of analytical expressions
tances of the primary and secondary windings (their definiti of importance for control feasible, the machine is assurosst|
can be found in [2, 16]). In steady-state, the machine degeloless. This approximation should have little effect on theuac
useful torque if [15, 17]:- racy of the analysis to be performed in the following secion
In addition, motoring convention has been adopted as a-refer
Wr = PrWrm = Wp +ws <= erf = prermf = epf +95f (6) ence.

wherew,.,, = dbm, /dt is the rotor mechanical angular ve- Substitu.ting for (2)-(5) intp the gg:nerzil exprgfsion fomeo
locity (rad/s),p,. is the number of rotor poles equal to the sunP!€x electrical power £, +j@, = 5(u, i, + u,i;), one can
of the windings pole-pairs (not poles),, , = df, ./dt are derive the normalised expressiris a form suitable for pri-
the applied frequencies (rad/s) to the windings éngl,, are ~mary flux oriented control of the BDFRM:-
the reference frame (not vectors) angular positions welat
a stationary d-g frame as illustrated in Fig. 3 (the rotonfea
not shown). The above reference frame relationship ses/as a 8The base values used for normalisations are [14]:-
basis for field oriented control of the machine as will be show
in the following section. )

Remark 1: One of the most distinguishing features of the Tp = §pr’\—f'; Pg = 2wp Tg; ip = A _ A
space vector model for the BDFRM is that the primary (sub- 4 Ly br Le Ly
script 'p’) and secondary (subscript 's’) equations arewo t
different reference frames - one rotating.gtand “naturally”  whereVs andwp = w;, = 27 f are the grid supply voltage and frequency.
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Fig. 4. A simplified block diagram of a BDFRM control system

where¢ = L,,/L,, k,s = L,s/+/L,Ls is the coupling coeffi- . . . . .
cient betweé)n/thg wfndingg émd (1’15) represents the fundamdiscussed in the following). In the case of a wind turbine-gen
' erator, the torque command should generally follow a power

tal relationship (this corresponds to the primary flux/refee S ) . :
frame alignment conditions contained in (4)) between the pr.prOfIIe in Fig. 2 and in the base speed region, according {o (1)

mary and secondary current angtes, defined as shown in it can be formulated as :-

Fig. 30 < as < 7 for motoring andr < «a, < 2w for

generating). The previous equation_s are developed in tefms X » mp-Cp D5 )

the secondary current vector magnitude and angle (as the se€, = —* = e = Wi = Chdfrm Wy, (16)
ondary currentl,q, components are directly controllable via wrm opt "9

the inverter) for a given torque value.

whereg = wr, /w; is the gear ratioCqf,», should be known
B. Vector Control for a particular turbine and the remaining parameters have a

) ) . ready been defined. For vector controlled drives, the torque
The BDFRM can be configured into a drive systeofi the set-point is the output of a speed loop.

form of Fig. 4 employing vector control techniques based on
the above expressions [11]. It should be noted that the ref Scalar Control

erence frame position for the secondary windifig, { can be L . ,
In pump-type applications [6], simple scalar control wittvl

determined using the primary frame positigy) (both the pri- ) - . b
mary flux angle and magnitude can be estimated from the meRSt microprocessor implementation appears to be an appro-

sured grid voltagé$), rotor position measuremetit,,,, and priate solution as high dynamic performance is not required

(6). Onced,, is known one can implement current control ofand lspeed vana‘gons_ aresr_ela'cl!velz(ly_llllm|ted.. Sorr]n € prela_ryhmn
the secondary,q, components (and thus torque and primar;yesu ts generated using Simulink, illustrating the mae

reactive power) in a conventional way as shown in the sam@onse to step changes of speed a”?' load torque under.open-
figure. and closed-loop constant V/f conttb(Fig.1), are presented in

The desired values of torque and reactive pofigrandQ?) Figs. 5 and 6 respectively. A 6/2-pole machine (whose data

P— ; . have been taken from [11] for simulation purposes) has been

in Fig. 4, corresponding to (10) and (11) respectively, delpe . L I

on the control strategy to be implemented (related aspeets gtarted with the shorted secondary Wlndm_g to a speed ofose t
synchronous (750-rpm) when the inverter is connected and th

9Fig. 4 does not show the circuitry required for starting. fatially rated control enabled. It can be seen that the machine performance

inverter is used then an auxiliary contactor is usually eeet short the sec- i much better with the lower speed oscillations and faster r
ondary terminals directly or through external resistorsisTilows the BD-

FRM to start as an induction machine. Once the machine is neasyt  SPONSe under closed-loop control as expected. This sheuld b
chronous speed the contactors are opened and the invertemiscted.

10Estimation errors can occur due to the presence of the primanging 11Keeping the secondary flux at its approximately rated valbg iso means
resistance, but in most cases these are negligible becatisedifminant back-  optimal for the BDFRM. This approach has been chosen simplie&iing the
emf effect. control schemes.
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Fig. 5. BDFRM response under open-loop V/f speed controéddpstep

change at 2-s and load torque step change at 5-s) Fig. 7. Real power share between the BDFRM windings opegatina motor

atT, = w2,

1000 ated as a motor (and to the grid for a generator). At 1-pu speed
when the secondary is supplied with the mains frequency, the
T two windings evenly share the machine real power loading and
the inverter has to handle half the machine power in this.case

800

600 At synchronous speeds(,, = s = 0) the secondary is DC

fed and the BDFRM behaves as a classical field contr@lied
i pole synchronous turbo-machine with effectively becoming
the torque angle [8]. The inverter does not contribute to any
power under this condition (Fig. 7) but only covers the sec-
ondary resistive losses. In this operating mode the BDFRM
could be used as a high frequency alternator in automotive in
] dustry where, apart from the low cost, its terminal voltagg-r
ulation property would be an additional advantage over per-
manent magnet machines. Furthermore, supplying the pyimar
i T S S R - s s« 1 s 9 1 fromanother converter, a brushless variable speed synchso
et motor suitable for high speed field weakened traction anutspi

Fig. 6. BDFRM speed with closed-loop V/f control (speed steange at 2-s  dle applications could be realised but at the expense ofteehig
followed by load torque step change at 5-s) cost.

200

attributed to the smoothing action of the Pl controller (8ta- . .
biliser block in Fig. 1). The open-loop algorithm has been f wsn < 0 (which means the opposite phase sequence of the

experiencing stability problems in case of larger step ghan S€condary to the primary), thef,, < 0 as follows from (8)
of command secondary frequenay:(. and the primary power being taken from the grid is circulat-

ing through the machine to be returned back to the supply via
the secondary winding (for a generator, the real power flow is
completely reversed). In this operating region, the maelsn
As a member of the doubly-fed family of machines, one ofunning at sub-synchronous speéds, < 0.5) and a fully re-
the BDFRM'’s main virtues is the operational flexibility. Thegenerative inverter would be required for sustained opmerat
secondary power expression (8) indicates the BDFRM'’s abiUnder this condition, the line-side converter should berapp
ity to emulate the DESRIM in slip-power recovery systemgriately controlled (not shown in Fig. 4) to maintain realyeo
as the supply inverter only has to handle the amount of rebilance thus preserving the DC link voltage stability (isas
power proportional to the degree of slip= —w,/w, = —ws,. aDC voltage regulator in this case) [20]. However, if thisdao
Therefore, if the machine was required to operate at smadl-ab is only used for starting (the machine is at standstill foityun
lute slips i.e. in a narrow speed range around the syncheonaglip i.e. s = —w,,, = 1) then resistive dumping could be an op-
speedw,,, = wp/pr = 0.5-pu (which is, for instance, the tion. A more common solution is short the secondary winding,
situation in pump drives [6] and wind turbines [4]), thenacfr either directly or via external resistors, and start the BMFas
tionally rated inverter would be sufficient (Fig. 7). FrongFv  an induction machine. The possibility of induction motor op
one can also see that at super-synchronous sgeggs> 0.5)  eration is an important ‘fail-safe’ mode of the BDFRM in case
the power flow in both windings is to the machine when opemf inverter failure.

V. OPERATING MODES



VI. OPTIMAL CONTROL STRATEGIES 120

This section is concerned with different control methodolo -7
gies for the BDFRM having a square torque-speed character 7 JoeemT 7
tic (in normalised termg,, = w?,). The plots to be presented il
in the following correspond to the motoring mode (for generg
ating they are very similar) and have been generated asgum =,
that the secondary winding has twice the number of primary eé
fective phase turns per pole; = 2n,) which is equivalent to

o a_at MaxPF =u_at MTPSA 1

&
Ly =4Ly i ky, = Lys/\/T,Ls=¢/2=T7/9(theBDFRM & | | ___ o atMinvA
rotor, when used in a Syncrel, has the typical saliency @ftio 3 ,| | - -- a  at MinVA |

¢ = 8) [2,16]. It has been shown in [2] that under these con
ditions the BDFRM is a larger machine than the Syncrel for .
given torque. 201

A. Maximum Power Factor

0 0‘.1 0.2 0.3 0.4 0.5
The equations (10) and (11) demonstrate one of the mc.. Speed [PU]

salient properties of the BDFRM - the inherently decoupled
control of torque and primary reactive power. The torque is
controlled via theg,-axis secondary current (as, = const.)
isqn and the reactive power through tlig-axis component  **
isan- This is a significant control simplification as there is .
no need for special decoupling algorithms that are normall 12 ~ S
present with vector control techniques for other more conve -7
tional machines (except for the DESRIM having the same at 1 - - - - - - - nnm-- =7 1
vantage [20]).
Therefore, regardless of the BDFRM'’s constant primary flu:2 o4 |
operation, one can regulate torque and primary power fact‘g
simultaneously and independently (see Fig. 4) [11] thisgei 5 | ===

0.6 0.7 0.8 0.9 1

Fig. 8. Current angles for different control strategies @d= w?2,,

clearly impossible with single-excited machines. For &egiv © | |+ « i for MaxPF
torque, the maximum power factor (MaxPF) i@,, = 0 is Nk i fOr MinVA
obtained at the secondary current angle of :- - g, for MaxPE
isnfor MinVA
T 02| i_ for MTPSA

s prappp = LA 7 (17)

03 I
One can easily conclude from (15) that the corresponding pr -~ ° ** °% °2 %0 g Shpo0 0 %0 0

mary current vector is in quadrature with the respective flux
(remember that this lies along thé,-axis in Fig. 3) i.e. Fig. 9. Optimal currents under pump loading conditions
p..pr = T/2 as expected for zero reactive power condition. o L
The secondary winding is entirely responsible for the maehi torque by controlling4, and hence,,,, as this isi;a, depen-
magnetization and:, angles are small in this case (Fig. 8).dentconsidering (11). The unity overall power factor cons
The inverter current rating should be increased appragyiat achieved by supplying the reactive power required by the pri
(more than three times for the machine operation around thea"y not from the grid but using the PWM rectifigpf = 0
synchronous speed) if this control strategy is desired asish and@: = @, in Fig. 1).
in Fig. 9. i

It is also notable from Fig. 9 that under MaxPF conditionsl,?" Maximum Torque per Inverter Ampere
due to), = const and dominant reactive (d-axis) component, In terms of reducing the converter size needed to supply the
the secondary currerft,,,) variations are insignificant espe- machine, another performance index of interest to be opéichi
cially at lower speeds (and torques) whegg is almost con- is the secondary winding current. The maximum torque per
stant. The primary current, on the other hand, is low as ¢his secondary ampere (MTPSA) strategy should provide the mini-
nothing else but a coupled torque producing, current since mum inverter current (Fig. 9) for a given torque. As indicate
ipan = 0. by (10) the optimum secondary current angle for this coaditi

If supplied from a dual-bridge PWM converter, the BDFRMto be satisfied is;,, ;. = 7/2
(as well as the DESRIM) has another feature that can be of The same equation also points out the general improvement
extreme importance for the considered applications - itaggn of torque per ampere with increasing the= L,./L, ratio.
erate as a reactive power compensator with minimum copp€his suggests that it would be desirable to design a machine
losses [20]. It has been demonstrated in the authors’ recemith both n,/n, and the rotor saliency raticc (= Lq/L,)
work [16] that it is possible to minimise total copper losges as higher as possible [2]. It has been shown in [2] that with
the machine (and thus further improve its efficiency) foneegi n, = n,, the same amount of active material and equal cop-




per losses the BDFRM has inferior MTPSA compared to thi 2

Syncrel. However, due to the lower inductances the BDFRN | ---  MaxPF /
can attain much higher speeds and develop more power usi Vot /

the same inverter than the Syncrel. Its maximum power ou *'« o
put per inverter ampere and efficiency are consequentligoett | | S

under the above conditions.

In
N
T
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C. Minimum Inverter VA

This control strategy allows one to minimise the inverteesi
required for a machine. The minimum inverter VA (MinVA)
for a lossless machine occurs f@,, = 0 i.e. at the unity o6k BN p i
secondary power factor and the control angle of :-

0.8 . » , 4

Secondary VA [PU]
=
L

0.4

— TG -2 -1
_ nAkps ™ 0.21
Qs ppinya = tan ! T ( 1 pi 1) > 5 (18)

72 L
k’I?S 0 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 1

Spegg [PU]
Note that the MinVA angles, though close, are greater than
71—/2 (as these are defined with respect to the primary and not Fig. 10. Inverter VA requirements for various control stgis
secondary flux oriented reference frame) indicating theadgm
netising effect of ;,, on the primary flux (Fig. 8). A large flux
producing primary current is therefore required to mamggj
constant (Fig. 9) which conforms with the lower valuesxgf 08
angles in Fig. 8. It can be seen from Fig. 9 that the MinV2
primary current waveform is quite similar in shape to that o
isn, Under MaxPF conditions. 04r
Another important observation from (12) is that the bet
ter magnetic coupling between the windings (the highg)
the lower both reactive powefQ,,) and inverter VA (=
P2 +@Q2,). Unfortunately, the BDFRM is not a good ma-
chine in this respect because of the unusual operatingiplénc
where one of the flux side bands is torque producing and tl -0
main fundamental flux and other sideband are leakage comg
nents [17]. As a consequence, even with an axially-laméhate
rotor which allows high saliency ratios and coupling coeffi- -os-
cients [21], k,svalues are relatively modest (0.78 under the . ‘ ‘ ‘ ‘ ; ‘ ‘ ‘ ‘
assumptions adopted) resulting in compromised torqueperf 0 o1 02 03 04 06 07 08 09 1
mance for the machine [2].
The MinVA and MTPSA control strategies are closely re-  Fig. 11. Power factor performance for control strategiesstigated
lated and the corresponding set-points virtually coin@der
the entire speed range (Figs. 8 - 11). One can see from Fig. 11A BDFRM prototype, based on a 10-kW induction machine
that the MTPSA secondary power factans ¢,) is near unity frame and an axially laminated 4-pole reluctance rotorgiag
the change of sign occuring at synchronous speed (0.5-pu)canstructed. The rotor is complete, and appears in Fig. 12.
a reflection of the secondary real power profile in Fig. 7. AThe parallel path windings have been designed, and are being
reversible power flow at the secondary winding side alloves thchecked via a finite element (FE) analysis. This will allow th
BDFRM operation at both sub- and super-synchronous sped@sque of the machine to be calculated, and more importantly
in motoring as well as in generating mode. The actual operdhe flux levels in the back iron and teeth of the machine to be
ing regime of the machine is determined by the electricalgrow accurately determined. Because of the unusual structuheof
flow in the primary winding. BDFRM the normal quarter machine symmetry cannot be used,
Notice from Fig. 10 that for the MaxPF strategy the secand instead a half machine model has to be developed. Fig. 13
ondary kVA needed is much larger compared to the other straghows the FE model.
gies, which is consistent with the results in Fig. 9. Theeorr  The power electronics and control computer for the experi-
sponding power factor is lagging as the inverter is supplyfire  mental system already exist. The controller is based onla hig
reactive power for the machine magnetisation under the MaxBerformance TMS6701 floating point digital signal processo
conditions. Several custom designed Altera EPLDs are used to control the
sampling system and the firing of the inverter power devices.
VII. EXPERIMENTAL RESULTS Figs. 14 and 15 show the power electronics and the control
At this stage the experimental results have not been coroard.
piled. Therefore this section will outline the progress mad The machine to be tested will be mounted on a dynamome-
far toward the generation of these results. ter (Fig. 16) so that precise reading of torque, output p@mer

———=T==—=F - =T

_ cospp at MinVA
S cogp_at MaxPF
--- cogpat MTPSA
cosp_ at MTPSA

Power Factor

05
Speed [PU]



Fig. 12. The axially laminated rotor of the BDFRM
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Fig. 13. Finite element model of the BDFRM Fig. 14. The power electronics for the experimental system

input power can be made and therefore the machine efficienégR/N34550) and the Australian Research Council.
determined. In addition the performance of the scalar agd ve
tor control strategies will be evaluated using this rig, dmel REFERENCES
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