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Abstract— The paper considers voltage vector oriented Various control approaches have been addressed in the

control (VOC) of a promising brushless doubly-fed reluctance BDFRM literature over the years including scalar control [2],
machine (BDFRM) for large-scale wind turbines or pump  [8-10], vector or field-oriented control (VC/FOC) [2], [6], [9],
drives. The BDFRM has been receiving increasing attention due [11], [12], direct torque control [13-16], and direct power
to its low operation and maintenance costs achieved by using control [17]. A comparative analysis of these control methods
partially-rated power electronics and a highly reliable brushless has been presented in [13]. In [18] a predictive direct power
construction. Furthermore, the BDFRM may provide control (PDPC) method has been proposed to overcome the
competitive performance to its traditional slip-ring counterpart,  variable switching frequency resulting from the use of
the doubly-fed induction machine (DFIM). The BDFRM has  hysteresis current controllers.

been modeled in MATLAB/Simulink with the VOC being In this paper, the VOC of the BDFRM has been modeled
implemented to both the machine and grid side converter bridge  and simulated in both motoring and generating operating
to provide a bi-directional power flow. Aspects conceming modes for two different control objectives namely, the unity
proportional integral (PI) controllers optimal tuning have been power-factor of the machine primary (grid side converter) and
considered and comprehensive simulation results presented to the maximum torque per inverter ampere (MTPIA) strategy.
demonstrate th.e obtained VOC response under the gnity power g ch a comparative case study for a custom-designed 2 MW
factor and maximum torque per inverter ampere conditions. BDFRM has been selected to illustrate a potential efficiency
improvement, which can be gained by reducing both the
secondary winding copper and inverter switching losses.

The paper is organized as follows: after the Introduction,
the second section deals with dynamic model of BDFRM.
Section Ill describes control strategy of the machine side
converter with emphasis on the design methodology for the

Brushless doubly-fed reluctance machines (BDFRMshpplied Pl controllers, while Section IV separately describes
have become increasingly popular as an attractive alternativke design methodology for the speed PI controller. Vector
solution to the compromised reliability and high maintenanceontrol of the grid side converter is presented in Section V.
requirements associated with the brush gear of conventionResults of simulations for both motoring and generating
doubly fed induction machines (DFIMs) [1]. At the sameoperation are presented in Section VI. The conclusion is
time, they retain similar cost advantages due to the reducegven in Section VII.
power electronics rating in centrifugal pump drives (typically
25-30% of the fully rated converters) and wind energy II. DYNAMIC MODEL
conversion systems with 2:1 speed ranges [2]. The BDFRM . . .
shares all the advantages of doubly-fed machines compared to Udnl"fje (.:onvggtlcl)lnag. m.%chlr;jes, the B%.FRM fhgif two
singly-fed counterparts, such as, the operational mod%anl. a(ljr ],csmusm_a y ';’t“ ulte stattc,)r W'nF'.ngio thl ere_ndt_
flexibility, the greater control freedom, and the possibility ofaPPlied frequencies and poleé NuUmbers (Fig. 1), the gri

sub-synchronous and super-synchronous speed mode in eitﬁgpnegted prm]{ar?/ (po(\j/\_/er) _I\fvr'lnd.mg.' a?d the t|_nverter—|fed
motoring or generating regime. It can operate as an inductigiycondary (control) winding. The indirect magnetic coupling

machine (which is an important “fail-safe” measure in case o etween the windings, a pre-requisite for the machine torque

the inverter failure) or as a classical wound rotor synchronod%mducuon' is achieved through a su!tably designed modern
turbo-machine [3-4]. Besides, the BDFRM is inherentlycage—less reluctance rotor structure with half the total number

medium-speed in nature, and it allows the use of a mor(éf the stator poles.

compact 2-stage gearbox for wind turbines unlike the failures  oia

Index Terms— brushless doubly-fed reluctance machine,
Voltage Vector oriented control, dynamic modeling, power
electronics, wind generators.

I. INTRODUCTION

prone 3-stage counterpart of the high-speed DFIM commonly g i RS
deployed in these applications. Generally, the BDFRM has a - Reluctancerotor |
larger leakage reactance than an equivalent DFIM due to the 5
modest coupling between the windings. Owing to this and the el o) j
consequently lower fault current levels, the low-voltage-fault-
ride-through (LVFRT) of the BDFRG may be accomplished a8 //—~ \> fﬂ
safely without a crowbar protection circuitry [5-7]. } 777777777777777777 BDERM |
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Taufik Taluo and Leposava Ristiare with the School of Electrical T
Engineering, University of Belgrade, 73 Bulevar kralja Aleksandra, 11020 AC/DC/AC converte
Belgrade, Serbia (e-mail: leposava.ristic@etf.bg.ac.rs).
Milutin Jovanovt is with the Northumbria University at Newcastle, UK Fig. 1. A conceptual diagram of the BDFRM

(e-mail: milutin.jovanovic@northumbria.ac.uk).

EEI1.1.1



The space-vector voltage and flux equations for thebsorb (produce) positive secondary power at super (sub)-
BDFRM in a stationary reference frame using standardynchronous speeds as a motor, and at sub (super)-synchronous

notation and assuming motoring convention are [19]: speeds as a generator. Voltage oriented control (VOC) scheme
dA dA has been implemented for both the machine side converter

v, :Rjipfi:&ig*'i +jwA, (MSC) and the grid side converter (GSC). This allows a bi-

d d g, cons directional power flow through the secondary winding for

(1)  either motoring or generating operation. Both VOC controllers

V. =Ri +%_ i+ % +ica) have inner (current control) and external (power control) loops.
RS _&@ d _&755 d J@7§
& oonst
— 0,6
Aps - Lp'-ps * Lpsl-sse @)
Ay =Lyiy +Lyiy e

If we choose for the primary winding a rotating frame
aligned with the primary flux linkage vector rotating e,
and for the secondary quantities a frame rotatingat (vp),
then (1) and (2) can be rewritten as follows:

o da,
\—/p_Rpl—p+ dt +prdp

®3)
.dA .
V. =Ri; +—=+ (@ -w,)A,
dt

Ap = Lpip + Lpsism

L

" Lp Fig. 2. Reference frames and space vectors.
— .
4 The VOC of the MSC requires measurements of the

=ps
wheres = 1- L%/ (LoLy) is the leakage factor, arigl is the  primary and secondanmyq currents, the primary voltage and
primary flux linking the secondary winding (i.e. the mutualthe rotor position, a suitable Park transformation unit Rind
flux linkage). The fundamental angular velocity and torquecurrent controllers to adjust the referemktq voltages as the
relationships for the machine wify=p+q rotor poles and output values from the control unit.
wps = 2nf,s applied frequencies to the respectivp-pdle

primary and 8-pole secondary windings are [19]: ll. MACHINE SIDE VECTORCONTROL (MSVC)
w._ = Gra n. =60 fp* 1, (5) The MSVC scheme is shown in Fig. 3. The external loop
" p, " P, has twoPI controllers to regulate the primary reactive and
3p L 3p active power independently, so does the inner one but to
T, :f(/]pdiSq + A i) :7'(/]p%iSq ~Axig)  (6) control thed-axis andj-axis secondary currents.
p
It is worth mentioning that while all they, rotating A. Inner ((?urrent) control loops
vectors in the primary voltage and flux equations aresjn According to the BDFRM steady-state model, the
reference frame, the secondary counterparts, including,dhe Secondaryl-q voltages can be identified as:
components, are rotating at, and are inpwm — wp = ws Vg = Rig + @ (0lig +A)
reference frame (Fig. 2). Note also that the secondary and . . (8)
primary magnetizing current, andipy, rotate aiw, andws Vo = Rig ta(obig +4,)

respectively, contrary to their source vectaysndip,, having The above equation is important for the vector control
the same magnitudes and relative angular positions in th@gorithm and has been used to calculate the reference voltage
complementary reference frames (i&.= isandipm =ip) and  values. Due to the fairly constant flux linkage offset
rotating at different velocitiesys andw,,, as shown in Fig. 2. component, the use &l current controllers is justified for
This peculiar frequency modulation process comes from thgis purpose and can be formulated by [11]:

reluctance rotor action in the process of electro-mechanical

energy conversion [11], [19]. The mechanical power equation Var = Pl(ig —ig) ©)
showing individual contributions of each winding is: qu =Pl (iqu ~ig)
P, =T.w., :E+M: Pp(1+£) (7) The current control loop on its own is shown in Fig. 4.
P P, W, The corresponding transfer function can be written as
—_— ——
Py S follows:
The machine operating mode is determined by the power Ko K,

flow through the primary side i.e. from the grid for the motor i (9 oL o oL

(Te > 0), and to the grid for the generatdt € 0), while the .‘é“s = s s (20)

secondary can consume or deliver real power subject to the i, (9 g Rtk K

winding phase sequence, i.e. thgsign: the BDFRM would oL, oL,
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Fig. 3. Block diagram for the machine side converter control.

Assumingkp << k; [20], (10) can be approximated as aalignment choice presented in Fig. 2, VOC could be similar to

second-order transfer function of the following form: FOCasA, > A, .ie. A, = A, and the equation (13) becomes:
LY 0
e S _ oL, - o (11) Fovoo) = Feoo) =7/]psisq
() g Rtk ko Sr2wstar . F % (14)
JLS JLS Q :Q :_p(_p—/] i ):_pA|
. O O i p(VOC) p(FOC) 2 Lp ps'sd 2 p pd
| \"
af koKL |8 = +1sa|_ T With the 4, and/,s magnitudes being fixed by the primary
- S ° ° winding grid connection at line frequenayyf, P, andQ, are

proportional toig andigy currents respectively according to
(14), which means that the use of PI controllers is valid [11]:

0 0_
Fig. 4. Current control loop of the secondary-side converter. la = Pl (QF’ Qp)} (15)

0 — O
Here £ (11) is defined as the damping ratio. It influences I =PI(R —F)
the maximum overshoot and response speed. In a classig#ice the current control loops are much faster than the power
second-order system design, an optimum damping ratio ggntrol loops, the converter dynamics and measurement
considered as 0.707, which gives a very small overshoot (Iéigjays can be neglected [20], [21], as shown in Fig. 5.
than 5%) with a reasonable settling time. The undamped

natural frequencyw, affects the response speed. The PI ‘/‘p"-p;—\ Nuling (‘p"-p‘
current controller gains are given as: 0 +i0 foq t— | | SwpA L Q
Qp+ K Isd o | %o/ p*ps P
k, = (2éwol,-R), k =dfol, (12) =C I OIS 2L,

B. Power Loop Derivation

The power control relationships can be derived from the - .
dynamic model voltage equations (3), where the respective ~ Pp +: ko + KL i BwpAplps|i Pp
vector components appear as DC in steady state. Substituting = s

L =1} oL
ip from thej, equation in (2) into expressi@) = (3/2)\_/p_ip* ,
one can develop the following important VOC relations for
the active and reactive power [6], [11]:

Fig. 5. Power control loops of the secondary-side converter.

Transfer functions for the active and reactive power are

Puos :%(,%isq —A%ig)=Pm-%ﬂ%i§ the same and can lz;exr;rmessed as:
(13) PP _ As+1
Y &2 QR I (19)
p

p — 4+ A)s+1
(Bk )

Q=5 € ) Qe |

In VOC, P, and Q, are coupled as both thg andi _ _
secondary curprents a;p)pear in (13). The level of coupli;qg Cglitﬂere A=k, Ik, B_(3/3VP(LPS /Lp)'

be reduced by aligning thg-axis of the reference frame to  If A is the dominant term in the denominator (i.e.
the primary voltage vector as presented in Fig. 2(a). In thissA+1/(Bk)), then the transfer function is close to a unity
case/, would be phase shifted ahead of the correspordjing gain with a poor noise rejection property. Thasshould be
axis, depending on the winding resistance, which is generayigry small in order to use a first order approximation of the
smaller as the machine is larger. Therefore, for the frarti@nsfer function and to determine the Pl gains as follows:
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pY _ QY As+1 1 is thed-axis filter voltage v, is theg-axis filter voltagejy is

TF,=—>=== = (17)  thed-axis filter current, and is theg-axis filter current
0 ' 9 :
P, Q (i+A)s+1 r,s+1
Bk
1
kl Yy kP = Akl (18)
B(r,— A

IV. SPEEDLOOP INVECTORCONTROL

Vector control is appropriate for most drive and generator
applications due to the high quality response provided at fixed
sampling rates. The inner loop is to control the current
components (one for each reference frame axis), while the
external one corresponds to the speed control. Through the
speed controller action, the appropriate torque is developed as
presented in Fig. 6. In this case (i.e. VOC), the torque

expression is simplified as: Fig. 7. Conventional vector control Grid Side converter
T = 3p, L 1i 19 The grid-side converter current control loop shown in
e oL plsg (19) Fig. 8 has the following transfer function [23]:
P
. _ LT
i g Bp AL i s*
o Jkpe]'s_pTs 3PcAplps| | 1y W L L 4 (24)
= S Hal +
2Lp Js PV RV T A A
L L
Fig. 6. Speed control loop of the secondary-side converter kp = (Z&‘)n L - R ) k| = wfl-f (25)
The closed-loop transfer function for the speed control . |
loop presented in Fig. 6 is: Y940 Nulling Yad
k ms+km L ﬁL
w S +K,ms+km i v Y +% 1 g
v p gm_t ® f o= f L qu
wherem=3p,L A,/ (2L,J). Assumingks << k;, (20) can be - 3 T+ sky +R¢
approximated as a second-order transfer function, an®Ithe \ \ PLANT
controller gains can be calculated as follows: Viggq Nulling Y 94q
ﬂ = Km = aﬁ (21) Fig. 8. Current control loops of the grid-side converter
@’ S+kmstkm §+2fwys+af
VI. SIMULATION RESULTS
Ko :% .k :ﬁ (22) _ _
m m A. Motoring operation

The results in Figs. 9-12 are obtained by running the VOC
algorithm presented in Fig. 3 usingatlab/Smulink. The

The GSC is connected to the grid via a filter, as shown eference speed trajectory is set as a steep ramp signal suited
Fig. 7. The major objective is to maintain the DC-link voltagér dynamically not very demanding wind power applications,
at a given value and to regulate the active and reactive po@¥en under extreme turbulent wind conditions. The MTPIA
exchange with the grid. The GSC is usually operated at unfi{fategy has been implemented in Fig. 3 by settingQhe
power factor, but it can be used for voltage support during tN@lue foris = 0 and4, ~ vjw,. Fig. 9 shows an excellent
grid fault by injecting reactive power into the grid [22].SP€€d tracking with no overshoot of the test BDFRG

Similar to the machine side power converter, the control pﬁeratmg at synchronous (750 rev/min), super-synchronous

V. VECTORCONTROL OFGRID SIDE CONVERTER(GSC)

of the GSC includes two inner and one external control loo .go Sr:(\:’(/) rr?érgryanﬁezlfjtéﬁg;c?ézggusof(eggoﬁ;’/ m'll'nh)espper(iargzr;/n

This c_:ontrpl IS perforrr_]ed bas?d on suitable relations that deactive power@) has been directly controlled~t.35 MVAr

explained in the following sections. obtained from (14) to minimize thig magnitude for a given shaft

A. Mathematical model of the current loops torque and therefore to achieve the desired MTPIA performance.
For the case study under consideration, the simulated

BDFRM has been assumed to have a shaft torque-speed

profile as in [24] (where,, is the shaft speed, is the rated

The voltage balance across the grid filter in the synchraitpus
reference frame rotating@} is given by:

Vog ~Vig = (R +L¢)igy — Ly, 23) speed_of the machinfél'r is the rated torque of the machine
Voo —Vig = (R + Ly )iy, + @y Ly andT,_ is the load/turbine torque):
whereR; is the grid side filter resistanck; is its inductance, T, =+T (hf (26)
n

Vga is thed-axis grid voltageyy, is theg-axis grid voltageyy \
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The Q reference is often set to zei@*(= 0) for the unity 0, as expected for the minimum secondary current loading,
primary power factor. The advantages of the first option (i.hile theiyy is required to establish the machine flux and to
Q control disabled, speed control enabled, Fig. 3) are: one lesgisfy the specificQ, demand according to (14). The
Pl controller to be tuned and completely independent contrsimulation results fo@ = 0 are presented in Figs. 20-22.
from the machine parameters. The second choice is model
based, and thus less robust. The simulation results for the VIl. CONCLUSIONS
motoring operation at half-rated load of 9.5 kNm are
presented in Figs. 12-14. The curregtz1800 A in Fig. 14
andiy = 0, what is complimentary to th@ = 0 as defined in
(14). A three phase secondary current waveform for t
MTPIA strategy is presented in Fig. 15, while Fig.1
illustrates the transient stability of the machine whil
changing the machine speed from super-synchronous to s
synchronous foQ*=0.

The paper presents a thorough simulation study and
performance analysis of the VOC scheme developed for the
r%)éatlmum operation of the BDFRM, a viable DFIM
ompetitor. The whole model is implemented in
ATLAB/Simulink, in which the PI controllers are optimally
gﬁagned The simulation studies have evaluated the control
orithms using the parameters of a custom-designed 2 MW
BDFRM in both motoring and generating modes, considering
B. Generating operation two control strategies. The first one has aimed at achieving

he simulati its for th hi d the MTPIA by setting the command d-axis secondary winding
The simulation results for the machine operated as frent to zero in order to minimize the converter current

generator are shown in Figs. 17-19. The remaining sub-plgts, iy whereas the second one has targeted at the unity
show an excellent tracking of 750 rev/min, 900 rev/min, 80Q,\ver-factor operation of the machine primary-winding by

rev/min and 600 rev/min set points (e.g. from 2.5s onwargy;sting the command reactive power to zero. The simulation
after reaching the synchronous speed). The primary reactieits presented have proven that the design methodology for

power Q) has been controlled atl.35 MVAr, obtained from ne appliedPl controllers can provide good performance and
(14) forig = 0 andi, = Vplwp and the machine parameters are g oth response of the BDFRM.

given in the Appendlx The secondary current components
(is aq) and their primary winding equwalent@ fg) under the
MTPIA conditions are presented in Fig. 19. The curignt
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Fig. 20. BDFRM speed and torque fgt=0.
APPENDIX [10]

TABLE |: THE BDFRM DESIGN SPECIFICATIONS [11]

Rotor inertia J] 3.8 kgm2 | Rotor polesp[] 4

Primary resistancep] 0.03782 |Primary power ;] 2 MW

Secondary resistancBJ | 0.057%) |Rated speed]] 900 rpm (12]

Primary inductancelf] 1.17 mH | Stator currents$gf] 1.5 kA rms|

Secondary inductancéJ| 2.89 mH |Primary voltage/g] 690 V rmg [13]

Mutual inductancelfs] 0.98 mH | Supply frequency,] 50 Hz
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