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Abstract: The Brushless Doubly Fed Reluctance Machine (BDFRM)
is a promising cost-effective alternative solution in applications with
narrow speed ranges such as large wind turbines and/or pump-type
drives. Apart from providing a comprehensive literature review and
analysis of vector (field-oriented) control and direct torque (and flux)
control (DTC) methods, the development, and results of experimental
verification, of an angular velocity observer-based DTC scheme for sen-
sorless speed operation of the BDFRM which, unlike most of the other
DTC concepts, can perform well down to zero supply frequency of the
inverter-fed winding, have also been presented in the paper.
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1. INTRODUCTION

Although the inverter-fed brushless doubly fed reluc-
tance machine (BDFRM) has not found any industrial
use yet, it is an attractive low cost candidate for variable
speed applications due to the high reliability and lower
harmonic injection into the mains. The economic bene-
fits [1] come from its slip power recovery property which
allows the use of a smaller inverter (relative to the ma-
chine rating), and especially if the speed range required
is limited (e.g. in large wind turbines or pumps [2,3]).

The BDFRM has two standard, sinusoidally distributed
stator windings of different applied frequencies and pole
numbers - the primary (or power) winding is with direct
on-line supply and the secondary (or control) winding is
also grid-connected but through a bi-directional (back-to-
back) converter. In order to provide rotor position depen-
dent magnetic coupling between the windings and torque
production from the machine [4, 5], the reluctance rotor
must have half the total number of stator poles. Such an
unusual operating principle [6] implies the modest torque
per volume of the BDFRM compared to an equivalent
synchronous reluctance or induction machine [7].

The BDFRM shares all the advantages of doubly-
fed machines over singly excited cousins – the oper-
ational mode flexibility, the greater control freedom,
and the wider speed ranges i.e. the possibility of sub-
synchronous and super-synchronous operation in both
motoring and generating regimes [7]. It can work as a
conventional induction machine (which is an important
“fail-safe” measure in case of the inverter failure) or as
a fixed/adjustable speed synchronous turbo-machine [8].
One important BDFRM merit is that one can not only
control torque, but also the power factor [3, 9–11], effi-
ciency [2] or any other performance parameter of interest
in an inherently decoupled fashion [12].

The absence of brush gear brings a clear advan-
tage to the BDFRM over a conventional doubly-excited
wound rotor induction machine (DEWRIM) in applica-
tions where increased reliability and lower maintenance
are crucial factors (for example, off-shore wind genera-
tors). Furthermore, the BDFRM is more efficient [13]
and easier to control than the closely related, brush-
less doubly-fed induction machine (BDFIM) having the
same stator as the BDFRM but with a special cage ro-
tor [14–17]. Recent FEA studies have shown that with
higher rotor saliency-ratios, the BDFRM overall perfor-
mance can be improved [7] to a level competitive with
the induction machine [18].

The primary intention of this paper is to review con-
trol methodologies reported in the BDFRM literature.
By integrating the existing knowledge, this survey may
serve as a useful up-to-date reference for future research
on this machine. Algorithms for scalar control, direct
torque (and flux) control (DTC) and field-oriented con-
trol have already been proposed and evaluated by sim-
ulations [2, 19] and experimentally [12, 20]. However,
these approaches all rely on using an encoder for rotor
position and/or speed detection. Eliminating a shaft po-
sition sensor would not only reduce the system cost but,
more importantly, would further enhance its reliability.
The theoretical considerations in [21] and [22] have con-
cerned with sensorless vector control and DTC, respec-
tively. The simulation studies carried out in [11,22] have
been practically validated in [3, 10, 11]. This paper will
reproduce the major outcomes of this experimental work.

2. DYNAMIC MODELING

The space-vector equations for the BDFRM in a sta-
tionary reference frame using standard notation and mo-
toring convention are [4,6,23]:

ups
= Rpips

+
dλps

dt
= Rpips

+
dλps

dt

∣∣∣∣
θp const

+ jωpλps

(1)

uss
= Rsiss

+
dλss

dt
= Rsiss

+
dλss

dt

∣∣∣∣
θs const

+ jωsλss

(2)

λps
= Lpips

+ Lpsi
∗
ss

ejθr (3)

λss
= Lsiss

+ Lpsi
∗
ps

ejθr (4)
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The subscripts ‘p’ and ‘s’ denote the primary and sec-
ondary winding quantities respectively, and ‘*’ repre-
sents the complex conjugate. By omitting the exponential
terms in (3)-(4), one obtains the rotating frame equiva-
lents of (1)-(4) in a primary flux oriented form (λpq = 0):

up = Rpip +
dλp

dt
+ jωpλp (5)

us = Rsis +
dλs

dt
+ jωsλs (6)

λp = Lpip + Lpsi
∗
s (7)

λs = Lsis + Lpsi
∗
p = σLsis +

Lps

Lp
λp

︸ ︷︷ ︸
λps

(8)

whereσ = 1 − L2
ps/(LpLs) = 1 − k2

ps is the leakage
factor (defined as with the induction machine),kps =
Lps/

√
LpLs is the coupling coefficient between the

windings (as in the power transformer case),Lp,s,ps are
the respective 3-phase inductances [4, 7], andλps is the
primary flux linking the secondary winding (Fig. 1).

Applying the fundamental BDFRM theory [4, 6, 23],
the following condition for the machine torque produc-
tion can be established:

ωr = prωrm = ωp+ωs ⇐⇒ θr = prθrm = θp+θs (9)

whereωrm = dθrm/dt is the rotor mechanical angular
velocity (rad/s),pr is the number of rotor poles,ωp,s =
dθp,s/dt are the applied angular frequencies (rad/s) to the
windings, andθr,p,s are the angular positions of the ro-
tating reference frames as illustrated in Fig. 1 (the rotor
frame is omitted for convenience). Notice thatωs > 0 for
‘super-synchronous’ (ωrm > ωsyn) andωs < 0 for ‘sub-
synchronous’ (ωrm < ωsyn) machine operation where
ωsyn = ωp/pr occurs with the DC secondary winding
i.e. whenωs = 0. The ‘negative’ secondary frequency at
sub-synchronous speeds simply means the opposite phase
sequence of the secondary to the primary winding.

3. VECTOR CONTROL

The secondary real power, torque and primary reactive
power in a primary flux oriented form are [4]:

Ps =
ωs

ωp + ωs
Pout =

ωs

ωp
Pp (10)

Te =
Pout

ωrm
=

3
2
pr

Lps

Lp
λpisq (11)

Qp =
3
2

ωpλp

Lp
(λp − Lpsisd) (12)

As can be seen from (11) and (12),Te is controlled by the
secondary q-axis current,isq, andQp by the secondary d-
axis current,isd, and there is no coupling between the two
expressions (sinceλp is virtually constant). Note that the
machine slip power recovery property is hidden in (10).
For example, if the secondary is at the line frequency (i.e.
ωs = ωp), the inverter has to handle half the output power
(plus losses). However, ifωs = 0.25ωp, then the sec-
ondary contribution to the machine power production is
only 20%. Therefore, in applications where the BDFRM
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Fig. 1. Reference frames and characteristic phasors

would operate in a narrow range around the synchronous
speed, a partially-rated inverter could do.

The structure of a typical BDFRM drive with vector
control based on (11) and (12) is shown in Fig. 2 [12].
Considering that only the secondary winding quantities
are controllable, one should first identify the secondary
frame position (θs) using (9). The rotor position,θrm, is
usually detected by a shaft sensor while the primary flux
angle (Fig. 1),θp, follows from:

λps
= λpe

jθp =
∫ (

ups
−Rpips

)
dt ≈

∫
ups

dt (13)

whereups
andips

can be easily determined from phase
measurements. Onceθs is known one can implement cur-
rent control of the secondarydsqs components (and thus
Te andQp) in a traditional manner (Fig. 2) to optimise
the desired performance parameter of the machine such
as [2]: (1) the maximum torque per secondary (inverter)
ampere (i.e.isd = 0) [7, 9]; (2) the maximum primary
power factor (i.e.isd = λp/Lps for Qp = 0) [9, 12]; (3)
the unity line power factor or the minimum copper losses
[9]; (4) the maximum power point tracking (MPPT) of a
wind turbine [2] etc.

4. DIRECT TORQUE CONTROL (DTC)

The traditional DTC concept, originally developed for
cage induction machines [24, 25], by virtue of its versa-
tility and fewer machine parameter dependence, has been
successfully used for stator frame control of almost all
brushless machines. However, until very recently, its ap-
plication to doubly-fed machines (DFMs) in general has
been little reported in the literature. An alternative rotor
frame based DTC technique for the BDFIM required a
shaft position sensor for torque control, and it was very
complex even for DSP implementation [26]. The DTC
schemes presented in [27–29] for a conventional doubly-
fed induction generator (DFIG), on the other hand, have
only been studied by computer simulations. In the last
couple of years, predictive DTC strategies of constant
switching frequency have been proposed and experimen-
tally verified for the DEWRIM but used an encoder for
control purposes [30–32]. Except for the recent practical
work on the BDFRM control [10, 11], the only other test
validation of sensorless DTC for DFMs has appeared in
[33]. While a viable, parameter-independent algorithm
for unity power factor control of the DFIG has been de-
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Fig. 2. A simplified block diagram of the field-oriented torque con-
troller for the BDFRM

veloped, the sustained synchronous speed operation of
the machine has not been clearly demonstrated.

It is well-known that back-emf based control ap-
proaches, including DTC, have low frequency stability
problems due to the flux estimation inaccuracies caused
by resistance variations at lower supply voltages. It is
mainly for this reason that this control method has been
extremely popular for high-speed applications where the
resistance effects are less pronounced. In this respect, the
traditional DTC is not suitable for BDFRM applications.
Fortunately, these common DTC difficulties at low sec-
ondary frequencies can be overcome in the BDFRM.

4.1 Main Principles

One of the key questions of the DTC of the BDFRM,
as for any other machine, is how to control the secondary
flux to achieve the desired torque dynamics. An answer
can be found in (8) and a DTC form of (11):

λs = λsd + jλsq = σLsisd + λps + jσLsisq (14)

Te =
3pr

2σLs

∣∣λps × λs

∣∣ =
3pr

2σLs

Lps

Lp
λp

︸ ︷︷ ︸
λps

λs sin δ (15)

It is evident from (14) and (11) thatλsq is a torque pro-
ducing secondary flux component since it is directly pro-
portional toisq. Therefore, in order to increase (decrease)
instantaneous torque for a givenλs, one needs to ap-
ply appropriate voltage vectors to the secondary wind-
ing to allow the secondary flux angle in thedsqs frame
(Fig. 1), i.e.δ in (15), to increase (decrease). This effec-
tively means that the respective stationary frame angle,
δ+θs, would also change accordingly asθs variations are
negligible (and especially at lowωs values) over a short
control interval dictated by the inherently high sampling
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Fig. 3. Sensorless BDFRM drive with DTC

TABLE I

INVERTER SWITCHING LOOK-UP TABLE

Comparator Secondary Flux Sector
∆λs ∆Te 1 2 3 4 5 6

1 1 U2 U3 U4 U5 U6 U1

1 -1 U6 U1 U2 U3 U4 U5

0 1 U3 U4 U5 U6 U1 U2

0 -1 U5 U6 U1 U2 U3 U4

rates. There is obviously no need to know the secondary
frame position, and the DTC can be implemented in a
stator frame as usual for this method.

The outputs of the flux and torque comparators in the
DTC algorithm (Fig. 3) can be defined as:

∆λs =
{

1, λ∗s − λs ≥ ∆λ
0, λ∗s − λs ≤ −∆λ

(16)

∆Te =
{

1, T ∗e − Te ≥ ∆T
−1, T ∗e − Te ≤ −∆T

(17)

where∆T and ∆λ indicate a half width of the corre-
sponding hysteresis bands. The voltage vectors generated
by the inverter to achieve the desired control action for a
particular sectorial location of the secondary flux vector
are given in Table I. The respective magnitudes and an-
gular positions in a stationary frame can be expressed as
follows:

Uk =
2
3
Vdce

j(k−1) π
3 k = 1, 2, ..., 6 (18)

whereVdc is the measured DC link voltage and[(2k −
3)π/6, (2k−1)π/6] are the angular boundaries of the k-th
sector associated withUk. The binary codes, indicating
the switching status of individual inverter legs of these
vectors are:U1 = 100, U2 = 110, U3 = 010, U4 = 011,
U5 = 001, andU6 = 101.

The controller’s main task is to ensure that the sec-
ondary flux and machine torque are kept within the user-
specified hysteresis bands. In the flux case, according to
(16), theλs values should be in the range[λ∗s−∆λ, λ∗s +
∆λ] with ∆λs = 1 voltage vectors increasing, and
∆λs = 0 vectors decreasing theλs magnitudes (Table
I). Similarly in (17), ∆Te = 1 means the increase, and
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∆Te = −1 the decrease of actual (not absolute) torque
which is assumed positive if acting counter-clockwise as
in Fig. 1. Note that the influence of zero voltage vectors
(U0 = 000 andU7 = 111) on torque behavior is speed
dependent (refer to [19, 22] for further details). For this
reason, the switching strategy adopted is based on using
the active voltage vectors only and knowledge of the ma-
chine speed for torque control is not required (Fig.3).

4.2 Parameter Estimation

As discussed earlier, the use of (2) for estimating the
secondary flux magnitude and stationary frame angle is
not convenient in the low frequency region. However,
as both the primary and secondary quantities are measur-
able, the following alternative expression can be derived
using (1), (3) and (4):

λss
= Lsiss

+ i∗ps

λps
− Lpips

i∗ss

(19)

whereλps
is given by (13). The magnitudes and angular

positions ofiss
andips

can be calculated from measure-
ments [19, 20, 22]. Applying (19) one would obviously
avoid the voltage integration but at the expense of having
to know the winding self inductancesLp,s.

Another significant benefit of greater control freedom,
afforded by the accessibility of both BDFRM windings,
is the possibility of sensorless speed control [22]. The
rotor angle,θr, can be retrieved from (3) as follows:

θr1 = tan−1 Im[(λp−Lpip)is]
Re[(λp−Lpip)is]

θr2 = θr1 + π

}
(20)

The raw position estimates are then input to a Luen-
berger type PI observer to predict the rotor angular ve-
locity ωr = dθ/dt for the speed control (Fig.3).

The torque expression best suited for the BDFRM con-
trol is of the form:

Te =
3
2
pr

∣∣λps
× ips

∣∣ =
3
2
pr (λpdipq − λpqipd) (21)

where the subscripts ‘pd’ and ‘pq’ indicate the respective
stator frame components (Fig. 1) ofλps

and ips
. High

estimation accuracy has been achieved in practice as (21)
is nearly machine parameter independent (except for in-
directRp effects throughλp estimates) and relies on the
primary ‘ripple-free’ quantities of fixed line frequency.

5. EXPERIMENTAL RESULTS

The sensorless control algorithm in Fig. 3 was exe-
cuted in dSPACER© at 10 kHz on a small BDFRM pro-
totype [19,20]. The preliminary tests were conducted for
the unloaded machine to assess the controller viability.

The plots in Fig. 4 represent the rotor angles(θr) ob-
tained from (20), and their absolute variations from en-
coder measurements. A shaft position sensor was used
for monitoring purposes only and is not shown in Fig. 3.
The raw estimates,θr, are notably noisy, the error spikes
being occasionally larger than30◦. Despite this, the av-
erage estimation error is reasonably low(≈ 7◦).
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Fig. 4. Estimated position and estimator absolute errors at 850 rpm
(fs=6.7 Hz)
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Fig. 5. Observed position and observer errors corresponding to Fig. 4

The excellent low-pass filtering abilities of the ob-
server are evident from Fig. 5. The average estimation er-
ror is reduced to approximately1.5◦ with the maximum
values being up to about3.4◦. Such accuracy improve-
ment can be attributed to the high quality estimates being
fed into the observer by the position estimator (Fig. 3).
The observer last prediction,θ, has served as a reference
while selecting the best raw estimate available per speed
control interval i.e. the one having the least absolute devi-
ation fromθ. Therefore, the estimator block itself carries
out the first filtering of noisyθr before inputting the best
estimate to the observer for further processing. The fil-
teredθr values are plotted out in Fig. 4.

Fig. 6 shows the machine response to a varying speed
reference values between 950 rpm, 750 rpm and 550 rpm.
The speed limits correspond tofs ≈ 13.3 Hz in either
super- or sub-synchronous mode. It can be seen that the
machine can be effectively controlled over the considered
speed range down to synchronous speed (750 rpm) when
fs = 0. The reliable low frequency operation of the
BDFRM is an important merit of the proposed sensor-
less scheme, and represents a significant advantage over
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traditional DTC and other back-emf based control meth-
ods having difficulties (or simply not working) in this fre-
quency region even in sensor speed mode.

6. CONCLUSIONS

The fundamental principles and implementation as-
pects of different control techniques for the BDFRM have
been surveyed in this paper. This kind of unified study
can be extremely helpful for control development and re-
search on this interesting and unusual slip-power recov-
ery machine. A similar control related framework for the
BDFRM or any other doubly fed machine has not been
published in the refereed literature to date.
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[4] R.E.Betz and M.G.Jovanović, “Introduction to the space vector
modelling of the brushless doubly-fed reluctance machine,”Elec-
tric Power Components and Systems, vol. 31, no. 8, pp. 729–755,
August 2003.

[5] ——, “Theoretical analysis of control properties for the brushless
doubly fed reluctance machine,”IEEE Transactions on Energy
Conversion, vol. 17, no. 3, pp. 332–339, Sept 2002.

[6] Y. Liao, L. Xu, and L. Zhen, “Design of a doubly-fed reluctance
motor for adjustable speed drives,”IEEE Transactions on Industry
Applications, vol. 32, pp. 1195–1203, Sept/Oct 1996.
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