
 

18th INTERNATIONAL SYMPOSIUM on  
POWER ELECTRONICS - Ee 2015 

 
NOVI SAD, SERBIA, October 28th - 30th, 2015 

 

B

A COMPARATIVE STUDY OF ROBUST CONTROL TECHNIQUES 
FOR DOUBLY-FED RELUCTANCE GENERATORS 

 

Milutin Jovanović1, Sul Ademi2, Hamza Chaal3, Wenping Cao4 
1Northumbria University Newcastle, Faculty of Engineering and Environment, UK 

2University of Strathclyde, Department of Electronic and Electrical Engineering, UK 
3Siemens plc, Renewable Energy Division, Keele University Science Business Park, UK 

4Queen’s University Belfast, School of Electronics, Electrical Engineering and Computer Science, UK 
 

Abstract—The paper deals with flux and voltage vector 
oriented control of a brushless doubly-fed reluctance 
generator (BDFRG) for grid-connected wind turbines. The 
BDFRG features the low operation & maintenance costs by 
using a smaller inverter, and offers the high reliability of 
brushless structure at competitive performance  to its 
popular slip-ring cousin, the doubly-fed induction generator 
(DFIG). The simulation results for the two  parameter   
independent  speed and reactive  power control  algorithms  
have been successfully experimentally verified on a custom-
built machine for various loading profiles. 
 

Index Terms—Vector  Control, Doubly-Fed  Machines, 
Reluctance, Wind Power Generation. 
 

I.  INTRODUCTION 
 

RUSHLESS doubly-fed generators (BDFGs) have been 
investigated  for  wind  power   applications   [1]–[8]   with 

an incentive  to overcome  the compromised  reliability 
and high maintenance  costs of traditional DFIGs [9]–[11] 
while sharing the same economic  benefits  of partially-
rated power electronics. For a typical variable  speed 
range of 2:1 in wind turbines and pump-alike  electric 
drive systems, the reduction in the converter rating of 
either BDFG or DFIG can be as much as 75% compared 
to the machine itself [1], [2], [12], [13]. Another important 
BDFG advantage over the DFIG is the superior low 
voltage fault ride through capability without the need for 
protection crowbar circuitry [14]–[16] owing to the 
proportionally  larger leakage inductances and thus the 
lower fault current levels [17]–[21]. 

The BDFG has two conventional  3-phase stator 
windings  of different  pole numbers and applied 
frequencies, the magnetic coupling of which is achieved 
through the rotor having half the total number of stator 
poles in contrast  to a classical machine [22]–[24]. The 
primary (power) winding is tied to the grid directly, and the 
secondary  (control) winding via a  bi-directional (‘back-to-
back’) IGBT converter.  The most common  BDFG rotor 
types may have  a  modern  cage-less reluctance  form 
(i.e. BDFRG) [25], or a  special ‘nestedloop’ cage 
induction  structure (i.e. BDFIG) [26]. Alternative BDFIG 
wound rotor versions, although impractical  and more 
complicated, have also been reported [6], [8], [27]. If 
optimally designed, the BDFRG can provide competitive  
performance to the DFIG [2] and higher efficiency [28] with 
much simpler dynamic modeling/control  than the BDFIG 
[29]–[31]. Control of primary reactive power and torque is 
naturally  decoupled with the BDFRG [1], [22], [23] and the 

DFIG [11], [32], [33] unlike the BDFIG [3]–[5], [34], [35]. 
Control methods applied to BDFIG [3]–[5], [34], [35] or 

DFIG [11], [33], [36]–[39] have been developed  for the 
BDFRG(M) such as: scalar control [1], [40], vector control 
with primary voltage (VC) [1], [40], [41] or flux (field) 
orientation (FOC) [41], direct torque and flux [40], [42] or 
reactive power [43], [44] control (DTC), direct power 
control (DPC) [45], and even non-linear  MIMO control 
using Lyapunov’s theory [12], [13]. The work in [1], [12], 
[13], [40] is purely theoretical with either analytical 
conceptual analyzes [1], [40] or numerical simulation  
studies [12], [13]. Several stator frame based DT(P)C 
algorithms  have been proposed and experimentally 
validated with a shaft-position  sensor [42]–[45] or 
sensorless speed regulation  [40]. However, the 
preliminary  results for no- load variable  speed motoring 
operation (i.e. BDFRM) have mainly been shown, and 
speed control  of the loaded BDFRG, being of more 
practical interest, has not been demonstrated in [40], 
[42]–[45]. In addition, all these DT(P)C schemes have the 
well-known limitations of variable switching rates and 
higher sub-harmonic  contents. Furthermore, the 
approaches in [40], [42] are sensitive to machine 
parameter knowledge uncertainties and poor 
performance  has been recorded. 

Surprisingly,  despite the reasonable amount  of 
published research  on BDFRG control in the last decade  
or so  and clear preference  to DT(P)C in terms of power 
quality and smoothness of response, no publication  
concerned with realtime implementation or comparisons 
of VC and true FOC, other than [41] to some extent,  has  
appeared  in the BDFRG(M) literature to fully appreciate 
their relative merits and drawbacks.  This paper  should 
make  a  big step forward in this direction with a 
comprehensive  evaluation  of these two control 
strategies by computer simulations and laboratory tests 
on a BDFRG prototype under different speed and/or 
loading conditions including  those encountered in wind 
turbines which have neither  been simulated  nor 
experimentally  supported in [41]. In this sense, the 
material presented is a significant extension to the 
introductory  results documented in [41]. 
 
 
 

II.  FUNDAMENTALS OF SPACE-VECTOR THEORY 
 

The BDFRM(G) steady-state model in dp − qp  and ds − qs 

rotating reference frames (Fig. 1) using motoring convention 
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and standard complex notation can be formulated as [23]:

vp = Rpip +
dλp

dt = Rpip + jωp · (Lpip + Lmi
∗
sm)︸ ︷︷ ︸

λp

vs = Rsis +
dλs

dt = Rsis + jωs · (Lsis + Lmi
∗
pm)︸ ︷︷ ︸

λs

λp = Lpipd + Lmismd︸ ︷︷ ︸
λpd

+ j · (Lpipq − Lmismq )︸ ︷︷ ︸
λpq

λs = λsd + jλsq =

(
1− L2

m

LpLs

)
︸ ︷︷ ︸

σ

· Lsis +
Lm
Lp

λ∗p︸ ︷︷ ︸
λm



(1)

where the subscripts ‘p’ and ‘s’ denote the primary and
secondary windings, respectively, ωp,s are the corresponding
applied frequencies (rad/s), Lp,s,m are the 3-phase self and
mutual inductances, σ is the leakage factor, and λm is the
primary flux linking the secondary winding (i.e. mutual flux).

The other basic relationships for the rotor angular velocity
(ωrm), electro-magnetic torque (Te) and mechanical power
(Pm) showing the individual contributions of each machine
winding (Pp and Ps) can be written as follows [23]:

ωrm =
ωp + ωs
pr

= (1 +
ωs
ωp

) · ωp
pr

= (1 +
ωs
ωp

) · ωsyn (2)

Te =
3pr
2

(λmdisq − λmqisd) =
3pr
2

Lm
Lp

(λpdisq + λpqisd)

(3)

Pm = Te · ωrm =
Te · ωp
pr︸ ︷︷ ︸
Pp

+
Te · ωs
pr︸ ︷︷ ︸
Ps

= Pp · (1 +
ωs
ωp

) (4)

where ωs > 0 for ‘super-synchronous’, and ωs < 0 for ‘sub-
synchronous’ operation (i.e. an opposite phase sequence of
the secondary to the primary). In the BDFRG case under
consideration, Te < 0 and thus Pp < 0 in (4) meaning that the
positive power flow on the primary side is always to the grid
no matter the speed mode as expected. The secondary winding,
on the other hand, would take real power at sub-synchronous
speeds (Ps > 0) or deliver it at super-synchronous speeds
(Ps < 0). At ωrm = ωsyn, the secondary is DC-fed (i.e.
ωs = 0), and the BDFRG plays the role of a 2pr-pole
synchronous turbo-generator with a controllable field winding.

Note that all the vectors in the primary voltage and flux
equations of (1) are stationary in ωp frame, and so are the
secondary counterparts, including the λmd,q components in
(3), albeit in prωrm − ωp = ωs frame according to (2). Also,
ism = is and ipm = ip in the respective frames (Fig. 1) with
ism and ipm being the magnetically coupled (i.e. magnetizing)
currents of the same magnitude but modulated frequency by
the rotor mixing action in the machine torque production [23].

III. CONTROL PRINCIPLES AND DESIGN

The generic controller configuration with the frame angle
calculation blocks for a given control selector position is
depicted in Fig. 2. The underlying expressions can be derived
from (1) in the ‘natural’ reference frames rotating at ωp and
ωs (Fig. 1) where the control variables become DC quantities.

Fig. 1. Reference frames and space vectors: VC (left) and FOC (right)

Substituting for ip from the λp equation of (1) with λpq =
0 into S = P + jQ = 3

2vpi
∗
p leads to the following FOC

relationships for torque and primary powers [23], [40]:

Tefoc
=

3pr
2
λpipq =

3prLm
2Lp

λpisq =
3pr
2
λmisq (5)

Ppfoc
= Pfoc −

3

2
Rpi

2
p =

3

2
ωpλmdisq =

3

2
ωpλmisq (6)

Qfoc =
3

2
ωp

(
λ2p
Lp
− λmdisd

)
=

3

2
ωpλpipd (7)

The complementary VC forms of (6) and (7) can be derived
by applying the same procedure (except that λpq 6= 0) as:

Ppvc
= Pvc −

3

2
Rpi

2
p = Ppfoc

− 3

2
ωpλmqisd (8)

Qvc = Qfoc −
3

2
ωpλmqisq (9)

Notice from Fig. 1 that if the dp-axis lies along the λp,
the ds-axis of the secondary (control) frame will align to λm
by default in keeping with the main BDFRG(M) theory [23].
Such an unusual frame-flux mapping is typical with the FOC,
and it allows the inherently decoupled and smooth control of
Pp (or Te) and Q through isq and isd, respectively, considering
the fact that λp, and hence λm, in (5)-(7) are virtually fixed
in magnitude by the winding grid connection. This property
greatly simplifies the controller design and represents the
key FOC advantage over VC where machine model-based
decoupling algorithms are normally required to compensate
the adverse effects of the ωp coupling terms in (8), or (3),
and (9) and achieve enhanced performance competitive with
FOC. However, the price to pay for this undoubt FOC virtue
is the necessity to address the Rp issues and foremost to deal
with the implications of DC offset in measurements on the
accuracy of back-emf integration and estimation of λp angle
(θp in Fig. 1). The entirely parameter independent VC does not
suffer from these FOC deficiencies but in turn has inferior load
disturbance rejection capabilities as a trade-off. The degree
of cross-coupling can be alleviated by aligning the primary
voltage vector to qp-axis (Fig. 1), the consequent Rp dependent
phase shift of λp from the magnetizing dp-axis getting smaller
with larger machines of lower resistances [2], [12]. In this case,
VC should bear a closer resemblance to FOC as λmd >> λmq
in (8) and (9), which effectively become (6) and (7).

Finally, the nearly linear Pp vs isq and Q vs isd functions
defined by (6)-(9), under FOC scenario in particular, justify
the use of isq and isd as the outputs of the respective speed
and reactive power PI control loops as shown in Fig. 2. Doing
so, all the uncertainties in the machine parameter knowledge
can be attained and taken care of by appropriate tuning of



18TH INTERNATIONAL SYMPOSIUM ON POWER ELECTRONICS - EE 2015, NOVI SAD, SERBIA, 28-30 OCTOBER 2015 3

Fig. 2. A structural block diagram of the BDFRG drive setup with VC and FOC options in closed-loop (selected) or open-loop speed (power) mode.

the PI gains. Another useful insight from Fig. 2 is that
the P and Q, as reference frame invariant, are calculated
using the stationary frame voltages (vαβ) and currents (iαβ)
to avoid unnecessary frame conversions and time-consuming
trigonometric functions. The intended angular velocity (ω∗

rm)
settings, or real power (P ∗) in open-loop mode, usually refer
to the Maximum Power Point Tracking (MPPT) of a wind
turbine [1], [12] while Q∗ may be chosen to optimize the
primary power factor or any other performance measure.

IV. SIMULATION STUDIES

The preliminary comparisons of the FOC and VC schemes
in Fig. 2 are carried out in Simulinkr using the parameters
of a proof-of-concept 1.5 kW, 750 rpm, 415 V, 2.5 A, 6/2-
pole, Y/Y-connected BDFRG obtained by applying the off-
line testing procedures described in [28]: Rp = 11.1 Ω, Rs =
13.5 Ω, Lp = 0.41 H, Ls = 0.57 H and Lm = 0.34 H. The
power electronic models from the SimPowerSystemsr toolbox
are employed with the high-frequency uncorrelated white noise
and unknown slowly varying DC offset being superimposed
to the ideal signals to account for practical effects of the
measurement noise and current/voltage transducers resolution.

The results in Fig. 3 illustrate the excellent speed tracking
potential of the controller(s) for different loading conditions of
the BDFRG. The desired shaft torques are varied in a step fash-
ion or with a steep ramp to demonstrate the high-performance
prospects and wider applicability of the considered control
algorithms when fast transients are imperative. These torque
variations can be seen in the monitored electrical power (P )
profiles as the primary winding participation (Pp) in the total
mechanical power is proportional to torque according to (4).

Note from Fig. 3 that the P waveforms are virtually
identical for both the FOC and VC at 900 rev/min when the
Q is controlled at ≈1.34 kVAr for isd = 0 and λp ≈ vp/ωp in
(7) corresponding to the maximum torque per inverter ampere
(MTPIA) conditions [1], [22]. However, while the Q behavior
with the FOC is largely unaffected by the P alterations at any
speed, the respective VC plots are evidently distorted due to
the cross-coupling isq term in (9). Similar disturbances can

be observed in the VC curves for P at 750 rev/min and
600 rev/min as a consequence of the isd effects in (8) in
response to varying Q∗ from 1.34 kVAr to 1 kVAr.

V. EXPERIMENTAL VERIFICATION

The control in Fig. 2 was executed on a Simulinkr compat-
ible dSPACEr DS1103 platform at 5 kHz inverter switching
rate and under the same operating conditions of the BDFRG
as simulated in Fig. 3. The desired loading profiles, captured
by a Magtrolr torque transducer, were emulated using a
commercial Parkerr DC drive. The other relevant details about
the BDFRG test rig can be found in [41], [43]–[45].

The comparative test results for the VC and FOC, including
the secondary dq currents being omitted in Fig. 3 for space
reasons, are shown in Figs. 4-6. Except for the obvious speed-
dependent reduction of the P output by the presence of core
losses in a real machine [25], [46], which can be up to 15%
or so for the considered prototype, and the uncompensated1

current controller design, the experimental responses are oth-
erwise in good agreement with the simulations in Fig. 3.

The plots in Fig. 4 for the speed producing quantities (e.g.
isq and P ) of the BDFRG are almost identical in shape for
either control method as expected from (5), (6) and (8). The
same observations hold for the magnetizing FOC equivalents
(e.g. isd and Q), which are clearly unaffected by the shaft
torque (and hence isq) change at 9s as a consequence of
the decoupled control. However, the isq variation manifests
itself as disturbance on the respective VC profiles. The related
Q drop can be explained by the demagnetizing role of |isq|
(since isq < 0 in generating mode) as follows from (9).
Conversely to Q, the isd experiences a positive rate of change
with decreasing |isq| in order to keep λp ≈ const.

The complementary waveforms in Fig. 5 exhibit similar
behavior in the period of constant Q control (6-11s) to those
in Fig. 4 with the load disturbances occurring at 7s and 9s
time instants. The BDFRG response to Q step change at fixed

1Iron loss effects of the BDFRG are extremely difficult to model [47] or
simulate and have not been implemented in Fig. 2 for this reason.
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Fig. 3. Simulations of the BDFRG control response to shaft torque changes from: -19 Nm to -12 Nm in super-synchronous mode at 900 rev/min; -16.5 Nm
to -9.5 Nm in synchronous mode at 750 rev/min; and -15 Nm to -5 Nm in sub-synchronous mode at 600 rev/min.

load is illustrated in the remaining time interval. While the isq
and P characteristics are again immune to the associated isd
and Q variations under the decoupled FOC, this is not the case
with the VC. The isd increase to counteract the Q decrease
for magnetization purposes, leads to lowering P as predicted
by (8). The same coupling phenomena, but for ramp changes
in shaft torques, can be seen from the VC graphs in Fig. 6.

Fig. 7 presents the BDFRG performance at variable loads
in a limited speed range. A parabolic shaft torque vs speed
profile, with -12 Nm at 1000 rev/min, has been implemented
in the experiments as being typical for wind turbines with
MPPT [1], [2], [12]. A scaled-up random reference signal
has been chosen to model the wind speed fluctuations. The
speed dependent isq coupling effects are notable on the rather

distorted Q waveform despite the PI control action indicating
the severely compromised load disturbance rejection abilities
of the Q controller in the VC case. The rotor speed and P
responses are, however, nearly the same as with the FOC.
These and other qualitative remarks that can be made are very
much alike to the observations about fixed speed and load
operation in Figs. 4-6 and shall not be repeated here.

VI. CONCLUSIONS

The work has presented a full experimental validation of the
comparative simulation studies of the two machine parameter-
free FOC and VC schemes for the BDFRG. The realistic
simulation models have been proven accurate enough for the
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Fig. 4. Experimental results for the super-synchronous operation of the BDFRG for varying shaft torques from -19 Nm to -12 Nm at 900 rev/min.

generated results to closely match the laboratory measure-
ments made on a small BDFRG prototype operated in a narrow
speed range at constant and/or variable loads of ordinary grid-
connected wind turbines with MPPT.

Such a thorough vector control development framework
can serve as a solid foundation for future research on this
promising brushless generator technology on a more repre-
sentative larger-scale level where the developed Simulinkr

programme(s) may be used as a traditional cost-effective
computing tool for reliable performance predictions.
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[40] M. Jovanović, “Sensored and sensorless speed control methods for
brushless doubly fed reluctance motors,” IET Electric Power Applica-
tions, vol. 3, no. 6, pp. 503–513, 2009.
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