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Abstract —The conventional reluctance machine is poor in performance. Researchers have tried to improve
it and have come out with a brushless doubly fed reluctance machine (BDFRM) which can run as a motor
or generator. This machine is an attractive alternative in variable speed drives and wind power generation.
The paper is concerned with flux and voltage vector-oriented control of a promising brushless doubly-fed
reluctance machine (BDFRM) for generator and drive systems with limited adjustable speed ranges (e.g.

wind turbines and/or pump drives).
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I. INTRODUCTION

An inverter-fed brushless doubly fed reluctance
machine (BDFRM) is undoubtedly an attractive
candidate for medium performance variable speed
applications due to its low cost, high reliability and
lower harmonic injection into the supply mains. The
economic benefits and improved power quality of
the BDFRM drive can be attributed to the machine’s
slip power recovery property implying the use of a
smaller inverter (relative to the machine rating)[1]
the brushless doubly-fed machines (BDFMs) have
been considered for wind generators and pump-
alike devices which have traditionally been served
by a wound rotor induction machine with a
controllable rotor resistance or dual supply
(DFIM),the BDFM should retain the DFIM cost
benefits of using a smaller inverter (e.g. around 25%
of the machine rating, contributing further with
higher reliability and maintenance-free operation by
the absence of brush gear) [2]. The BDFRM shares
all the advantages of doubly-fed machines over
singly excited counterparts — the operational mode
flexibility, the greater control freedom and the
possibility of sub-synchronous and super-

synchronous speed operation in both motoring and
generating regimes.[3] The BDFIM/RM has two
stator windings of different pole numbers and
generally different applied frequencies (Fig. 1)—the
primary (power) winding is grid connected and the
secondary (control) winding is converter fed.
Magnetic coupling between the windings, a
prerequisite for torque to be produced from the
machines, is provided via the rotor having half the
total number of stator poles.5 In the BDFIM case,
the rotor is of special cage construction composed
of nested loops , whereas the BDFRM can use any
of the Syncrel’s rotor designs. In many respects, the
BDFRM and the BDFIM are obviously similar,
however, the BDFRM has the following important
advantages[4].
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Fig. 1. A conceptual diagram of the inverter-fed BDFRM
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The schematic representation of BDFRM is shown
in Fig.1. It is seen that the winding wound for p
number of poles which is connected to nearby grid
and excited by normal power frequency supply
called as power or primary winding. Other winding
wound for g poles is excited either by a dc source or
by a variable frequency, variable voltage source. The
interaction of two magnetic fields produced by stator
currents produces electromagnetic torque in the
machine [5].

The paper gives a thorough review of the main
control methods for the BDFRM. While the material
to be presented is not new, it is comprehensive in
nature and as such can certainly serve as a good
reference for control related research for BDFRM ,
Vector control principles are also briefly discussed
for entity of analysis, and to allow the interested
reader to gain as global insight into the machine
control properties as possible. A detailed
consideration of a field-oriented control scheme,
similar to the one presented in the paper, and aspects
of its practical implementation for both motoring and
generating modes of the BDFRM can be found in

[1].

Il. MATHMETICAL MODEL OF
BDFRM

The basic mathematical equations of the
BDFRM make are necessary in order to analysis and
simulate the control algorithms of the BDFRM. This
section will explain the mathematical model of the
BDFRM. In basic form, the BDFRM stator model is
similar to the induction machine, but it has two sets
of three phase windings, and these have different
pole numbers. The magnetic coupling between the
two sets of windings is due to the rotor reluctance
and the pole number selection is critical. The
number of salient poles on the rotor should equal the
average of the two stator windings. For instance, for
a 2/6 stator pole machine it would have 4 pole and
for a 4/8 stator pole machine it would have 6 poles.
The machine should not have a stator pole pair
different by one (i.e., 4/6 stator poles) because this
will generator unbalanced magnet pull [6].
The space-vector voltage and flux equations for the
machine in a stationary reference frame using
standard notation and assuming motoring
conventionareas follows[7].
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The above flux equations can be manipulated to:
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where Ly ¢ mps)are the constant self and mutual
three-phase inductances of the primary and
secondary windings (their definitions can be found
in [7]). In steady state, the machine develops useful
torque.

The  fundamental angular  velocity and
corresponding position relationships and torque for
the machine torque production are:
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The mechanical equation of the system can be
characterized by:

J g f Oy =T, — T, ®)
J is the inertia of the machine, f is the friction
coefficient,

Tem is the electromagnetic torque and Tr is the load
torque. The electromagnetic torque is expressed as:

3PR

Te (d)pdlsq + q)pq sd) (9)
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Where the generalized slip is s= - os/op, and wsyn
=wp/pr is the synchronous speed (for ws=0) as with
a 2pr-pole wound rotor synchronous turbo machine.
If ®ws>0 then the machine operates in super
synchronous speed mode, else, i.e.for ®s<0 (e.g. the
opposite phase sequence of the secondary winding
to the primary one) when it is in sub-synchronous
mode[8]

Using (5), one can derive the mechanical power
equation showing individual contributions of each
BDFRM winding:

Te.w, Te. wy
P. P.

Pp Ps

=p, <1 + %) (10)
14

The machine operating mode is determined by the
power flow on the primary side i.e. from/to the grid
for motoring (Te > 0) / generating (Te < 0), while
the secondary can take or deliver real power subject
to the winding phase sequence i.e. the ws sign: the
BDFRM would absorb (produce) positive
secondary power at super (sub)-synchronous speeds
as a motor, and at sub (super)-synchronous speeds
as a generator.[9]

By =Tewrm =

(11D

The power flow on the primary and secondary side
of the machine assuming motoring convention as
default are given in

visual form in Fig. 2 and summarised in Table 2.2
for both operating modes of the machine (motoring
and generating) in super-synchronous and sub-
synchronous speed regions.

Pp

motoring-sub

motoring-sup

ﬁpp ﬁ Pp
P iR P Wi
|pm

generating-sup generating-sub

Fig. 2. Visualizing the BDFRM power flow for typical
operating modes and speed regions.

Table.1. Power flows in case of positive and negative slip
recovery modes

Speed Mode Motor Te>0 | Generator
Te<0

Sub-synchronous(ws < 0) | Pp>0 & Ps<0 | Pp<0 & Ps>0

Super-synchronous(ws > Pp>0 & Ps>0 | Py<0 & Ps<0

0)

Preliminary simulation results for the machine

direct on-line starting with the shorted secondary
terminals are shown in Fig. 3 and Fig 4. Such an
induction machine starting procedure is one
possible way to prevent the inverter overloading (if
partially-rated) during start-up Using the
construction design information of BDFRM
together with parameter data allows testing the
capability of the machine under various operating
conditions[8].

speed(rpm)

fime(second)

Fig. 3. Speed and electromagnetic torque starting transients.

I11. Vector control
One of the most important advantages of the VC on
a BDFRM is that the torque Te and primary winding
reactive power Qp can be achieved in an inherently
decoupled fashion. Here after, for most AC
machines, special decoupling schemes are required
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to eliminate crosscoupling effects between the d-q
rotating frame control axes. This high-performance
model-based control method allows much faster
transient response, but an accurate knowledge of the
BDFRM parameters, which can be obtained by off-
line testing or estimated on-line, is necessary. For
this reason, VC algorithms are more complicated
and hence computationally more intensive (among
other things, because of the reference frame
conversion requirements) since DSP
microcontroller implementation is imperative to
achieve high control rate.[10]

Fig. 4. Vector control diagram of the BDFRM.

In order to decouple the speed and the stator reactive
power of the BDFRM, the primaire stator flux
vector will be aligned with daxis @pd, (ppd = ¢p and
opg = 0), and the stator voltages will be expressed
by :
Vpa =0
(12)
Voq = wp- ¢p

The expressions of the primaire stator currents are
written as:

[ = bpa—Lmlsa

pd — Lp
L Lnlsq (13)
rq Lp

By replacing these currents in the secondary stator
fluxes equations, we obtain:

- Lm
{(;bsd - Lsalsd + Ly d)pd (14)

(;bsq = JLsIsq

The secondary stator voltages can be written
according to the secondary stator currents as:
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Ul (15)
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ed = a)salesd (16)
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14
The electromagnetic torque can be written as:
3P.Lpy,
T, = 2Lp ¢pdlsq 17)

And the primary stator reactive power
Qp of the BDFRM is expressed by:

2
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Figure 8 represents the simplified
diagram of the speed and the stator
reactive power control.
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Fig. 5. Speed of the BDFRM
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Fig. 7. the primary stator active power
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Fig. 8. primary stator phase voltage and currents and their
zoom.

IV.RESULTS AND INTERPRETATIONS
Simulation of the proposed system was realized
using MATLAB/Simulink. The BDFRM used in
this work is 1.5 KW.It’s connected directly to the
line grid through its primary stator and controlled
through it’s second stator by a Inverter.

Rated parameters[11] : Vp =380 V, fp = 50, Rp =
11.1Q,Rs=13.5Q,Lp=0.41H,Ls=0.57H, Lm
=0.32H,J=0.1Kg.m ,and Pr=4.

Figure 4 shows the excellent speed tracking for
synchronous (750 rev/min), super-synchronous
(900 rev/min) and sub synchronous (600 rev/min)
operation of the BDFRM in the secondary
frequency range of fs =+10 Hz.

Figure 5 shows the primary stator reactive power of
the BDFRM and its reference which varies from
zero to 1000 Var at t = 6s.

The primary stator phase voltage and current and
their zoom at a constant frequency of 50 Hz is given
in Fig.7. The simple waveforms of the secondary
stator currents and their zoom are shown in Fig. 13.
Figure 14 illustrates the zoom of the secondary
stator phase voltage and current and the secondary
stator active power is given in Fig.8.
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In Figs. 4 and 5, the BDFRM speed and primary
stator reactive power follow their references
correctly and validate the independent control using
stator-flux oriented control technique. Moreover,
the BDFRM in Fig.4 operates in three modes; the
sub-synchronous mode (o < wp) is the first one (0 <
t <4 and 6 < 9) and the second one is the super-
synchronous mode (® > wp) (4 <t <8 and 10 < 12)
and synchronous mode(o =op ) (8§ <t<10).

e

Fig. 9. Secondary currents and its zoom in the first and
second and third transition respectively(a,b,c)
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Fig. 9. secondary stator phase voltage and currents
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Fig. 10. The Secondary stator active power Ps (W)

It is clear in Fig. 7 that the phase between the
primary stator phase voltage and current varies
according to the variation of the stator reactive
power (att = 6s, Qp = 1000 Var).

In Fig.8, the frequency of the Secondary currents is
low and varies according to the variation of the
BDFRM speed.Fig.8(a) shows the first transition
from sub-synchronous mode to super-synchronous
mode and the second transition is in Fig.8(b) from
super-synchronous mode to synchronous mode and
the third transition is in Fig.8(c) from synchronous
mode to super-synchronous mode.

The Secondary stator phase current and voltage
shown in Fig. 9 validate the control of the inverter.

Figure 10 validates the operation of the three modes.
In this figure the Secondary stator active power in
the first mode (0 <t < 4) is negative because the
Secondary stator provides power to the grid and in
the second mode (4 <t <8 and 10 <t < 12) the
Secondary stator active power is positive because
the Secondary stator absorbs power from the grid
and in the the third mode(8 < t < 10) the Secondary
stator active power is null.

V. CONCLUSTION

This paper presents at dynamic simulation model
of BDFRM and the separate control of the speed and
the stator reactive power of the brushless doubly fed
reluctance machine through the inverter using
MATLAB/Simulink®. The primary stator of the
BDFRM is connected directly to the line grid while
the Secondary stator is connected and controlled
through three phase inverter. Simulation results
show good decoupling and performance between
speed and stator reactive power using stator-flux
oriented control and cosine-wave crossing control
techniques. They also demonstrate the ability to
operate in the sub synchronous and super-
synchronous modes. Moreover, the robustness
quality of the proposed system appears clearly in the
speed and the stator reactive power reference
variations. So, this proposed system has proved the
efficiency, demonstrated the performance and
reduced the cost.
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