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Abstract—A new direct power control (DPC) strategy for open-
winding brushless doubly-fed reluctance generators (BDFRGs)
with variable speed constant frequency is proposed. The control
winding is open-circuited and fed by dual traditional two-level
three phase converters using a common DC bus, and the DPC
strategy aiming at maximum power point tracking and common
mode voltage elimination is designed. Compared to the traditional
three-level converter systems, the DC bus voltage, the voltage
rating of power devices and capacity of the single two-level
converter are all reduced by 50% while the reliability, redundancy
and fault tolerance of the proposed system still greatly improved.
Consequently its effectiveness is evaluated by simulation tests on a
42 kW prototype generator in MATLAB/SIMULINK.

Keywords—Brushless doubly-fed reluctance generator (BDFRG);
direct power control; variable speed constant frequency; open-
winding; common mode voltage (CMV).

I. INTRODUCTION

Brushless doubly-fed machines (BDFMs) are the evolution of
cascaded induction machine [1], which have been investigated
as a probable alternative to the existing solutions in variable
speed applications with limited speed ranges during the last
decade [1]-[3], [5]-[12], [15], [16]. The main motivation for this
increasing interest is due to its advantages of reasonable cost,
high reliability of brushless structure and maintenance-free as
well as competitive performance [1], [2]. As a member of the
slip power recovery family, BDFMs have the high cost benefits
of partially-rated inverter being just 25% of machine rating for a
typical speed range of 2:1 in pump drives or wind turbines [2].
Another interesting advantage of the BDFMs is the running
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mode flexibility, it can operate as a doubly-fed machine,
induction machine (when inverter failed) or synchronous
machine (when either winding supplied by DC-link) [1], [2].

Apart from the above features, the absence of rotor windings
makes the brushless doubly-fed reluctance generator (BDFRG)
more efficient [2], inherently decoupled control of the active
power/torque and reactive power with doubly-fed induction
generator (DFIG) [2], [3], easier to model/control compared to
the doubly-excited wound rotor induction machine  and
brushless doubly-fed induction machine [2], [3], and without the
cost of fully-rated inverter and demagnetization in permanent
magnet synchronous generators [5]. Researches on the control of
BDFRG involved of the scalar control (SC) [3], voltage and/or
flux (field) oriented control [5], [6], additionally, the disturbance
rejection abilities of the BDFRG controller(s) have been further
explored in [15], [16], direct torque control (DTC) [7], [8].
Recently, a new strategy termed as ‘“direct power control
(DPC)” derived from DTC has been presented [9], but in power
control sense, the DPC is virtually “indirect”, so called DPC is
just considering the formal similarity with DTC. A typical
topology of BDFRG consists of two sets of standard,
sinusoidally distributed three-phase stator windings of normally
different applied pole numbers and frequencies, with a rotor
having half of the total stator poles to provide the rotor position
dependent magnetic coupling between the windings and torque
production as shown in Fig. 1 [2], [3]. The power/primary
winding is grid-connected, its pole pairs and frequency is pp and
fp; the control/secondary winding (with p. and fc) is fed by a
standard back-to-back converter.
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In this paper, considering the rated capacity limits of
traditional two-level converter systems [10] and advantages of
traditional three-level converters systems [11], a novel DPC
strategy applied to open-winding BDFRG is proposed [12]-[14]
as shown in Fig. 2, where the control winding is open-circuited
and fed by dual traditional two-level converters termed as MSCl,
MSC2 (machine side converter, MSC) using a common DC bus
(hence a single grid side converter, GSC), meanwhile, an
optimized PWM scheme with common mode voltage (CMV)
elimination has been implemented. Compared to the traditional
three-level converter systems [11], the reliability, redundancy
and fault tolerance of the proposed system are greatly improved
while the DC-link voltage and the rated capacity of power
devices in MSC can be reduced about 50%, but the complexity
in main circuit topology is not almost increased.
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Fig. 1. Schematic diagram of the BDFRG for wind turbine.
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Fig. 2. Principle diagram of the proposed DPC strategy.

II. BDFRG FUNDMENTALS

A. BDFRG Model

To better understand the underlying principle of the BDFRG,
in arbitrary rotating d-g reference frames as illustrated in Fig. 3,
the dynamic model using standard notation for generating
convention can be represented as (1), (2) [2], [3],

Upg = _R"ip‘? —p(Lp _Llw)ipq B p[ch (im —i],q )J—erwpd

Upa = _RI’iI"’ B p(LP h LP(' )il’d h p|:Lp<' (ipd —ly ):| oy,

ey = Rl +p(Lv _LP«‘)iai +p|:L.vv (icq g ):| —(a)r _w)ll/cd
-L,

)i, + p|:ch (= )] ~(o, ~@)w,,

ucd = Rcicd + p(L(

(1
Wy =Ly, — Ly,
l//pd = Lpipd +chicd (2)
l//cq = Lcicq _chipq
W(‘d = LL'iz'zi +chipd

where the letter “p” denotes the differential operator, the
subscripts “p”, “c”, “r’, “d”, “q” denote the power winding,
control winding, rotor components and their dg components,
respectively; L,, L. and L, indicate the self-inductance and the
mutual inductance between the two stator windings; @, w-w, and
o, represent the rotation speed of dy-g, de-g. frame and the rotor
angular speed, where the stator and rotor equations are referred
to the same frame. Note that if w = @, w.— © = w., i.¢., the two
stator windings are both in the same static reference frame.

B.  Principles of BDFRG with VSCF

As shown in Fig. 1, 2, the relationship between the frequency (or
electrical angular velocity), poles and speed (or angular velocity)
of the BDFRG is expressed as (3), (4) [2], [5], [6], where n,
(rpm) and @m = 2zn, /60 (rad/s) denote the rotor speed and its
angular velocity; n, and ws» denote the synchronous speed and
its angular velocity, i.e., fe= 0, n. = 60fy/p,, respectively; s = -
w/wp 1s the generalised slip.

n(p,+p.)
=7 "4 3
/, 60 /. 3)
o +o (O]
wrmzzﬂnr :;:_p 1+a)" :a)w-(l—s) (4)
60 D, D, o, '

Using (4), the mechanical power equation showing individual
contributions of the two stator windings with a rotor can be
easily established as (5),

a)P
.wrsz '_+Tem.

Pm = ];;11 em = = Ppm (1 _S) (5)
b, b,
—_—
P,,~P, P, =P,
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obviously, in generating (BDFRG) convention, P < 0, Tem < 0,
Ppm <0, where only Py (i.€., Pp) component is concerned by the
subsequent DPC strategy in section III. Notice that Pcn < 0 for
“super-synchronous” (w. > 0) and Pen > 0 for “sub-
synchronous” (w. < 0) mode. It’s unusual electromagnetic
torque expression can be found as (6) [2],

7 3P, 3p,
“ 2oL, 2cL

o

v, |sind (6)

W, xw,|= v,|

where o = 1—Lic / (LPLL,) represents the leakage factor; w. and

wpe indicate the flux linkage vector of control winding and
mutual flux linkage between the two stator windings,
respectively, Ype= (Lpc/Lp)¥p, and 9 is the angle between them.

C. Maximun Power Point Tracking of BDFRG

According to [14], for making full use of the wind energy, S
should be as small as possible. If the actual wind speed is below
the rating, usually f = 0° to capture the maximum power shown
as Fig. 4, where f (°), 4, Cp, vw (/s), n, (rpm) and Pn (kW)
represent the pitch angle, tip speed ratio and wind power
utilization coefficient, wind speed, mechanical power and rotor
speed of BDFRG, respectively. Notice that every power curve
has a maximum power point tracking corresponds to each rotor
speed depicted as Fig. 4 (b). Therefore, the MPPT can be
realized if only 7, is timely adjusted with regard to its maximum
power point.
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Fig. 3. The d-q reference frames and inter-relationships between flux linkage and

current.
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Fig. 4. Characteristics curve of wind turbine. (a) C,-A curves with different
and (b) P,-n, curves with different speed.

III. DPC STRATEGY WITH CMV ELIMINATION

A. Topology of the Dual Two-level Converters

As shown in Fig. 2, the control winding is open-circuited, and
fed by the dual traditional two-level quadrant converters (MSC1
and MSC2) using a common dc bus, which is further elaborated
in Fig. 5, then the voltage expressions of control phase windings
can be represented as (7) and (8),

Uy =Upo ~ Uy =U

ala2
Uy = Upio ~Upro = Upip @)

uL‘L‘ = ucl() - chO = u(‘l(‘z

2 4
iz

u, (1) :% u,, () +u, (1) +u, (1)e" )

As shown in Fig. 5, the traditional voltage vector diagram in
each two-level converters can be illustrated in Fig. 6 (a), (b),
which correspond to the MSC1 and MSC2, respectively.

B. Selection and Optimization of Voltage Space Vector
Combinations

As shown in Fig. 7, the total switching modes of the dual two-
level converters increased to 23x23 = 64 denoted as 11-88" and
divided into 24 smaller sectors, which obtained the same voltage
vectors (OA, ..., OS) as traditional three-level converter [11],
but its redundancy and fault tolerance are much higher the latter
(64 > 27), whereas the dc link voltage only half of the latter.

Here, the CMV in control winding expressed as (9), e.g., for
the vector combination 24', the CMV is 0 as (10). Then the
combinations shown in Fig. 7 with CMV = 0 are the vectors OH,
0J, OL, ON, 0Q, OS and O.
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3
u +u +u
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(10)
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Fig. 5. Topology of open-winding BDFRG with dual two-level converters.
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(a) (b)
Fig. 6. Voltage space vector in each converter. (a) MSC1 and (b) MSC2.
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Fig. 7. The space phasors of proposed dual two-level converters.

C. Main Ideas of the DPC Strategy

Using the instantaneous power theory, then the power winding
active and reactive power expressions can be represented as (11).

3
szz( pqpq+updpd)

Q = (pqu updlpq)

According to (5), by neglectmg the copper losses and variation
of energy stored in magnetic field [5], [6], the instantaneous real
power is nearly equal to its mechanical power, i.e., Ppm = Pp.
With referring to the DTC scheme [7] and having the flux linkage
expressions given as (12), (13) respectively, then the principle of
proposed DPC strategy about the P, can be explained (not for
control) as follows: since the power winding is directly grid-
connected, and the line frequency and voltage amplitude kept
constant, then ¥, = constant and hence ¥~ constant, as a result,
P, can be increased/decreased with increasing/decreasing the J as
in (5), (6). While O, can be elaborated logically as follows: since
BDFRG flux is established by doubly-excited stator systems, i.e.,
if the control winding contributes more/less flux, then the power
winding can contribute less/more, and vice versa. Hence O, can

(11)

be increased/decreased by increasing/decreasing the magnetizing
current (¥,) implemented by decreasing/increasing the related
control winding component from the controllable MSCs (vector
combinations, hence the ¥.), this is the key fundamentals behind
the DPC strategy of BDFRG [§].

= [(u,—R,i, )dt

(12)
v, = j( u,—Ri )dt

l//cd = J’(ucd - icdRa ) dt

(13)
T (R

D. The Relationship between Power Variations and Voltage
Space Vector Combinations

To implement the proposed DPC strategy of using the pre-
selected control winding voltage vector combinations with CMV
elimination, the span with selected vector combinations is re-
divided into six sectors (I-VI) shown as Fig. 8, where assuming
that the . lay in sector I at a given moment, and the . is ahead
of w. with J, therefore, P,< 0, i.e., BDFRG absorbs mechanical
power (Ppm < 0,) from the wind turbine and generates electric
power (Pp) to the grid. With applying the voltage space vector
combination either 26’ or 46" wound result in the w. rotating anti-
clockwise, the angular J to decrease, and the P, to increase (i.e.,
to become less negative), which meant that BDFRG would
generate less electric power to the grid; for another, the vector
combination either 62’ or 64’ would make w. to rotate clockwise,
0 to increase, P,to decrease (i.e., more negative) and generate
more power. Referring to the pre-declared relationship between
Op, ¥p and Y. (hence the control winding voltage vector
combinations) in the section IIIl. C, applying any vector
combinations of 24’ 26’ or 64’ would increase . d-axis
component () as shown in Fig. 3, as well as the ¥, which
implied that the control winding would contribute more reactive
power to build field, hence the O, would be decreased; on the
contrary, vector combinations 42, 46’ or 62’ would have the
completely opposite effects, i.e., would reduce ..

For easily understanding the DPC strategy proposed above ,
the relationship between Q,, sectors and vector combinations are
given in Tabs. I-1II, where Ppre; Oprer , AP and AQ represent the
reference values of P,, Op and half of the width of hysteresis
comparator, respectively; “+”, “-” indicate O, will be increased
or decreased with applying the selected vector combinations, “x”
shows the combinations to be abandoned due to causing drastic
change in Qp; “+1”, “-1” denote the sector number is to be
increased (. anti-clockwise)/decreased (y. clockwise) with the
selected vector combinations. Obviously, there is only one vector
combinations selected can control both P, and Q, at a given time
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(or sector), e.g., if the we lay in sector I, only the selected vector
combinations 46’ can both increase P, and Qp.

Particularly, in order to simplify the proposed DPC strategy,
the zero vector combinations are not adopted because of
contributing a completely reverse effect on (O, in “sub-
synchronous” and “‘super-synchronous” modes, and the other
scheme has also been abandoned due to the same effect as the
proposed manner according to Table. I.

¢ 0
Fig. 8. Sectors re-divided with selected voltage space vector combinations.

TABLE L. EXPECTED CHANGE RATE OF O,
Sector/Vector 24' 26" | 46' | 42’ 62" | 64’
I X - + X + -
11 - X - + X +
111 + - X - + X
I\ X + - X - +
\ + X + - X
VI - —+ X + - X
TABLEII.  OPTIMUM OF SWITCHING VECTORS
Error Sector
Pry-Po | Opy-0, | T [N I [IV]V VI
<-AP, <-AQ, | 64’ [ 24" | 26" | 46" | 42’ | 62’
<-AP, >AQ, 62' | 64’ | 24’ | 26" | 46’ | 42’
> AP, <-AQ, 26" | 46" 42" | 62" | 64' | 24’
> AP, > AQ, 46' | 42" | 62' | 64' | 24" | 26’

TABLE IIl. DEDUCED DIRECTION OF SECTOR CHANGE
Sector/Vector 24" | 26" | 46’ | 42" | 62’ 64’
I X -1 +1 X -1 +1
11 +1 X -1 +1 X -1
11T -1 +1 X -1 +1 X
I\ X -1 +1 X -1 +1
\% +1 X -1 +1 X -1
VI -1 +1 X -1 +1 X

IV. SIMULATION STUDIES

To evaluate the performance of proposed DPC strategy, the
simulation model is established in MATLAB/Simulink® as
shown in Fig. 2, and the BDFRG parameters as follows: Py= 42

kW Unp=Unc=380V, pp=3, R,=0.1662 Q, L,= 0.01737 H,
=0.01813 H, pc.=1, R.=0.1882 Q, L= 0.02351 H, J=0.3
kg m? [12].
Setting Uae = 100 V, AP,=+ 0.4 kW, AQ,= + 0.3 kvar; the

given wind speed (with high-frequency random white noise
signal to account for practical effects of speed vibration and
voltage/current transducers resolution) is 8 m/s started at O s,
stepped to 9 m/s, 10 m/s at 1.8 s and 3.6 s respectively; the given
Oprer = 0 kvar so as to keep the power factor nearly to 1.

Starting procedure is irrelevant for this paper and not shown
in the results, then some simulation results of the proposed DPC
strategy are presented in Figs. 9-13.

As shown in Figs. 9 and 10, power winding P, can quickly
track the derived MPPT values as -11.3 kW, -15.8 kW and -21.8
kW (as MPPT illustrated in Section II. C), at the same time, Oy
is kept almost 0 kVar. Fig. 11 illustrates the control winding
current in phase a according to VSCF and DPC, its frequency is
-12.3 Hz, -7.7 Hz and -2.9 Hz respectively (when the frequency
value in power winding is kept about 50 Hz). Fig. 12 shows the
sectors of voltage space vector combinations in dual two-level
converters illustrated in Fig. 7, which corresponds to Tab. I-III.
Fig. 13 demonstrates the CMV of the proposed DPC strategy for
open-winding BDFRG, where the CMV is eliminated to
approximately 0 V, then common mode current and shaft current
of the proposed system can also nearly to 0.
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Fig. 9. Active power and its enlarged vision of P,,.rand P, in power winding.
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V. CONCLUSIONS

This paper has presented a novel direct power control (DPC)
with common mode voltage elimination (CMV) for open-
winding brushless doubly-fed wind power generators. The
feasibility of the proposed DPC strategy is evaluated by
simulation tests, and the advantages of the proposed system are
simpler in main circuit, more convenient control scheme, lower
DC-link voltage while achieving higher redundancy and better
fault tolerance than existing conventional three-level converter
systems. It can provide a good reference to further research (at
present) about relevant control strategy and implement prototype
experimental platform. The experimental verification of such
control approach is currently in progress and will be published in
our future papers.
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