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Abstract—This paper proposes a novel open-winding brushless
doubly-fed reluctance generator (OW-BDFRG) with dual two-level
converters in order to reduce the converter rating and switching
frequency for large-scale wind turbine applications. The new con-
verter topology is equivalent to a three-level converter directly con-
nected to the control winding of typical BDFRG. The OW-BDFRG
system with this topology structure requires lower converter rating
and switching frequency, and has a more flexible control mode, bet-
ter operation performance, and fault redundancy capability. For
the OW-BDFRG, this paper also proposes a new control scheme
combining direct power control (DPC) with sliding mode variable
structure (SMVS) control to implement the power tracking. The
voltage-vector switching table of DPC is redesigned according to
the error signals of active and reactive powers of the power wind-
ing, as well as the sector location of control winding flux. The active
and reactive powers of the OW-BDFRG can be directly decoupled
and independently controlled by properly selecting the switching
voltage vectors. The novelty of this paper lies in an OW-BDFRG
topology driven by dual two-level converters to improve the system
characteristics, and the use of SMVS control to improve the DPC
accuracy and robustness to parameter variations. Finally, the ef-
fectiveness of the proposed system is verified through simulation
and experimental studies.

Index Terms—Brushless doubly-fed generator (BDFG), direct
power control (DPC), dual two-level converter, open-winding
structure, reluctance rotor, sliding mode variable structure
(SMVS).

Manuscript received October 17, 2016; revised February 21, 2017; accepted
April 2, 2017. Date of publication April 12, 2017; date of current version July
15, 2017. Paper 2016-SECSC-1075.R1, presented at the 2016 IEEE Trans-
portation Electrification Conference and Exposition, Asia-Pacific, Busan, South
Korea, Jun. 1-4, 2016, and approved for publication in the IEEE TRANSACTIONS
ON INDUSTRY APPLICATIONS by the Sustainable Energy Conversion Systems
Committee of the IEEE Industry Applications Society. This work was sup-
ported in part by the National Natural Science Foundation of China under Grant
51537007 and Grant 51277124, and in part by the Natural Science Foundation
of Liaoning Province, China, under Grant 201602540. (Corresponding author:
Shi Jin.)

S. Jin, L. Shi, T. Dong, and F. Zhang are with Shenyang Univer-
sity of Technology, Shenyang 110870, China (e-mail: wby-js@163.com;
1914767155@qq.com; tina_dong1111@ 163.com; zhangfg @sut.edu.cn).

L. Zhu is with the Shenyang University of Technology, Shenyang 110870,
China, and also with the University of Science and Technology Liaoning,
Anshan 114051, China (e-mail: zhuliancheng@163.com).

W. Cao is with Aston University, Birmingham B4 7ET, U.K. (e-mail:
w.p.cao@aston.ac.uk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2017.2693959

I. INTRODUCTION

HE BRUSHLESS doubly-fed reluctance generator

(BDFRG) has advantages of high reliability with a brush-
less structure, low converter rating and cost, and adjustable
active and reactive powers, making it particularly suited for
variable-speed large-scale wind power applications [1]-[3].
The typical BDFRG has two sets of three-phase windings on
the stator (a control winding for excitation and a power winding
for power generation) with two different pole numbers. The two
windings are magnetically coupled through a special reluctance
rotor [4].

The converter for the BDFRG deals with the slip power in
the machine, so that the converter rating can be reduced, so
is the converter cost. For further reducing the converter ca-
pacity and system cost to adapt to the requirement of the large
wind turbines, an open-winding brushless doubly-fed reluctance
generator (OW-BDFRG) is proposed in this paper. Its control
winding uses an open-winding structure and all the six termi-
nals are pulled out for control purposes. The two ends of the
control winding are connected across dual two-level converters
with the isolated dc bus connection mode to supply. This topol-
ogy is equivalent to a three-level converter directly connected
to the control winding of the typical BDFRG, and can solve
the unbalanced-voltage-division problem of dc capacitor in the
three-level converter. Since the full dc bus voltage can be directly
applied to a single phase rather than across two phases, the dc bus
voltage as well as the device voltage rating can be significantly
lowered [5]. Each phase current in the three-phase control wind-
ing can be independently controlled. So this topology structure
enables the brushless doubly-fed wind power generation system
to have smaller converter capacity, lower switching frequency,
more flexible control mode, and better operation performance
and fault redundancy capability. The open-winding structure has
been applied to the permanent magnet synchronous generator
to adapt to the trend of the larger and larger unit capacity in the
modern wind power generation system [6]—[9].

Another issue of the BDFRG is the power tracking control to
improve the generation efficiency. In the literature, field-oriented
control is mainly adopted to decouple and independently con-
trol the active and reactive powers for this purpose [10]-[15].
But it requires a complex coordinate transformation and a mas-
sive calculation resource. Moreover, it is vulnerable to generator



parameter variations so that the system robustness is low. Some
scholars have attempted to apply direct torque control (DTC)
for variable-speed constant-frequency BDFRG [16]-[20]. Com-
pared with the field-oriented control, DTC without field orien-
tation and coordinate transformation has a simpler structure,
faster dynamic response, and better robustness. However, its
flux observer is sensitive to generator parameter variations and
inaccurate identification, especially in the case of low excitation
current frequency of control winding, which results in the worse
real-time of control system. Alternatively, direct power control
(DPC), derived from DTC [21], can directly decouple and in-
dependently control active and reactive powers. Compared with
DTC, DPC has a simpler algorithm, less calculation, and does
not need to measure the flux amplitude, which can well solve the
problem of the worse real-time of control system caused by the
flux observer being sensitive to generator parameter variations.
Therefore, DPC is found in use in brushless doubly-fed motor
systems [22].

In this paper, the dual two-level converters are employed to
drive the proposed OW-BDFRG whereas a combination of DPC
control and sliding mode variable structure (SMVS) [23]-[24]
is developed to implement the power tracking and improve the
control accuracy and robustness. Finally, the whole system is
tested by simulation and experimental methods.

II. STRUCTURE AND MODEL OF THE OW-BDFRG

A. System Structure

A schematic diagram of the proposed OW-BDFRG wind
power system is shown in Fig. 1. In the stator, the power wind-
ing is directly connected to the grid. The control winding has
an open-winding structure, that is, the control winding is com-
pletely opened and the six terminals are all drawn out. The two
ends of the control winding are connected to the dual two-level
bidirectional converters.

B. Generator Model

The voltages and fluxes of the OW-BDFRG in the two-phase
stationary reference frame are expressed as
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Fig. 2. Phasor diagram of the OW-BDFRG.

where u is the voltage, i is the current, U is the flux, R is the
resistance, L, L., and L,, are the self-inductance of the power
winding, self-inductance of the control winding, and the mutual
inductance between the power winding and control winding,
respectively, and w is the electrical angular. The subscript p rep-
resents the power winding, ¢ represents the control winding, r
represents the rotor winding, « represents the «-axis compo-
nent, J represents the -axis component, and D represents the
differential operator.

For OW-BDFRG system with the dual two-level converters
and isolated dc bus connection mode structure, the control wind-
ing voltages u., and u. s are the differences between the output
voltages of the dual two-level converters, respectively,

3

Ucq = Ueal — Uca?2
Uepg = UeBl — Uep2

The active power P}, and reactive power Q,, can be expressed
as

3 . .
P, = 5 (Upaipa + upgips)

3 ) .
Qp = 9 (Upgipa — Upaipg)

C)

According to the OW-BDFRG model, the power winding flux
¥, is chosen to coincide with the d-axis in the power winding
d-q reference frame. ¥, = ¥,;and ¥,,, = 0, Also neglecting
the stator winding resistance, the phasor diagram of the OW-
BDFRG is obtained as Fig. 2, where V¥, is the flux of the
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Fig. 3. Diagram of SMVS-enhanced DPC.

power winding linking the control winding, and its amplitude

_ Ly
Uy = 420,

III. SMVS-ENHANCED DPC CONTROL
A. Control Principles

DPC is derived from DTC idea. The principle diagram of
SMVS-enhanced DPC is obtained referring to DTC, shown in
Fig. 3, where P ; and @)}, are the reference active and re-
active powers, respectively, and AP, and AQ), are the errors
in active and reactive powers, respectively. The voltage-vector
switching table of DPC is redesigned based on the error sig-
nals of active and reactive powers of power winding as well as
the sector location of the control winding flux. The active and
reactive powers of OW-BDFRG can be directly decoupled and
independently controlled by properly selecting the switching
voltage vectors. The SMVS control is introduced into DPC to
minimize the tracking errors in the active and reactive powers.

The electromagnetic torque 7;, of the OW-BDFRG is induced
by the interaction between the fluxes ¥, and ¥, from Fig. 2,
ie.,

3(pp + pC)LP :
T. = L, L. —I2) [T, ||®,|sind. )
For the large-scale OW-BDFRG, its stator winding resistance
can usually be neglected. In the absence of copper loss, the elec-
tromagnetic power is approximately equal to the output power,
that is, By, ~ P,,. The amplitude of the power winding flux
W, is approximately constant because the power winding is con-
nected to the grid, so ¥, is also approximately constant. The
electromagnetic torque 7 can be adjusted by changing the flux
angle §, so long as the amplitude of the control winding flux ¥,
is kept to be constant. The active power P, is a function of the
electromagnetic torque T, so the active power P, can be con-
trolled by changing the flux angle J, referring to as the torque
control method. Since both stator windings contribute to the
establishment of the airgap flux, it is natural that if one winding
contributes more, the other should contribute less. Therefore,
the reactive power (), can be controlled by the flux amplitude
of the control winding .. According to the above analysis, the
voltage-vector switching table of DPC can be redesigned based
on the changes of P, and @Q),,.

Sector 4

Sector 2

[of

Uy | Sector] ——

Sector 12

Sector 9

- Sector 11

Sector 10

Fig. 4. Voltage-vector switching diagram and sector division.

B. Sector Division and Voltage-Vector Switching Selection

Since the control winding of the OW-BDFRG is fed from
dual two-level converters, more than doubled switching voltage
vectors are produced than a typical converter. In this case, sub-
dividing the vector sectors is necessary to select more switching
voltage vectors for more accurate control. The whole vector
plane is equally divided into 12 sectors. According to (3), the
switching voltage vectors and sector division are obtained by
the parallelogram rule of voltage vector composition, as shown
in Fig. 4, where U,,,, represents the composition of the volt-
age vector U,, produced by converter 1 and U,, produced by
converter 2.

From Fig. 4, these voltage vectors can be divided into six
long vectors, six medium vectors, six short vectors, and zero
vectors, according to their relative amplitudes. If the control
winding of OW-BDFRG is fed with different voltage vectors,
the change of active and reactive powers can be different
referring to as the analysis in Section III-A. In practice, there
are three main methods of selecting voltage vectors: long
vector, medium vector, and hybrid vector. The long vectors of
DPC method are obtained when both the two-level converters
output the vectors with an opposite direction according to
(3), including the vectors Uiy, Uss, Usg, U1, Use and
Uiz in Fig. 4. The medium vectors of DPC method

are gotten when both the two-level converters out-
put the vectors with an angle of 120° (between
two adjacent long vectors), including the vectors

Ui5/Uszs, Us /U35, Usi /Uss, Usa /Us1, Us3 /Ugz and

Ui3/Ugy in Fig. 4. Thus, these two methods can only
utilize six voltage vectors and lack the control flexibility. In
addition, they suffer from power overshooting. Alternatively,
a hybrid-vector DPC method combines both long vectors and
medium vectors produced by the dual two-level converters.
This method can yield more switching voltage vectors and has
better controllability and lower switching frequency than the
first two methods. It is thus adopted in this paper for selecting
switching voltage vectors. For example, if the control winding
flux W, locates at Section Iin Fig. 4, AP, > 0and AQ, > 0,



TABLE I
VOLTAGE-VECTOR SELECTION TABLE FOR THE HYBRID-VECTOR DPC

Error Sector
AP, = P;ref - P, AQ, = Q;ret —-Qy 1 2 3 4 5 6 7 8 9 10 11 12
AP, >0 AQ, >0 Us, Uy U, Us, Uss Uss Usg, Ui, Uy; Uy; Uz Usg
AP, >0 AQ, <0 Uis Uy Uy Usg Ui Uy Uy Uss Uz Uz U Uy
AP, <0 AQ, >0 U,» Us» Uss Usgs Usg, Uy, U;s Us; Uss Uss Us: Ui
AP, <0 AQ, <0 U3 Uin Uy Uy Uszs Uszs Uy Usy Uz Usy Uy  Ugs
that is, both active power P, and reactive power @, should be TABLE II

increased, voltage vector U3, can be selected to increase P, PARAMETERS OF THE OW-BDFRG

and (,. Other cases can be analogized, and the voltage-vector

selection table is generated, as in Table I [25]. Parameter Value
Rated power (kW) 42
Rated voltage (V) 380
C. SMVS Controller Design Rated current (A) 442
. . . Pole-pairs number of power winding 3
In order to reduce the tracking errors in active power P, and Pole-pairs number of control winding 1
reactive power (), the switching function of SMVS controller Resistance of power winding (€2) 0.1662
is defined S — [S IS ]T h Resistance of control winding (£2) 0.1882
Is delined as S = P 2@ |, Where Self-inductance of power winding (mH) 17.37
Self-inductance of control winding (mH) 23.51
Mutual-inductance between the two stator windings (mH) 18.13
— — px
Sp = APP - Ppref Pp 6) Moment of inertia (kg-m?) 0.3

SQ = AQP = ;1'ef - QP .

The control system should move along the sliding surface S

The rates of change in the power winding current can be
= 0, so as to accurately track the power references P, ; and & p g

" pre derived from (1)
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The rates of change in active and reactive powers is given by

dP,
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The common exponential reaching law is used to design the
SMVS controller [26], then

UC _ Uca _ _D_l
e

where ki ~ ky are all the positive control constants,sat(-) is the
saturation function and is given in (18). The saturation function
is used instead of the sign function to reduce the high-frequency
chattering caused by the rapid switching and some uncertain
factors

Fp + k1 Sp + kosat (Sp)

a7
FQ + ]{‘35(2 + ]<74S&t (SQ)

1, S >
sat (S;) = < Si/ iy |Si] < Ay (18)
-1, S; < —A

where A; is the error band (a positive control constant), and the
subscripti = P, Q.

To prove the stability of control system, the Lyapunov func-
tion is used

Lar 1o 2
av. dSp dSqg  rdS
T T =S (20)
Substituting (13) into (20)
%7 =8’ (F+DU,). (1)

600rpm 750rpm 900rpm
Nyref
0s 0.5s 1s 1.5s [
0.2 0.8s "
Skw kw0 D
;kVaT OkVar > O
Fig. 5.  Step changes in given parameters.
Substituting (17) into (21)
dv
oS S
a =S Sl
" |:FP:| +p[-D Fp+/€15p+k'zsat(5p)
Fo Fy + k3 Sg + kasat (Sg)

_ [SP SQ] [—lep — kosat (Sp):|

—kgSQ — kysat (SQ)
= —k1Sp — ko Spsat (Sp) — ks S — ki Sgsat (Sg)  (22)

when Sp#0 and S #0, kiSp >0, kSh >0,
ksSpsat(Sp) >0, and FkiSpsat(Sg) >0 always hold
true, so does dV /dt < 0.

When Sp # 0and Sg # 0

Lar L 2
V:is S=5(3P+SQ)>O. (23)

Since V is positive definite, and dV/dt is negative definite, the
control system is asymptotically stable according to the second
rule of Lyapunov.

IV. SIMULATION ANALYSIS

The proposed system is first modeled in MATLAB/Simulink
software. The generator parameters are tabulated in Table II.

In order to analyze the power tracking effect and verify
the superiority of the proposed system, the power regulation
of a typical DPC-based BDFRG system and the proposed
SMVS-DPC-based OW-BDFRG system is compared at sub-
synchronous, synchronous, and supersynchronous conditions.
The step changes in relation to speed, active, and reactive
power are presented in Fig. 5.

Figs. 6 and 7 present the simulation results of the typical
DPC-based BDFRG system and the proposed SMVS-DPC-
based OW-BDFRG system, including the currents waveforms
of the power winding and control winding, and the waveforms
of active and reactive powers. It can be seen from Fig. 6 that
the power tracking effect of the typical DPC method under
subsynchronous operation is worse and the distortion of the
power winding output current waveform is larger. More spikes
occur in the active power waveform and its error is as much
as 5 kW. It is difficult to control the power in the given error
range using a hysteresis method of typical DPC control. The
performance of the typical DPC method under synchronous and
supersynchronous operation is acceptable, but the one under
subsynchronous operation is unsatisfactory. The simulation re-
sults in Fig. 7 show that for the SMVS-DPC-based OW-BDFRG
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Fig. 6.  Simulation results of a typical DPC-based BDFRG system. (a) Phase-
a current in the control winding. (b) Phase-a current in the power winding.

(c) Active power. (d) Reactive power.
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Fig. 7. Simulation results of the SMVS-DPC-based OW-BDFRG system.
(a) Phase-a current in the control winding. (b) Phase-a current in the power
winding. (c) Enlarged waveform of phase-a current in the power winding.
(d) Enlarged waveform of phase-a current in the power winding. (e) Active
power. (f) Reactive power.

system, the power tracking effect under subsynchronous, syn-
chronous, and supersynchronous operations are all excellent. Its
active power and reactive power can track the given values ac-
curately and the errors are both small (200 W/Var). From the
enlarged phase-A current in the power winding in Fig. 7(c) and
(d), the output current frequency of the power winding can be
kept at 50 Hz and the variable-speed constant-frequency opera-
tion can be achieved. The fluctuation of power winding output
current is less than the previous case. Obviously, the proposed
SMVS-DPC-based OW-BDFRG system is superior to the typi-
cal DPC-based BDFRG system in the aspect of power tracking
performance.
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Fig.8. Experimental platform of the SMVS-DPC-based OW-BDFRG system.

11 3mmaddiv) £ 15thnsdiv)

(al i
An - R U T
£ % "
2 o i
= o
n :- i 1 - 1 11 E i d i i
£ (13 0ms/divh £ {1 50meiiiv)

il {uy

Fig.9. Dynamic experimental results of the SMVS-DPC-based OW-BDFRG
system. (a) Phase-a current in the control winding. (b) Phase-a current in the
power winding. (c) Active power. (d) Reactive power.

V. EXPERIMENTAL RESULTS

An experimental platform of the SMVS-DPC-based OW-
BDEFRG system is set up, shown in Fig. 8. An induction motor
and its inverter are taken as the prime motor to simulate the actual
wind turbine. The rated capacity of one converter is 15 kW. The
power switching devices adopt Infineon high-speed insulated
gate bipolar transistor (IGBT) power module (FF75R12RT4).
The main controller core is DSP TMS320F28335. The accuracy
of the current sector (LT58-S7) is +£0.8%.

The reference values of speed, active, and reactive powers
are the same as in Fig. 5. Experimental results are obtained, as
shown in Figs. 9-12. Fig. 9 shows the dynamic experimental
results of the SMVS-DPC-based OW-BDFRG system. Fig. 10
presents the currents in the power winding and control winding
as well as the active and reactive powers under the subsyn-
chronous operation when n;, ., = 600 r/min, P} ; =5 kW,
and @Q;.; =5 kVar. Fig. 11 presents the same waveforms
under the synchronous operation when n' .. = 750 r/min,

et = kW, and Q7 ., = 0 kVar. Fig. 12 shows results un-
der the super-synchronous operation when .., = 900 r/min,
Pl =20kW, and Q) ; = 0kVar.

It can be seen from Figs. 9—12 that the experimental results

agree well with the theoretical analysis and simulation results.
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Fig. 11.  Experimental results of the SMVS-DPC-based OW-BDFRG system

when njrd = 750 r/min, P;wf = 5 kW, and Q;wf = 0 kVar. (a) Phase-a
current in the control winding. (b) Phase-a current in the power winding.
(c) Active power. (d) Reactive power.

From Fig. 9, the transitions of the active and reactive pow-
ers change stably and rapidly from some values to another,
and the active and reactive powers can follow the given values
accurately with low fluctuations under subsynchronous, syn-
chronous, and supersynchronous operations, which verifies that
the proposed SMVS-DPC-based OW-BDFRG system has good
dynamic performance. From Figs. 10-12, the fluctuations of ac-
tive and reactive powers are within the control range, and the
output current frequency of the OW-BDFRG power winding can
be kept at 50 Hz by adjusting the excitation current frequency
of the control winding. The experimental results show that the
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Fig. 12.  Experimental results of the SMVS-DPC-based OW-BDFRG system
when ”:ref = 900 r/min, P;ref = 20 kW, and Q;r of = 0 kVar. (a) Phase-a

current in the control winding. (b) Phase-a current in the power winding.
(c) Active power. (d) Reactive power waveform.

proposed SMVS-enhanced DPC scheme can enable the output
active and reactive powers of the OW-BDFRG system to rapidly
and accurately track the given power values and implement the
variable-speed constant-frequency operation.

VI. CONCLUSION

This paper has presented a novel OW-BDFRG with dual
two-level converters controlled by an SMVS-enhanced DPC
method, which requires lower converter rating and switching fre-
quency, and has simpler control structure, more flexible control
mode, and better operation performance and fault redundancy
capability. The proposed SMVS-DPC-based OW-BDFRG sys-
tem not only has the good control effect of the power tracking,
but also can implement the variable-speed constant-frequency
operation. The superiority of the proposed system has been ver-
ified through simulation and experimental results. The output
current frequency, active, and active and reactive powers of the
proposed OW-BDFRG are all excellent under subsynchronous,
synchronous, and super-synchronous conditions. The developed
technologies are particularly suited for high-power wind turbine
applications where the variable-speed constant-frequency is re-
quired as well as good dynamic performance.
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