
2300 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

Finite-Set Model Predictive Power Control
of Brushless Doubly Fed Twin Stator

Induction Generator
Xinchi Wei , Student Member, IEEE, Ming Cheng , Fellow, IEEE, Jianguo Zhu , Senior Member, IEEE,

Haitao Yang, Student Member, IEEE, and Rensong Luo

Abstract—This paper presents a finite-set model predictive
power control (FS-MPPC) method for the brushless doubly fed
twin stator induction generator (BDFTSIG) in variable speed con-
stant frequency generation applications. The FS-MPPC controller
is developed in a general reference frame from which all other
reference frames can be deduced readily. The invariant feature
of the predictive power model in various reference frames con-
tributes to the reference frame-free characteristic of the developed
FS-MPPC controller, enabling its application more flexible and
universal. Besides, the arduous process of control winding flux es-
timation is avoided in the FS-MPPC controller by choosing state
variables that are easy to be obtained. Moreover, the influence of
rotor circuit that has long been neglected in the existing controllers
for the brushless doubly fed induction machines is embedded
within the predictive power model and inherently considered in the
FS-MPPC controller, which contributes to accurate power control
of the BDFTSIG. Furthermore, the feasibility and effectiveness
of the developed FS-MPPC controller regarding different power
levels and grid fault conditions are briefly discussed. Finally, nu-
merical simulations and experimental tests are carried out, which
demonstrates the effectiveness of the developed FS-MPPC con-
troller.

Index Terms—Brushless doubly fed twin stator induction
generator (BDFTSIG), model predictive power control, variable
speed constant frequency (VSCF) generation.

NOMENCLATURE

A. Main Variables

f Frequency (Hz).
i Instantaneous current (A).
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L Inductance (H).
n Mechanical speed (r/min).
p Number of pole pairs.
P Instantaneous active power (W).
Q Instantaneous reactive power (var).
R Resistance (Ω).
s Differentiation with respect to time.
S Instantaneous complex power (VA).
v Instantaneous voltage (V).
ψ Flux linkage (Wb).
θ Angular position (rad).
ω Angular velocity (rad/s).
Z Impedance (Ω).

B. Subscript and Superscript Variables

c Control winding side.
g General.
σ Leakage.
m Mechanical
M Magnetizing.
p Power winding side.
r Rotor.
s Stator.
∗ Complex conjugate.

I. INTRODUCTION

THE doubly fed induction machine (DFIM) based system
requires only partially rated power converter, showing ap-

parent cost advantage especially in large-scale applications such
as variable speed constant frequency (VSCF) generators and
variable speed drives [1]–[5]. However, the use of brushes low-
ers the reliability of the machine and increases maintenance
costs, therefore, compromising safety in certain applications.
To improve the reliability and safety of the rotor fed system,
the brushless doubly fed induction machine (BDFIM) is be-
ing evaluated as a viable alternative to the commonly applied
DFIM in modern energy conversion systems. The BDFIM fea-
tures two ac electrical ports and one common mechanical port
to realize doubly fed and brushless operation, which contributes
to high reliability and low maintenance requirement. Besides,
the BDFIM has been demonstrated to have better low volt-
age ride through capacity than the conventional DFIM [6].

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-9276-3202
https://orcid.org/0000-0002-3466-234X
https://orcid.org/0000-0002-9763-4047
mailto:newlate@126.com
mailto:mcheng@seu.edu.cn
mailto:Jianguo.Zhu@global advance �reakcnt @ne penalty -@M uts.edu.au
mailto:Jianguo.Zhu@global advance �reakcnt @ne penalty -@M uts.edu.au
mailto:Haitao.Yang@student.uts.edu.au
mailto:luors@nrec.com


WEI et al.: FINITE-SET MODEL PREDICTIVE POWER CONTROL OF BRUSHLESS DOUBLY FED TWIN STATOR INDUCTION GENERATOR 2301

However, the operating principle of BDFIM is far more complex
than that of DFIM, and the corresponding control technology
needs to be intensively investigated to facilitate the development
of BDFIMs.

Researchers have exerted tremendous effort in the control of
BDFIMs, starting from open-loop control [7] and closed-loop
scalar control [8], and then focusing on various vector control
(VC) methods [9]–[15] for stable operation and decoupled con-
trol. Hopfensperger et al. [9], Basic et al. [10], and Shao et al.
[11] clearly present the basic control structure in stator flux ori-
ented frame. In [9], the dq coupling brought by the specialized
closed rotor circuit in BDFIM are first introduced, and the influ-
ence of operation speed and rotor resistance on the dq coupling is
analyzed. In [10], complex transfer function method is adopted
in dynamic modeling, and the influence of operation speed and
rotor transient time constant on transient performance of power
control loop is examined theoretically and experimentally. In
[11], the control of speed and reactive power is investigated, and
the controller is simplified by regarding the high-order items as
low-frequency disturbances. In [12], an integral sliding mode
control method is incorporated into the vector control frame to
guarantee the speed tracking performance. In [13] and [14], stan-
dalone operation of BDFIM and the corresponding controller
design are studied. In [13], a direct voltage control method de-
veloped in inner stator current oriented frame is presented for
simple, robust and cost-effective operation. In [14], the BDFIM
and the load are modeled as a dual-input-dual-output system
by the DN method, based on which the inner current controller
is designed to obtain good decoupling feature. In [15], an im-
proved vector controller based on single synchronous reference
frame is proposed for BDFIM under unbalanced grid condi-
tions by introducing PI+R controller. In these well-developed
VC methods, appropriate reference frame has to be determined
first and usually cascaded control structure in combination with
a modulation step is adopted. Besides, much tuning work is re-
quired to ensure the system stability over the whole operating
range. In addition, the influence of rotor circuit, which results
in coupling terms or asynchronous torque, has been neglected
in the implementation of the existing VC controllers.

Recently, nonlinear direct control methods such as direct
torque control (DTC) method and direct power control (DPC)
method, which can overcome the large tuning work and re-
duce the control complexity in VC methods, have been applied
to the control of BDFIMs [16]–[21]. In [16], a classical DTC
strategy is implemented for BDFIM, and it is detected that the
complete control of torque and flux is not assured in the en-
tire sector. Then two different control solutions are proposed
to consider “flux priority” and “torque priority,” respectively.
In [17], a DPC strategy is developed for BDFIM to improve
the power quality under unbalanced grid condition. By adding
power compensation terms in power references, the negative
sequence components of the power machine stator currents can
be eliminated, and the power quality is improved. In [18], DPC
strategy is combined with maximum power point tracking [19]
for open-winding brushless doubly fed reluctance generator in
wind energy conversion application. In [20], direct virtual torque
is applied in the grid synchronization process of BDFIM, which

can provide fast grid synchronization. In [21], a comprehensive
comparison between VC and DTC for BDFIM is carried out.
Although these methods can achieve desired dynamic perfor-
mance, the influence of rotor circuit is omitted in design of the
switching table by neglecting the rotor resistance/flux. Besides,
the voltage vector selected from the predefined looking up table
in DPC/DTC method is not necessarily the best one, and the
main drawback of this method is large ripples in power/torque.
Moreover, a CW flux observer is required, which is an arduous
process in the control of BDFIMs because the frequency of CW
flux is low, and its observer is sensitive to parameter mismatches,
dc offset, dead-time of the PWM converter, etc. Therefore, it is
necessary to develop some novel control schemes to address the
challenges of accurate power/torque control of BDFIMs with
fast dynamic response.

Model predictive control (MPC) has been widely researched
for high performance control of electrical machines and power
electronic systems, and finite-set model predictive control
(FS-MPC) is regarded as a promising form of MPC [22]. The
FS-MPC method evaluates the finite-set of possible switching
states of the power converter, and then selects the state that op-
timizes the defined cost function. It can achieve fast dynamic
response by avoiding the cascaded control structure and the
modulation step. It is also possible to take advantage of the dis-
crete nature of power converters and consider the nonlinearities
of motor drives [22]–[28].

This paper investigates the brushless doubly fed twin sta-
tor induction generator (BDFTSIG) in applications of VSCF
generation systems. The BDFTSIG consists of two cascaded in-
duction machines, magnetically and electrically insulated, with
common shaft and interconnected rotor [10], [29], [30]. The first
stator winding directly connected to the power system grid is
termed as power winding (PW), while the second stator winding
supplied from a controlled voltage or current source of variable
frequency is termed as control winding (CW). The closed-loop
rotor winding probably formulated by two sets of windings is
represented by rotor winding (RW).

A finite-set model predictive power control (FS-MPPC)
method is proposed for the BDFTSIG. A preliminary study has
been carried out in [31], but only a few simulation results were
presented. This paper develops the predictive power model and
the FS-MPPC controller in a general form that is more flexible
and universal. Besides, the implementation of the proposed FS-
MPPC controller is clearly described. In addition, more numer-
ical simulations considering various reference frames, different
power levels, and grid fault conditions are performed to com-
prehensively demonstrate the characteristics of the developed
FS-MPPC controller. Furthermore, the performance of the de-
veloped FS-MPPC controller is compared with an improved and
well-tuned vector controller, which clearly reveals the superior-
ity of the developed controller in dynamic performance. Finally,
the effectiveness of the developed FS-MPPC controller is further
validated by the experimental tests carried out on a prototype
BDFTSIG system. The main contribution of this paper includes

1) Predictive power model of the BDFTISIG, which clearly
reveals the relationship between the input voltage vector
and the future power behavior, is derived for the first time.
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2) PW current, CW current, and PW flux, which are easy
to be measured or estimated, are chosen as state vari-
ables. The CW flux observer that is required in DPC/DTC
controllers is not needed in the developed FS-MPPC con-
troller, which facilitates the implementation by avoiding
the estimation of low-frequency flux.

3) The influence of rotor circuit that has long been neglected
in both VC and DTC/DPC controllers is embedded within
the predictive power model and inherently considered in
the developed FS-MPPC controller, which contributes to
accurate power control of the BDFTSIG.

4) Unlike the VC controllers in which an appropriate ref-
erence frame has to be determined first, the developed
FS-MPPC controller is not restricted to a specific refer-
ence frame. This reference frame-free feature contributes
to high flexibility and universality.

5) Unlike the VC controllers in which the controller param-
eters need to be retuned regarding different systems. Pa-
rameter tuning is not required in the FS-MPPC controller,
and the developed controller has been demonstrated to be
feasible for BDFTISIG systems rated at different power
levels.

6) The feasibility and effectiveness of the developed
FS-MPPC controller under grid fault conditions are vali-
dated and briefly discussed.

II. DYNAMIC MODEL OF THE BDFTSIG

The dynamic voltage equations of the BDFTSIG can be ex-
pressed in the general reference frame as [30]

[vg ] = [Zg ][ig ] (1)

where

[vg ] =

⎡
⎢⎢⎣

vgps

(vgcse
jθh )∗

0

⎤
⎥⎥⎦ , [ig ] =

⎡
⎢⎢⎣

igps

(igcse
jθh )∗

igr

⎤
⎥⎥⎦ , [Zg ] =

⎡
⎢⎢⎣
Rps+(s+jωg )Lps 0 (s+jωg )LpM

0 Rcs+(s+jωc)Lcs −(s+jωc)LcM

(s+jωr )LpM −(s+jωr )LcM Rr+(s+jωr )Lr

⎤
⎥⎥⎦

ωc = ωg − ppωm − pcωm , ωr = ωg − ppωm . θh is the trans-
formation angle that maps the CW-side space vectors on to the
same reference frame as the PW-side space vectors.

Equation (1) reveals the direct relationship between current
and voltage, and it can also be written in a form considering
flux linkages as intermediate variables. The flux linkages are
depicted in Fig. 1, in which ψg

r is the combined rotor flux
linkage.

The flux linkages in the general reference frame are formu-
lated as

ψg
ps = Lpsi

g
ps + LpM i

g
r (2)

(
ψg
cse

jθh
)∗

= Lcs
(
igcse

jθh
)∗ − LcM i

g
r (3)

ψg
r = LpM i

g
ps + Lr i

g
r − LcM

(
igcse

jθh
)∗

(4)

Fig. 1. Flux linkages in the BDFTSIG.

Fig. 2. Equivalent circuit of the BDFTSIG in the general reference frame.

TABLE I
ELECTRICAL FREQUENCIES IN VARIOUS REFERENCE FRAMES

where Lps = LpM + Lpsσ , Lcs = LcM + Lcsσ , Lr = LpM +
LcM + Lrσ .

Finally, the dynamic voltage equations of the BDFTSIG can
be written in terms of flux linkages as

vgps = Rpsi
g
ps + sψg

ps + jωgψ
g
ps (5)

(
vgcse

jθh
)∗

= Rcs

(
igcse

jθh
)∗

+ s
(
ψg
cse

jθh
)∗

+ jωc
(
ψg
cse

jθh
)∗

(6)

0 = Rr i
g
r + sψg

r + jωrψ
g
r . (7)

The equivalent circuit in Fig. 2 represents the voltage equa-
tions of the BDFTSIG in the general reference frame. In Fig. 2,
ωg represents the instantaneous angular velocity of the gen-
eral reference frame. When ωg equals to 0, (pp + pc)ωm , ppωm ,
and ωp , the general reference frame is referred to PW station-
ary frame (PWF), CW stationary frame (CWF), RW stationary
frame (RWF), and PW synchronous frame (SF), respectively. If
the BDFTSIG is operated in the expected synchronous mode,
all the electrical quantities in the general reference frame share
the same frequency (ωg = ωp − ωg ) which can be summarized
in Table I.

It can be observed from Fig. 2 that, due to the closed rotor
circuit, the equivalent circuit of BDFIM is much more compli-
cated than that of DFIM. As being revealed in [9], the closed
rotor circuit introduces cross-coupling between dq axes, and the
larger the rotor resistance, the larger the cross-coupling effect.
Therefore, for the wound-rotor BDFIM that has relatively large



WEI et al.: FINITE-SET MODEL PREDICTIVE POWER CONTROL OF BRUSHLESS DOUBLY FED TWIN STATOR INDUCTION GENERATOR 2303

Fig. 3. Frequencies of PW, CW, and RW currents in the BDFTSIG.

rotor resistance, it is necessary to consider the influence of rotor
circuit in controller implementation.

III. PREDICTIVE POWER MODEL OF THE BDFTSIG

For clear and concise derivation, the predictive power model
of the BDFTSIG is developed in form of complex power, and
the corresponding active power and reactive power can be easily
obtained by decomposing the real and imaginary components
of the complex power. All the derivations are executed in the
general reference frame and can be easily transferred to other
reference frames.

A. State Space Equations

From flux equations (2)–(4), the currents of PW, CW, and RW
can be obtained as
⎡
⎢⎣

igps

igr(
igcse

jθh
)∗

⎤
⎥⎦ = λ

⎡
⎢⎢⎣
LcsLr − L2

cM −LcsLpM −LpM LcM
−LcsLpM LpsLcs LpsLcM

−LpM LcM LpsLcM LpsLr − L2
pM

⎤
⎥⎥⎦

⎡
⎢⎢⎣

ψg
ps

ψg
r(

ψg
cse

jθh
)∗

⎤
⎥⎥⎦ (8)

where λ = 1/(LpsLcsLr − LpsL
2
cM − LcsL

2
pM ).

The frequencies of PW, CW, and RW currents are depicted
in Fig. 3, taking 3/3 pole-pair combination as an example. The
frequency of PW current fp is constant at 50 Hz, the frequency
of RW current fr is determined by mechanical speed n and fp ,
and the frequency of CW current fc is controlled to satisfy its
relationship between fp and fr for synchronous operation of
the BDFTSIG. The operation range of the BDFTSIG (3/3 pole-
pair combination) is usually between 400 r/min and 600 r/min
(±20% natural synchronous speed).

It is obviously observed from Fig. 3 that the maximum value
of fc is 10 Hz during the normal speed range, which makes
the implementation of the CW flux observer an arduous pro-
cess. The PW and CW currents can be easily measured through
current sensors, whereas the RW current is not directly acces-
sible. Moreover, when the PW is connected to the ideal grid,
the PW flux will keep constant. Therefore, as for control fea-
sibility, PW current ips , CW current ics , and PW flux ψps

are chosen as state variables. The state space equation of the

BDFTSIG can be derived from voltage equations (5)–(7) and
current expression (8) as

sX = AX +BV (9)

where X = [igps (igcse
jθh)∗ψg

ps ]
T are state variables, V =

[vgps (vgcse
jθh)∗ 0]T are the stator and rotor voltage vectors,

A =

⎡
⎢⎢⎣
A11 A12 A13

A21 A22 A23

A31 A32 A33

⎤
⎥⎥⎦ ,B =

⎡
⎢⎢⎣
B11 B12 B13

B21 B22 B23

B31 B32 B33

⎤
⎥⎥⎦

and the expressions of matrix elements inA andB are defined
in the Appendix A.

By using Euler discretization, the state space equation repre-
sented by (9) is transformed to discrete-time domain as

X(k + 1) = X(k) + Ts (AX(k) +BV (k)) (10)

where k ∈ N denotes the time step, and Ts is the sampling
interval.

B. Predictive Power Model

The complex power of PW can be calculated as

Sp = Pp + jQp =
3
2
ig∗psv

g
ps . (11)

By differentiating the complex power in (11) with respect to
time t, the complex power variation can be obtained as

dSp

dt
=

3
2

(
digps

∗

dt
vgps + ig∗ps

dvgps
dt

)
. (12)

When the PW is connected to the utility grid which provides
sinusoidal and balanced supply, the PW voltage and its relation
to PW flux can be expressed as

vgps =
∣∣vgps

∣∣ ej (ωp −ωg )t (13)

ψg
ps =

vgps
jωp

. (14)

Substituting the first equation of (8) and (9) into (12), and
considering (11), (13), and (14), the complex power variation in
continuous time can be expressed as

dSp
dt

= Λ1Sp + Λ2
(
igcse

jθh
)
vgps + Λ3

(
vgcse

jθh
)
vgps

+ Λ4
∣∣vgps

∣∣2 (15)

with the expressions of coefficients Λ1∼Λ4 being defined in
the Appendix B. As the mechanical speed ωm is assumed to be
constant within one prediction horizon, it can be considered as
a model parameter rather than a state variable [32].

The controller to be developed in this paper operates in dis-
crete time with fixed sampling period. By using Euler discretiza-
tion, the continuous-time model of complex power represented
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Fig. 4. Control structure of the FS-MPPC controller for the BDFTSIG.

by (15) is transformed to discrete-time domain as

Sp(k + 1) = Sp(k)

+ Ts

(
Λ1Sp(k) + Λ2

(
igcs(k)e

jθh
)
vgps(k)

+Λ3
(
vgcs(k)e

jθh
)
vgps(k) + Λ4

∣∣vgps(k)
∣∣2
)
. (16)

Equation (16) indicates thatSp(k + 1), the complex power at
time instant k + 1, can be predicted by PW current, CW current,
PW voltage, and CW voltage at time instant k, being denoted
with ips(k), ics(k),vps(k) and vcs(k), respectively.

IV. FS-MPPC CONTROLLER DEVELOPMENT

The schematic diagram of the FS-MPPC controller for the
BDFTSIG in grid connected operation is illustrated in Fig. 4.
The control law is defined as minimizing power error and limit-
ing the maximum current, which can be translated into the cost
function with following structure

J(k) =
∣∣Pp ref − Pp(k + 1)

∣∣+ ∣∣Qp
ref −Qp(k + 1)

∣∣
+ Im (k + 1) (17)

Im (k + 1) =

{
γ >> 0, if

∣∣igps(k + 1)
∣∣ > |imax |

0, if
∣∣igps(k + 1)

∣∣ ≤ |imax |
(18)

whereP ref
p andQref

p are the reference values of the active power
and reactive power. Pp(k + 1) and Qp(k + 1) are obtained by
decomposing the complex power Sp(k + 1) into real and imag-
inary parts. igps(k + 1) is the predicted PW current which can
be obtained by the first equation in (10). imax is the maximum
stator current, when the absolute value of the predicted current
is higher than the limitation value, the term Im will step to
a very high value, otherwise, Im will remain at zero. In this
study, the weighting factor is chosen as 1 in which case the
controller allocates equal control weight to active power and

Fig. 5. Flowchart of the FS-MPPC controller for the BDFTSIG.

reactive power. Only horizon-one prediction is considered in
order not to increase the computational burden.

The realization of the developed FS-MPPC controller is to
find the optimal voltage vector that minimizes the defined cost
function in (17), and then apply it to achieve the desired per-
formance at the next sampling instant. The overall flowchart of
the execution process for the developed FS-MPPC controller is
shown in Fig. 5, detailed in the following steps.
Step 1) Measurement: The PW current ips(k), PW voltage

vps(k), CW current ics(k), dc-bus voltage vdc(k), and
rotational speed of BDFTSIG ωm (k) at kth instant are
measured.

Step 2) Power estimation: The complex power of PW Sp(k)
is estimated by the measured ips(k) and vps(k) ac-
cording to (11).

Step 3) Voltage vector construction: CW voltage vcs is equal
to the inverter output voltage vi . For a two-level volt-
age source inverter, vi can be constructed by dc-
bus voltage vdc and the switching states sa,b,c as
vi = 2/3vdcsa,b,c , i = 0 . . . 7.

Step 4) Power prediction: Based on the measurement and
power estimation, the complex power of PW
Sp(k + 1) at instant k + 1 can be predicted by the
model expressed in (16).

Step 5) Cost function optimization: The cost function opti-
mization principle is defined as the minimization of
future power error and the limitation of the maximum
current during each sampling period.

Step 6) Voltage vector selection: The voltage vector that mini-
mizes the cost function is selected as the optimal vector
vopt to be applied. Return to step 1).
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TABLE II
KEY PARAMETERS

The mathematic expression of the developed FS-MPPC con-
troller can be summarized as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Sp(k + 1) = Sp(k)

+Ts

(
Λ1Sp(k) + Λ2

(
igcs(k)e

jθh
)
vgps(k)

+Λ3
(
vgi (k)e

jθh
)
vgps(k) + Λ4

∣∣vgps(k)
∣∣2
)

J(k) =
∣∣Pp ref − Pp(k + 1)

∣∣+ ∣∣Qp
ref −Qp(k + 1)

∣∣

+Im (k + 1)

vi : min{J(k)}
i = 0, 1, . . . , 7.

(19)

As the power relationship is independent of specific frame, the
predictive power model has the same form and characteristics in
different reference frames. The developed FS-MPPC controller
is not restricted to a specific reference frame, and the only thing
to be noted is that all the variables should be expressed in the
same frame.

The mathematic expression in (19) reveals that the developed
FS-MPPC controller only needs the information of variables
which are easy to be measured, and the CW flux observer that is
applied in DPC/DTC controllers is no longer required. Unlike
the existing controllers for BDFIMs in which the influence of
rotor circuit is omitted by neglecting the rotor resistance, no at-
tempts of simplification and linearization in the electrical model
are carried out in the developed FS-MPPC controller. The in-
fluence of rotor circuit is embedded within the predictive power
model and being inherently considered.

V. NUMERICAL SIMULATION VERIFICATION

Before the experimental verification, closed-loop simulations
are performed in MATLAB to benchmark the performance of
the developed FS-MPPC controller for the BDFTSIG system.
Table II lists the key parameters of BDFTSIG systems rated at
1 kW and 20 kW, respectively.

A. Performance Under Various Reference Frames

Fig. 6 shows the simulation results of the developed
FS-MPPC controller under various reference frames, which are
specifically listed in Table I. The parameters of 1 kW BDFT-

Fig. 6. Responses of active power and reactive power under various reference
frames.

SIG system are adopted, and the results of active power and
reactive power are given. It can be observed from Fig. 6 that
the developed FS-MPPC controller has almost the same per-
formance when the control algorithm is executed in different
reference frames. This demonstrate that, unlike conventional
VC controller in which an appropriate reference frame has to
be determined first, the developed FS-MPPC controller is not
restricted to a specific reference frame.

B. Performance Under Different Power Levels

Fig. 7 shows the simulation results of the developed
FS-MPPC controller for BDFTSIG systems with different rated
power. The results of active power, reactive power, and switch-
ing frequency for the 20 kW system are given in Fig. 7(a),
and the corresponding results of the 1 kW system are given
in Fig. 7(b). The switching frequency is calculated every 0.05 s
under steady-state operation. It is obviously observed that the de-
veloped FS-MPPC controller can achieve similar performance
for BDFTSIG systems rated at 1 kW and 20 kW, respectively.
Unlike the conventional vector control, there is no need to tuning
parameters regarding different power levels. It should be noted
that the developed FS-MPPC controller has low switching fre-
quency, with the average value situated around 1.25 kHz, which
shows apparent advantage for high power systems.

C. Performance Comparison With VC Controller

To validate the superiority of the developed FS-MPPC con-
troller, it is compared with an improved and well-tuned vector
controller in [33]. The improved vector controller incorporating
appropriate feedforward items has been demonstrated to have
better dynamic performance than the conventional vector con-
trollers for BDFIMs. The parameters of the 1 kW BDFTSIG
system are adopted, and the two control algorithms are com-
pared under the same condition. As been presented in Fig. 7, the
average switching frequency of the developed FS-MPPC con-
troller is around 1.25 kHz. Therefore, the switching frequency
of the improved vector controller is set at 1.25 kHz to ensure
equal condition in comparison. The results of active power, re-
active power, voltage, and current under ideal grid condition
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Fig. 7. Responses of active power, reactive power and switching frequency.
(a) 20 kW BDFTSIG system. (b) 1 kW BDFTSIG system.

are given in Fig. 8. It is demonstrated that the developed FS-
MPPC controller can achieve considerably faster response than
the improved vector controller.

D. Performance Under Grid Fault Condition

Fig. 9 gives the responses of the developed FS-MPPC con-
troller under grid fault condition. The grid voltage symmetrically
droops to 20% of the rated value at 1.2 s. In order to relieve
the transient effect, the dc-bus voltage is set at a higher value
(350 V). When the grid fault is detected, the reference value of
active power is set at 0 W, and the reference value of reactive
power is set according to the maximum value of PW current
(imax = 4A,Qref

p = 3vpsimax). It can be observed that effec-
tive control of active power and reactive power is maintained
during grid fault and the current is effectively restricted by the
limitation term defined in the cost function presented in (17).

Apart from the symmetrical grid fault, asymmetrical grid fault
is also an important issue for grid connected operation of the
BDFTSIG. For the developed FS-MPPC controller in this paper,
it is feasible to achieve good performance under asymmetrical
grid fault condition by incorporating the power compensation
strategies proposed in [17], [26], [34], and [35] without modify-
ing the control structure in Fig. 4. However, thorough discussion

Fig. 8. Responses under ideal grid condition. (a) Improved VC controller.
(b) Developed FS-MPPC controller.

Fig. 9. Responses of the FS-MPPC controller under grid fault condition.



WEI et al.: FINITE-SET MODEL PREDICTIVE POWER CONTROL OF BRUSHLESS DOUBLY FED TWIN STATOR INDUCTION GENERATOR 2307

Fig. 10. Framework of the BDFTSIG system. (a) System diagram. (b) Photograph.

Fig. 11. Simulation and experimental results under steady-state operation (n = 400 r/min, Pp = −600 W, Qp = 500 var). (a) Simulation results.
(b) Experimental results.

on operation under asymmetrical grid fault condition is out of
scope of this paper and is not further expanded.

VI. EXPERIMENTAL TEST VERIFICATION

To further validate the effectiveness of the developed
FS-MPPC controller, experimental tests are carried out on an
experimental BDFTSIG system. Fig. 10(a) and (b) shows the
block diagram and photograph of the experimental BDFTSIG
system. The prototype BDFTSIG is formulated by cascading
two identical WRIMs on a common shaft. The rotor windings
of the two WRIMs are interconnected so as to produce contra ro-
tating magnetic fields for effective synchronous operation [10],
[29], [30]. PW of the BDFTSIG is connected to the three-phase
grid via a variac and CW of the BDFTSIG via a power converter.
The BDFTSIG is rated at 1 kW, with an operation range of 400–
600 r/min (±20% of natural synchronous speed). Key param-
eters of the BDFTSIG are listed in Table II. As the BDFTSIG
has small magnetizing inductance and large leakage inductance,
if the grid voltage (380 V) is applied to the PW side, most of
the CW current is used for excitation and fails to output enough
active current. Therefore, the rated voltage is scaled down to
190 V for possible power control. The PW current and voltage,

the CW current, and the dc-bus voltage are measured directly
through voltage transducers (LV25-p) and current transducers
(LA25-p). The CW voltage is constructed by switching states of
the converter and the measured dc-bus voltage. The BDFTSIG
is mechanically coupled to a prime motor driven in speed mode.
A two-level IGBT converter is driven by the dSPACE 1103
controller board to control the voltage and frequency supplied
to the CW of BDFTSIG. The dc-bus voltage is maintained at
250 V by the converter. By considering both the steady-state per-
formance and the computational capacity of the processor, the
sampling period of the developed FS-MPPC controller is set at
100 μs.

Figs. 11–16 illustrate simulation and experimental results
considering different operation situations. Only two line-
voltages of PW are directly measured through voltage trans-
ducer, through which the three phase-voltages can then be di-
rectly calculated. In the simulations, the three phase-currents of
PW are measured. Whereas in the experiments, only two phase-
currents of PW are measured, and the third phase-current can
be easily calculated through the measured currents.

Fig. 11 illustrates the simulation and experimental results
under steady-state operation. From top to bottom, the curves
are active power, reactive power, line-voltage of PW, and phase
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Fig. 12. Harmonic spectrum of PW current under steady-state operation (n = 400 r/min, Pp = −600 W,Qp = 500 var). (a) Simulation results. (b) Experi-
mental results.

Fig. 13. Simulation and experimental results under the condition of stepped changes in active power reference (n = 400 r/min; Pp steps from −600 W to 0 W,
and then steps to −300 W; Qp = 500 var). (a) Simulation results. (b) Experimental results.

Fig. 14. Simulation and experimental results under the condition of stepped changes in reactive power reference (n = 400 r/min; Pp = −300 W;Qp steps from
200 var to 500 var, and then steps to 0 var). (a) Simulation results. (b) Experimental results.

current of PW. The BDFTSIG operates at subsynchronous speed
400 r/min, the commending value of active power is –600 W, and
the commending value of reactive power is 500 var. The experi-
mental results match the simulation results quite well, showing
that the developed FS-MPPC controller can achieve accurate
power control with good steady-state performance. The results
of harmonic spectrum for PW current ips under steady-state are
presented in Fig. 12. It can be observed that the simulation and
experimental waveforms have similar harmonic spectrum, with
THD value in experiment (3.44%) slightly higher than that in
simulation (3.06%).

Figs. 13 and 14 present the simulation and experimental re-
sults under the condition of stepped changes in active power
reference and reactive power reference, respectively, with the
BDFTSIG operating at a constant rotor speed 400 r/min. Both
active power and reactive power can settle down to the com-
manding values within 2 ms. When the active power steps the re-
active power remains unchanged, and vice versa, demonstrating
excellent decoupled control between active power and reactive
power. It can also be observed that the frequency of PW current
is maintained at 50 Hz, and its amplitude changes according to
the values of active power and reactive power. In Figs. 13 and 14,
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Fig. 15. Simulation and experimental results under the condition of various active power reference (n = 400 r/min; Qp = 200 var; Pp is generated by a 20 Hz
sinusoidal waveform with a peak-to-peak value of 400 W). (a) Simulation results. (b) Experimental results.

Fig. 16. Simulation and experimental results under the condition of various speed (n varies from 400 r/min to 600 r/min; Pp = −300 W; Qp steps from 200 var
to 500 var, and then steps to 0 var). (a) Simulation results. (b) Experimental results.

the experimental results agree well with those from simulations,
demonstrating excellent transient-state performance of the de-
veloped FS-MPPC controller.

To further evaluate the tracking performance of the developed
FS-MPPC controller, Fig. 15 depicts the simulation and exper-
imental results obtained under various active power. The active
power reference is generated by a 20 Hz sinusoidal waveform
with a peak-to-peak value of 400 W. The commending value
of reactive power is 200 var. As can be obviously observed,
the active power can track the varying commending values very
well without affecting the performance of reactive power, and
the experimental results match the simulation results quite well.

Moreover, the condition when operation speed varies from
subsynchronous 400 r/min to super-synchronous 600 r/min is
tested. The simulation and experimental results are presented in
Fig. 16. As can be noted, the agreement between the experiment
and simulation is quite satisfactory. During speed variation, the
reactive power steps according to its commanding value from
200 var to 500 var, and then steps to 0 var, achieving both good
steady-state and transient-state performance. The active power
is successfully maintained at −300 W, demonstrating excellent
decoupled control between active power and reactive power.

It can also be observed that when the speed is varying, the
frequency of PW current is maintained at 50 Hz, demonstrating
the VSCF operation.

VII. CONCLUSION

In this paper, FS-MPPC controller for the BDFTSIG has been
theoretically developed and experimentally implemented for the
first time, achieving accurate and decoupled power control with
excellent steady-state and transient-state performance.

1) The dynamic model of the BDFTSIG is described in the
general reference frame from which all other reference
frames can be deduced readily.

2) A predictive power model, which clearly reveals the rela-
tionship between the input voltage vector and the future
power behavior, is derived in the general reference frame.
The developed FS-MPPC controller is not restricted to
a specific reference frame, and this reference frame-free
feature contributes to high flexibility and universality.

3) The CW flux observer is no longer required in the devel-
oped FS-MPPC controller, which significantly decreases
the complexity of the control system. The active/reactive
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power at the next sample instant is predicted by the de-
veloped power model that is based on the easily obtained
variables, and the control objectives of power error min-
imization and maximum current limitation are mapped
into the cost function. The realization of the developed
FS-MPPC controller is to find the optimal voltage vector
that optimizes the defined cost function, and then apply
the selected vector to achieve the control objectives.

4) The developed FS-MPPC controller makes no attempts of
simplification and linearization in the electrical model.
The influence of rotor circuit is embedded within the
predictive power model and being inherently consid-
ered, which contributes to accurate power control of the
BDFTSIG.

5) Numerical simulations considering various reference
frames and different power levels are performed, which re-
veals that the developed FS-MPPC controller can achieve
the same good performance without changing structure or
parameters of the controller. Besides, the feasibility and
effectiveness of the developed FS-MPPC controller under
grid fault conditions are validated and briefly discussed.

6) Experimental tests are carried out on a prototype
BDFTSIG system, with the results demonstrating the ef-
fectiveness of the developed FS-MPPC controller.

APPENDIX A

The elements of matrixes A and B in (9) are defined as
follows:

A11 = −λ(LcsLr − L2
cM )Rps−λLcsLpsRr−j(ωg−ppωm )

− jpcωmλL2
cM Lps

A12 = λLpM LcM Rcs − jpcωmλLpM LcM Lcs

A13 = λLcsRr − jppωmλLcsLr + j(pp + pc)ωmλL2
cM

A21 = λLpM LcM Rps + λL2
ps

LcM
LpM

Rr

+ jpcωmλLps(LpsLr − L2
pM )

LcM
LpM

A22 = −λ(LpsLr − L2
pM )Rcs − j(ωg − ppωm )

+ jpcωmλ(LpsLr − L2
pM )Lcs

A23 = −λLps
LcM
LpM

Rr + jppωmLpM LcM

− jpcωmλ(LpsLr − L2
pM )

LcM
LpM

A31 = −Rps,A32 = 0, A33 = −jωg
B11 = λ(LcsLr − L2

cM ), B12 = −λLpM LcM ,B13 = 0

B21 = −λLpM LcM ,B22 = λ(LpsLr − L2
pM ), B23 = 0

B31 = 1, B32 = 0, B33 = 0.

APPENDIX B

The coefficients in (15) are shown as follows:

Λ1 = − λLpsLcsRr + jω1 − jppωmλLcs(LpsLr − L2
pM )

− λ(LcsLr − L2
cM )Rps + j(pp + pc)ωmλLpsL

2
cM

Λ2 =
3
2
λLpM LcM (Rcs + jpcωmLcs),Λ3 = −3

2
λLpM LcM

Λ4 =
3
2
λ((jLcsRr − ppωmLcsLr + (pp + pc)ωmL2

cM )
1
ωp

+ (LcsLr − L2
cM )).
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