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Abstract - This paper describes an indirect torque control
algorithm for a cascaded brushless doubly-fed generator
(CBDFIG). The control algorithm presented in the paper
provides a possibility for CBDFIG to work with an unbalanced
power grid applying different strategies: electromagnetic torque
oscillations reduction, generated active power oscillation
reduction, generated phase currents balancing, sinusoidal control
currents under grid imbalance. The proposed control method is
based on a cascaded brushless doubly-fed induction generator
equivalent model and requires fewer tuning-demanding elements
in comparison to classic control methods. The control algorithm
presented in the paper was implemented and tested on a CBDFIG
machine model in a simulation environment PSIM and on a real
physical stand with a cascaded brushless doubly-fed generator.
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. INTRODUCTION

At present, doubly-fed induction generator (DFIG) based
power units are a dominating solution in wind energy
conversion systems available on the global market [1][2]. The
DFIG-based wind power unit is characterized by the lowest
capital costs as a result of a relatively low cost of an electrical
generator and a partial-sized power converter design [3].
However, its durability strongly depends on regular
maintenance since brushes are an indispensable construction
feature of this electric machine [4]; the second major problem
is grid disturbances and imbalance, which strongly impacts the
generator [5]. Due to the significant number of wind generators
connected to medium power grids with 2-3% imbalance steady
state operation allowed, the problem of generator operation
under grid unbalanced conditions is still valid [6].

To eliminate problems with slip-rings, a brushless doubly-
fed induction generator (BDFIG) has been invented [7].
Among all types of brushless doubly-fed induction generators,
a cascaded brushless doubly-fed induction generator
(CBDFIG) is widely described due to construction simplicity
and as a consequence — low cost and high durability [8].
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The CBDFIG-based power unit (Fig. 1) still keeps the classic
DFIG advantage - lower capital costs caused by the relatively
low cost of partial-sized converter design including passive
filters, and increases its durability due to removed slip-rings
and brushes [9][10].
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Fig. 1. Scheme of the cascaded brushless doubly-fed induction generator
power unit: control machine (CM) and main machine (MM).

As it is similar to DFIG [11], the cascaded brushless doubly-
fed generator is susceptible to grid voltage imbalance as well
[12]. In contrast to the classic doubly-fed induction generator
[13], work of CBDFIG with an unbalanced grid is not well
studied.

In [14] and [15], the authors propose modified main stator
voltage oriented control algorithms for a stand-alone CBDFIG
supplying unbalanced loads. Methods elaborated for stand-
alone operation are not suitable for grid operation due to the
different task, which is output voltage control in the place of
the control of current or power fed to the grid.

In [16], the authors introduce a main stator voltage oriented
control with a separate power components regulation path and
negative sequence of the main stator current regulation path.
The presented algorithm provides the possibility of CBDFIG
electromagnetic torque reduction under grid voltage imbalance
in order to prevent mechanical stresses of rotating parts. The
method proposed in [16] requires decomposition on positive
and negative sequence of both main stator voltage and main
stator current signals. To achieve this goal, the authors use the
DSOGI (Dual Second-Order Generalized Integrator) structure.
However, DSOGI accuracy and performance strongly depends
on tuning parameters [17]. In combination with tuning
parameters of power and current regulators, performance and
stability of the method presented in [16] strongly depends on
how well regulators and DSOGI structures are tuned, which
could be achieved with difficulty due to a high number of
tuning dependent terms in the control structure.
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In [18], the authors introduce a main stator flux oriented
vector control with a separate power components regulation
path and the main stator current negative sequence regulation
path. Additionally, the control stator regulation path is divided
into a positive sequence regulation path and a negative
sequence regulation path. The control algorithm proposed in
[18] can work under one of the three strategies: generated
active power oscillations reduction, generated phase currents
balancing, sinusoidal control currents under grid voltage
imbalance. The method presented in [18] requires estimation
of main stator flux, decomposition of positive and negative
sequence grid voltage, main stator current and flux. As a
method of decomposition the authors propose a combination of
Park’s transformation with BSF (Band Stop Filter) tuned on
particular harmonics. A major disadvantage of the control
method proposed in [18] is the use of BSF for positive and
negative decomposition of given signals. Due to construction
properties of the digital filters dumping ratio for a particular
frequency for a digital filter depends on the filter order and the
pass frequency window [19]. For more efficient suppression of
the desired frequency it is necessary to raise the order of a
filter, though an increase in the digital filter order adversely
affects the dynamic response of a filter [20]. In the method
proposed in [18], the authors have to deal with the presence of
distortions in control signals when better dynamic response is
needed, whereas in the case of better signal filtering quality,
dynamic deterioration has to be taken into account.
Additionally, a large number of tuning dependent structures,
such as regulators, negatively influences reaching the desired
dynamics and stability of the whole system.

In [21], the authors introduce an improved main stator
voltage oriented vector which allows work of CBDFIG with
unbalanced grid wunder one of the four strategies:
electromagnetic torque oscillations reduction, generated active
power oscillation reduction, generated phase currents
balancing, and sinusoidal control currents under grid
imbalance. The control algorithm presented in [21] uses a
brushless doubly-fed induction generator equivalent model to
calculate part of the control current related to the desired main
stator negative sequence current. The method presented in [21]
requires decomposition of grid voltage on a positive and
negative sequence. In the control algorithm proposed in [21]
the authors extend a regular main stator voltage oriented
control scheme with main stator negative sequence decoupling
terms. Basing on a CBDFIG equivalent model in [21], the
authors propose calculation of a negative sequence in the
control current corresponding to the desired amount of
negative sequence in the main stator current according to the
desired strategy. The main control path in the method
presented in [21] uses a large number of tuning-demanding
structures, whereas the negative sequence decoupling path
strongly depends on machine parameters.

In [22], the authors present an improved direct power
control algorithm for CBDFIG working on an unbalanced grid.
The control algorithm proposed in [22] allows to achieve
balanced main stator current under grid voltage unbalanced
conditions. In order to control p and q power components two
hysteresis controllers are used in the control scheme,
individual for each power component. In order to achieve the
main stator balanced current under grid voltage unbalanced

conditions, in [22] the authors propose injection (to the desired
reference values of p and q power components) of specified
negative sequence power components corresponding to the
main stator balanced current strategy. The algorithm requires
decomposition of a positive and negative sequence of grid
voltage and main stator current. The control method presented
in [22] has a major disadvantage associated with the direct
power control scheme using hysteresis controllers — inconstant
switching frequency of a power converter. Moreover,
hysteresis controllers for better operation require (from data
acquisition and the computing unit) work at much higher
frequencies in comparison to constant frequency switching
algorithms [23]. Additionally, tuning-demanding structures
like positive/negative sequence decomposers adversely
influence the desired dynamics and stability.

In [24], the authors propose predictive CBDFIG control
based on a cascaded brushless doubly-fed induction generator
equivalent model. The control scheme proposed in [24] was
verified for a symmetrical grid only. The work of the algorithm
presented in [24] under grid unbalanced conditions was not
performed. The assumed simplifications for finding the
relations between the commanded torque and q component of
power, and d and q components of current respectively, are
valid for symmetrical grid voltage, but cannot be used for
asymmetrical grid voltage.

In this paper, the authors propose an indirect torque control
method for a cascaded brushless doubly-fed induction
generator with the possibility of applying one of the four
strategies: electromagnetic torque oscillations reduction,
generated active power oscillation reduction, generated phase
currents balancing and sinusoidal control currents under grid
voltage imbalance. The indirect torque control algorithm
presents a method of calculation of the control stator current
on the basis of commanded electromagnetic torque T, and
reactive power component g, using an equivalent model of a
cascaded brushless doubly-fed induction generator.

The control method presented in this paper requires
significantly fewer tuning-demanding structures in comparison
to the algorithms [16][18][21][22] described above.

Comparing to [16], the control algorithm presented in this
paper CBDFIG provides a possibility of applying reduction
strategies additional to electromagnetic torque: active power
oscillations reduction strategy, balanced main stator current
strategy, sinusoidal control current strategy. The control
method does not require a positive/negative sequence
decomposer, superior power regulators or main stator negative
sequence current regulators.

In comparison to [18], indirect torque control for a cascaded
brushless  doubly-fed  induction  generator  provides
electromagnetic torque oscillations reduction target not
considered in [18]. Furthermore, lack of the necessity of
positive/negative sequence decomposers in the proposed
CBDFIG control method eliminates problems with signals
filtration presented in [18].

Comparing to [21], the proposed indirect CBDFIG torque
control allows to eliminate p and g power components
regulators, positive/negative sequence decomposers, which
results in significant reduction of dependence on tuning-
demanding elements and simplification in reaching the desired
dynamics and stability.
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In comparison to [22], the CBDFIG control algorithm
presented in this paper provides a possibility of applying a
main stator current strategy additional to the balanced one:
electromagnetic torque reduction strategy, active power
oscillations reduction strategy, sinusoidal control current
strategy. Moreover, in contrast to the control method presented
in [22], indirect torque control ensures constant switching
frequency for the CBDFIG power converter connected to the
control stator. Absence of superior p and q power component
regulators as well as positive/negative decomposing structures
facilitates reaching the desired dynamics and stability in a less
complicated way in the case of indirect torque control.

A comparison of the CBDFIG predictive control algorithm
proposed in [24] with the CBDFIG indirect torque control
presented in this paper is performed in chapter V.

It has to be clearly stated that regardless of the used method
designed for unbalanced grid voltage operation conditions of
BDFIG, the assumed individual targets can be achieved in
steady states, because the method uses the controllers
structures which have a high gain for 50Hz or 100Hz
(depending on the reference frame used in the control
structure). The difference lies in the dynamic behavior, which
is the worst when the measured state variables (machine
currents) are additionally filtered by second order band pass
filters, such as, e.g., SOGI in decomposers. Additional filters
in the measurement paths worsen the dynamics of the control
plant, because the used filters are additional transfer functions
connected in series to the BDFIG first order transfer function.
Thus, for the single path controller, the new control plant
becomes a third order plant.

Il. MODEL OF A CASCADED BRUSHLESS DOUBLY-FED
INDUCTION GENERATOR

The cascaded brushless doubly-fed induction generator can
be represented as two face-to-face mechanically coupled
doubly-fed induction machines [25]: control machine (CM)
and main machine (MM) (Fig. 2). Using a well-known DFIG
model and assuming electrical circuit symmetry between all
phases for the control machine and for the main machine, an
equivalent CBDFIG circuit in a grid voltage aligned rotating
frame can be built (Fig. 3) [26].

Having an equivalent circuit in a grid voltage vector aligned
rotating frame and using dependences for a classic slip-ring
doubly-fed induction machine, basic equations describing the
cascaded brushless doubly-fed induction generator [26] can be
formulated (1a-h).

Fig. 2. Cascaded brushless doubly-fed induction generator: control machine
(CM) and main machine (MM).
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Fig. 3. Cascaded Brushless Doubly-Fed Induction Generator equivalent circuit.
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Due to direct electric coupling between the main machine
and the control machine rotor circuits and taking into account
(according to the defined CBDFIG equivalent circuit (Fig. 3))
opposite directions of a rotor current for the main machine and
the control machine, the following statements are correct for
the cascaded brushless doubly-fed induction machine [26]:

(22)
(2b)

Taking into account negligible voltage drops on rotor
resistances for both the main machine and the control machine
it can be assumed that rotor magnetic fluxes depend mainly on
the rotor voltage of the main machine and the control machine
respectively (Fig. 3). Therefore the relation between the main
machine rotor magnetic flux and the control machine rotor
magnetic flux can be formulated as follows [26]:

Uy = Yer (2¢)

Equations (1d), (1g) and (1h) can be rewritten using (2ab) as
follows [26]:

Uy = Uer

—ler

%

o dyy
Ur = _Rcrlr + d_tr +](Qs - prm)l/)r (3&)
Yes = Lcsi_cs - Lcm_ir (3b)
Yr = Lemics = Lerly (3¢c)

Finally, substituting (1d), (1g) and (1h) with (3a), (3b) and
(3c) respectively, and then subtracting (3a) from (1b), and (3c)
from (1f), equations describing the cascaded brushless doubly-
fed induction machine equivalent circuit (Fig. 3) could be
formulated as follows [26]:

d
= Roio + 25 4o, (4a)

dt
0~ (R, + Reiy (4b)
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o A
Ucs = Regles + dtcs +Jj( Qs — (b + Dep) Q) Pes (4c)
Y5 = Lgis + Ly (4d)
0= (Lr + Lcr)ir+Lmis - Lcmics (48)

Yes = Lesics + Lemlcr (4f)

Treating the CBDFIG model as two mechanically coupled
machines according to the scheme from Fig. 3, its
electromagnetic torque equations can be formulated as follows

[27]:
Tne = 1.5pp (lpsaisﬁ - wSﬂiSlZ) (5a)
= 1.5pb (ll)r/;im - lprairﬁ’)
Tce = 1.5pcb (wcsaicsﬁ - 'Pcsﬁ iCSOC) (5b)
= 1.5pcb (ll)crg icra - lpcraicrﬁ)
Using (2b) and (2c), equation (5b) can be rewritten:
Tce = 1.5pcb (wcsaicsﬁ - 'Pcsﬁ iCSOC) (5C)

= —1.5pcb (wrﬁ ira - lprairﬁ)

Equations (5a) and (5c) derive the following relationship
(5d) between the main machine electromagnetic torque and the
control machine electromagnetic torque:

Tme ~ TCE

=

Py (25

In turn, the total torque of CBDIG, taking into account
opposite rotation of the control machine in relation to the main
machine due to face-to-face connection and (5d), can be
described by the following equations:

(5d)

T, = Trrll_e —Tee (5e)
Pp T Pcb
Te = (7C> Tme (Sf)
PIZI_ »
Do b
Te = (—C) Tce (Sg)
Pcb

It should be noted that due to relation (5d) between the main
machine and the control machine, disturbances or oscillations
in T, automatically provide disturbances or oscillations in T,
and vice-versa oscillations. Simultaneously cancellation of
oscillations in T, provides oscillations cancellation in T and
resulting total torque T, oscillations cancellation.

Applying instantaneous power theory for multiphase electric
circuits, instantaneous power produced by CBDFIG could be
defined as a sum of instantaneous powers produced by the
main machine and the control machine respectively [28]:

ps = 1.5(Usqisq + Uspisp) (6a)
qs = 1.5(usﬁisa - usaisﬁ) (6b)
Pcs = 1-5(ucsaicsa + Ucsp icsﬂ) (6C)
Qes = 1-5(ucs,8icsa - ucsaicsﬁ) (6d)
P = Ds + Des (6e)
q=4qstqcs (6)

I1l. INDIRECT TORQUE CONTROL ALGORITHM FOR CBDFIG
WORKING WITH UNBALANCED GRID

Under grid voltage imbalance, two mutually exclusive
boundary control strategies can be implemented: the
instantaneous ps power component oscillations cancellation
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strategy and the electromagnetic torque oscillations
cancellation strategy. Additionally, two strategies can be
formulated: main stator phase current balancing, which is a
compromise between the two strategies mentioned above, and
sinusoidal control currents for the control machine [21].

The instantaneous ps power component oscillations
cancellation strategy allows to achieve an equal number of
active power components generated at each phase of the main
machine by generating higher currents in weaker phases. This
strategy is helpful for an unbalanced grid, but increases
electromagnetic torque oscillations [18] in relation to the other
strategies.

In contrast to the ps component oscillations cancellation
strategy, the electromagnetic torque oscillations cancellation
strategy provides lower currents in weaker phases of the main
machine stator in order to decrease electromagnetic torque
oscillations caused by grid voltage imbalance. In such case, the
amount of active power flowing to the grid is unequal for each
phase, there is more active power in stronger phases and less
power in weaker phases [21].

The main machine stator phase currents balancing strategy
can be treated as a compromise between the main machine
stator p power component oscillations cancellation strategy
and the electromagnetic torque oscillations cancellation
strategy. Performing the main stator phase current balancing
strategy allows to reduce electromagnetic torque oscillations
by half in comparison to the ps power component oscillations
cancellation strategy and reduces ps power component
oscillations by half in comparison to the electromagnetic
torque oscillations cancellation strategy at the same time [22].
Similar oscillations of main machine stator instantaneous
power components and electromagnetic torque can be achieved
with the fourth strategy, which is sinusoidal balanced control
stator current.

The control strategies for the CBDFIG grid formulated
above are a minor goal for the control algorithm, which results
in increasing generated power quality under grid unbalanced
conditions. The main goal which the control algorithm has to
achieve is generation of the desired amount of active and
reactive power. Active power P of the main machine stator is
an average value of the p, component of instantaneous power.
Although there are several power theories related to reactive
power, the reactive power can be calculated with the average
value of the q component of instantaneous power, with a minor
approximation error independently of the power theory used.
The proposed indirect torque control algorithm requires the
commanded value of electromagnetic torque. The reference
value of the main machine electromagnetic torque can be
calculated using commanded active power (7). It should be
noted that this way the average value of torque can be found.
However, in the proposed method, the average value of torque
is referenced, whereas separate targets will be achieved by
adequate calculations of the control machine stator current
vector components.

Psref
nd =m(%) Q

Having the reference main machine electromagnetic torque
Tme® and the main machine reference g component of
instantaneous power qS’ef, we are able to calculate the desired




This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.2972500, IEEE

Transactions on Energy Conversion

main stator current using a term of (5a) and (6b) referenced to
the main machine:

ref
ref 2 [ Usa ;: + 1psoc‘lsref 8
e T3 UspWPsq — UseWsp (82)
ref
ref Usp gl: ¥sp 0
6 T3 UspWPsq — UseWsp (8b)

To obtain the main stator reference current, we need to
know the main stator flux. It can be obtained from (4a) by
integration of the main stator electromotive force:

1pso{ = f(usa - Rsisa)dt (ga)

lpsﬁ = f(usﬁ — Rslsﬁ)dt

In practice, realization of pure integration is hardly possible
due to parasitic dc component presence in the measured
signals, which results in integrators output signals rising to
infinity. Assuming that grid frequency is almost stable and
equals fs, pure integration (9) could be replaced by a second-
order low pass filter with cut-off frequency equal to fs. In such
case a phase-shift provided by the filter is -90 degrees for f;
harmonic in the signal. Assuming that the main stator
electromotive force frequency equals grid frequency f,
applying on the main stator electromotive force, a second-
order low pass filter with the same cut-off frequency gives us
the value of the stator electromotive force shifted by -90
degrees like for pure integration. The received shifted main
stator electromotive force signal has to be amplified by 3db
(multiplied by k =1.4) in order to compensate for a low pass
filter 3db attenuation at fs cut-off frequency. Finally, division
by grid pulsation Qs, achieved above the shifted main machine
stator electromotive force gives the main machine stator flux

(Fig. 4):
2nd ord.
LPF (fou= 1) » ! Vi
)

Fig. 4. Main machine stator flux estimator based on the second-order low pass
filter.

(9b)

Based on the obtained above stator current reference and
stator flux values we are able to define the corresponding
reference rotor current using (4d):

- L .ref
i:;f _ (l/)sa ; slsa )USR (10a)
m
Wep — Lsily)
i7e! =< sy (10b)
m

Stator current reference calculated from (8) and rotor current
reference values calculated from (10) allow to determine the
control-side stator current using (4e):

.ref (Lr + Lcr)i:zf - 7']SRLm i:;f 11

csa — (11a)
NesrLem

l'ref _ (Lr + Lcr)i:;f - nSRLmi;;f (11b)

csh nCSRLcm

Calculated from (11), the control machine reference current
is naturally placed in a grid voltage stationary of frame. To
receive the desired values of the control machine current,
proportional-resonant PR regulators are used, where resonant
pulsation is set equal to grid voltage pulsation [30]. To make
control machine current regulators work correctly, the
measured control machine current has to be transformed from
the control machine stationary af frame to the grid voltage
stationary of frame using Park rotation transformation,
whereas output values obtained from proportional-resonant
current regulators have to be transformed back using the
inverse Park transformation to the control machine stationary
op frame.

The control method presented above ensures the desired
amount of active (average value of the p component of
instantaneous power) and reactive (average value of the q
component  instantaneous  power) power with the
electromagnetic torque oscillations reduction strategy under
grid voltage unbalanced conditions. In this case, the main
stator reference current calculated from (8) has the same
asymmetry as grid voltage, which results in electromagnetic
torque oscillation reduction. To apply another strategy, active
power component oscillations reduction, the calculated main
stator reference current should have opposite asymmetry to
grid voltage.

An oppositely unbalanced grid voltage could be calculated
from the main machine stator flux (Fig. 4) with the following
equations:

(12a)
(12b)

u;a = (Rsisa - lpsﬁﬂs)
u;ﬁ = (Rsis[? + l/)sao‘s)

Similarly, unbalanced main stator flux can be obtained with
the following equations:

Yl = (—usB ot ) (13a)
S
, Ugq — Rl
v =~ (=) (13b)

Having the main reference machine electromagnetic torque,
main machine reference reactive power, oppositely unbalanced
grid voltage and oppositely unbalanced main stator flux we are
able to calculate the main stator current ensuring active power
component oscillations reduction from (5a) and (6b):

ref
ey _ 2| Wyt Wheas” (14a)
e 3 u;ﬂlp;a - u;alp;ﬁ
, Trme 0 rer
pper 22| Y (14b)
o 3 u;ﬂlp;a - u;alp;ﬁ
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The reference control machine stator current for this target
(non-oscillating p power component) is calculated analogously
to the calculations made for the torque oscillations cancellation
target using equations (10) and (11), in which instead of i,
and i;", new variables i " and i’,;"" are used.

Obtained from (8) and (14), the reference values of the main
stator current present two mutually exclusive control
strategies: active power component oscillations reduction
strategy and electromagnetic torque oscillations reduction
strategy. In order to achieve a balanced main stator current the
positive sequence component has to be extracted from the
reference values of the main stator current mentioned above.
Basing on the fact that the reference values calculated from (8)
and (14) have opposite imbalance, a positive component of the
desired main stator current can be achieved as follows.

iref + l.l ref

l.;-aref — ( sa > sa ) (15a)
.ref .rref
l +1

e <%) (15b)

Finally, having positive sequence components of the desired
main stator current and oppositely unbalanced main stator flux,
the fourth strategy, sinusoidal control currents can be realized
using (10), (11), (13) and (15):

wsa + lp;a —L -+ ref
+ref 2 slsa
lra = = I Nsr (162)
m
/ wsﬁ + l/);ﬁ L A+ ref\
tref A
4T
Leg 4= I [ 75z (16b)
\ m
+ref _ (Lr + Lcr)i:aref - rISRLmi:aref 16
lesa ™ = ( C)
NesrLem
.+ ref .+ ref
i+ref _ (Lr + Lcr)Lrﬁ - nSRLmlsﬁ (16d)
csh NesrLem

The control method presented above ensures generation of
the desired amount of p and q components of the main
machine stator instantaneous power for a cascaded brushless
doubly-fed induction generator and gives the possibility of
applying one of the four strategies: electromagnetic torque
oscillations reduction, generated active power oscillation
reduction, generated phase currents balancing, sinusoidal
control currents under grid voltage imbalance. Additionally,
using (4a) and (4f) we are able to provide additional terms for
partial compensation of couplings between control paths:

ref .ref Lcmi:cif
csa = Lcslcsa -0 (178)
Ncsr
wcs/} - LCSLCSB - Nesk (17b)
Ausa = (Rcsi:se(]; - (Qs - (pb + pcb)ﬂm)wcrse;;) (170)
Aus/? = (Rcsi:_:;; + (Qs - (pb + pcb)ﬂm)ll)gseg) (17d)

The scheme of indirect torque control for a cascaded
brushless doubly-fed induction generator with the possibility
of electromagnetic torque oscillations reduction, generated
active power oscillations reduction, stator phase current
balancing, sinusoidal control currents for unbalanced grid
voltage is shown in Fig. 5.

IV. SIMULATION TESTS OF INDIRECT CBDFIG TORQUE CONTROL

Verification of the indirect torque control algorithm,
presented above, was performed for the cascaded brushless
doubly-fed induction generator model (Tab. 1) implemented in
a PSIM simulation environment. The simulated CBDFIG is
working with an unbalanced grid (20% of grid voltage
imbalance), power converter switching frequency set at 5kHz,
settings of both (e component and  component) proportional-
resonant (PR) regulators are manually adjusted and equal: k,=1
(proportional part), Kks=100 (resonant part), Q;=314.1592
rad/s (resonant frequency 50Hz), Q.=15.7 rad/s (cut-off
frequency 2.5Hz, pass-band 47.5-52.5Hz), regulators operate
on normalized (per unit) signal values.

Waveforms obtained from the simulation of a cascaded
brushless doubly-fed induction generator (Tab. 1) controlled
by the indirect torque control algorithm at constant angular
speed (1200 rpm) are shown in Fig. 6. As it can be observed,
the implemented control algorithm ensures proper work of
CBDFIG under unbalanced grid voltage conditions and
provides a possibility for realization of one of the four
strategies. The first realized strategy, electromagnetic torque
oscillations reduction, ensures attenuation of electromagnetic
torque and reactive power oscillations. On the other hand,
under the electromagnetic torque oscillations reduction
strategy, the generator delivers less power to the weaker phase,
which impacts generated active power oscillations. The second
strategy — stator phase currents balancing - ensures main stator
symmetrical phase currents of a cascaded brushless doubly-fed
induction generator working with an unbalanced grid. Under
this strategy, we obtain partial reduction of electromagnetic
torque oscillations and partial reduction of generated active
power oscillations. The third strategy, generated active power
oscillations reduction, ensures opposite asymmetry of stator
currents. This strategy is helpful for unbalanced grid since it
delivers more current in a phase with lower voltage which
impacts grid voltage balancing. On the other hand, opposite
asymmetry of stator currents increases electromagnetic torque
oscillations which are harmful for mechanical parts of
CBDFIG. The fourth strategy — control machine sinusoidal
phase currents — can be helpful to prevent exceeding the
maximum value of phase current for the control-side converter
and control machine under grid voltage imbalance.

Fig. 7 shows waveforms for the indirect CBDFIG torque
control algorithm in the case of reference power changing and
torque oscillations reduction strategy under grid voltage
imbalance at constant mechanical angular speed (1200 rpm). In
Fig. 7, we can see a good dynamic response of the system due
to small employment of tuning-demanding structures in the
proposed control algorithm which influences short transient
states and good dynamics of the closed loop system.
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Fig. 5. CBDFIG indirect torque control algorithm block diagram.
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Fig. 6. Grid phase voltages U, Us, Us;; Main stator phase currents iy, is, is;; ~ F19- 7. Waveforms of grid phase voltages Us, Us, Us; main stator phase
control stator phase CUTENts iess, ics iesc; aCtive P, and reactive g, power — CUITENTS is, sy, isc; control stator phase CUITeNts icsa, fcso, fesc; Ps and s power
components, electromagnetic torque Te, for indirect CBDFIG torque control at ~ components; electromagnetic torque Te, for indirect torque control at reference
grid voltage imbalance and electromagnetic torque oscillation reduction, main ~ POWer change transients and torque oscillation cancellation strategy.

stator current balancing, active power oscillations reduction, control machine

sinusoidal current strategies.
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Fig. 8 shows waveforms for the indirect CBDFIG torque
control algorithm in the case of linear mechanical angular
speed (from 1000 rpm up to 1800 rpm) changing, constant
power generation (constant average value of ps component)
and torque oscillations reduction strategy under grid voltage
imbalance. In Fig. 8, we can see control current base frequency
change as a result of mechanical angular speed changing in
order to hold the produced electromagnetic torque and related
power at the desired level.

Fig. 9-10 show transient waveforms for 20% grid voltage
imbalance for CBDFIG indirect torque control with applied
balanced control machine current strategy (Fig. 9) and
CBDFIG predictive control described in [24] (Fig. 10), at
constant (1200 rpm) mechanical speed. Balanced control
machine current has been chosen from among analyzed targets
of proposed indirect torque control method, because torque
oscillations during sag are the closest to results obtained by
method from [24].

It is shown in Fig. 10 that the CBDFIG predictive control
[24] algorithm under grid voltage imbalance conditions derives
control machine current distorted in a way resulting non-
sinusoidal main machine current, therefore none of the
discussed above targets for unbalanced grid connection
operation is met. CBDFIG main machine indirect torque
control is able to derive not only balanced control machine
current under grid voltage imbalance (Fig. 9) but control
machine current distorted in a way resulting application of one
of three more strategies: electromagnetic torque oscillations
reduction, balanced main machine current and p power
component oscillations reduction respectively (Fig. 6).

t/s]
Fig. 8. Waveforms of grid phase voltages Us, Usy, Us;; main stator phase
currents is, isn, Isc; control stator phase currents icsa, icsb, icsc; Ps @and gs power
components; electromagnetic torque T, for indirect torque control at
mechanical angular speed linear change under torque oscillation cancellation
strategy.
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Fig. 9. Waveforms of grid phase voltages U, Us, Us; main stator phase
CUIrents isa, isp, Isc; control stator phase currents icsa, icsh, icsc; Ps and gs power
components; electromagnetic torque T, for grid voltage imbalance transient
under balanced control current strategy.
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Fig. 10. CBDFIG predictive torque control [24] waveforms of grid phase
voltages Us, Usy, Us;; Main stator phase currents is, is, isc; control stator phase
currents icsa, lesh, lcse; Ps and gs power components; electromagnetic torque T,
for grid voltage imbalance transient.

0885-8969 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.2972500, IEEE

Transactions on Energy Conversion

V. IMPLEMENTATION OF INDIRECT TORQUE CONTROL OF
CBDFIG

Verification of the control algorithm presented in this paper
was performed on a real stand with two slip-ring doubly-fed
induction machines, the parameters of which are provided in
the Appendix (Tab. 2), connected in a way corresponding to
the cascaded brushless doubly-fed
(Fig. 11).

induction generator

e
Fig. 11. Slip-ring doubly-fed induction machines connected in a way
corresponding to the cascaded brushless doubly-fed induction generator.

The control machine supplied by a power converter worked
at 4kHz switching frequency, the settings of both
(o component and S component) proportional-resonant (PR)
regulators are manually adjusted and equal: k,=2.5
(proportional part), kes=250 (resonant part), Q.=314.1592
rad/s (resonant frequency 50Hz), Q.=15.7 rad/s (cut-off
frequency 2.5Hz, pass-band 47.5-52.5Hz), regulators operate
on normalized (per unit) signal values.

Fig. 12 — Fig. 15 present grid phase voltages, main machine
phase stator currents, control machine phase stator currents, p
and g components of the main machine stator power and
electromagnetic  torque under: electromagnetic  torque
oscillations cancellation strategy (Fig. 12); generated main
machine stator phase currents balancing strategy (Fig. 13);
generated active power oscillations reduction strategy (Fig.
14); sinusoidal control machine stator currents strategy (Fig.
15) under grid voltage imbalance. In Fig. 12, we can observe
absence of oscillations of electromagnetic torque and the g
component of power as a result of grid voltage and main stator
current imbalance correspondence. The opposite strategy,
active power oscillations cancellation strategy (Fig. 14),
produces oppositely unbalanced main stator current resulting
in, on the one hand, active power oscillations attenuation and
electromagnetic torque oscillations magnification on the other.
Strategies presented in Fig. 13 and Fig. 15 provide balanced
main machine currents and sinusoidal control machine
currents, respectively.
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Fig. 12. Grid phase voltages Us, Us, Us;; main stator phase currents i, isp, isc;
control stator phase currents icsa, icsh, lcsc; Ps @and Qs power components,
electromagnetic torque T,, for indirect torque control at grid voltage
imbalance and electromagnetic torque oscillation cancellation strategy.
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Fig. 13. Grid phase voltages Us,, Uss, Us;; Main stator phase currents isa, isy, isc;
control stator phase currents icsa, icsh, iesc; Ps and ¢s power components,
electromagnetic torque Te, for indirect torque control at grid voltage imbalance
and main stator current balancing strategy.
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Fig. 14. Grid phase voltages Usa, Usy, Us;; Main stator phase currents is,, isp, isc;
control stator phase currents icsa, icsh, icss; Ps and Qs power components,
electromagnetic torque T, for indirect torque control at grid voltage imbalance
and active power oscillations reduction strategy.
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Fig. 15. Grid phase voltages Usa, Usy, Us;; Main stator phase currents isa, isy, isc;
control stator phase currents icsa, icsh, icss; Ps and Qs power components,
electromagnetic torque T, for indirect torque control at grid voltage imbalance
and control stator sinusoidal current strategy.
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Fig. 16 shows dynamic behavior of a system at reference p
and q power components step change. The observed
waveforms present the ability of the control system to change
generated power in a short time. Good dynamic provided by
the indirect torque control algorithm is the result of a smaller
number of tuning-demanding structures in comparison to the
classic cascaded brushless doubly-fed induction generator
control algorithms.

Fig. 17 shows waveforms for the indirect CBDFIG torque
control algorithm in the case of linear mechanical angular
speed (from 500 rpm up to 700 rpm) changing, constant power
generation and torque oscillations reduction strategy under grid
voltage imbalance. In Fig. 17, we can see control current base
frequency change as a result of mechanical angular speed
changing in order to hold the produced electromagnetic torque
and power related with it at the desired level.

Fig. 18 and Fig. 19 show dynamic responses of a system
under instant grid voltage imbalance and electromagnetic
torque oscillations reduction strategy. It can be seen in Fig. 18
and Fig. 19 that transient states of a system in the case of
applied grid voltage imbalance (Fig. 18) and in the case of grid
voltage recovery (Fig. 19) are very short due to relatively high
grid impedance. Performance of a control system equipped
with indirect CBDFIG torque control is good enough to be
effective in short grid imbalance disturbances.
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Fig. 16. Grid phase voltages Us,, Uss, Us;; Main stator phase currents isa, isy, isc;
control stator phase currents ics, Icsn, Icsc; active ps and reactive gs power
components, electromagnetic torque Te, for indirect torque control at reference
power changing under electromagnetic torque oscillation reduction strategy.
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Fig. 17. Grid phase voltages Usa, Usy, Usc; Main stator phase currents isa, isp, isc;
control stator phase currents ics, icsn, lesc; active ps and reactive gs power
components, electromagnetic torque Te, for indirect torque control at
mechanical angular speed linear change under torque oscillation cancellation
strategy.

Te [Nm]
0
5F |
-10 + . b Ml \J'I M,}' WNWW
-15 -
0 0.05 0.1 0.15 0.2
ifs]

Fig. 18. Grid phase voltages Us,, Usy, Us;; Main stator phase currents ig,, isp, isc;
control stator phase currents iea, lcsh, lcsc; active ps and reactive gs power
components, electromagnetic torque T, for indirect torque control at instant
grid voltage imbalance under electromagnetic torque oscillation reduction
strategy.
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Fig. 19. Grid phase voltages Us,, Uss, Us;; Main stator phase currents isa, isp, isc;
control stator phase currents ica, icsh, Icsc; active ps and reactive gs power
components, electromagnetic torque Te, for indirect torque control at voltage
balance resumption under electromagnetic torque oscillation reduction
strategy.

VI. CONCLUSIONS

The indirect torque control algorithm for the cascaded
brushless doubly-fed induction generator presented in this
paper can be helpful for construction of a CBDFIG-based
variable speed drive-train characterized by better durability in
comparison to the widely used doubly-fed induction generator
and enhanced possibility of work under grid voltage
unbalanced conditions. The proposed control algorithm
provides the possibility of reduction of electromagnetic torque
oscillations, full or partial active power component oscillations
reduction for the cascaded brushless doubly-fed induction
generator during operation under unbalanced grid, which can
impact electric power distribution grid stability, decrease the
possibility of machine damage and prolong mechanical parts
life span, giving better performance of the power unit.

The reader have to note, that the whole control structure has
been elaborated using linear model of brushless doubly fed
induction machine without taking into consideration
magnetizing inductance variation depending on the
magnetizing current instantaneous values. This is why, using
the linear model based methods, the reference control machine
current derivation based on magnetizing current calculation
may be in some range inappropriate in all, positive sequence
component, negative sequence component, as well as
harmonics caused by magnetizing inductance variation. Thus,
obtained results for constant torque target still provide some
torque oscillations. However, in a large power machines, the
magnetizing current is relatively smaller in comparison to the
rated stator current, so the influence on uncompensated torque
pulsations are expected smaller.
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APPENDIX i.r — control machine rotor current,
pp — main machine pole pairs,

TABLE Pep — control machine pole pairs,
PARAMETERS OF THE CONTROL MACHINE AND THE MAIN Nk — main machine stator-to-rotor transform ratlol
MACHINE USED IN THE SIMULATION MODEL Ncsr — control machine stator-to-rotor transform ratio,
SYMBOL PARAMETER CONTROL MAIN Q,— grid voltage pulsation,
MACHINE ~ MACHINE Q. — rotor mechanical angular speed,
Usn Stator rated voltage ~ 400/690V  400/690V gws* ”C‘g'n“trsgftsft’;t?rag;Etr'lceéLug Sﬂiﬁlaﬂéeese%ed
I Rated stator current 1760A 1760A chs:rotor maanetic fl g | g q peed,
_ - gnetic flux angular speed,
Urn Stator/rotor turns ratio 0.34 0.34 @m_ rotor mechanlcal angle,
Rs Stator resistance 26mQ 26mQ 0,,— main stator magnetic flux angle,
L,  Stator leakage inductance  0.087mH  0.087mH Oy — control stator Tlagnetlcl fluxangle,
Re Rotor resistance 26mQ 26mQ G)“”__ rotor magnetic flux angle,
. T, — total electromagnetic torque,
L, Rotor leakage inductance  0.087mH  0.087mH Time — torque of the main machine,
Ln Magnetizing inductance 2.5mH 2.5mH Tee — torque of the control machine,
Po Number of poles pairs 1 1 p —total active power, _
ps — active power of the main machine,
pcs — active power of the control power machine,
TABLEII g — total reactive power,
PARAMETERS OF THE CONTROL MACHINE AND THE MAIN MACHINE Qs — reactive power of the main machine
USED IN THE REAL VERIFICATION STAND qcs — reactive power of the control power machine,
SymBOL PARAMETER CONTROL MAIN Ps — main machine active power,
MACHINE ~ MACHINE P — control machine active power,
f - - -
Usn Stator rated voltage 220/380V  220/380V P,* ~ main machine reference active power,
I, Rated stator current 44A 35A Tmefre — main mac_hlne reference elec_tromagnetlc torque,
) s — main machine reference reactive power,
Un Stator/rotor turs ratio 10.857 95 W, — Main machine stator flux alpha component,
Rs Stator resistance 5.4Q 3.8Q w5 — main machine stator flux beta component,
L,,  Stator leakage inductance  0.0232H 0.018H y s« — Oppositely unbalanced main machine stator flux alpha
R, Rotor resistance 0.83Q 0.67Q component, . . .
] '’y — oppositely unbalanced main machine stator flux beta
L, Rotor leakage inductance ~ 0.0232H 0.018H component
Lm Magnetizing inductance 0.437H 0.347H u,, — grid voltage alpha component,
Po Number of poles pairs 2 2 Uy — grid voltage beta component,

u’y, — oppositely unbalanced grid voltage alpha component,
u’y; — oppositely unbalanced grid voltage beta component,

List of symbols X - .
y i;, — Main machine stator current alpha component,

R¢s — control machine stator resistance, i, — Main machine stator current beta component,

Rs — main machine stator resistance, i, — main machine reference stator current alpha component,
R — control machine rotor resistance, is/,ref — main machine reference stator current beta component,
R, — main machine rotor resistance, i’,,"" — oppositely unbalanced main machine reference stator
L — control machine stator inductance, current alpha component,

L - main machine stator inductance, i ’Sﬂref — oppositely unbalanced main machine reference stator
Lm — control machine mutual inductance, current beta component,

L, — main machine mutual inductance, i"," — positive alpha component of the main machine
L., — control machine rotor inductance, reference stator current,

L, — main machine rotor inductance, i*sﬂref — positive beta component of the main machine reference
wes — control machine stator flux, stator current,

ws — main machine stator flux, i, — main machine reference rotor current alpha component,
w, —main machine rotor flux, i,ﬂref — main machine reference rotor current beta component,
wer — control machine rotor flux, i",/" — positive alpha component of the main machine
u, — main machine rotor voltage, reference rotor current,

Uer — control machine rotor voltage, iﬂ/ef — positive beta component of the main machine reference
Ucs — control machine stator voltage, rotor current,

Us — main machine stator voltage, i — control machine reference rotor current alpha
ics — control machine stator current, component,

is — main machine stator current, imﬂ'ef — control machine reference rotor current beta
i, — main machine rotor current, component,
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+

i".. — positive alpha component of the control machine
reference stator current,

i+csﬁref — positive beta component of the control machine

reference stator current,

l//mref — control machine reference stator flux alpha component,

y/mﬁref — control machine reference stator flux beta component,
Au,,, — control stator decoupling voltage alpha component,
Au,; — control stator decoupling voltage beta component.
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