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Abstract — In order to cope with the severe torque ripple caused
by the open-phase fault of the power winding (PW) in the
brushless doubly-fed induction generator-de (BDFIG-DC) system,
a novel minimum torque ripple control method is proposed in this
article. The proposed method does not rely on additional external
hardware devices and can minimize the torque ripple in the faulty
system, thereby reducing damage to the machine bearings. Firstly,
this article analyzes the harmonic components of the torque
caused by PW open-phase fault in details, and derives the
simplified torque expression. Secondly, by regulating the 3rd and
5th harmonic currents of PW, a minimum torque ripple control
method is proposed. To obtain the real-time reference values of
PW 3rd and 5th harmonic currents, the Newton’s gradient descent
method is adopted. Finally, the effectiveness of the proposed
method is proven by comprehensive experimental results on a 5-
kVA BDFIG-DC system platform.

Index Terms - Brushless doubly-fed induction generator-dc
(BDFIG-DC) system, open-phase fault, minimum torque ripple
control, Newton’s gradient descent method.
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NOMENCLATURE
DPps De Pole pair numbers of power winding
(PW) and control winding (CW).
o w Actual angular frequencies of PW and
p> We

CWw.

Frequency error, estimation frequency

A, &, @, and reference frequency of the PW
fundamental voltage vector.
é 0 Estimation angle of the PW fundamental
P, Ye voltage vector and reference angle of the
CW current vector.
ULy Voltage, current and flux vectors.
u, i,y Voltage and current and flux scalars.
T. Total torque.
s, | Differential and integral operators.
R, L Resistance and inductance.
Im Imaginary part.
sup The supremum of a function.
Inf The infimum of a function.
n,v Natural numbers from 1.
N Iterations.
plus The objective function value calculated
by adding a small perturbation.
minus The objective function value calculated
by reducing a small disturbance.
Ay A, Lagrange multiplier.
Superscript:
~ Conjugate operator.
* Reference value.
Subscript:
p,C T PW, CW and rotor winding variables.
a, b, c a-, b- and c-phase variables.
d,q,0 d-, g-, and 0-axis components.
o, o- and f-axis components.
+, - positive- and negative-sequence

components.

[. INTRODUCTION

HE dc microgrid has been extensively researched over the

last decade for its prominent advantages such as higher
efficiency, no reactive power flow and natural interface with
energy sources compared to the ac microgrid [1], [2], [3].
Among numerous dc power generation topologies, the
brushless doubly-fed induction generator-dc (BDFIG-DC)
system with the single converter-based topology shown in Fig.
1 has attracted attention from some scholars for its low cost and
simple control [4], [5]. As illustrated in Fig. 1, the power
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winding (PW) and control winding (CW) of the BDFIG are
connected to the three-phase diode rectifier (TDR) and the
machine side convertor (MSC), respectively. The power can be
transmitted to the grid or load from the dc bus, which means
that the BDFIG-DC system can operate in grid-connected or
standalone modes.

DC Bus
. T
Grid or ip
Load
PW
i W

MSC
Fig. 1. Basic structure of the BDFIG-DC power generation system.

With the increase of operation time, the probability of dc
microgrid failure also tends to rise, especially in harsh
environments such as deserts, island and offshore [6], [7], [8].
Among all types of faults, the open-phase fault of the generator
stator windings is one of the most common faults and usually
caused by the bonding wires lifting in semiconductors,
connector loosening, and overcurrent fusing [9], [10], [11]. In
particular, for the BDFIG with dual electrical ports [12], the
open-phase fault should be paid more attention. The open-phase
fault can lead to significant three-phase unbalance in the stator
winding and generate severe torque ripple, which causes high
vibration and noise, deteriorating the operation stability of the
BDFIG-DC system. In some special applications, it is necessary
for the generator in fault to continue operating for a period.
Usually, the open-phase fault does not trigger drastic
fluctuations in output dc voltage because of the large capacitors
installed on the dc bus in the dc microgrid, thereby ensuring a
certain level of power output capability during the fault
operation. Hence, minimizing torque ripple has become the
primary task of the BDFIG-DC system for the fault-tolerant
operation under the open-phase fault.

Some scholars have conducted research on suppressing
torque ripple in the BDFIG-DC system. In [13] and [14], the
torque ripple suppression method based on harmonic current
injection is proposed. In [15], the torque ripple suppression
method considering winding harmonic loss is presented.
However, these methods developed in [13]-[15] are all for
eliminating the torque ripple caused by TDR during the normal
operation.

Unfortunately, few researches on the torque ripple
suppression of the open-phase fault in the BDFIG-DC system
are investigated currently. Therefore, it is necessary to draw
upon fault-tolerant strategies and control methods from other dc
power generation systems under the open-phase fault. The
present works can be divided into two categories. The first
category is to improve the system topology or machine
structure. In [16], [17], [18] and [19], the topologies of power
electronic converters are improved to suppress the torque

ripple. The converter structures presented in [16] and [17] are
equipped with redundant bridge arms, which ensures that the
system’s topology and control strategy remain essentially
unchanged before and after the fault occurs, thus preserving the
original electrical performance to the greatest extent possible.
The converter topologies proposed in [18] and [19] need to be
constructed by the neutral point of the capacitor, which results
that the control strategy needs to be adjusted before and after
the fault occurs. In [20], a dc power generation system based on
a five-phase dual-stator induction generator is proposed, which
performs a reduced order transformation to obtain the d- and g-
axis voltage and current correction values when a stator
winding open-phase fault is detected. Although the methods in
[16]-[20] can enhance the fault-tolerance ability of the dc power
generation system, they all need to add external devices, which
increases the system’s cost. The second category of torque
ripple suppression strategies is to improve the control
algorithm. In [21], [22], [23] and [24], the fault-tolerant method
based on voltage space vector control for inverters is proposed,
which compensates for the faulty space voltage vectors by
modifying the modulation strategy of the original three-phase
six-switch rectifier topology, enabling fault-tolerant operation
of the inverter under single-switch open-circuit faults.
However, the control methods proposed in [21]-[24] rely on the
freewheeling effect of the parallel diode of the faulty switching
device and are not advisable in the BDFIG-DC system under
the PW open-phase fault.

Although these research works in [16]-[24] can cope with the
torque ripple under the open-phase fault, they are difficult to be
applied for the BDFIG-DC system due to some issues
mentioned above. Therefore, it is necessary to develop a
minimum torque ripple control strategy for the BDFIG-DC
system under the open-phase fault. In this article, only the PW
open-phase fault is discussed and the torque ripple
minimization control strategy without external devices is
proposed.

The rest of this article is organized as follows. In Section 11,
the torque harmonic components for the normal operation and
PW open-phase fault are analyzed. The principle of minimizing
the torque ripple under the PW open-phase fault is proposed in
Section III. The design process of the control system is
described in Section IV, while the comprehensive experimental
results are illustrated in Section V. Finally, Section VI
concludes this article.

II. ANALYSIS OF TORQUE HARMONIC COMPONENTS FOR
NORMAL OPERATION AND PW OPEN-PHASE FAULT

A. Analysis of Torque Harmonic Components for Normal
Operation

The harmonic dynamic mathematical models of BDFIG in
the dg frame can be expressed as [14]

U,]jh = R];IZh + Sl//;:h + -ihwpy/[h)h 1)
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where the superscript 4 represents the frequency order of the dg

frame, and the subscript / represents the frequency order of the

physical quantity. When the physical quantity is a negative-
sequence component, % is a negative number.

The asynchronous torque generated by the rotor resistance is
usually ignored [13], and the torque expression can be
simplified to

T, =1.5(p, + p)Im@7,1,) - (7

When the system operates under the normal condition,
considering the -5th and 7th harmonic components caused by
the TDR, the torque expression can be expanded as

T, =1.5(pp +pc)
Im| (9}, +7, %" +7),e ') (®)
_ -j6w, j6w,
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It is seen that Eq. (8) can be further written as
T,=T,+Ts+T,, ©)

where T, T, and T, can be described by
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According to (9) and (10), the torque harmonic components
during the normal operation are primarily the 6th and 12th
harmonic torques, and the 12th torque harmonic component is
often be neglected for its smaller proportion [14].

B.  Analysis of Torque Harmonic Components for PW Open-
Phase Fault

The BDFIG-DC system with the PW open-phase fault is
illustrated in Fig. 2. The two normal phases of PW, along with
the TDR, can form a single-phase uncontrolled rectifier circuit.
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Fig. 2. System structure under the PW open-phase fault.

In this faulty system, the harmonic components on the ac side

conform to the following patterns [26]:

1) The harmonic orders are odd.

2) As the harmonic order increases, the amplitude of the
harmonic component decreases.

Fig. 3 illustrates the main harmonic analyses of the PW flux,
PW voltage and PW current in the normal operation and PW
open-phase fault with the rated load, which matches the above
patterns of harmonic components presented in [26]. Besides,
compared to the normal operation, there are significant
increases in the 3rd harmonic components of the PW flux, PW
voltage and PW current under the PW open-phase fault.
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Fig. 3. Main harmonic analyses of PW flux, PW voltage and PW current in the
normal operation and PW open-phase fault with the rated load.

During the PW open-phase fault, the two normal phases of
PW form the current loop that results in a pulsating magnetic
field, leading to a pulsating magnetic potential. According to
the theory of double-revolving magnetic fields, the pulsating
magnetic potential can be decomposed into two components:
the forward magnetic potential and the reverse magnetic
potential with the same magnitude, opposite direction and
identical rotational speed. The presence of the forward and the
reverse magnetic potential results in the occurrence of both
positive and negative sequence harmonic components in PW.
Therefore, the PW flux and current under the open-phase fault
in the dg frame can be expressed as

n
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where the superscript 2v-1 represents the frequency order of the
synchronous rotating frame, and the subscript 2v-1 represents
the frequency order of the physical quantity.
Substituting (11) and (12) into (7), the torque expression

under the PW open-phase fault can be expanded to
7,=15(p,+p,)
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Based on the relationship between the PW flux and voltage
depicted in (1), ignoring the PW resistance and the differential
term, the PW flux can be expressed by the PW voltage as
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Substituting (14) into (13), the torque expression can be
rewritten as
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where the PW voltage and current vectors can be expressed by
their d- and g-axis components as
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In practical applications, it is difficult to directly calculate the
torque of the faulty system from (15), because numerous

harmonic components with different orders are involved in (15).

Fortunately, as depicted in Fig. 3, the proportion of the PW

harmonic flux under the PW open-phase fault is relatively small.

Therefore, to simplify the analysis, the harmonic components
of the PW flux can be ignored when calculating the PW torque.
Consequently, Eq. (15) can be simplified as
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For further simplification of (17), the phase-locked loop
(PLL) is applied to track the fundamental voltage vector of PW.
The schematic diagram of the PLL is illustrated in Fig. 4.
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Fig. 4. Structure of PLL for tracking the PW fundamental voltage vector.

As a result, the g-axis component of the PW fundamental
voltage vector converges to zero in steady state, resulting in the
absolute value of the d-axis component being equal to the
amplitude of the voltage vector, which means

1 1
Ui = Upl
u' g =0
where ! represents the amplitude of the PW fundamental

(18)

voltage vector.
Moreover, assuming that phase-a of PW is the faulty phase,
the PW three-phase currents can be expressed as

i, =0
{l_” L (19)
pb T

pe
The unbalanced PW three-phase currents shown in (19) can
be decomposed into positive- and negative-sequence
components as follows
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where the subscripts “+” and “-” represent the positive- and
negative-sequence components, respectively.

Substituting (19) to (20) and (21), the relationship of
positive- and negative-sequence components of PW three-
phase currents can be expressed as
—i i =1

pe—2 “pc+

—i

s = s (22)

Since only the fundamental and odd harmonic components

are involved in the PW currents under the PW open-phase fault,

the positive- and negative-sequence components of the PW
three-phase currents can be further expanded as
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It can be seen that according to (22), the fundamental and odd
harmonic components in (23) should satisfy the relationship as
follows:

_l.phf(val) .
(24)
Transforming the fundamental and these odd harmonics in
(23) from the abc frame into dg frame of the corresponding

order, Eq. (24) can be further rewritten as

.(2v-1) —(2v-1)
pd(2v-1) = “Lpa—av-1)

-(2v-1) _ —(2v-D
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where the detailed transformation matrixes can be found in (A1)
and (A2) of the Appendix.

Substituting (16), (18) and (25) to (17), Eq. (17) can be
expressed as
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It is seen that Eq. (26) can be further divided into
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where the expressions of 7. ,s and 7. ,, can be described by
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Fig. 5 displays the torque waveforms obtained during the
normal operation and the PW open-phase fault, respectively,
utilizing (28), (29) and the torque expression provided in [27].
It can be observed that T, ., represents the main proportion of
the torque expression in (27) and well matches the widely used
BDFIG torque formula presented in [27]. Therefore, the
analysis of the torque should be focused on T 4.
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Fig. 5. Torque waveforms obtained from T, ,4, 7. ., and the torque expression
presented in [27] during the normal operation and PW open-phase fault.

In addition, the amplitudes of harmonics decrease along with
the increase of harmonic order, so that the high-order harmonic
currents in PW are close to zero. As a result, it can be derived
that

@v+1) @v-1)
Z(lpd‘gvﬂ) pdv(zv 1)) ~ pdl
(30)

(2v-1) (2v+l) ~
Z(’pq(zv b " gvin) = ’

From (28), (30) and Fig. 5, it is noted that there are some
moments when the 7, ., reaches zero during the PW open-
phase fault, which can be expressed as

~0 whent—k— k=0,1,2.. (€29)

Za)p

e _ud

Since T, .a accounts for the major part of the torque, the total

torque under the PW open-phase fault has the similar feature as
T, ua presented in (31).

III. PRINCIPLE OF MINIMIZING TORQUE RIPPLE UNDER PW
OPEN-PHASE FAULT

From (28), the harmonic torque can be expressed as

+
7 o1sPetPe

e

(updl + upd )
5
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In order to minimize the torque ripple generated by the open-
phase fault in PW, Eq. (32) needs to approach zero, which
means

2v41 2v-1
z(l;(zd‘gvll) [(7dv(2v) 1))005(2va) 1)=0

(33)
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Then, Eq. (33) can be further derived as
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However, Eq. (34) is impossible to be satisfied, because the
d- and g-axis components of all the PW harmonic currents are
required to be equal to those of the PW fundamental current.

Although it is not possible to completely eliminate the torque
ripple under the PW open-phase fault, it is feasible to minimize
the torque ripple by regulating the PW harmonic currents. For
obtaining the optimal PW harmonic current references to
minimize the torque ripple, it is necessary to construct the
objective function F)y. as follows:

(2v+l) (2 1)
Z( pd‘(;v+1) pa"(Zv 1))005(2"50 1)
F

phc
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The function Fp;. represents the PW harmonic currents
associated with the torque ripple in (32). To minimize the
torque ripple under the PW open-phase fault, the fluctuation of
the function ). should be minimized, i.e.,

mlnlmlze{sup(F ) —inf( ,,;u)}. (36)

To achieve (36), the PW harmonic currents Lagrange
function L, has to be constructed as

(2v+1) (2
Lphc Sup( phe ) lnf( phc ) + j"I (Z (lpd‘E;V‘F]) pd‘(Zv 1) ) + lpdl )

(2v-1) (2 D
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(37
By differentiating the variables contained in (37) and setting
the derivative to zero, the result can be expressed as

dL,. dL,,
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dl(2v+]
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However, due to the absence of the analytical expression for
sup(Fpine)-inf(Fppe) in Ly and (38) consisting of 2n+2 nonlinear
equations, it is difficult to find an analytical solution for (38).
Consequently, a numerical solution should be considered. To
simplify the computation, the PW harmonic currents with the
order exceeding five are neglected, so that (35) can be rewritten
as

F,. =k cos(2w,t)+k, cos(4m,t) + k; cos(6w,1)

39
+g,sin2e, 1) + g, sin(4w,1) + g, sin(6w,t) (39)
where ki, k2, k3 and gl, 22, g3 are defined as
ky = i; pdl’ k, _l lidza ky = _i;s;ds (40)
gl = i;ql _lpqS’ g2 = l;qS _lpqS’ g3 = i;qS
From (30), these coefficients in (39) also satisfy
k+k, +k =
1 2 3 ) (41)
g *+& +t8=1,,

From (40), the reference values of the PW harmonic currents
can be calculated by ki, k», k3 and g1, g2, g3. Hence, once the
values of the coefficients ki, k2, k3 and g1, g2, g3 satisfy (36), the
corresponding reference values of the PW harmonic currents
can minimize the torque ripple.

To find the coefficients ki, k», k3 and g1, g2, g3 satisfying (36),
the Newton's gradient descent method is utilized for the
numerical iterative solution. The specific iterative procedure for
ki can be illustrated in Fig. 6. The perturbation represents a
small change in k. In addition, for calculating the gradient for
ki, two perturbations (the incremental perturbation and the
decremental perturbation) are applied to 4, and then the central
difference method is employed to estimate the gradient. In each
iteration, k; is updated by multiplying the current gradient by

the learning rate. In order to prevent the algorithm from
diverging, the maximum value of k; should be set. Usually, the
content of harmonic current should be less than that of the
fundamental current, so that the maximum value of &; can be
set as zero according to (40). The iterative procedures for &, g1
and g, are similar to that presented in Fig. 6. Besides, k3 and g3
can be derived from (41) with the obtained values of ki, k> and
&1, 82.

In order to accelerate the convergence speed of iterations, the
initial values of ki, k», k3 and gy, g», g3 are determined offline
using the function finincon in MATLAB, which approximately
satisfy

1. 1. 1.
k, = _Ellpdl’ k, = _El]pdl’ ky = _gl;dl “2)
g = 0.3i;q1, g, = O.4i11]q1, g, = 0.31';‘11

Initializing algorithm parameters:
ki, perturbation, learning rate.

[
v
Calculating the gradient:
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plus=sup{F,,, [k,(N + D]} =inf {F,, [k, (N +D]};
k(N +1) = k,(N) -2 * perturbation;
minus= sup{ e [k (N + 1)]} mf{ e LKy (N + 1)]};
gradient = (plus —minus) / (2 * pertuibation).

'

Updating coefticients:
k(N +1) = k,(N) — learning rate * gradient.

Y
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Fig. 6. Iterative procedure of the coefficient &, based on the Newton’s gradient
descent method.

These coefficients obtained by the numerical iterative
solution can be used to calculate the real-time reference values
of PW harmonic currents according to (40), i.e.,

—ky—ky, 1,5 =8,+8
3 pq3 2 3 ) ( 43)

se 5
lpds—_ksa a5 = 83

pd3 =

IV. CONTROL STRATEGY DESIGN

A. Basic Control Strategy

The BDFIG-DC system can operate at grid-connected and
standalone modes, for which the control objectives are the
output power and dc bus voltage, respectively. The relationship
between the two control objectives and the CW fundamental
current can be expressed as [15]

3LPVLC,_ ®,+o, U (44)

P = I
out TE(LPLI_ _ (Lp)_ )2) W de®edl

P
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From (44) and (45), the d-axis component of the CW
fundamental current can be obtained through the proportional-
integral (PI) controller for the output power or dc bus voltage.
Usually, the reference value for the g-axis component of the
CW fundamental current is set to zero, resulting in the d-axis
component of the CW fundamental current being equal to the
amplitude of the CW fundamental current.

de

B.  PW Harmonic Current Control Strategy

According to (1), (2) and (6), the linear relationship between
the PW and CW currents can be expressed as

iZdh = LPVL” 2 i:dh + L 2 u;qh
LL =L, " ho,(LL-L,) "™ )
L L L

h
pdh

i = prier b _ - u
pgh _ 72 Ccqh 2
LL-L, ho, (L,L —L,)

From (46), the PW harmonic current can be controlled by the
corresponding CW harmonic current through the PI controller.
The structure of the PW harmonic current control module is
illustrated in Fig. 7. The reference values of the PW harmonic
currents are calculated by (43), and the corresponding feedback
values can be acquired through the multiple second-order
generalized integrators (MSOGI) [28].

Since the reference values of the CW harmonic currents
obtained from the PW harmonic current control module have
been transformed into the dg frame of the CW fundamental
current, they are ac quantities. The reference value of the total

CW current would consist of both dc and ac quantities.
Consequently, the proportional-integral-resonant  (PIR)
controller should be utilized to regulate the total CW currents.
The transfer function of the employed PIR controller can be
expressed as

K. 2K @ s

GPIR :Kp+—l+ 5 1™ cut 5
s s +20,5+Q2o,)
2K ,m,,s

cut

(47)

s*+20,,5+(40,)’

where K, and K; are the gains of proportional and integral
controllers; w., is the cutoff frequency, which is usually in the
range of 5 to 15 rad/s [29], and it is chosen to be 10 rad/s in this
article; K, and K, are the gains of resonant controllers.

From Fig. 7, it can be observed that the control of PW
harmonic current does not rely on any machine parameters, so
that the robustness of the control system can be significantly
enhanced.
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Fig. 8. Structure of the overall control strategy.

C. Overall Control Strategy

The overall control strategy is presented in Fig. 8. During the
PW open-phase fault, the compensatory CW harmonic currents
are generated by the proposed control strategy to minimize the
torque ripple, so that the operation safety of the system can be
enhanced. The CW fundamental current is utilized to regulate
the system output power or the dc bus voltage. The numerical
iterative procedure for ki, k», k3, and gi, g», g3 has been
illustrated in Section III. And the PLL, PW harmonic current
control module and MSOGI have also been presented in
Sections II and IV-B.

V. EXPERIMENTAL AND SIMULATION RESULTS
A. Experimental Setup

To wvalidate the effectiveness of the proposed control
strategy, an experimental platform has been constructed as
shown in Fig. 9. An 11-kW induction motor (IM) is utilized as
the prime mover to drive the 5-kW BDFIG, and the main
parameters of the BDFIG are listed in Table I. The contactor is
connected to one phase of PW to switch between the normal
operation and the open-phase fault. The MSC is under the
control of the 32-bit floating-point DSP TMS320F28335. In the
control program, the switching frequency is set to 5 kHz, and
the control period is 0.2 ms. The 10000-uF dc bus capacitor is
interposed between the MSC and the TDR. All the loads are
linked to the dc bus. The current and voltage of the BDFIG can
be sampled using the wave recorder MR6000 equipped with
current and voltage probes.

q

— =

f— l ¥

| Torque sensor
L%

Converter for 11-kW
induction machine

AC voltage

source

Load

e

5-kVA BDFIG

11-kW induction machine

Fig. 9. PAhotograph of the experimental setup.

The selection of grid-connected and standalone modes only
affects the reference value of the CW fundamental current,
having no effect on that of the CW harmonic current. Therefore,
only standalone mode is considered to validate the proposed
strategy in this article. In all experiments, the dc bus voltage and
PW frequency are set to 350 V and 50 Hz, respectively. The
perturbation and learning rate for the Newton’s gradient descent
method is set to 0.0002 and 0.05, and the parameters K, K;, K1,
K> for the PIR controller are configured as 3, 8.5, 0.1, 0.1,
respectively. The experiments are conducted in four typical

operating scenarios, including sub-synchronous speed, super-
synchronous speed, load change and speed change.

TABLE
MAIN PARAMETERS OF THE 5-KVA BDFIG
Parameter Value Parameter Value
PW pole pairs 1 R, 243 Q
CW pole pairs 3 R. 1.78 Q
PW rated power
factor 0.8 (lag) R, 3.00Q
Natural
synchronous speed 750 rpm Ly 0.654H
Speed range 600-1200 rpm L. 0.142 H
PWrated 380V L 0.884 H
voltage
PWrated 8A L, 0.635H
current
CW rated 0-180V L. 0.138 H
voltage
CW rated Wound
current 24A Rotor type rotor

B.  Experimental Results at Sub-synchronous Speed

Fig. 10 illustrates the experimental results under the resistive
load of 136 Q and the sub-synchronous speed of 601 rpm. At
the beginning, the system is in the normal operation condition.
At 1.8 s, the phase-a of PW is disconnected, and the minimum
torque ripple control strategy is activated at 3.2 s. The entire
torque waveform and its detailed view are shown in Figs. 10(a)-
(d). During the normal operation, the peak-to-peak value of the
torque is 7.99 Nm. Due to the open-phase fault in PW, the peak-
to-peak value of the torque rises to 44.33 Nm. After the
proposed strategy is activated, the peak-to-peak value of the
torque decreases to 23.29 Nm, reduced by 47.5% compared to
that without strategy activation under the PW open-phase fault.
Furthermore, from the detailed view of the torque in Figs. 10(c)
and 10(d), it can be observed that the torque drops to zero every
10 ms, which is consistent with the results derived from (31).
The harmonic analysis of the torque is displayed in Fig. 10(e).
During the normal operation, the most significant harmonic
component of the torque is the 6th harmonic, whose amplitude
is 30.7% of the amplitude of the fundamental torque component.
Under the PW open-phase fault without the minimum torque
ripple control strategy, the contents of the torque 2nd and 4th
harmonic components are significantly increased, reaching
122.0% and 12.6%, respectively. Meanwhile, the 6th harmonic
component of the torque decreases to 7.6%. It should be noted
that the 2nd harmonic component of the torque even surpasses
the fundamental component, which is the main target of the
torque ripple suppression. Upon activation of the proposed
strategy, the 2nd harmonic component of the torque is reduced
from 122.0% to 55.1%. However, the other even-order
harmonic components of the torque are increased. It can also be
observed from (32) that when the low-order even harmonics of
the torque are reduced, it inevitably leads to an increase of the
higher-order even harmonics. Fig. 10(f) illustrates the iterative
procedure of the value of sup(Fpic)-inf(Fpic) after the control



strategy is activated. Once the initial values of the coefficients
ki, ko, ks and g1, g, g3 are set according to (42), the value of
60 :

Sup(Fpne)-inf(Fpne) can rapidly converge from 4.14 to 4.13. Due
to the injection of the PW and CW harmonic currents, the

60

T T S T 60 T T N ™ T
‘S | PW open-phase! Control strategy | g ! ! ! ‘ £ 3
540—- fa.ult - B actlvat!lou -Ji--—-—- (Ea/ - - (Ea/ 40 - —“
g2 ; 2 g 20H4--\1
g g i & i
& Op-mmiom g : : g of-M-W
I I I |
20 i I I I 220
1 1.02 1.04 1.06 1.08 1.1 22 222 2.24 2.26 2.28 23
. Tir(x]l:s (s) Time (s)
S - ©
~ 510 120 mO01s 3 415 : : :
g 5100 | 4% m23s ) i i i
& 5 5.6 B 414p-———m jmrm e e e .
s . A M ]
g s 28 s 413 po 2 2eea AR L iy me e Al ee ol o0, |
= E] 12,601 30.77.617.4 = ! ! !
= 20 180 o5p = ! ! !
0 - — oy I
5 502 504 506 508 51 & o2 4 6 8 10 12
o " Time (S) : o Frequency order
(9}
15 @ E- 4 ©
;:\ - = $ «=31d d-axis ==3rd g-axis ==-3rd d-axis ==-31d g-axis
S 10— T T T e i e E S oob—do—i0ds_i g Z
b= =7 i i [o.62i =
£ 2% 0 8
3 @ =
o TE Ll 1062 e 8-
SARTY R s e B E 2 s -
- ;g g -4 (S

-10 10 1

5th and -5th harmonic
currents of PW (A)

1 1.05 2.1 2155

Fig. 10. Experimental results at sub-synchronous speed. (a) Torque. (b) Detailed view of the torque from 1 tol.1 s. (¢) Detailed view of the torque from 2.2 t0 2.3 s.
(d) Detailed view of the torque from 5 to 5.1 s. (e) Harmonic analysis of the torque. (f) Value of sup(F..)-inf(F.). (g) PW current. (h) D- and g-axis components
of the PW 3rd and -3rd harmonic currents. (i) CW current. (j) D- and g-axis components of the PW 5th and -5th harmonic currents.

amplitudes of the PW and CW currents, as shown in Figs. 10(g)
and (i), are increased after the proposed control strategy is
enabled. Figs. 10(h) and (j) illustrate the d- and g-axis
components of the 3rd, -3rd, 5th and -5th PW harmonic currents,
which matches the analysis in Sections II and III.

C. Experimental Results at Super-synchronous Speed

Fig. 11 presents the experimental results at the super-
synchronous of 906 rpm with the resistive load of 74 Q. The
PW open-phase fault occurs at 2.2 s, and the minimum torque
ripple control strategy is activated at 4.2 s. From Fig. 11(a)-(e),
after the proposed control strategy is enabled, the torque peak-
to-peak value is reduced by 46.6%. Meanwhile, the content of
the torque 2nd harmonic decreases from 122.2% to 52.7%. And
the value of sup(Fpu)-inf(Fyi) rapidly stabilizes around 4.31,
as shown in Fig. 11(f). As depicted in Fig. 11(g) and (i), the
amplitudes of the PW and CW currents also rise up after the
proposed control strategy is activated. The d- and g-axis
components of the 3rd, -3rd, 5th and -5th PW hormonic currents
exhibit similar characteristics to those under the sub-
synchronous speed, as shown in Fig. 11(h) and (j).

D. Experimental Results Under Load Change

Fig. 12 illustrates the experimental results under load change
with and without strategy activation, which are obtained under
the same operating condition. The rotor speed is 957 rpm, and
the load is initially 74 Q and changed to 136 Q at 4.1 s. Figs.
12(a) and (d) illustrate the waveforms of the torque with and
without strategy activation under load change. From Fig. 12(c),
the peak-to-peak values of the torque with strategy activation
are reduced by 48.3% and 48.6% before and after load change
compared to those without strategy activation, respectively.
Figs. 12(b) and (e) illustrate harmonic analysis of the torque
with and without strategy activation. Compared to the non-
activated strategy, the contents of the torque 2nd harmonic
components with strategy activation decrease by 77.5% and
87.8% before and after load change, while the contents of the
torque 4th harmonic components increase by 16.7% and 1%.
The similar phenomenon has been explained in Section V-B.
Moreover, as shown in Fig. 12(e), with strategy activation, there
is no obvious difference in the contents of torque 2nd harmonic
and 4th harmonic components before and after load change,
which indicates that the control strategy is effective during load
variation. Fig. 12(f) illustrates the iterative procedure of the
value of sup(Fpue)-inf(Fpic) under load change. The value of
sup(Fpne)-inf(Fppe) rapidly changes from 3.8 to 2.4 after load



reduction.

Fig. 13 shows the experimental results under the speed

E.  Experimental Results Under Speed Change
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change with and without strategy activation, and the  before 3.1 s and it decreases to 853 rpm after 5 s. The

experiments are conducted under the same operating condition
with the resistive load of 74 Q. And the rotor speed is 967 rpm

waveforms of the torque with and without strategy activation
are shown in Figs. 13(a) and (d), respectively. From Fig. 13(c),



when the control strategy is enabled, the peak-to-peak values of ~ to the non-activated strategy, the contents of the torque 2nd
torque before and after speed change decrease by 48.2% and  harmonic components with strategy activation decrease by 78.1%
47.1%, respectively. As shown in Figs. 13(b) and (¢), compared and 72.8% before and after speed change,
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Fig. 14. Simulation results with machine parameters being off. (a) Torque under the original parameters. (b) Harmonic analysis of the torque under the original
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while the contents of the torque 4th harmonic components F.  Simulation Results with Machine Parameters Being Off
increase by 14.3% and 20.3%. In addition, when the control
strategy is activated, the amplitude of each torque harmonic is
without significant variation before and after speed change,
which implies that the control strategy is valid during speed
variation. The value of sup(Fpic)-inf(Fyi), as shown in Fig.
13(f), promptly rises from 3.6 to 4.5 after speed reduction.

In order to verify the effectiveness of the proposed strategy
under the machine parameters being off, the simulation is
conducted with the original machine parameters listed in Table
I and the deviated ones.

Fig. 14 illustrates the simulation results under the resistive
load of 500 Q and the super-synchronous speed of 900 rpm.



Besides, the results shown in Fig. 14 are obtained under the
original machine parameters, 130% of R,, R. and R,
(corresponding to the temperature increasing) and 70% of L,,
Le, Ly, Ly and L. (corresponding to the magnetic field
saturation), respectively. And, the control parameters, the dc
bus voltage and PW frequency in the simulation are the same as
those given in the experiments mentioned above. The PW open-
phase fault occurs at 0.5 s, and the minimum torque ripple
control strategy is activated at 1 s.

From Figs. 14(a), (d) and (g), the peak-to-peak values of
torque decrease by almost the same percentage (54.7%, 54.5%
and 55.4%) under the three sets of machine parameters
mentioned above, after the strategy is activated. Besides, as
shown in Figs. 14(b), (e) and (h), the contents of the torque 2nd
harmonic components are reduced by 81%, 80% and 86.8%
with the strategy activation compared to those without the
strategy activation, respectively. Figs. 14(c), (f) and (i)
demonstrates the value of sup(Fpuc)-inf(Fyic) under the three
sets of machine parameters, which rapidly stabilizes around
1.104, 1.103 and 1.086, respectively.

As can be observed form Fig. 14, the proposed strategy still
works well with the same control parameters under significant
machine parameters variation.

VI. CONCLUSION

In this article, a minimum torque ripple control strategy
without external devices is proposed for the BDFIG-DC system
under the PW open-phase fault to enhance the system reliability.
Initially, the torque harmonic components under the PW open-
phase fault are analyzed. Then, the PW harmonic flux with a
relatively small proportion is ignored and the PLL
is adopted to establish a concise torque expression under the
PW open-phase fault. For the main proportion of the simplified
torque expression, the solution of the minimum torque ripple
under the PW open-phase fault can be converted to minimize
the fluctuation of the constructed PW harmonic currents
objective function. In order to cope with the nonlinear and non-
analytical issues in the solution process for optimal PW
harmonic currents, the Newton's gradient descent method is
employed for the numerical iterative solution. Moreover, the
PW harmonic current control module is designed to further
enhance the robustness of the control system. Finally, the
effectiveness of the proposed minimum torque ripple control
strategy is fully proven by the comprehensive experimental
results, which indicates that the torque peak-to-peak value can
be reduced by 46.6% at least under the PW open-phase fault.
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