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Stability Analysis and Enhanced Virtual
Synchronous Control for Brushless Doubly-fed
Induction Generator Based Wind Turbines

Hailiang Xu, Chao Wang, Zhongxing Wang, Pingjuan Ge, and Rende Zhao

Abstract—The brushless doubly-fed induction generator
(BDFIG) presents significant potential for application in wind
power systems, primarily due to the elimination of slip rings
and brushes. The application of virtual synchronous control
(VSynC) has been demonstrated to effectively augment the iner-
tia of BDFIG systems. However, the dynamic characteristics
and stability of BDFIG under weak grid conditions remain
largely unexplored. The critical stabilizing factors for BDFIG-
based wind turbines (WTs) are methodically investigated, and
an enhanced VSynC method based on linear active disturbance
rejection control (LADRC) is proposed. The stability analysis re-
veals that the proposed method can virtually enhance the stabil-
ity of the grid-connected system under weak grid conditions.
The accuracy of the theoretical analysis and the effectiveness of
the proposed method are affirmed through extensive simula-
tions and detailed experiments.

Index Terms—Brushless doubly-fed induction generator
(BDFIG), virtual synchronous control (VSynC), stability analy-
sis, linear active disturbance rejection control (LADRC).

NOMENCLATURE

Yo Yo W, Vectors of power winding (PW), control wind-
ing (CW) and rotor winding (RW) magnetic
flux

o Overshoot value

0} Angular velocity of grid

w, Synchronous angular velocity of grid

o, PW angular velocity

o, RW angular velocity

w, CW angular velocity

ép Grid voltage angle perturbation

0, Grid voltage angle
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RW angle

Angular aberration

d- and g-axis CW current compensations
Deviation value of outturn active power
Deviation value of reference active power
Observer gains

Known part of control gain b

Current of b,

Closed-loop feedback controller
Closed-loop feedforward controller
Virtual damping coefficient

Rated grid voltage value

Identity matrix

Reference grid voltage amplitude

Sum of system perturbations

Transfer function matrix between PW voltage
and current

Control object

Transfer function matrix between PW and RW
currents

Transfer function matrix between RW and
CW currents

Transfer function matrix between CW and
RW currents

Transfer function matrix of voltage control
loop

Transfer function matrix of current control
loop

Transfer function matrix between RW voltage
and PW current

Transfer function matrix between CW voltage
and current

Transfer function matrices of g-axis voltage
and current coordinate transformation

Transfer function matrix of d-axis virtual syn-
chronization control

Transformer transfer function matrix of d-axis
PW voltage

d- and g-axis PW current disturbances
Vectors of PW and RW current disturbances
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ii Vectors of CW current disturbance and its refer-

¢ Yo ref

ence

[ Vectors of PW, CW, and RW currents

fegs Lo d- and g-axis CW currents

legems logerr  d- and g-axis CW current discrepancies

Lo 1oy d- and g-axis PW currents

L1, Steady-state values of d- and g-axis PW currents

J Virtual inertia coefficient

k, Error feedback coefficient

K, Primary frequency modulation coefficient

K, K, Proportional and integral coefficients of voltage
loop

K, K; Proportional and integral coefficients of current
loop

L,L,L, PW, CW, and RW self-inductances

Ly Mechanical inductance

M, Mutual inductance between PW and RW

M, Mutual inductance between CW and RW

n Droop coefficient

P Output active power

P, Input virtual mechanical power

P, Output electromagnetic active power

P Reference active power

P e PW reference active power

ﬁp PW active power disturbance

0. Reference reactive power

O, et PW reference reactive power

0 Output electromagnetic reactive power

Qp PW reactive power disturbance

R,R,R, PW, CW, and RW resistances

R,L, Resistance and inductance of grid

u Control input quantity

u, Output of linear state error feedback (LSEF)

Upg Uy, d- and g-axis PW voltages

Uegs Ue, d- and g-axis CW voltages

Upg e Upg e d- and g-axis PW voltage discrepancies

u,u,u, PW, CW, and RW voltage vectors

Uy, U, . Vectors of PW voltage disturbance and its refer-
ence

Upgs Uy, d- and g-axis PW voltage disturbances

U, U, Vectors of CW voltage disturbance and its refer-
ence

U Uy, Steady-state values of d- and g-axis PW voltages

U, U, PW voltage and grid voltage amplitudes

U, Stator voltage

U, PW reference voltage

Up PW voltage amplitude disturbance

% Reference of LSEF input

X Small-signal disturbance matrix of brushless
doubly-fed induction generator (BDFIG) system

Xy X, d- and g-axis disturbances
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X, R Equivalent reactance and resistance
Y(s) Matrix of BDFIG system admittance
avondonp Transfer function matrix of open-loop admit-

tance of BDFIG system

Yiorig Transfer function matrix of admittance of
BDFIG system

z, Real-time observation of output quantity of
BDFIG system y

Z, Estimate of real-time observation of internal
and external disturbances

Z,(s) Matrix of grid impedance

[. INTRODUCTION

MONG the various types of grid-connected wind tur-
bines (WTs), the doubly-fed induction generator
(DFIG) is often preferred [1]. However, it faces significant
reliability issues under harsh conditions such as sand and
dust storms, high humidity, and environments with elevated
salt content, primarily due to the high failure rate of its slip
rings and brushes. In contrast, the brushless DFIG (BDFIG)
emerges as a compelling alternative, and its unique machine
structure can notably eliminate slip rings and brushes [2]-[5].
However, with the increasing integration of power elec-
tronics-based renewable energy sources, the inertia and
damping characteristics of power systems are progressively
diminishing [6]. As a result, the stability of the power sys-
tem is increasingly compromised [7]. This particularly exac-
erbates the stability of the power system [8]. To settle such
issues, the virtual synchronous control (VSynC) approach
has been generally recognized as an effective solution to en-
hance the inertia characteristic of the power electronics-
based system [9]. The VSynC approach enables WTs to emu-
late the frequency response of traditional synchronous gener-
ators (SGs), thereby mitigating the impact of grid-connected
WTs on the frequency stability of the AC power system
[10], [11]. This is especially crucial when the short-circuit ra-
tio (SCR) of the power system is low, because the control
method based on conventional phase-locked loop (PLL) can
lead to instability [12]. In contrast, the VSynC approach is
capable of enhancing both the inertia and damping of the
power system, offering a more stable and reliable solu-
tion [13].

For instance, the VSynC approaches have been employed
in WTs to enhance the inertia support capability [14]-[18].
n [14], the output impedance of DFIG based on VSynC is
constructed for the stability analysis of the AC power sys-
tem. An enhanced VSynC for grid-connected converters oper-
ating under unbalanced grid conditions is introduced, al-
though it lacks an analysis of the impact of crucial control
parameters and grid strength on the stability of the power
system in [15]. A robust method to articulate the inertial dy-
namics of DFIG based on VSynC is offered in [16], validat-
ing the electromechanical motion equation of WTs. In addi-
tion, a comprehensive WT controller is proposed, integrating
inertial response and frequency regulation for rapid virtual
inertia under load shedding conditions [17]. An enhanced
control method for virtual synchronous generator (VSG) by
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dynamically varying droop coefficients are proposed to ex-
pand the stability margin of the DFIG system in [18]. Nota-
bly, the power electronics-based VSynC may face instability
risks under weak grid conditions [19].

To tackle this challenge, a linear active disturbance rejec-
tion control (LADRC) is employed for a standard three-
phase grid-connected converter, as demonstrated in [20].
This application suggests a substantial enhancement of the
stability of the power system. Furthermore, [21] discovers
that LADRC offers superior adaptability to weak grid condi-
tions and can significantly outperform the traditional propor-
tional-integral (PI) controller in enhancing the stability of
the power system. The current methodologies for modeling
and stability analysis of the DFIG system offer insightful ref-
erences for studying the stability of BDFIG systems [22].

Nevertheless, the stability analysis of the BDFIG system
is more challenging, owing to its complex machine structure.
Most of the previous studies on control methods of BDFIG
system generally fall into two categories, which are the
field-/voltage-oriented vector control (VC) [23] and direct
power control/torque control (DPC/DTC) [24]. In [23], a VC
method of BDFIG operating as a variable speed generator is
proposed, controlling the speed and reactive power simulta-
neously. In [24], a DPC method based on backstepping for a
dual-cage rotor BDFIG is presented. Unfortunately, these
methods lack inherent frequency regulation capabilities for
BDFIG-based WTs. In [25], the integration of VSynC in the
BDFIG system not only enables inertia support to the grid,
but also enhances the grid transient performance during volt-
age dips. Despite these advancements, there is still a notable
gap on the stability of BDFIG system with enhanced
VSynC, particularly in terms of small-signal stability assess-
ment. The primary challenges are: () the complex modeling
of the BDFIG and the unexplored impact of the VSynC on
its impedance characteristics; ) the unclear influence of crit-
ical VSynC parameters on BDFIG performance under weak
grid conditions; and 3 the absence of robust methods to rein-
force the stability margin of BDFIG systems with enhanced
VSynC under weak grid conditions.

Addressing these challenges, the critical stabilizing factors
crucial for BDFIG-based WTs are methodically investigated,
and an enhanced VSynC method based on LADRC is pro-
posed to enhance the stability of the BDFIG system. The ac-
curacy of the theoretical analysis and the effectiveness of the
proposed method are affirmed through extensive simulations
and detailed experiments.

II. BDFIG wiTH ENHANCED VSYNC AND IMPEDANCE
CHARACTERISTIC ANALYSIS

A. BDFIG with Enhanced VSynC

The topology and control structure of BDFIG system are
shown in Fig. 1 [4], [5]. The BDFIG system has two kinds
of windings, namely the power winding (PW) with a pole
pair p, and the control winding (CW) with a pole pair p..
The magnetic pole pair of the rotor winding (RW) is p +
p.- Similar to the traditional DFIG system, the machine-side
converter (MSC) of BDFIG is connected to the CW. The
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MSC is controlled by space vector pulse width modulation
(SVPWM). As depicted in Fig. 1, the VSynC is implement-
ed within the BDFIG system.

u,, i, F Grid

u u
d> “pg
<P [ Power |oreraldg

0 calculation %
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+w0 P, w, !

MSC

utpy

” S SVPWM 4
[T} () e @
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Voltage and current control loop

When employing the VSynC, the BDFIG system acquires
inertia and damping properties, enabling it to emulate the
output characteristics of traditional SGs. The power outer
control loop includes the active power control loop and reac-
tive power control loop.

The active power control loop can be expressed as:

dw dw

Pm—Pe—D(wO—a))zJa)H szoﬁ €))

P contains two components, namely the reference active
power and the output of the virtual functionary, which can
be expressed as:

Pm:Pref+Kw(w0_w) (2)
Similarly, the reactive power control can be expressed as:
Uref: EO + n(Qref_ Q) (3)

B. Impedance Characteristics of BDFIG System

1) BDFIG System Modeling

In the synchronous coordinate system, the voltage and
magnetic equations of BDFIG system can be obtained as
(3], [4]:
u,= Rpip + li/p +jwp'//p
uC :RCiC + l/.IC +ja)0'/IC
ur :Rl'il'+ y.jr-i_jwrlllr
AR )
Vo= plp+ prlr
WC :LCiC +Mcrir
w,=Li+M, i +M,i

where o =w,-o,, o, is the mechanical angular velocity;

m

and (:) is the differential operator.
PW and CW voltages are taken as input variables, and the
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currents are taken as output variables. The open-loop input Thus, the voltage control loop can be disclosed as:
admittance model of BDFIG system is established, as shown K
in Fig. 2. R S 0 ~
N i= i, ©)
X= .
X %1 0 K, + Ky
x=[u, u_ i i] S
PG i +G.i Typically, when the PI regulator is used in the current con-
P ®) trol loop, u,, and u,, can be expressed as:
l~c: Gicc c+ Gcrir Kii ] ] LpMcr )
lr=Girpﬁp+GrciC U= Kpi+ s Legemr ™ We Lcla]_ Mpr Log
I v (10)
i‘c L Kﬁ . . cro.
G +T\+ Uy, = (Kpi+ P legen T O L.~ ;/[ lpd)
pr
Thus, the current control loop can be obtained as:
G, b
[ K;
Kpi+ T 0 .
u,= % i (11)
0 K+ i
. s
lP

3) VSynC Loop Modeling
In the synchronous coordinate system, the active and veac-
tive power references of the PWs under steady state can be

Simplifying the transfer functions in Fig. 2, the detailed denoted as P, and O respectively. The  calculation: of

derivation processes are given as (A1)-(A9) in Appendix A. e an.d O ATC give'n by (B1) in Appendix B. Injecting a
The simplified open-loop input admittance model of BDFIG ~Small-signal perturbation under the steady-state working
is shown in Appendix A Fig. Al and the expression of the point yields (refer to Appendix B (B1) for detailed deriva-

open-loop admittance of the BDFIG system can be obtained tiOn process):

Fig. 2. Open-loop input admittance model of BDFIG system.

p.ref>

as: . - 3[(Lpy+ 1 WU+ 11, )+ Ly + 1, WU, + )]
r preb P 2
Y o oop = ﬁ G,,+G,, (6) - . . .
1 re ™ er Q +Q~ _ 3[(1pd+lpd)(qu+upq)_([pq+lpd)(qu+upd)]
2) Voltage Control Loop and Current Control Loop Modeling pref T 2p ™ 2
From the mathematical model of the BDFIG system, the (12)

relation between the CW and PW currents can be obtained.
Under the d-axis orientation of the PW magnetic flux, the re-
lation can be re-written as:

Then, the above equation is expanded and the steady-state
values are eliminated, which can be expressed as:

CRLy Ly s B evisgii
lCd: wPMcr?\4pr lpq+ 6();)]1;/14@ lqurAlCd [ Np:l - quup+ G]Jqlp
R.L L, -
Pl N R SV G Z_E[Upd U, } (13)
L L 1 D 377 I
Aiy=-"i ———y +—Ii, Gi =_f|: pd pqi'
M, * Mchpr P o, g pq 2 _[pq Ipd
Aicq:_ﬂqu.;. ﬁv,p_ Lic y The simplified structure of VSynC loop is illustrated in
M., prchpr @y Fig. 3.
where Ly =L L /M, —M,. ] "
It can be observed from (7) that the PW magnetic flux P rcfi’%“)—’ Joys+(K,+D) = %
basically keeps constant under the stable condition. Besides, P
the cha.lnglng rates of both .the PW curreqt and voltage are 0. +f | £ U
approximately first-order linear. Neglecting the coupling 0 = +ﬁ0
term, the equation of voltage control can be derived as:
% Fig. 3. Simplified structure of VSynC loop.
icd: Kpu+ T‘u)upq.crr
(®) Setting the small-signal perturbation of the active and reac-
i =k + K, )u tive power as the input, the phase and amplitude can be de-
o\ g [Tden rived as:
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ep _Gd|:Pp,ref_Pp

0, "0,

o, . (14)
G!=|s(Jo,s+K,+D)

0 n

Then, the PW voltage to the synchronous coordinate sys-
tem is converted, which can be expressed as:

u,=u|cosd
{ e (15)
u,,=u,|sing,
Linearizing (15) via the small signal, we can obtain:
ﬁp, ref = Gl[fp [ép Op ]T
(16)

J [—upo sind,, cos QPO}

up .
uy,ycost,, sinf,

where subscript 0 is the corresponding small-signal variable.
Combining (14) and (16), the vector of PW voltage distur-
bance reference can be expressed as:
i _Gde Pp,ref_Pp:'

p.ref — ~up ™ pg (17)

Qp. ref Qp

Combining (5)-(17), the complete input admittance model
of BDFIG system with VSynC can be summarized as in Fig.
4, and the detailed admittance of BDFIG system can be ex-
pressed as:

v _ Gyt GyGs+ GGy,
BORCT T E 46,6,
Gcr
Gl - chGciGicc
G _ chGciGicc Grc
P E1+GciGicc (18)

G, = G;‘ngqup—El
G4 = Glququjp
G

_ pr
¢=E -6,

Accordingly, the frequency response curves of the BDFIG
are obtained. The bode diagram of output admittance of the
BDFIG system is shown in Fig. 5. As can be discovered, the
output admittance characteristics at the frequency band
above 50 Hz almost overlap with each other. However, in
the frequency band below 50 Hz, the output impedance char-
acteristics are distinguished. It can be inferred that the
VSynC loop mainly influences the impedance characteristics
within low frequency band of the BDFIG system.

III. KEY STABILIZING FACTORS OF BDFIG SYSTEM
WITH VSYNC

A. Influencing Law of VSynC

According to the developed input model, the BDFIG sys-
tem behaves as multi-input multi-output characteristic in the
dg coordinate. According to the generalized Nyquist criterion
theorem, the stability of the BDFIG system can be estimated
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by the total time number of the loop matrix that wraps
around (-1, 0).

{P p.rcf}
Qp.l‘ef

Fig. 4. Model of BDFIG system with VSynC.
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Fig. 5. Bode diagram of output admittance of BDFIG system. (a) d-axis
component. (b) d- and g-axis coupled components. (¢) g- and d-axis cou-
pled components. (d) g-axis component.

For the BDFIG system, the loop matrix L(s) can be ex-
pressed as L(s)=Z, ()Y (s).

Z,(9- [Rg+ng -oL, } (19)

oL, R,+sL,
As shown in Fig. 6, it is assumed that the output voltage
of the BDFIG system is U, /0, while the grid voltage is
U,20°, and the grid impedance is ZZ5=R+jX. Then, the
output power of the BDFIG system can be expressed as:

Grid impedance
e el

Structure diagram of BDFIG system connected to grid.

Grid

Fig. 6.
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U

— g
P= Z[(U, cos - U, )cos 6+ U, sin g sin 6]

U

— g
0= Z[(U, cos 0 —U,)sind— U, cos dsin 0]

(20)

Considering that the value of the equivalent resistance R
is much smaller than that of the equivalent reactance X, the
grid impedance angle can be assumed to be w=90°. Then,
the output power is approximated as:

U,U,
P= X cos @
0= Up(Up_Ug) @D
- X

According to (21), the active power-frequency loop G(s)
can be conveyed as:
UPUg

G( S): if)out — X

UU,
T Jw,s*+(K,+D)s+ it

(22)

From (22), the damping ratio ¢ and the natural oscillation
frequency w, are obtained as:

rm (K,+D)VZ
2,/UU,Jo,

— UPUE
" Jw,Z

(23)

W =

The three-dimensional relationship among J, D, and ¢ is
shown in Fig. 7. The damping ratio is set to be 0.7<¢<1.0
to avoid excessive frequency fluctuation that would endan-
ger the stable operation of the system. As illustrated in
Fig. 7, reducing J or augmenting D contributes to a higher
damping ratio, thereby enhancing the stability of the sys-
tem.

1.0
System is stable
0.8
W
0.61 J
04 System is
03 unstable

0.2 3
7 6
%o, ) vad)
Sy 0 p Qv ’

Fig. 7. Three-dimensional relationship among J, D, and ¢.

According to (22), the open-loop transfer function G,(s)
can be demonstrated as:
U,U, 1

Z s(Jw,s+K, +D)

Setting 1+ G, (s)=0, the root trajectories of the grid-con-
nected system can be derived as:

Go(9)= 24
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, D+K, 1

s7+ L G,
Jo,

" T, Z
Based on (25), the root trajectories of the system under
different J and D can be obtained, as shown in Fig. 8. Either
decreasing J or increasing D can transfer the system from an
under-damped state to an over-damped one, which will en-
hance the stability of the system. It should be noted that the
value of J cannot be too small so as to ensure that the
BDFIG could provide sufficient inertia to the AC grid.

=0 (25)
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20010988 x
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091 o8 0.70 056M
- : 2070:4270,28
~600 . X . R ; 200,14
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Real axis
(b)
Fig. 8. Root trajectories under different J and D. (a) J=0.1 kg-m® and D

is within [1,20]N-m-s/rad. (b) J is within [0.05,0.2]kg'm”*and D=10 N-m-s/
rad.

To analyze the effect of control parameters on the stability
of the BDFIG system, the generalized Nyquist curves under
different VSynC parameters are given in Fig. 9. From Fig.
9(a), it can be observed that as D increases, the generalized
Nyquist curves no longer encircle the (-1, jO). From Fig. 9
(b), it can be observed that as J increases, the generalized
Nyquist curves gradually encircle (—1, jO). In summary, in-
creasing the virtual damping coefficient D will enhance the
stability of the system. In contrast, increasing J will deterio-
rate the stability of the BDFIG system.
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Fig. 9. Generalized Nyquist curves under different VSynC parameters. (a)
J=0.1 kg-m’. (b) D=10 N-m-s/rad.

The power response of the BDFIG system under different
VSynC parameters is shown in Fig. 10 and the simulation
parameters are shown in Appendix B Table BI. In Fig. 10(a),
the active power gets oscillated when D=2 N-m-s/rad,
which is consistent with the theoretical analysis in Fig. 9(a).
As D increases, the damping ratio of the BDFIG system gets
increased, while the overshoot value becomes decreased.
In Fig. 10(b), when J=0.15 kg'm’, the active power gets os-
cillated, indicating that the BDFIG system cannot maintain
stable operation, which is also consistent well with the theo-
retical analysis in Fig. 9(b). As J decreases, ¢ gets increased.
Consequently, the dynamic response time of the BDFIG sys-
tem becomes short.

B. Influence Law of Grid Strength

The generalized Nyquist curves under different SCRs are
shown in Fig. 11 with D=10 N'm-s/rad and J=0.1 kg-m’.
The generalized Nyquist curves do not wrap around (-1, jO)
when SCR=3.0. However, as SCR decreases to 2.0 and 1.5,
the generalized Nyquist curves get to wrap around (-1, j0),
which indicates that the BDFIG system gets into an unstable
state.
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Fig. 10. Power response under different VSynC parameters. (a) J=0.1 kg-
m?. (b) D=10 N-m-s/rad.
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Fig. 11. Generalized Nyquist curves under different SCRs.

To validate the truth of the theoretical analysis, simula-
tions under different SCRs are carried out. The results of
electromagnetic transient simulation waveforms of BDFIG
under different SCRs are presented in Fig. 12.

SCR=3.0 SCR=2.0 SCR=1.5
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Fig. 12. Electromagnetic transient simulation waveforms of BDFIG system
under different SCRs.
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At the beginning, SCR=3.0, at which time the BDFIG
system can operate stably. Nevertheless, when SCR drops to
2.0 at 1.0 s, the voltage and current waveforms get to oscil-
late and the BDFIG system is destabilized. Further, when
SCR drops to 1.5 at 1.3 s, the BDFIG system oscillates more
obviously, which validates the theoretical analysis results in
Fig. 11.

IV. STABILITY ENHANCED CONTROL BASED ON LADRC

A. LADRC-based Voltage and Current Inner Loop Design
The LADRC can significantly enhance the stability of the
BDFIG system compared with the traditional PI control un-
der the same bandwidth condition [26]-[28]. Therefore, the
first-order LADRC is adopted to substitute the traditional
controller in the voltage and current control loop. The con-
trol topology of BDFIG system based on LADRC is shown

in Fig. 13.
", ,‘pF Grid

<P [ Power
‘?calculation ;

MSC

:r — MP‘] B iCd u :

| %LADRC%LADRC}—C(Z vl

L4 + Ue| Ao [[SVPWMPL

! 0»(?——{LADRCF>(T9——{LADRC abej,

| B Upa B icq

Voltage and current control loop

Fig. 13. Control topology of BDFIG system based on LADRC.

The structure of first-order LADRC is presented in Fig.
14, including the linear state error feedback (LSEF), linear
extended state observer (LESO), and controlled object G,.

[Z1=22t B (=2 )b
lz'fﬂz(y “z)
LESO

Fig. 14. Structure of first-order LADRC.

The LESO enables real-time observation of the actual
BDFIG system, which can be deduced as:
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Zy=z,+ B, (y—z, )+ byu
. (26)
2=$,(y—2,)

The LSEF can increase the feedback amount based on the
proportional control, which is conducive to enhancing the
transient response of BDFIG system. The LSEF can be ex-
pressed as:

uO = kp (V —Z 1 )

1 27)
u= b (uo—z2,)

0

The structure of single-parameter LADRC is applied, with
o, symbolizing its bandwidth. Then, f,, f,, and k, are exhib-
ited as:

k,=w
B,=2w,
ﬁ2=a)i

Further, based on (26) and (27), the equivalent topology
of first-order LADRC is deduced, as shown in Fig. 15.

(ﬂ2+kpﬂl)s+kpﬂ2 _
Ci(o)= (s+B,+k)bos

ﬁ2+kpﬁl kpﬁZ
+
b, bys

kp(S2+ﬂls+ﬁ2)
(182+kpﬁ1 )S+kpﬂ2

L(s)

(28)

1
s+p,+k,

(29)

Cf(s) =

flotal

Fig. 15.

Equivalent topology of first-order LADRC.

From (29), it can be concluded that C,(s) is equivalent to
the combination of “a PI controller” plus “a first-order low-
pass filter”. Note that the numerator order of the equivalent
of C;(s) is higher than that of the denominator, implying the
achievement of phase compensation. This is why the
LADRC behaves better in enhancing the stability of the-
BDFIG system than that of the traditional PI control.

The design for the voltage and current control loops is giv-
en as follows. Considering symmetry, only the d-axis design
process is presented.

The input reference of current control loop is the d-axis
CW current i, ., while the feedback is the d-axis CW cur-
rent i, And the output is the d-axis CW voltage u . The re-
lationship can be expressed as:

. ML, |.
u,=R.i,+ (LC— M, L, i +Au,,
i M= Relea= Aty (30)
Y MiL,
¢ MLy
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According to (26), (27), and (30), the current loop can be
designed as:

Yi= icd
Ui=Ue,
r:icd.ref

R (31
bO,i: 2

M L

L,— o
MprLM

Under the PW magnetic flux orientation, the changing
rates of PW current and voltage can be approximated as a
first-order linear relationship. Thus, the relationships be-
tween the PW and CW currents are exhibited as:

R L L .
P r—p . M : .
iy= prchprlpq_ prcr lpq+AlCd
(32)
o M R L o M
fpg= 7 degt Ty Al
Pq LM cd LMMpr Pq LM cd

According to (26), (27), and (31), the voltage control loop
can be designed as:

yi:upq
ui_icd
rzupq,ref (33)
b = a)pMCr
0,u LM

B. Stability Analysis of BDFIG System with LADRC

The generalized Nyquist curves of the BDFIG system un-
der different SCRs and control methods are demonstrated in
Fig. 16. The SCRs are set to be 3.0, 2.0, and 1.5, respective-
ly. J and D take the values of 0.1 kg:'m® and 10 N-m-s/rad,
respectively. Three control methods are compared, i.e., the
full PI (Method I), only the voltage loop with LADRC
(Method 1II), and both the voltage and current control loops
with LADRC (Method III).

As demonstrated in Fig. 16(a), the BDFIG system main-
tains stable when SCR=3.0 under all the three control meth-
ods. From Fig. 16(b), when SCR=2.0, only Methods II and
III can keep the BDFIG system stable, when SCR=2.0.
From Fig. 16(c), only Method III can achieve a stable state.
The simulation waveforms of BDFIG system under differ-
ent SCRs and control methods are shown in Fig. 17.

Under weak grid condition, when Method I is used, the
voltage and current of BDFIG system are destabilized. How-
ever, when Method II is utilized, the instability phenomenon
gets enhanced to some extent, but instability phenomenon
still exists when SCR goes down to 1.5. When Method III is
triggered, the BDFIG system maintains stable even when
SCR=1.5, which is consistent with Fig. 16. In summary,
Method III can virtually stretch the stable operation interval
of the BDFIG system under weak grid condition.

V. EXPERIMENTAL VERIFICATION

To further verify the accuracy of the analysis, a 3 kW
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BDFIG experimental platform is built, as depicted in Fig.
18. The detailed specifications are listed in Appendix B Ta-
ble BIIL. In the experiments, at the beginning of the opera-
tion, a pre-synchronous control is adopted in the BDFIG
system. The dynamic response of the active power with dif-
ferent J and D is investigated firstly.
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—— Method IT
——Method IIT
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(©

Fig. 16. Generalized Nyquist curves of BDFIG system under different
SCRs and control methods. (a) SCR=3.0. (b) SCR=2.0. (¢) SCR=1.5.
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Fig. 17. Simulation waveforms of BDFIG system under different SCRs
and control methods. (a) SCR=2.0. (b) SCR=1.5.

The experimental results of power step response of the
BDFIG system under different VSynC parameters are shown
in Fig. 19. As observed in Fig. 19(a), an increase in D re-
sults in a reduction in system overshoot and a shorter transi-
tion period. Conversely, Fig. 19(b) indicates that higher D
values lead to larger system overshoot values. Note that
when J=0.2 kgm’, the active power exhibits oscillation,
suggesting that the BDFIG system struggles to maintain sta-
ble operation under these conditions.

Experimental results with traditional PI control under dif-
ferent SCRs are shown in Fig. 20. When SCR=3.0, the
BDFIG system can operate stably with a total harmonic dis-
tortion (THD) of 3.87% of the PW current. When SCR de-
creases to 2.0 and 1.5, the voltage and current waveforms be-
come distorted with THD=10.09% and THD=12.43%, re-
spectively. It can be concluded that as SCR decreases, the
BDFIG system tends to be unstable. In theory, high THD in-
dicates a decrease in the stability of the BDFIG system, es-
pecially for nonlinear BDFIG systems, such as power elec-
tronic converters [29], [30].

The experimental results with enhanced VSynC method
under different SCRs are shown in Fig. 21. When SCR=2.0
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and SCR=1.5, compared with the traditional PI control,
THD get enhanced significantly, i.e., reduced from 10.09%
to 4.76% and reduced from 12.43% to 5.05%, respectively.
In conclusion, the enhanced VSynC method is much benefi-
cial in inhibiting the instability phenomenon.

Electric
reactor

Transformer

BDFIG f—®,.0;

Induction
motor

Speed governor

fffff Virtual connection line

Fig. 18. Experimental platform of BDFIG.
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Fig. 19. Experimental results of BDFIG system power step response under

different VSynC parameters. (a) D=2 N-m-s/rad, J=0.1 kg-m” (b) D=5 N-
m-s/rad, J=0.1 kg-m’. (c) D=10 N-m-s/rad, J=0.1 kg-m’. (d) D=5 N-m-s/
rad, J=0.05 kg'm’. (¢) D=5 N-m-s/rad, J=0.1 kg:m”. (f) D=5 N-m-s/rad,
J=0.2 kg'm”.
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The experimental results under different speeds are shown
in Fig. 22. When SCR=1.5, the enhanced VSynC method is
utilized. The rated speed of BDFIG is 750 r/min. From Fig.
22, when the BDFIG is running under super-synchronous op-
eration mode (850 r/min) and sub-synchronous operation

Experimental results with enhanced VSynC method under different SCRs. (a) SCR=3.0. (b) SCR=2.0. (c) SCR=1.5.

mode (650 r/min), the enhanced VSynC method can make
the BDFIG system keep stable operation. It means that the
enhanced VSynC method cannot be affected by the opera-
tion speed of the BDFIG system.

. . Uy, u,

al Z Iy m m.‘,
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Fig. 22.

Experimental results under different speeds. (a) PW voltage under sub-synchronous operation mode. (b) PW current under sub-synchronous opera-

tion mode. (c) PW voltage under super-synchronous operation mode. (d) PW current under super-synchronous operation mode.

VI. CONCLUSION

In this paper, the admittance model of BDFIG with
VSynC is constructed. Furthermore, an enhanced VSynC

method based on LADRC is proposed to enhance the stabili-
ty of the BDFIG system under weak grid condition. The spe-
cific conclusions are summarized as follows.
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1) Based on the established BDFIG model, the VSynC
loop mainly changes the impedance characteristics of the
BDFIG in low frequency band, while it has almost no effect
on the middle and high frequency bands.

2) J and D have significant influence on the stability of
the BDFIG system, i.e., increasing D can enhance the stabili-
ty margin, while increasing J can reduce the stability margin.

3) The proposed method can significantly enhance the sta-
bility of the BDFIG system with a simple structure.

The influence of the LADRC on the BDFIG transient
characteristics remains to be evaluated, which will be stud-
ied in the near future.

APPENDIX A
Uy =Ryi,+py, +jo,y,
u=Ri.+py . +joy,
u=Ri+py +joy,

G — al az
ipp —a a
2 1

(A1)

(A2)

b, b
o[ ]
1cc [_bz bl

-b, b
G — 3 4 :|
cr l:_b4 —b3

(A3)

a,=k,(R,+sL,)
=ko, L,
=k [(R,+sL,)sM +w L M, ]
—kaRpcopMpr
1
k.= 2 2
(R,+sL,) +(w,L,)

(A4)

b=k, (R,+sL,)
b,=kyo L,
by=k,[(R,+sL )sM +w>L.M,]
b,=k,R.0 .M,

1
(R.+sL. ) +(w.L,)

(AS5)

k=

(A6)

(AT)
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dlzcl(Rp+st)

d,=c,o,L,

(A8)
dy=sM,—c,o,L,—c;(R,+5sL,)
dy=c,(R,+sL,)—c;o, L +o,M,

ko= 21 2
d;+d,
e =k.d,
e,=k.d, (A9)
es=k.(dyd,~d,ds)
e,=k.(d,d,+d,dy)

In calculating open-loop input admittance model of
BDFIG, Fig. 2 is simplified to the following form and (6)
can be obtained from Fig. Al.

Ga

G.

ipp

Fig. Al. Simplified open-loop input admittance model of BDFIG system.

APPENDIX B

In the synchronous coordinate system, the active and reac-
tive power references of PWs during steady state are P,
and Q, . respectively. Equation (12) is obtained by introduc-
ing a small-signal disturbance at the steady-state working
point.
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Fig. Bl. Experimental results of power step response without VSynC
(SCR=3.0). (a) Waveforms of active power dynamic response. (b) Wave-
forms of PW voltage. (¢c) Waveforms of PW current.
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TABLE BI
SIMULATION PARAMETERS

Parameter Value
U, (V) 380
R, (pu.) 0.067
R, (p.u.) 0.073
R (p.u.) 0.130
L, (p-u) 24.510
L, (pu.) 2.660
L, (p-u.) 27.250
M, (p.u.) 24.280
M_ (p.u.) 2.540

TABLE BII
EXPERIMENTAL PARAMETERS OF 3 kW BDFIG SYSTEM

Parameter Value
P (kW) 3
U, (V) 380
P, 3
P, 1
R (Q) 3.200
R, (Q) 5.320
R (mQ) 0.130
L, (H) 0.292
L, (H) 0.642
L_(mH) 0.048
M, (mH) 2.160
M, (mH) 4.000

(1]
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