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Impedance Reshaping Method of DFIG System
Based on Compensating Rotor Current
Dynamic to Eliminate PLL Influence
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and Frede Blaabjerg

Abstract—The phase-locked loop (PLL) used in the doubly-fed
induction generator (DFIG) can cause frequency-coupling phe-
nomena, which will give negative-resistance characteristics of the
DFIG at a low frequency, resulting in stability issues under weak-
grid operation. Based on the multi-input multi-output impedance
model of the DFIG system, it is found that the frequency-coupling
phenomena are mainly introduced by the transfer function matrix
related to the rotor current dynamic. This article presents an
improved impedance reshaping method based on compensating the
rotor current dynamic to reduce the influence of PLL, in which
the rotor current dynamic is compensated before being introduced
to the PI controller. Thus, the frequency-coupling effect can be
almost eliminated, and the stability of the DFIG is improved a
lot. Furthermore, a simplified compensation method is proposed,
which can easily be implemented. The robustness analysis is per-
formed to illustrate the availability of the proposed methods when
the system operating conditions and parameters vary. Finally,
control-hardware-in-the-loop experiments are also carried out, and
the results validate the effectiveness of the proposed methods.

Index Terms—Doubly-fed induction generator (DFIG),
frequency-coupling phenomena, impedance reshaping, phase-
locked loop (PLL), small-signal stability.

I. INTRODUCTION

IND power generation based on doubly-fed induction
W generator (DFIG) systems has been developing rapidly
[11, [2]. However, with the increasing penetration of renewable
energy, the ac grid connected to them becomes weaker, giving the
characteristic of a low short-circuit ratio (SCR) [3], [4], [5]. For
the DFIG system, the classic control strategy uses a phase-locked
loop (PLL) to synchronize with the grid, such as orienting the
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point of common coupling (PCC) voltage to facilitate vector
control [6], [7]. However, the asymmetric control structure of
the PLL causes the frequency-coupling phenomena, which may
aggravate the negative-resistance characteristics of the DFIG
system at low frequencies, reducing the stability margin of the
interconnected system [8], [9].

To solve the stability issue caused by PLL, many different
methods have been proposed. One basic idea is to modify or en-
hance the vector control by using an extra controller. For exam-
ple, a damping controller [10], [11] or a virtual impedance con-
troller [12], [13] is proposed to suppress sub/supersynchronous
oscillations in DFIG. However, the effectiveness can easily be
influenced by operating conditions or system parameters. To
improve the adaptability of the control system, adaptive control
strategies are further proposed in [14], which can suppress the
oscillation of the DFIG system under different operating condi-
tions, however, making the control structure more complex.

Other research efforts have been devoted to finding new con-
trol strategies for DFIG to replace conventional vector control
based on PLL. The authors in [15] and [16] adopt direct power
control (DPC) to eliminate the influence of PLL by introducing
a virtual d-g frame rotating at a constant speed to replace the
synchronous rotating d-g frame. However, strong frequency-
coupling characteristics at high frequencies are introduced by
the DPC, leading to high-frequency stability issues.

In[17], asymmetrical PLL is proposed, which is able to intro-
duce the dynamics of PLL to the d-q axis symmetrically, mak-
ing the whole system become a single-input and single-output
(SISO) system. Although the symmetrical PLL can eliminate
frequency-coupling phenomena and facilitate stability analysis,
it does not fundamentally remove the negative resistance in-
troduced by the PLL. In [18], symmetrical PLL is applied to
the DFIG system to eliminate the off-diagonal elements of the
impedance matrix. However, the symmetrical PLL can simplify
the DFIG impedance model only when other control loops are
symmetrical too. Supposing the asymmetric control loops, such
as the dc-link voltage loop on the grid-side converter (GSC), are
considered. In that case, frequency-coupling phenomena will
still exist even if the symmetrical PLL is adopted. In [19], an
impedance reshaping method based on virtual impedance is
further proposed to enhance the stability of the DFIG system
with symmetrical PLL.


https://orcid.org/0000-0003-4445-0073
https://orcid.org/0009-0007-3808-4763
https://orcid.org/0009-0005-7919-8797
https://orcid.org/0009-0003-3470-6386
https://orcid.org/0000-0001-8311-7412
mailto:xiongxl1102@ncepu.edu.cn
mailto:luobochen2021@ncepu.edu.cn
mailto:luobochen2021@ncepu.edu.cn
mailto:longcanlee@126.com
mailto:ktyope@sina.com
mailto:fbl@et.aau.dk
https://doi.org/10.1109/TPEL.2023.3346042

XIONG et al.: IMPEDANCE RESHAPING METHOD OF DFIG SYSTEM BASED ON COMPENSATING ROTOR CURRENT DYNAMIC

This article is going to put forward a general impedance
reshaping method based on eliminating the dynamics of rotor
current to reduce the frequency-coupling phenomena of the
DFIG system caused by PLL, thus improving the stability of
the interconnected system. The contributions of this article can
be summarized as follows.

1) Based on the multi-input multi-output (MIMO)
impedance model of the DFIG system, the impact
of PLL is analyzed, and their contributions to the relative
transfer function matrices are revealed. It is found that
the frequency-coupling phenomena are mainly caused by
the transfer function matrix linked to the rotor current
dynamic.

2) To eliminate the rotor current dynamic introduced by
PLL, a second-order impedance reshaping method based
on compensating the rotor current dynamic is proposed,
which can not only eliminate the frequency-coupling phe-
nomena caused by the PLL but also remove the negative-
resistance region and improve the stability margin of the
DFIG system.

3) A first-order reshaping method is further obtained based
on simplifying the second-order impedance reshaping
method, which can also effectively suppress the oscilla-
tions.

4) Robustness analysis is carried out, illustrating that both
the proposed methods can reduce the negative-resistance
region and improve the stability margin of the system when
the operating conditions and parameters vary.

To present all the issues, the rest of the article is organized as
follows. Section II gives the DFIG system configuration, and the
corresponding impedance model is presented. The contributions
of different PLL-related matrices to frequency-coupling phe-
nomena are revealed. In Section III, the second-order impedance
reshaping method based on compensating the rotor current
dynamic is proposed, and the simplified first-order method is
further deduced. Section I'V gives the robustness analysis to ver-
ify the effectiveness of the proposed methods when the system
operating conditions and parameters vary. Section V shows the
experimental results to verify the theoretical analysis. Finally,
Section VI concludes this article.

II. IMPEDANCE MODEL OF DFIG SYSTEM
A. DFIG System Configuration

DFIG system is mainly composed of DFIG, rotor-side con-
verter (RSC), and GSC. The main task of DFIG4RSC is to
realize maximum power point tracking and control the output
power at the stator side while the GSC is employed to stabilize
the common dc-link voltage. Considering that the dc voltage is
controlled to be constant by the outer-loop regulator of the GSC,
the DFIG4RSC and GSC can be modeled separately, which are
further paralleled to obtain the impedance model of the overall
DFIG system. As the power exchange is mainly achieved by
DFIG+RSC and the inductance of the filter on the GSC side is
large, the amplitude of the GSC impedance will be much greater
than that of DFIG+RSC. Thus, the GSC has less influence on
the impedance of the DFIG system, which even can be ignored
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Fig. 1. Topology of the DFIG system and the relationship between differ-
ent d-g frames. (a) Topology of the DFIG system connected to the ac grid.
(b) Diagram of the system and control d-g frames.

further [18]. In this article, only the impedance of DFIG+RSC
is considered.

The topology and control diagram of DFIG+RSC are shown
in Fig. 1(a). Vsabes Isabes Vrabe, and ipab e represent the voltage and
current vectors at the stator and rotor side, respectively, and vgapc
is the ac-grid voltage vector. The subscript abc denotes that they
are in the three-phase stationary frame. The aforementioned vec-
tors can also be expressed in a synchronous rotating frame (d-q),
1.e.,Vsdq»Isdq» Vrdgs irdq, and vgqq. For example, the stator voltage
vector in the two frames can be expressed as Vgabe = [Vsa Vsb Vee]T
and vgqq = [Vsa vsq]T. R, and L, are the equivalent resistance and
inductance of the grid, respectively. V. is the dc-link voltage,
which can be regarded as a constant. The rotor angular frequency
w;y and rotor angle 6, are obtained by an encoder. 0, is obtained
by the PLL. Considering the perturbations of PCC voltage and
the dynamics of PLL, there will be two different d-g frames,
i.e., the system d-g frame and the control d-g frame [20]. Both
d-q frames are rotating in the synchronous frequency, and their
relationship is depicted in Fig. 1(b). 6 is the real phase angle of
the PCC voltage in the system d-q frame, and a phase error A6 is
introduced by the PLL dynamics when the PCC voltage varies.
To distinguish from the components in the system d-q frame, the
superscript ctrl is used to denote the components in the control
d-q frame.

B. Impedance Model of DFIG in d-q Frame

The voltage and flux equations of the DFIG in the d-¢g frame
can be expressed as follows:

Vsqa = Rgtsa + phsa — wlwsq
Usq = Rsisq + pwsq + w1
Urd = Ryirg + pthra — wslqu
Urq = Rrirq + pqu + wslrd}rd

ey
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1/)5(1 = Lsisd + Lmird
1psq = Lsisq + Lmirq
1prd = Litsa + Ly
trg = Linisq + Lyirg

©))

where p means differential operation. Ry, R, Ls, L, and Ly,
are the stator resistance, rotor resistance, stator inductance, rotor
inductance, and mutual inductance, respectively. ¥4, ¥sq, ¥rd,
and V¥, are the d-g components of stator flux and rotor flux.
w1 denotes the fundamental angular frequency, i.e., 1007 rad/s,
and wy] = w1 — wy is the slip angular frequency.

When the stator resistance is ignored, linearizing (1) and (2),
and applying Laplace transformation, the impedance model of
the DFIG in the d-q frame can finally be expressed as

dhg 1 m

Yy = 7 —Ggq + I. —G144G21qGpaq (3)
S
s L s  —w

Giag= |57 ° twl i Gogg = — st
e tad Ly |ws1 s

(Rr+<9Lx'(7) wygL,o
_ | (Re48Le0)? +(waLro)?  (Ret+sLyo)?+(wgleo)?

Gpdq - —wyL.o (RitsL.o) “

(R,.+era')2+(ws|Lra')2 (RrJrsLm')qu(wlera')2

where s denote the Laplace operator and o = 1 — L2, /(LsL,).

It can be found that the diagonal elements of G144, G244, and
Gpqq are equal, and their off-diagonal elements are opposite,
indicating that the DFIG is a symmetrical system without PLL
and RSC, which can also be considered as a SISO system using
complex vectors model.

C. Impedance Model of DFIG System With PLL

The influence of PLL on stator voltage, rotor current, and rotor
voltage can be derived as [9]

ctrl v
Vidq = Usdqg — GpLL * Vsdq
ctrl _ i
dq = g — GpLL * Vsdg
ctrl m
Vrdq = vrdq + GPLL * Usdq (5)

where the d-g components all represent the small signal per-
turbation in the s-domain, and the matrices related to the PLL
dynamics can be expressed as

Qv — [0 —VigoHpn(s)
PLLT10 0 ViaoHpn(s)
Q.- [0 —IqoHpu(s)
PLL™10 0 TaoHp(s)
m _0 _quOlel(s)
GPLL - _O VrdOlel (S) (6)

where Va0, Vsqos Irdos Irqo0» Vrdo, and Vo denote the steady-
state values. Hp,i(s) is a second-order transfer function for the
PLL, which can be expressed as [21]

Koprrs + Kiprr
52 + Kppr Vaaos + KiprrVido

Hyi(s) = @)
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Fig.2.
PLL.

Impedance model of the DFIG system in the d-q frame with considering

where K,pr1, and Kipy,1, are the proportional gain and integral
gain of the PLL controller, respectively.

Considering the dynamics of PLL, and the rotor current
control loop of RSC, the impedance model of the DFIG system
can be depicted in Fig. 2. In Fig. 2, G; and G4 present the
transfer matrices for the PI controller and system delay in the
RSC current control loop.

According to Fig. 2, the admittance of the DFIG system in
the d-¢q frame can be deduced as

Ydrrc _ sdq
Vsdq
1 . ~
— faldq + L—(I + GigGaGi) ' GhigGaagGrdq

SISO
Yo,

' Gpdq GaG;i G})LL

- Ln,l (I 4+ GpagGaGi)~

Yéq
Ly _
7 (I + GpqudGi)

S

"G GaGaL - (8)

Y m
dq

From (8), it can be seen that ngc consists of three parts,
ie., YSISO Yé ,and Y. YSIS0 is symmetrical and can be
transferred toa SISO 1mpedance using a complex vector model.
The effects of PLL on rotor current and rotor voltage are included
in Yfiq and Y j. Therefore, the contributions of Yilq and Y g to
the frequency-coupling phenomena can be studied separately.

On this basis, the admittance of the DFIG system in the d-g
frame can be further converted in the stationary domain as [22]

1 E _j] V(s — jun) [_1 1} ©)

Ydfrc
(s)= 2 J 7

Similarly, the admittances Yilgo, Ylaﬁ, and Ymﬁ in the
stationary domain can also be obtained, and the relationship

between them can be expressed as

YOS5 =Y + Y+ Y0, (10)

D. Verification and Analysis of the Impedance Model

The simulation model of a DFIG system with PLL under a
weak grid is developed in MATLAB/Simulink, and the detailed
parameters are shown in Table I.
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TABLE I
PARAMETERS OF THE SYSTEM

Symbol Parameter Value
Un Rated voltage 1 pu.(690 V)
Py Rated power 1 pu. (1.5 MW)
fi Fundamental frequency 1 p.u. (50 Hz)
ya Rotor frequency 1.1 p.u. (55 Hz)
n, Pole pairs 2
Vie DC-link voltage 1 p.u. (1150 V)
Ly Stator leakage 0.059 p.u.
Ly Rotor leakage 0.082 p.u.
Luns Mutual inductance 2919 p.u.
R Stator resistance 0.0076 p.u.
R, Rotor resistance 0.0063 p.u.
K. Turns ratio 0.33
T Switching period 0.1 ms
/s Switching frequency 10 kHz
Jou Bandwidth of the PLL controller 20 Hz
fi Bandwidth of the current controller 430 Hz
SCR Short-circuit ratio 2

The closed-loop transfer function of the PLL can be written
as [23]

_ AO Kppris + KipLL

G () = T2 =V, % Vo
PLL (S) Al sd0 52 + KpPLL sdos + Kiprr Vido
(

11)

When Kp,pr1, and Kipr, are set as 0.153 and 6.618 in this
article, the bandwidth of PLL is calculated as 20 Hz. Meanwhile,
the bandwidth of the current controller can be estimated through
its simplified SISO closed-loop transfer function, which can be
expressed as

sK, pl K
s2Leo + s (R + K1) + Kir’
(12)
In this article, K,y and Kjp are 5 and 500, respectively, and the
bandwidth is estimated as 430 Hz.
Moreover, the equivalent resistance and inductance of the grid
is determined by the SCR, and the relationship between them
can be written as [24]

N Gi(s)Gpaq(s)
Ghi(s) = 1+ Gi(S)PG(;dq(S) a

R UR
{Rg = RathSCR_ZPN\/m (13)
- U
Lg " w1SCR-PxV/1+Ratio?

where Py and Uy are the rated power and rated line voltage of
the DFIG system, respectively. The Ratio represents the ratio of
grid resistance and grid reactance, i.e., Rg/X,, which is set as
0.01 in this article.

To verity the accuracy of the DFIG impedance model deduced
in(9) and (10), afrequency-sweeping testis carried out in the sta-
tionary frame for the convenience of disturbance measurement
and impedance characteristic analysis. By injecting positive or
negative sequence voltage disturbance at the PCC and detecting
the corresponding current disturbance, the simulation results of
Yifrﬁc can be calculated. As shown in Fig. 3, the analytical model

of the DFIG system, i.e., Yifg, matches the simulation results

4009

well, which validates the correctness of the DFIG impedance
model.

Moreover, the analytical models for different parts combina-
tions are also given in Fig. 3. From there, it can be seen that the
Bode diagram of Yilgo +Y! 5 1s almost coincident with Y dire]
indicating Y7 has little influence on the MIMO admittance
of the DFIG system. Nevertheless, the diagonal elements of
Y350 + Y, are coincident with Y337 and the off-diagonal
elements of it decrease to below —20 dB, which is much lower
than the diagonal elements and can almost be neglected. There-
fore, the frequency-coupling phenomena caused by the PLL are
mainly related to Y, 5- When Y 3 is ignored, the influence of
the PLL will be greatly reduced, and the whole DFIG system can
be approximately regarded as a SISO system using a complex
vector model.

The rated power of the DFIG is about or beyond 1.5 MW,
and its rated voltage is about 690 V (960 V for higher power
DFIG), which leads to the rated current being much greater
than the rated voltage, especially on the rotor side. Thus, the
steady-state values in G'b;; will be much greater than those in
G, finally, resulting in Y 5 contributing more than Y 'sto
frequency-coupling phenomena.

III. IMPEDANCE RESHAPING METHOD

A. Proposal of Impedance Reshaping Method

The abovementioned analysis shows that the frequency-
coupling phenomena are mainly caused by Yiaﬁ, which is
dominated by the matrix G ; that is related to the rotor current
dynamic. Therefore, this article tries to use a parallel impedance
reshaping path to compensate for the rotor current dynamic
caused by PLL, thus eliminating the influence of G ; , as shown
in Fig. 4. It can be seen that the introduced path includes two
blocks, ie., I — Gy and G,. As I — Gy, necessary for
transforming the stator voltage to the control d-g frame; thus,
only G, should be designed.

In order to eliminate the influence of Gi;;, the following
relationship needs to be satisfied:

0 —Igo (KppLrs + Kiprp) /s

0 Igo (KppLs + Kiprp) /s
(14)

G, = G;LL(I - GELLyl:

where I represents a 2 X 2 identity matrix.

From (14), it can be seen that G, has an asymmetric structure,
and its nonzero elements exist only in the second column, which
isrelated to uggl. Besides, G, is similar to a second-order integral
term, and the dc components of vggl will be amplified, causing
the rotor current to deviate from its expected values. Thus, it
is necessary to add a second-order high-pass filter (HPF) in the
reshaping branch to remove the dc components of vgg;l. At the
same time, to improve the adaptability of the proposed method,
the steady-state values can be replaced by reference values, i.e.,
I.qqref. As aresult, G, can be deduced as

0 —Irgret (KppLLS + Kipr) /52

G,.=G
! Her () 0 Lraret (KppLrs + Kiprr) /82

15)
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frequency-coupling phenomenon.

where Gypr(s) represents the transfer function of the second-
order HPF, which can be written as

A(o00)s?
5% + (wipr/Q) 5 + Wip

Generally, the dc component can be almost attenuated by
using the HPF filter with any corner frequency wypr. How-
ever, a higher wypr will worsen the decoupling effect of the
proposed method. To ensure the HPF will not greatly affect the
decoupling function of the reshaping method, wypr should be
small, which is set to 27-1 rad/s in this article. Accordingly, the
gain coefficient A(o0) and the quality factor Q are both set as 1.

For the DFIG system, most of the oscillations usually occur
beyond 50 Hz [25]. Thus, the high-frequency range, i.e., above
50 Hz, is mainly in focus here. In this frequency range, if in
some cases Kyprrs are much greater than Kiprr,, the integral
gain Kipr1, can thus be ignored for simplification. To this end,
the reshaping method in (15) can be further simplified as

GHPF(S) =

(16)

s 0 —Lrgref KppLL 0 —Ligref KppLL
G, — _ S+wnprF ( 17 )
z2 — T K. - Trgrer K,
S—’_WHPF 0 rdref £ pPLL 0 rdref £ pPLL
s S+whpF

Finally, the original second-order reshaping method becomes
a first-order one, and only a first-order HPF is required. By

further derivation, just a pair of asymmetrical low-pass filters
(LPF) should be added, which greatly decreases the imple-
mentation complexity. The implementation diagram is shown
in Fig. 5, where the reshaping branch is plotted in red. G1%(s)
and G? (s)represent the second-column elements of G1 or G5.
K1 and K1 denote the proportional gain and integral gain of the
current controller, respectively.

It should be noted that the compensation methods for the rotor
current dynamic in this article are proposed to cancel frequency-
coupling phenomena and reshape the impedance model, result-
ing in stability improvement. This is different from the existing
methods based on the voltage feedforward or adding particular
filters in the voltage feedforward branches [26], [27], where the
feedforward terms are usually behind the current PI controller
and used to optimize impedance characteristics or improve the
response of tracking reference signal. In this article, the reshap-
ing terms are added before the PI controller to compensate for
the dynamic of the rotor current, thus reducing the influence of
PLL. Meanwhile, the proposed methods have design-oriented
parameters.

B. Stability Analysis

The stability of the DFIG interconnected system can be as-
sessed through the generalized Nyquist criterion (GNC) [28],



XIONG et al.: IMPEDANCE RESHAPING METHOD OF DFIG SYSTEM BASED ON COMPENSATING ROTOR CURRENT DYNAMIC

Ay Sl =20 Hz = Ay, f; =106 Hz
. /12,/5“ =20 Hz e /1;,./1“ =106 Hz f(Hz)
1000(-1,/0,114 Hz
2 — A, [y =106 Hz
2 500 — Ay, Sy =106 Hz
5+
o 0
£0
& -500
E
-2
2
-l 0!
2 Imaginary Real axis
Real axis axis
(a (b)

Fig. 6. Nyquist diagram of the DFIG interconnected system. (a) PLL band-
width increases from 20 to 106 Hz. (b) Enlarged 3-D view for the PLL bandwidth
is 106 Hz.

i.e., analyzing the eigen-loci, which can be calculated as

det(A\ — Y5 Z,) =0 (18)
where Z, represents the grid impedance matrix [29].

Assuming the DFIG interconnected system operates at the
rated power, as shown in Table I. Fig. 6 shows the generalized
Nyquist plots of the system when the bandwidth of PLL in-
creases from 20 to 106 Hz with SCR = 2.

From Fig. 6(a), it can be seen that when the PLL bandwidth
is 20 Hz, the eigen-loci of the system do not encircle the critical
point (—1, jO), representing that the system is stable. However,
when the PLL bandwidth increases to 106 Hz, the (—1, jO)
point is encircled, indicating an oscillation will occur. From the
enlarged 3D-view Nyquist diagram in Fig. 6(b), the oscillation
frequencies are about 114 and —14 Hz, which is consistent with
the frequency-coupling phenomena mentioned in [22].

In order to acquire the stability margin of the system directly,
the equivalent SISO impedance model [30] of the interconnected
system should be deduced, which is derived from the closed-loop
stability criterion of the MIMO system

Zoo+Zgoo
Za1+Zg21

Zy1+7,
Zipeq = Z11 — Zyg gt Zen (19)
Zpgeq = Zg11 — Zgi2 Zao+ Zgoa

where le, Zlg, Zgl, Z22, Zgll, Zglg, Zggl, and Zg22, are
the elements of (Ygf}f)_l and Z,, respectively. The subscript
numbers represent the corresponding row and column position.
Considering the off-diagonal elements of Z,, i.e., Zy12 and Zgo1,
are zeros, the equivalent SISO impedance in (19) can be further
simplified as

Zn 2
{Zpeq =21~ 557 (20)

Zpgeq = Zgl1

Using the same methods, the negative-sequence equivalent
SISO impedances can also be obtained, and the stability of the
system can be checked by the Nyquist criterion of the SISO sys-
tem. For simplification, only the positive-sequence impedance
Zpeq and Zpgeq is considered and the analysis of Z,g0q and Zy,eq
isignored in later sections. Meanwhile, from (20), it can be seen
that the system will be a real SISO system, i.e., Z,cq = Z11 and
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Kipr1, =4.092.

Zneq = Zo2, when the frequency-coupling effect is eliminated.
In other words, Z15 ~ 0 and Zy; = 0.

The Bode diagram of the positive-sequence equivalent SISO
impedance model with or without adopting the proposed meth-
ods is given in Fig. 7. When the PLL bandwidth is 106 Hz,
from Fig. 7(a), the amplitude—frequency characteristic curves
of Zpeq and Zpeeq intersect at 114 Hz, and the corresponding
phase difference is 180.9°, indicating an oscillation will hap-
pen at positive 114 Hz. Meanwhile, an oscillation at negative
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14 Hz will also happen, concluded by the negative-sequence
impedance model. The results also agree well with the analysis
using the MIMO impedance model in Fig. 6. Fortunately, when
the reshaping method G,; is adopted, the Bode diagram of
Zyeq 1s coincident with the curves of Z;;, indicating that the
frequency-coupling effect was almost eliminated. Meanwhile,
the negative-resistance region can be removed, and the stability
of the system is improved a lot, as seen in Fig. 7(a). The inter-
section frequency increases to 227 Hz, and the corresponding
phase difference decreases to 75.8°.

When the simplified method G, is adopted, from Fig. 7(a),
the negative-resistance region of Z,.q will be also reduced.
Therefore, the phase difference decreases to 78.6° at the inter-
section frequency 198 Hz, resulting in the stability margin of
the system increasing a lot. Keeping f,1 = 106 Hz, if K pr1,
increases to 1.176, i.e., K pr1.s > Kipr 1, is almost satisfied, the
Bode diagram of Z,.q with adopting G,» will also be coincident
with Z;1, as shown in Fig. 7(b). From here, it can be seen that the
negative-resistance region will be removed, showing G2 plays
the same role as G,; under this condition.

The earlier analysis indicates that G,; and G, can both
improve the stability of the DFIG system. Meanwhile, G,;
can almost remove all the negative-resistance regions under
any conditions while G5 can only achieve this when Kpr,
is relatively large.

IV. ROBUST ANALYSIS

When the DFIG system is connected to a weak grid, the
system parameters may vary, such as SCR, active and reactive
power requirements, rotor frequency, DFIG leakage inductance,
controller bandwidth, etc. Therefore, it is necessary to analyze
the robustness of the proposed methods against the system
parameters or operating condition variations.

Combining the voltage and flux equations mentioned in (1)
and (2) as well as R and L, derived in (13), it can be found that
the steady-state algebraic equations of the DFIG system have
no solution when SCR < 2. Therefore, SCR = 2 is regarded
as the worst grid condition. Since the methods are proven to
be effective with SCR = 2, it is only necessary to study the
effectiveness of the methods when SCR increases. When G, or
G, is employed, the Bode diagrams of Z,, with different SCR
are given in Fig. 8. From Fig. 8, when the SCR increases to 5,
the amplitude—frequency curves of Z,,o, and Z,,4c, will intersect
at about 524 Hz, and the phase difference is 51.3°, denoting the
system is quite stable. Meanwhile, the intersection frequency of
Zpeq and Zpgeq Will be much higher when the SCR increases to
10, where the DFIG system is in a positive resistance region,
and the system has no risk of oscillation. The previous analysis
implies that as long as the parameters of the impedance reshaping
methods are designed for the lowest SCR, the system can still
keep stable when the SCR varies.

The robust analysis against other parameter deviations, such
as power requirements, rotor frequency, DFIG leakage induc-
tance, and controller bandwidth, is also investigated, by plotting
and analyzing the Bode diagram of Z,.q and Zeq, just like
the process in Fig. 8. The corresponding results are shown in
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Fig. 8. Bode diagram of the positive-sequence equivalent SISO impedance

model of the DFIG system adopting the reshaping methods with different SCRs.

Table II. Generally, the power factor of the DFIG is kept between
0.95 and 1. However, when the voltage sag occurs, additional
reactive power is required by DFIG to support the PCC voltage.
As it can be seen from Table II, when DFIG operates at the
power factor of 0.95 or generates reactive power at —1 p.u., the
phase differences are both smaller than 180° at the intersection
frequency, meaning both methods still do well when the power
requirements vary in a prospective range. Similarly, a different
rotor frequency range (deviating +20%), which is equivalent
to the rotor speed deviating £20%, as well as DFIG leakage
inductance deviating +20% from the rated value is analyzed,
and the phase differences are also calculated for the intersection
frequency. It can be found that the phase differences are still
far less than 180°, implying that G,; and G5 are both effective
for rotor frequency and leakage inductance varying in a normal
range.

Besides, the controller bandwidth can also be modified to
make the DFIG system acquire different dynamic characteris-
tics. As seen in Table II, when the current controller bandwidth
is changed to 300 or 500 Hz, the critical PLL bandwidth of
oscillation will change to 108 and 105 Hz, respectively. If G,;
or G5 is adopted, the system is stabilized, and the phase differ-
ences will be far less than 180° at the intersection frequencies,
denoting both reshaping methods are effective even if controller
bandwidth varies.

V. EXPERIMENTAL VERIFICATION

To further verify the effectiveness of the proposed impedance
reshaping methods, a control-hardware-in-the-loop experiment
based on a DSP+FPGA control board and RT-LAB real-time
digital simulation platform is carried out, as shown in Fig. 9.
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TABLE II
ROBUSTNESS ANALYSIS RESULTS AGAINST PARAMETERS DEVIATION

Robustness analysis against power reference deviations

Intersection frequency
and phase difference
226 Hz / 74.6 °

225Hz/752°
224 Hz/76.1°
216 Hz/ 69.5 °©
203 Hz/75.5°
197 Hz/78.2°

Method Power requirements

Pr=0p.u., Orr=—1p.u.

G, Prer=-0.95 p.u., Orer=-0.31 p.u.
Pres=—0.95 p.u., Oer=0.31 p.u.
Pr=0pu., Qer=—1p.u.

Gy Prer=-0.95 p.u., Orer=-031 p.u.
Prer=-0.95 p.u., Orer=0.31 p.u.

Robustness analysis against rotor frequency deviations

Intersection frequency

Method Rotor frequency and phase difference
60 Hz 230 Hz/74.8°

G 40 Hz 216 Hz/78.8°
G, 60 Hz 201 Hz/77.6°
40 Hz 183 Hz/82.7°

Robustness analysis against leakage inductance deviations

4013

RT-LAB OP5600

i OPAL-RT

ECHNOLOGIES
=

DFIG leakage inductance Intersection frequency

Method deviation and phase difference
G +20% 227Hz/71.9°
-20% 226 Hz/79.0 °

G +20% 197 Hz/75.9°
-20% 196 Hz / 80.7 ©

Robustness analysis against controller bandwidth deviations
Bandwidth of RSC current

Intersection frequency

Method controller and critical fy and phase difference
G, /i =300 Hz, fou = 108 Hz 172 Hz / 74.7 °
/i =500 Hz, fou = 105 Hz 254 Hz/76.8 °

G /i =300 Hz, f, = 108 Hz 121 Hz/98.9 °

fi=1500 Hz, fy1 = 105 Hz 229 Hz/78.1°

The system parameters are the same as theoretical analysis,
which are listed in Table I.

Fig. 10(a) shows the experimental waveforms of stator volt-
age, rotor current, as well as the active and reactive power of the
DFIG system. In the beginning, fon = 20 Hz, and the system is
stable. At t = t, fp1 increases to 106 Hz the system loses its
stability and an oscillation occurs. Fast Fourier transformation
(FFT) was performed for stator voltage during #; — 5 when the
oscillation happens, the corresponding FFT results are shown
in Fig. 10(b). From there, it can be seen that the oscillation
frequencies are 114 and 14 Hz, which is consistent with the
theoretical analysis results in Fig. 6. Fortunately, when the
reshaping method G,; is added at 5, from Fig. 10(a), it can
be seen that the oscillation is significantly suppressed and the
system becomes stable. Then switching G,; to G,2 at t3, the
system still keeps stable, implying that G,» can also suppress
the oscillation. The experimental results greatly demonstrate the
correctness of the theoretical analysis and the effectiveness of
the proposed methods.

The robustness of the reshaping methods against the de-
viations of SCR, power requirements, rotor frequency, and
controller bandwidth are all tested by experiment. The results

Fig. 9. Control hardware-in-the-loop experiment platform.
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Fig. 10.  Experimental waveforms of applying the reshaping methods and FFT

analysis results. (a) Experimental waveforms of the DFIG system. (b) FFT
analysis results of the stator voltage waveform during ;2.

are shown in Figs. 11-14, respectively. In Figs. 11-13, the
experimental waveforms of the system before 7 = 75 are the same
as that in Fig. 10(a). From Fig. 11, G5 is introduced first at to,
and the oscillation is suppressed and the system operates stably,
indicating that G, can also be used to remove the oscillation
caused by PLL. Then, SCR jumps from 2 to 10 at 73, and the
system is still stabilized, which is consistent with the theoretical
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Fig. 13.  Experimental results of applying the reshaping methods when the
rotor frequency varies.

analysis in Fig. 8. Finally, switching G5 to G, at 4, the system
still remains stable. The previous experimental results prove
that both reshaping methods can reduce the influence of PLL
and improve the stability margin of the system even when SCR
varies.

In Fig. 12, Pt is changed from —1 to O p.u. and Qief is
changed from 0 to —1 p.u. at #3. It can be seen that G,; can still
effectively suppress the oscillation even if the active and reactive
power references are reversed. Later, switching the reshaping

fi=300 Hz; f; = 108 Hz

Time:[400ms/div] |

Fig. 14.  Experimental results of applying the reshaping methods when the
controller bandwidth varies.

method G,; to G2 atty, it can be observed that the system keeps
stable. The experimental results agree with the robust analysis
against power requirement deviations in Section IV, indicating
both methods can still reduce the influence of PLL and improve
the stability margin of the DFIG system when power references
vary. It should also be mentioned that, in Figs. 11 and 12, when
SCR or power references jump at 73, the real current will be not
equal to the current references in a short time. Fortunately, due to
the great stability improvement effect of the proposed methods,
the real current finally follows the references through the PI
controller, which also proves the effectiveness of the proposed
methods in dynamic processes.

In Fig. 13, at t = 13, the rotor frequency changes from 55 to
40 Hz, and the DFIG system operates from supersynchronous
speed to subsynchronous speed. According to Fig. 13, the system
remains stable after the rotor frequency varies, and the stator
output power is finally adjusted to the expected values. Then,
changing the reshaping method from G,; to G2 at 4, the system
is also stabilized. The result verifies the robustness analysis
against rotor frequency deviations, showing that both methods
still have good performance during rotor frequency variations.

As shown in Fig. 14, at the beginning, the bandwidth of the
current controller is 300 Hz. When the PLL bandwidth increases
to 108 Hz, the oscillation occurs, and the system loses its
stability, which agrees well with the theoretical results presented
in Table II. Adopting G, at t = t;, the oscillation is suppressed.
fi jumps to 500 Hz at #5, and the system remains stable, which
indicates that G5 is still effective when the controller bandwidth
varies. Then, switching G, to G, at t3, the system is still stable.
The experimental results prove that both methods can still reduce
the influence of PLL and improve the stability margin of the
DFIG system when the controller bandwidth varies. The above-
mentioned experimental results further validate the effectiveness
and enhancement of the proposed methods for system stability.

VI. CONCLUSION

In this article, the impact of PLL is analyzed through the
MIMO impedance model of the DFIG system. It is found that
the frequency-coupling phenomena are mainly caused by the
transfer function matrix linked to the rotor current dynamic.
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Thus, in order to eliminate the influence of the rotor current
dynamic caused by PLL and improve the system stability, a
second-order impedance reshaping method based on compensat-
ing the rotor current dynamic is proposed, which can eliminate
the frequency-coupling effect under various operation condi-
tions. Moreover, the negative-resistance region caused by PLL
was removed, and thus, the system stability was improved a
lot. Furthermore, a first-order compensation method is proposed
based on simplifying the second-order reshaping method, which
can also effectively suppress the oscillations, and can be easily
implemented. Next, robust analysis is given to illustrate that both
the proposed methods can improve the stability margin of the
system when the system operating conditions and parameters
vary. Finally, a control-hardware-in-loop experiment is also
carried out, and the results verified the effectiveness of the
theoretical analysis and the improvement for system stability
of the proposed methods.
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