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Analysis of Middle Frequency Resonance in DFIG
System Considering Phase-Locked Loop

Yipeng Song

Abstract—As the wind power technology develops, the doubly
fed induction generator (DFIG) based wind power system, when
connected to a weak network with large impedance, may suffer
resonances, i.e., subsynchronous resonance or high-frequency res-
onance when connected to the series- or parallel- weak network.
Besides these two resonances, a middle frequency resonance (MFR)
between 200 and 800 Hz may appear when the phase-locked loop
(PLL) with fast control dynamics is applied. In order to analyze
the MFR, the DFIG system impedance considering the PLL is
studied based on the vector-oriented control strategy in rotor-side
converter and grid-side converter. On the basis of the established
impedance modeling of the DFIG system, it is found that the PLL
with fast control dynamics may result in the occurrence of MFR
due to a decreasing phase margin. The simulation results of both
a 7.5 kW small-scale DFIG system and a 2 MW large-scale DFIG
system are provided to validate the theoretical analysis of the MFR.

Index Terms—Controller parameters, doubly fed induction
generator (DFIG) system, middle frequency resonance (MFR),
phase-locked loop (PLL), parallel-compensated weak network.

1. INTRODUCTION

S THE wind power generation technologies are under
A rapid growth, an increasing amount of doubly fed induc-
tion generator (DFIG) based wind power system connected to
a weak network may be seen, which includes the microgrid,
off-shore grid, and other power systems with large impedance
[1]-[7]. As a consequence of the impedance interaction between
the DFIG system and the weak network with large impedance,
several types of resonances need serious attention.

When connected to a series-compensated weak network, the
subsynchronous resonance (SSR) below the fundamental fre-
quency may happen [8]—[14]. In order to improve the transmis-
sion capability of the long-distance cables, the series capacitance
is employed to reduce the electric length of the long-distance
transmission line, which finally has the configuration of series-
compensated weak network [8]-[14]. However, the SSR can
unfortunately appear, and it is pointed out that the impedance in-
teraction between the DFIG system and the series-compensated
grid network is the direct cause of the SSR [8]-[14]. In or-
der to conduct the theoretical analysis of the SSR, the DFIG

Manuscript received August 3, 2016; revised November 1, 2016 and Decem-
ber 24, 2016; accepted February 19, 2017. Date of publication February 22,
2017; date of current version October 6, 2017. Recommended for publication
by Associate Editor Y. Sozer.

The authors are with the Department of Energy Technology, Aalborg Univer-
sity, Aalborg 9220 Denmark (e-mail: yis @et.aau.dk; fbl @et.aau.dk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2672867

, Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

system impedance modeling needs to be established as an anal-
ysis platform. In [8]-[10], Vieto and Sun developed the positive
and negative impedance modeling using harmonic linearization
method for the DFIG system. The influences of the rotor current
control, phase-locked loop (PLL), and the various rotor speeds
are also investigated. The impedance modeling of the entire
DFIG system and the series-compensated weak grid network
are also reported in [11] with the conclusion that the interaction
between the electric network and the converter controller is the
main contribution of the SSR behavior.

On the other hand, when connected to a parallel-compensated
weak network, the high-frequency resonance (HFR) is likely
to happen [15]-[17]. As it is discussed in [16], the HFR can
be a consequence of the impedance interaction between the
DFIG system and the parallel-compensated weak network. The
frequency of HFR can be estimated based on the Bode diagram
of the DFIG system impedance and the parallel-compensated
weak network impedance as discussed in [16]. The influence of
the current closed-loop control parameters and the rotor speed
on the HFR are also investigated. Moreover, an active damping
strategy for the HFR is proposed in [15] and [17] by inserting a
virtual impedance into the DFIG system.

So far, the most popular control strategy in the DFIG systems
is the vector-oriented control (VOC) which includes two differ-
ent methods, i.e., stator-voltage-oriented control and stator-flux-
oriented control. The stator-voltage-oriented control, which is
discussed in this paper, requires an accurate phase angle infor-
mation of the network voltage using a PLL unit [4]-[7] so the
d-axis and g-axis components of the rotor current, stator current,
and grid voltage can be precisely calculated by using the Park
transformation and inverse Park transformation. It is obvious
that the PLL plays a critical role in the VOC control by giving
the network voltage phase angle, and consequently determines
the accuracy of the rotor current closed-loop control in the rotor-
side converter (RSC) and the grid current closed-loop control
in the grid-side converter (GSC) [4]-[7]. Based on the above
explanations, it is necessary to study the PLL when building up
the DFIG system impedance modeling.

In the DFIG system SSR analysis, the PLL is investigated
in [9] and [10]. It is pointed out that the larger proportional
and integral parameters K11 and Kjpy of the PLL closed-loop
control result in faster PLL control dynamics, and make the SSR
more likely to happen due to a smaller phase margin.

Nevertheless, during the analysis of the HFR [15]-[17], the
impedance modeling of the DFIG system does not take into
consideration of the PLL effect. Neglecting the PLL is relatively
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Fig. 1.

reasonable since the investigated HFR is always above 1 kHz
[15]-[17], while the typical control bandwidth of the PLL is
lower than 100 Hz and as a result, the variations of the PLL
proportional and integral parameters have negligible influence
on the HFR performance.

The purpose of this paper is to investigate the influence of
the PLL on the DFIG system impedance shape and to identify
the potential resonances caused by PLL; and a DFIG system
impedance modeling method is proposed on the basis of the
VOC strategy for the RSC and the GSC with the inclusion
of the PLL. Unlike the impedance modeling method in [8]-
[10], which does not contain an explicit physical meaning, the
proposed method is deduced based on the specific and detailed
control units in the VOC, such as Park transformation, inverse
Park transformation, current controller, and digital control delay.
By including these units, the proposed method is more precise
and helps us to better estimate the potential resonance caused
by the PLL.

The impedance modeling of the PLL unit has been reported
in the grid-connected voltage source converters connected to
a weak network. The harmonic instability issue and the cor-
responding active damping strategies are studied in [18]-[29].
Several active damping strategies with virtual impedance are re-
ported in [18]-[21] to mitigate the potential harmonic instability
in the grid-connected converter, while the controller design is
studied in details in [22] and [23] to improve the converter sta-
bility. The detrimental influence of the digital control delay on
the converter stability is reduced in [24] and [25]. Furthermore,
the impedance modeling of the grid-tied converter in the dg
synchronous frame is proposed in [26] and [27]. Note that the
impedance modeling of PLL unit in the DFIG system is mainly
adopted from the work in [26], but it is modified in order better
to analyze the influence of the PLL on the DFIG system stability.

It should be noted that, instead of the series-compensated
weak network in [8]—-[14], it is assumed in this paper that the

/

Diagram of the DFIG system and the parallel-compensated weak network considering PLL. iPark means inverse park transformation.

DFIG system is connected to a parallel-compensated weak net-
work. The parallel-compensated weak network is likely to exist
in practice [15]-[17] since the power factor correction capaci-
tances as well as the parasitic capacitances between the trans-
mission cables and the ground are likely to occur and contribute
to the parallel-connected capacitance.

It will be explained in this paper that the PLL using a fast
control dynamics, i.e., large controller proportional and integral
parameters K,,;; and K1, will unfavorably reshape the DFIG
system impedance having a larger phase response, and conse-
quently produce a middle frequency resonance (MFR) between
200 and 800 Hz. Note that this type of resonance is between the
frequency range of SSR and HFR, and all these three types of
resonances in the DFIG system are caused by different reasons.

This paper is organized as follows: The impedance modeling
of PLL unit is first established in Section II as a platform for
the following analysis. Then, the impedance modeling of the
DFIG machine and RSC, together with the impedance modeling
of GSC and inductor-capacitor-inductor (LCL) filter, can be
obtained with the PLL in Section IIl. The potential MFR is
investigated with the different PLL proportional and integral
parameters K ,;,; and Kjp,); values in Section IV. The simulation
setup of the 2 MW large-scale DFIG system and the 7.5 kW
small-scale DFIG system are built in order to validate the MFR
in Section V. Finally, the conclusions are given in Section VI.

II. GENERAL DESCRIPTION AND PLL IMPEDANCE MODELING

As the basic control foundation, the VOC strategy in the DFIG
system requires an accurate reference frame transformation be-
tween the stationary frame and the synchronous frame for both
rotor and grid currents and voltages. The grid voltage phase
angle information is critical in this transformation, the PLL is
able to pose its influence on the DFIG system through this crit-
ical phase angle information and it is essential to discuss the



SONG AND BLAABJERG: ANALYSIS OF MIDDLE FREQUENCY RESONANCE IN DFIG SYSTEM CONSIDERING PHASE-LOCKED LOOP 345

abc to off af to dg
Transformation Transformation
Uaiph, U
S " Gppui(s)  Integrator

Toprae

| T
u, g/ | U [
beta_y, q Kpir-Kopils 1 0, >

A A A 4 PI controller
ug | up| ue
APCC Voltage
Upccape)
Fig. 2. Block diagram of the SRF-PLL used for DFIG synchronization.

reference frame transformation with the inclusion of the PLL
unit during the DFIG system impedance modeling.

A. General Description of the Investigated DFIG System

Fig. 1 shows the diagram of the DFIG system and the parallel-
compensated weak grid. The PLL is adopted to obtain the phase
angle information of the voltage at the point of common coupling
(PCC). Note that several kinds of PLLs can be applied, here the
synchronous reference frame phase-locked loop (SRF-PLL) is
chosen, which is explained in details in Fig. 2. The output of the
PLL unit is the PCC voltage phase angle ¢, which can be used
in the control of the RSC and GSC.

The RSC contains the outer control loop of stator output
active and reactive power P, and (), which gives out the rotor
current reference value I I’Ld’; in the synchronous frame. Then,
the rotor current can be well controlled to deliver the expected
wind power through the stator winding. It should be pointed out
that during the control of rotor current, the Park transformation
(abc to af to dg) and inverse Park transformation (dg to a3
to abc) is required for the reference frame transformation for
the rotor current and the rotor control voltage, and the phase
angle 6; of the voltage at PCC and the rotor position 6, are
necessary and critical information for this transformation. Note
that in the following deduction, the outer control loop of stator
output power is not included due to its relatively longer time
constant.

On the other hand, the GSC has an outer control loop for the
dc-link voltage control, which gives out the converter-side filter
current reference value. Then, the filter current can be controlled
in the synchronous frame. Similarly, this process also requires
the information of the phase angle ¢, of the voltage at the PCC
to complete the reference frame transformation. Note that in
the following deduction, the outer control loop for the dc-link
voltage is not included due to its relatively longer time constant.

Based on above explanation, it can be seen that the PLL can
pose its influence on the DFIG system performance by giving
out the critical information of phase angle 6, then consequently
influence the transformation results of the rotor/filter current and
the control voltages, and further influence the current tracking
accuracy.

A three-terminal step-up transformer Ty is connected be-
tween the DFIG stator winding, the LCL output terminal, and the
PCC for the purpose of increasing the voltage level of the DFIG
system. In this paper, GSC output voltage Us; = 480V, DFIG
stator voltage Usp = 690 V,PCC voltage Upcc = 1 kV and

the parameters of this transformer can be found in Table II. The
parallel-compensated weak network contains the network in-
ductance Lygt and the network resistance RygT in series con-
nection, and the network shunt capacitance Cyg is connected
between the transmission cables and the ground. A two-terminal
transformer TxgT is connected between the PCC and the trans-
mission cables, i.e., PCC voltage Upcc = 1 kV and high volt-
age Upy = 25 kV. The parameters of this transformer can be
found in Table II.

B. Impedance Modeling of Reference Frame Transformation
Considering PLL

The PLL unit is adopted to derive the PCC voltage phase angle
information and in this paper the SRF-PLL is implemented [26].
The impedance modeling of SRF-PLL has been well developed
in [26], but here for the sake of better illustration and discussion
of the MFR, the impedance modeling of SRF-PLL still needs to
be discussed.

Fig. 2 shows the block diagram of the SRF-PLL. As it is
shown, the three-phase PCC voltage in the three-phase station-
ary frame w,p. is first under Clarke transformation, and the
PCC voltage in the two-phase stationary frame u,3 can be ob-
tained. Then, the Park transformation is adopted to transform
the u, g to the two-phase voltage in the synchronous frame w4, .
Thereafter, the g-component u,, is regulated to zero through the
effective operation of the PI controller, and the output signal
of the PI controller is the voltage angular speed wy, thus the
voltage phase angle information ¢, can be obtained with an in-
tegral unit. Note that this closed-loop control aims to regulate
the voltage g-component v, to zero, then the electric variables,
including the stator voltage, rotor current, and stator current,
can be aligned with the d-axis of the PCC voltage.

The transformation from u,p. to u,s3 does not involve the
voltage phase angle information and it is only a simple alge-
braic calculation as shown in the following equations. Thus,
this Clarke transformation will not be included in the following
impedance modeling of the PLL in order to keep it simple:

ER
[ua‘|_ 3 :
- 1

up 0 RN —

Taﬁ/abc =

1 Uy

Uy (la)

(1b)

S Wl

V3 o3

The transformation T3, /o g from ue 5 to ug4, can be presented

as follows:
U, cos(wit sin(wy t Ug
a | '( 1t) (wit) 2a)
Ug —sin(wt) cos(wit) | | ug
cos(wit)  sin(w;t)
qu/(,‘zﬁ = . : (2b)
—sin(wit) cos(wit)
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Based on (2), it can be seen that this transformation is non-
linear and its transfer function cannot be directly obtained. The
small-signal modeling method [26] is adopted to deduce its
transfer function. It is assumed that the PLL is in steady state,
which means the phase angle difference between the actual
phase angle of the grid voltage and estimated phase angle by
the PLL is zero, and presented as follows:

uf bt cos(0)  sin(0) | [ufCC

uf Ut —sin(0) cos(0) | | uf“©
where superscript PLL indicates the components of the PLL
control output and superscript PCC indicates the components
of the PCC voltage. Note that since the phase angle difference
between PLL output and PCC voltage is assumed to be zero, the
right-hand side term in (3) is no longer a— and (3-components
in the two-phase stationary frame, but the d- and g-components
in the synchronous frame.

A small perturbation is assumed to disturb this steady state,
and the transfer function of the PLL unit can be derived by inves-
tigating the transient performance of the PLL to track precisely
again the actual grid voltage phase angle [26].

Therefore, based on the small-signal perturbation method, (3)
can be rewritten as

PLL |, ~PLL
UPLE 4 @b 1_

PLL , ~PLL
Uq + u,

3

cos(0 4+ Af) sin(0 4+ Af)
—sin(0 + Af) cos(0 + Af)

U;cc + asccl w
PCC | ~PCC
Uq + u,

PLL

where U, and U;qcc are the dqg steady signals of voltage
~PLL

via PLL output and voltage at PCC, respectively; while u,,
PCC
dq

and 4 are the dg small-signal perturbation of voltage via

PLL output and voltage at PCC, respectively; and Af is the
small-signal perturbation of the PLL output phase angle.

By using the small angle approximation of the trigonometric
functions in (4), (5a) can be obtained. Furthermore, by removing
the steady-state large signals from (5a), (5b) can be deduced as
follows:

PLL |, ~PLL
U=+, ] ~

U;’LL + ,&gLL

abLL

,ag’LL -

According to Fig. 2, the small-signal perturbation of the PLL
output phase angle can be presented as

1 Ad
—AG 1

PCC | ~PCC
U, + uy

U(}DCC + ,ag’CC

] (5a)

akCC 4 UPCCAG

_ (5b)
—UPCCA] + beC

- 1
A9 = U{II)LLGPIPLL(S)E (6)
where Gprprr (s) = Kppn + Kipn/sis the PIcontroller in the
PLL unit.

Thus, based on (5b) and (6), the relationship between the PLL
output phase angle and the g-component of PCC voltage can be
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presented as [26] follows:

GpipLL(s) _pcc

Af = i
s+ UYCCGppry(s) 1

@)

Based on (7), the transfer function Tpyy(s) from the g-
component of the PCC voltage to the PLL output phase angle
can be presented as

Aé = TPLL (8)’11500 (Sa)

GrripLL(s)
s+ U;CCGPIPLL (S) '

Trrw(s) = (8b)

By substituting (8a) back into (5b), the following expression
can be deduced:

~PLL
Uy N
4PLL

q

~P P ~PC
udCC + Uq CCTPLL (S)uqcc
PCC ~PCC ~PCC
*Ud Terr (S)Uq +uq
PCC
U, “*TrrL(s)

1 iy ©©
= ‘ ©)
L’ 1- UchTPLL(S)] L%PCC

It needs to be noted that the mathematical deduction result
in (9) considers the small-signal perturbation components, and
this result remains true for the case of steady-state large signal
in (2). As aresult, (9) can be regarded as a closed-loop transfer
function matrix from o3 components to the dg components of
the electric variables (including the three units, i.e., the trans-
formation Ty, /o from w,p to ugy, the PI controller for PLL,
and the integral unit 1/s, as shown in Fig. 2), thus the transfer
function matrix from o3 components to the dg components can
finally be derived as [26] follows:

1 0
Gigrap(s) = , (10)
oo 0 1—UPCCTppy(s)
where the steady-state PCC voltage g-component U, ““ is zero,

Tp11(s) is defined in (8b).

Itis important to point out that, although (10) is deduced based
on the voltage components of the PLL and the PCC, it can also
be used for the current component transformation. Moreover,
it is seen that the information of the PLL is included in (10),
thus the influence of PLL on the DFIG system impedance can
be investigated based on (10).

Similarly, the closed-loop transfer function matrix from dg
components to the a3 components of the electric variables can
be derived as given in the following.

Similar as (2a) and (2b), the transformation 7, 5,4, from ug,
to u, s can be presented as follows:

ua] [cos(wlt) —sin(wlt)l [ud]
- (11a)
ug sin(wit)  cos(wit) | |ug
t) —si t
rwwzrﬁM) mwn} (11b)
sin(wit)  cos(wit)
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By adopting the small-signal perturbation method, the fol-
lowing equations can be obtained:

Uy©® +ahcc 1 —Ad
Uy ¢ +ayc AG 1

~PCC
[u(l

~PCC
uq

PLL , ~PLL
U; ™ +uy

PLL |, ~PLL
Uq + 4,

‘| (12a)

ALl — UPLLAG
UPLLAG + P

By substituting (8a) into (12b), the following expression can
be deduced:

~PCC
[Ud
~PCC
ulI
PLL
1 —Uq TPLL (S)

uPLL
014U Tprr(s)] |ag ™"

It needs to be noted that the mathematical deduction result
in (13) considers the small-signal perturbation components, and
this result remains true for the case of steady-state large signal in
(11). As aresult, (13) can be regarded as the closed-loop transfer
function matrix from dg components to the o3 components of
the electric variable (including the transformation 7, 5,4, from
Ugq 10 Uqg, the PI controller for PLL and the integral unit 1/s,
as shown in Fig. 2), and it can finally be derived as

1 0
B 0 1+ U;LLTPLL(S)

(12b)

~PLL PLL ~PLL
ud — Uq TPLL (s)uq ‘|

PLL ~PLL ~PLL
Ud TpLL (s)uq + uq

(13)

Gaﬂ/dq(s) (14)

where the steady-state PLL voltage g-component U} ™ is zero,
while the PLL voltage d-component UL is equal to the PCC
voltage d-component UY CC in steady state. The Tpy,1,(s) is de-
fined as given in (8b).

Similar to (10), (14) can be used to transform the current
variables, and the information of the PLL is included, which
means this transfer function matrix in (14) is able to demonstrate
the influence of the PLL on the DFIG system impedance as well.

Based on (10) and (14), several conclusions can be drawn:

1) Both the G4,/ in (10) concerning o3 to dg transforma-
tion, and the G, 34, in (14) concerning dg to a3 transfor-
mation involve the PLL unit information. Thereafter, the
influence of the PLL on the DFIG system impedance can
be investigated by incorporating these two transformation
units into the DFIG system impedance modeling process;

2) The d-axis and g-axis components are decoupled and the
complexity of the DFIG system dg-axis coupling can be
avoided, and the impedance modeling results can be easier
to understand;

3) The PLL has influence on the (3-axis of the DFIG system,
but no influence on the «-axis. However, due to the decou-
pling compensation terms in the VOC, a resonance will
still exist in both axes, as it will be explained in following.

III. DFIG SYSTEM IMPEDANCE MODELING CONSIDERING
PLL UNIT

The above section has built up the impedance modeling of the
reference frame transformation considering the PLL. Based on

these results, the impedance modeling of the DFIG system can
be established, and in this paper the PLL is introduced through
the reference frame transformation deduced above.

A. Brief Introduction of the VOC Strategy

Before building up the DFIG system impedance, the control
structure of the VOC strategy needs to be briefly illustrated,
thereafter the impedance modeling of the DFIG system can
better be discussed based on this description.

Fig. 3 shows the diagram of the rotor current controller for
the RSC of the DFIG system: (a) total control diagram and (b)
simplified control diagram.

Asitis showninFig. 3(a), in the VOC strategy, the three-phase
rotor current in the stationary frame I, ... is first transformed to
I,z in the two-phase o3 stationary frame, then based on the
PCC voltage phase angle #; obtained by the PLL and the rotor
position 6, by an encoder, the rotor current can be transformed
to I, 4, in the two-phase dg synchronous frame. By comparing
the actual rotor current value 1 ,jd and the reference value I ;Ldtl s
its error can be regulated by a PI controller Gpirgc(s), and the
inevitable digital control delay G(s) always exists. The rotor
control voltage U7, can be calculated as the sum of the PI
controller output and the decoupling compensation terms [4].
Then, the rotor control voltage U :rd* 4 can be transformed to the
U, using the information of ¢; and 6,, and further to the
three-phase stationary components U’ ;.. The voltage posed
on the DFIG machine can be calculated as U ,;,. — Usgape
(defined in Fig. 1), and the rotor current can be obtained by
the DFIG machine transfer function (will be illustrated in the
following).

Obviously, the transformation from abc to a3 and a3 to abc
is irrelevant to any phase angle, but only contains constant co-
efficient as shown in (1b). Thus, neglecting this transformation
unit does not interfere with the PLL and the DFIG system, but
helps to ease the complexity of the DFIG system impedance
modeling. Moreover, the rotor position 6, is given by an en-
coder, and it is assumed to be precise and irrelevant to the PLL
and DFIG system control. Thus, the rotor position 6, can also
be removed from the control diagram.

Therefore, based on the above explanations, the transforma-
tions from abc to af and a3 to abc, as well as the rotor position
0, , are removed, and a simplified control diagram is shown in
Fig. 3(b).

B. Control Units and DFIG Machine Impedance Modeling

Based on Fig. 3(b), several control units and DFIG machine
impedance modeling need to be discussed.
The rotor current PI controller can be presented as

GPIRSC(S) = Kprsc + Kirsc/s (15)

where K, and K, are the proportional and integral param-
eters for rotor current control in RSC, respectively.

The inevitable digital control delay of 1.5 sampling periods
[18]—[21] can be presented as

Gy(s) = e T (16)
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where T} is the digital control delay of 1.5 sampling periods.

The equivalent circuit of the DFIG machine [11] can be
presented in Fig. 4. Since the mutual inductance L,, in both
the small-scale and large-scale DFIG systems discussed in this
paper is much larger than the stator and rotor leakage induc-
tance L., and L,,, the mutual inductance branch can be ne-
glected [11]. A simplified DFIG equivalent circuit can be seen
in Fig. 4(b).

Obviously, according to Fig. 4(b), the DFIG machine
impedance expression can be obtained as

Isa I3 o 1

:aﬁ - USR(L@ R, + 8L,y +sLss + R
(17

where R, and R, are the rotor and stator resistance, L, and

L, are the stator and rotor leakage inductances. Note that, the

stator branch and rotor branch in the simplified circuit are in

series connection, thus the rotor current and stator current are

the same.

Gpric(s) =

(b)

Diagram of the rotor current in the RSC of the DFIG system: (a) total control diagram and (b) simplified control diagram neglecting the rotor position

PLL involved
¥

decoupling PLL involved Ucuy

1,
Gua®) [

Fig.5. Diagram of the grid current controller in the GSC of the DFIG system.

Thereafter, based on Fig. 3(b), the impedance of the DFIG
rotor part seen from the PCC can be obtained as

U af
Zsr (s) = K? _SIR j
_ g 1+ Gpric(5)Gag/ap(5)Grirsc(5)Ga(8)Gapaq(s)
=K

Gorig (s)
(18)

where K1 = Upcc/Usr is the voltage ratio between PCC volt-
age Upcc and stator winding voltage Ugg.

According to (10) and (14), the impedance of the DFIG rotor
part in (18) actually contains both a-axis and J-axis compo-
nents, thus it is better to separate these two components as (19a)
and (19b) shown at the bottom of the page.

As it can be seen by comparing (19a) and (19b), the PLL-
related reference frame transformation is involved only in the
[-axis in (19b), but not in the a-axis in (19a).

C. GSC and LCL Filter Impedance Modeling

Similar as the case of RSC and DFIG machine impedance
modeling, the GSC and LCL filter impedance modeling can
be obtained based on the control diagram of the grid current
controller, as shown in Fig. 5. Note that the C/ filter in the LCL
filter has much larger reactance than the Ly and L, components
and thus it is assumed that Iy, and I 4,3 are almost equal.

91+ Gpric (s)Grirsc(s)Ga(s)

Zsra(s) = K} Usra

_Isa

=K
! Gpric (s)

Zsrp(s) = K} Usnp _ K}

1+ Goric (s) (1 — UYCCTpr(s)) Grirsc(s)Ga(s) (14 USMTp1(s))

(19a)

_Isﬁ

19b
Gpric(s) (150)
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Then, the LCL filter impedance modeling can be established
as

Igaﬁ 1

GLCL (8) = = .
* —Upn., sLyxl/sCy
gap Gap sLy + 5L, 11/s0;

(20)
Based on Fig. 5, the impedance of the DFIG grid part seen

from the PCC can be obtained as

% 1+ Gren(5)Gag/ap(5)Griasc(5)Ga(s)Gagraq(s)
Grer(s)

21

where Ky = Upcc/Ug is the voltage ratio between the PCC
voltage Up ¢ and the LCL output voltage Uy;.

Similarly, (21) contains also both a-axis and [3-axis compo-
nents, respectively, and they can be separately written as (22a)
and (22b) shown at the bottom of the page.

D. DFIG System Impedance Modeling

Once the impedances of the rotor part (including the RSC
and DFIG machine) and the grid part (including the GSC and
LCL filter) have been obtained in (19) and (22), the impedance
modeling of the DFIG system Zgvyg can be calculated according
to the parallel connection of these two parts, expressed in a-axis
and (-axis components respectively as given in the following
equations:

_ Zsra(8)Zca(s)
ZSYSG (8) B ZSRu (S) + ZGa (S) (233)
Zsvss(s) = sl Z000) (230)

" Zsrp(s) + Zap(s)

E. Parameter Variation and Magnetic Saturation

The parameter variations and saturation may be present in
the DFIG system and it is not included in the simplified DFIG
system impedance modeling. Following can be stated in respect
to the parameter variations and saturation:

1) Based on the impedance modeling result of the DFIG
system as shown in in Fig. 4, it can be found that the
main parameters of the DFIG impedance modeling are
the stator and rotor resistances and leakage inductances,
and the mutual inductance.

2) Obviously, the parameter variation is likely to occur in
the stator and rotor resistances and leakage inductances.
Considering that the leakage inductances play a more im-
portant role than the resistances, it can be assumed that

TABLE I
PARAMETERS OF 7.5 KW SMALL-SCALE DFIG SYSTEM AND CORRESPONDING
WEAK NETWORK

DFIG machine

Rated Power 7.5kW Ty 150 pus 7
Ry 0.44 Q R, 0.64 Q
Ly 3.44 mH L,, 5.16 mH
L, 79.3 mH Pole pairs 3
fs 10 kHz fow 5kHz
LCL filter
L, 7 mH Ly 11 mH
Cy 6.6 uF
Current controller parameters
Kpree 4 Kiree 8
Kpgse 4 Kigse 8
PLL controller parameters
Kpp]l 1 or 50 Kipll 10 or 500
Three-terminal step-up transformer in DFIG system
Ug 380V Usr 380V
Urcc 380 V
Ky = Upcc/Us 1 Ky = Upcc/Usr 1
weak network
LI\ET 1 mH RNET 3 mQ)
CxET 200,400 pF
Two-terminal step-up transformer in weak network
Urcc 380 V Unv 380V

K3 = Unv/Uprcc 1

the parameter variation mainly happens in the stator and
rotor leakage inductances.

3) In practice, the magnetic saturation in the DFIG system
might happen, as a consequence the mutual inductance
may vary.

Nevertheless, it should be pointed out that

1) Since the mutual inductance value is much larger than the
stator and rotor leakage inductances in both small- and
large-scale DFIG system as given in Tables I and II, the
mutual inductance can be neglected even though it has a
variation due to its larger value.

2) For the parameter variations in the stator and rotor leak-
age inductance, since their value are very small in both
the small- and large-scale DFIG system, the variation is
also very small, thus little influence on the DFIG system
impedance will be seen.

In conclusion, based on the above explanations, it can be
found that, even the parameters variation and magnetic satura-
tion may occur in practice, their influence on the DFIG system
impedance can be neglected, thus it will not be discussed in
detail in this paper due to the limited space.

2 UGa

1+ Grew(s)Griasc(s)Ga(s)

Zao(s) = = K? 22a
G ( ) 2 *Ig(x 2 GLCL(S) ( )
ZG[} (s) _ 22 U(;g _ K22 1+ GLCL(S) (1 — UCIIDCCTPLL (S)) Gpriasc (S)Gd(s) (1 + UgLLTpLL(s)) . (22b)

_I.riﬂ

GLcL(s)



350

TABLE II
PARAMETERS OF 2 MW LARGE-SCALE DFIG SYSTEM AND CORRESPONDING
WEAK NETWORK

DFIG machine

Rated Power 2 MW Tq 300 ps
Ry 0.0015 Q R, 0.0016
Ly 0.04 mH Ly, 0.06 mH
L, 3 mH Pole Pairs 3
fs 5kHz fsw 2.5kHz
LCL filter
L, 125 uH Ly 125 uH
Cy 220 uF
Current controller parameters
Kprse 0.1 Kirse 2
Kpgse 0.1 Kige 2
PLL controller parameters
Kpp” 5o0r50 I(ip]] 50 or 500
Three-terminal step-up transformer in DFIG system
UG 480 V US R 690 V
Urcc 1kV
Ky = Upcc/Ua 2.08 Ky = Upcc/Usr 1.45
Weak network
LNET 36 mH RNET 2.06
CNET 5 uF, 10 uF
Two-terminal step-up transformer in weak network
Upcc 1kV Unv 25kV
K3 = Unv/Urcc 25

FE. Parallel-Compensated Weak Network Impedance Modeling

The configuration of the parallel-compensated weak network
can be seen in Fig. 1, and its impedance modeling can be pre-
sented as [15]-[17] follows:

1 (sLxgr + Rypr)/sCOnet
K2 sLxgr + Rxpr + 1/ sCxiT

ZNET = (24)
where K5 = Unvy /Upcc is the voltage ratio between high volt-
age Upv in the long-distance transmission cable and PCC volt-

age Upcc.

IV. MFR ANALYSIS

Based on the impedance modeling of the DFIG system con-
cerning the PLL unit in (23) and the parallel-compensated weak
network in (24), the MFR can be analyzed.

A. Investigation of MFR

Both a small-scale 7.5 kW and a large-scale 2 MW DFIG
system will be discussed, and their parameters are given in
Tables I and II.

Fig. 6 shows the Bode diagram of the large-scale DFIG
system impedance Zgys with (Dnormal PLL control parame-
ters Kppn = 5, Kipn =50 and @)fast PLL control parameters
Kppn = 50, Kipll =500.

By observing Fig. 6, it can be found that, since the «a-axis
component Zgys, (in yellow) does not involve the PLL unit, its
phase response below 800 Hz is smaller than 90°, and a sufficient
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Fig. 6. Bode diagram of 2 MW DFIG system impedance Zgyg with both
(®normal PLL control parameters K,,;; = 5, Kjp;1 =50 and (2 fast PLL
control parameters K ,,;; = 50, K,y = 500.
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Fig. 7. Bode diagram of 7.5 kW DFIG system impedance Zgyg with both
(®normal PLL control parameters /K, ;11 = 1, Kj,1 = 10 and () fast PLL
control parameters K,,;1 = 50, Kjp;1 = 500.

phase margin can be achieved. Besides, when the PLL with (1)
normal control parameters K1 = 5, Kj,i1 =50 is involved
in the 3-axis component Zsysg (in red), the phase response is
similar to the case of Zgyg,, indicating no resonance due to a
sufficient phase margin.

Nevertheless, when (2)fast PLL control parameters K, =
50, Kip,1 =500 are assigned to the PLL controller, the phase
response of the 3-axis component Zgygsg (in purple) between
200 and 800 Hz is close to 90°, and resonance is very likely to
be produced.

On the other hand, Fig. 7 shows the Bode diagram of a small-
scale DFIG system impedance Zgyg with both ()normal PLL
control parameters K, = 1, Kj,u = 10and @fast PLL con-
trol parameters K,,; = 50, Kj,;1 = 500.

As it can be seen in Fig. 7, the a-axis component Zgyg, (in
yellow) and (3-axis component Zgygs (in red) with (D)normal
PLL control parameters K,,; = 1, Kj,i1 = 10 have the same
impedance shape, and their phase response below 700 Hz is
smaller than 90° and thus no resonance will occur.

However, once the ()fast PLL control parameters K, =
50, Kipn =500 are employed, its phase response (in purple) is
close to 90° and the potential resonance is possible to occur.
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Fig. 8. Bode diagram of the 2 MW DFIG system impedance Zgyg with
fast PLL control parameters K11 = 50, K, =500, and the parallel-
compensated weak network with Cxgr = 5, 10 uF.

Therefore, based on the above Bode diagram analysis, it can
be concluded that: 1) when the PLL unit is not involved or the
PLL unit with normal controller parameters are investigated, no
MER seems to happen due to a sufficient phase margin between
200 and 800 Hz; 2) Once fast controller parameters are adopted
in the PLL unit, the phase response of the DFIG system increases
close to 90° between 200 and 800 Hz and the phase differ-
ence is closer to 180° and the MFR is unfortunately possible to
be seen.

Thereafter, the MFR can be analyzed based on the DFIG
system impedance with fast PLL controller parameters and the
impedance of a parallel-compensated weak network.

Fig. 8 shows the Bode diagram of the 2 MW DFIG system and
its corresponding parallel-compensated weak network, their pa-
rameters are available in Table II. It can be seen in Fig. 8 that the
magnitude intersection points between Zsysg and ZygT exist
at 305 and 429 Hz, respectively, for the network shunt capaci-
tance Cxgr = 10 and 5 pF, and the phase difference at these
two frequencies are close to 180°, then the MFR resonances at
305 and 429 Hz are produced as a consequence.

Note that even Zgyg, has magnitude intersection points with
the network, but the phase difference is less than 180°, and no
resonance will occur due to an acceptable phase margin.

A similar discussion can be achieved for a 7.5 kW DFIG
system, as shown in Fig. 9, where a Bode diagram of the small-
scale DFIG system and its corresponding parallel-compensated
weak network are shown. Their parameters are listed in Table I.

Due to the fast PLL dynamics with large controller parame-
ters, the phase response of the Zsygs increases to 90°. Then for
the case of the parallel-compensated weak network capacitance
Cnxgr =400 and 200 pF, the phase difference of 180° at the
magnitude intersection points will produce the MFR at 270 and
380 Hz, respectively.

Therefore, based on the above explanations, it can be con-
cluded that the fast PLL dynamics with large controller param-
eters cause a phase response of the Zgygs increasing to 90°.
Thereafter, the phase difference of 180° at the magnitude inter-
section point between the Zgygs and the parallel-compensated
weak network Zygr can result in MFR. Moreover, since there
is always a decoupling compensation unit in the RSC and GSC

MER in the small scale DFIG system

20 Zsxsaink23a) |
90—}’ e
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\
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Zygr with Cyzr =400 pF, 200 pF
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Fig. 9. Bode diagram of the 7.5 kW DFIG system impedance Zgys with
fast PLL control parameters K11 = 50, Kj,;1 =500, and the parallel-
compensated weak network with Cxgr = 200 pF, 400 pF.

control in Figs. 3 and 5, this MFR will also exists in the a-axis
component and thus both the large-scale and small-scale DFIG
system will suffer from MFR.

B. Stability Boundary of the PLL With the Occurrence of MFR

According to above discussion, the MFR happens when large
PI parameters are adopted in the PLL, since the large PI pa-
rameters result in the DFIG system phase response increasing
to 90° (as shown from red curve to purple curve in Fig. 6 for
large-scale DFIG system).

However, the impedance shape of the DFIG system de-
pends on many factors, such as Gprig (s), Grirsc (s), Ga(s),
and Tpyy(s) in the DFIG rotor part impedance in (19),
GrcwL(s), Gpigsc(s), Ga(s), and Tpry(s) DFIG grid part
impedance in (22). Obviously, variations of any factors in (19)
and (22) will technically result in an impedance reshaping,
thereby partly contribute to the occurrence of the MFR. There-
fore, it can be concluded that the PI parameters of the PLL
(included in the Tprr, (s)) are one of the influencing factors, but
not the only determining factor of MFR.

Based on above explanation, it is clear that the stability
boundary of the PLL regarding the MFR can only be inves-
tigated when the parameters of the other influencing factors
Goric (s), Grirsc (), Gren(s), Griasc (s), Ga(s) are specif-
ically assigned. For the purpose of consistency, the following
case studies with different PI parameters for the PLL will be
conducted using the same parameters used in Figs. 6-9 given
in Tables I and II. Only the small-scale DFIG system will be
discussed as an example here.

Fig. 10 shows the Bode diagram of the 7.5 kW DFIG system
impedance Zgyg with different cases of the PLL control param-
eters @Kppu =1, Kipll = 10, @Kppn = 10, Kipll = 100,
®@Kppn = 20, Kipn = 200, @K,pn = 30, Kipn = 300, ®
Kppu = 40, Kipll = 400, Kppn = 50, Kipll =500. It can
be seen in Fig. 10 that the when the normal PLL PI parame-
ters as group (Dis adopted, the phase response of DFIG system
at the potential MFR frequency is 78.2°, thus no MFR will be
produced in this case due to the acceptable phase margin.

For the other cases where comparatively larger PI parameters
are adopted for the PLL, the phase response of the DFIG system
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Fig. 10. Bode diagram of the 7.5 kW DFIG system impedance Zgyg with
different cases of the PLL control parameters (D) K, = 1, K, = 10,
@ Kppn = 10, Kjpy =100, ® Kppn = 20, Kipy = 200, @ Ky =
30, Kipn =300, ® K,pn = 40, Kipy =400, @ Kppn = 50, Ky =
500, and the parallel-compensated weak network with Cxgr = 200 pF.

becomes gradually larger and closer to 90° as the PI parameter
of PLL becomes larger, that is, 80.8° for the case @ K,p1 =
10, Kipn = 100, 84.6° for the case (3) Kppn = 20, Kipn =
200, 85.9° for the case WK p,u = 30, Kipn = 300, 86.5° for
the case ®Kppn = 40, Kipn = 400, and 86.8° for the case (6)
K,pn = 50, Kipn =500. Thus, based on these results, it can
be found that the larger PI parameters for PLL cause the larger
phase response of the DFIG system, indicating smaller phase
margin, then the MFR is more likely to happen.

Based on above discussion, it can be concluded that

1) The large PI parameter in the PLL ensures a faster PLL
dynamic response, but at the same time it is more likely
to produce the MFR due to a smaller phase margin.

The large PI parameter in the PLL is just one of the many
influencing factors, but not the only determining factor. In
other words, the larger PI parameters of the PLL contribute
just partially, but do not solely determine the occurrence
of MFR.

According to the discussion in Fig. 10 using several groups
of PLL parameters K, ;i1 and Ky, on one hand the larger
Kppn and Ky results in the smaller phase margin, then
the MFR is unfortunately more likely to occur as a con-
sequence; while on the other hand, the smaller K,,;; and
K,y unfavorably results in slower dynamics response of
the PLL, which is not helpful during the grid voltage vari-
ation such as low voltage fault.

Hence, it should be noted that the aforementioned acceptable
phase margin may vary in different cases, and needs to be ap-
propriately tuned with the consideration of both sufficiently fast
dynamic response of the PLL as well as the avoidance of MFR.
Normally, the phase margin around 10° is chosen as the case of
OKppn = 1, Kipn = 10 adopted in Fig. 10, the DFIG system
performance avoids the MFR and remains sinusoidal, and the
appropriate PLL dynamics is ensured as well.

2)

3)

V. SIMULATION VALIDATION

In order to validate the MFR analysis in both the large-scale
and small-scale DFIG system, simulation models are built up.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Note that, for the sake of discussion simplicity, the DFIG sys-
tem impedance modeling in the theoretical section is simpli-
fied by removing the mutual inductance branch. However, the
simulations are conducted in the MATLAB/Simulink, where
the DFIG system is the standard simulation model developed
by the MATLAB, and the mutual inductance branch exists.
The simplification of removing the mutual inductance branch in
the theoretical analysis section does not cause accuracy issues
since the mutual inductance is much larger than the stator/rotor
leakage inductance. Therefore, the simulation results can be
used to validate the theoretical analysis.

A. Simulation Setup and Control Block Diagram

Fig. 11 shows the control block diagram of the DFIG system
and its parameters can be found in Tables I and II. The rotor
speed is set to 1200 r/min (0.8 p.u.), with the synchronous speed
of 1500 r/min (1.0 p.u.).

In the large-scale DFIG system, the dc-link voltage is 1200V,
the switching frequency fs, and the sampling frequency f, for
both RSC and GSC are 2.5 and 5 kHz. In the small-scale DFIG
system, the dc-link voltage is 700 V, the switching frequency
fsw and the sampling frequency f; for both RSC and GSC are
5 and 10 kHz.

The SRF-PLL discussed above is employed to provide the
information of the PCC voltage fundamental angular speed w;
and phase angle 6;, while an encoder gives the DFIG rotor
position 6, and speed w,..

The stator output power control loop first gives out the rotor
current reference signals I jd*q . The rotor current I}, o 1s sampled
and controlled based on the reference value I :rd*q with a PI
controller. The output of the rotor current PI closed-loop control
and the decoupling compensation are added together, giving the
rotor control voltage de*q, which is then transformed to the
rotor stationary frame and delivered as the input to the space
vector pulse width modulation.

As for the GSC control, the dc-link voltage V. is well con-
trolled by a PI controller, and its output is delivered as the
converter side inductance filter current reference I }'; 2 which is
used to regulate the actual converter side inductance filter current
I;,, by aPIcontroller. The GSC control voltage U , ;. can be
obtained by the PI current controller output and the decoupling
compensation unit.

B. Simulation Results of the Large-Scale DFIG System

Fig. 12 shows the simulation results of the MFR in the
2.0 MW large-scale DFIG system, the parallel-compensated
weak network parameters are listed in Table II, Lygr =
36 mH, Rygr = 2.06Q, Cxgr = 5 uF; the PLL controller
parameters are normal as Kp,n = 5, Kijpn = 50; or fast as
K,pn = 50, Kipn =500.

As it can be seen in Fig. 12(a), before the time = 0.08 s, when
the normal controller parameters as K,,;1 = 5, Kj,i1 =50 are
assigned to the PLL controller, the large-scale DFIG system is
able to work stable with sinusoidal current, no resonances will
exist based on the FFT analysis results shown in Fig. 12(b).
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Fig. 11.  Overall control block diagram of the DFIG system using SRF-PLL.

On the other hand, once the fast dynamics parameters as
K,pn = 50, Kipn =500 are assigned to the PLL controller,
the MFR will occur, and the stator voltage, stator current, rotor
current, grid output current, stator output active, and reactive
power all contain the resonances components. According to the
FFT analysis result of the stator voltage shown in Fig. 12(c),
two MFR components occur as 3.81% at —355 Hz and 5.39%
at 455 Hz. Similarly, according to the FFT analysis result of
the stator current shown in Fig. 12(d), two MFR components
occur as 3.18% at —355 Hz and 4.26% at 455 Hz. The resonance
components of both stator voltage and stator current are actually
in pairs as explained below.

According to the theoretical analysis given in Fig. 8, the
magnitude intersection between the DFIG system [3-axis Zsysg
and the parallel-compensated weak network Zxp results in the
MEFR, and this resonance component at the frequency of fyirr
will be transformed to the synchronous frame as shown in Fig. 3,
thus it behaves as (fyrr — 50) Hz in the synchronous frame
and it will be transformed back to the stationary frame again. As
aconsequence, the resonance components finally behave in pairs
in the stationary frame, i.e., (furr — 50) + 50 = furr,and
—(fmrr — 50) + 50 = — fupr + 100 Hz. This analysis can
be verified by the FFT analysis of the stator output active power,
as shown in Fig. 12(e). That is, the stator output active power
contains only single pulsation component with the frequency of
405 Hz, which is produced by the fundamental component of
50 Hz and the MFR components of 455 and —355 Hz in the
stator voltage and stator current.

By comparing the 2 MW DFIG system simulation results of
455 Hz in Fig. 12 and the theoretical results of 429 Hz in Fig. §,
it can be found that the simulation results match well with the
theoretical results, then the accuracy of the MFR analysis in the
large-scale DFIG system can be verified.

C. Simulation Results of the Small-Scale DFIG System

Fig. 13 shows the simulation results of the MFR in
the small-scale DFIG system and the parallel-compensated

Cher H

l Parallel compensated,
weak network __/

weak network parameters are listed in Table I, Lygr =
1 mH, Rxygr = 3 m€), Cxgr = 200 pF; the PLL controller
parameters are normally as K,,,1 = 1, Kj,1 = 10; or fast as
K,pn = 50, Kijpn =500.

According to Fig. 13(a), when the normal PLL controller
parameters are adopted, i.e., Kp,n = 1, Kj,n = 10, the small-
scale DFIG system is able to work stable without resonances,
and the stator voltage FFT analysis shown in Fig. 13(b) helps
us to prove this.

In contrast, when the PLL control dynamics become fast us-
ing large parameters K1 = 50, Kj,i =500, the MFR will
occur, and the stator voltage, stator current, rotor current, grid
output current, stator output active, and reactive power all con-
tain the resonance components, as shown in Fig. 13(a). Accord-
ing to the FFT analysis result of the stator voltage in Fig. 13(c),
the stator voltage contains two MFR components 3.37% at —
280 Hz and 9.49% at +-380 Hz. Similarly, according to the FFT
analysis result of the stator current in Fig. 13(d), the stator cur-
rent also contains two MFR components 16.14% at —280 Hz
and 5.87% at 4380 Hz. These two components are actually in
pairs as discussed above. That is, the stator output power in the
small-scale DFIG system contains one single pulsation compo-
nent of 5.18% at 330 Hz, as shown in Fig. 13(e), which proves
that the above resonance components in the stator voltage occur
in pairs. Moreover, this simulation result of MFR at 380 Hz
matches well with the theoretical analysis in Fig. 9.

Based on the simulation results shown in Figs. 12 and 13,
the proposed analysis of MFR caused by the PLL closed-loop
control with fast dynamics using large parameters in both the
large-scale and small-scale DFIG system can be verified. The
MER is typically seen in the frequency range between 200 and
800 Hz, and occurs in pairs due to the reference frame trans-
formation between the stationary frame and the synchronous
frame.

It should be pointed out that in the theoretical analysis
Section III. B, the DFIG machine is modeled using its equiva-
lent circuit shown in Fig. 4, and the mutual inductance branch
is neglected for the sake of analysis simplification. However,
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Fig. 12.  Simulation results of the MFR in the 2 MW DFIG system, the

parallel-compensated weak network parameters are listed in Table I, Ly =
36 mH, Rypr = 2.06Q, Cxgr = 5 uF; the PLL controller parameters are
normally as K,,;1 = 5, Kjp = 50; or fast as K, = 50, Kj,;1 = 500.
(a) DFIG system performance; (b) stator voltage FFT analysis without reso-
nance; (c) stator voltage FFT analysis with MFR; (d) stator current FFT analysis
with MFR; and (e) stator output active power FFT analysis with MFR.
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Fig. 13. Simulation results of the MFR in the 7.5 kW DFIG system, the

parallel-compensated weak network parameters are listed in Table I, Lyt =
I mH, Rxgr = 3 mQ2, Cxgr = 200 uF; the PLL controller parameters are
normally as K, = 1, K, = 10; or fast as K, = 50, Kj,;1 = 500.
(a) DFIG system performance; (b) stator voltage FFT analysis without reso-
nance; (c) stator voltage FFT analysis with MFR; (d) stator current FFT analysis
with MFR; and (e) stator output active power FFT analysis with MFR.



SONG AND BLAABJERG: ANALYSIS OF MIDDLE FREQUENCY RESONANCE IN DFIG SYSTEM CONSIDERING PHASE-LOCKED LOOP 355

The large scale DFIG system
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Fig. 14.  Simulation results of active power step from 1.0 to 0.5 p.u. in the large-

scale 2 MW DFIG system, the parallel-compensated weak network parameters
are listed in Table II, Lygr = 36 mH, Rygpr = 2.06Q, Cxgr = SuF;
the PLL controller parameters are fastas K,,;1 = 50, Kjp;; = 500. (a) DFIG
system performance; (b) stator voltage FFT analysis before active power step-
ping, P = — 1.0 p.u.; (c) stator voltage FFT analysis after the active power
step, Py = — 0.5 p.u..

in the simulation based on the MATLAB/Simulink, the DFIG
machine is simulated using a complete DFIG machine model
provided by the Simulink, which is more accurate but also more
complicated. Therefore, the small difference in the MFR fre-
quencies between the theoretical analysis and the simulation is
due to the simplified DFIG machine model used in the analysis
and the detailed DFIG machine model used in Simulink.

D. Simulation Results of Active Power Step in the Large-Scale
DFIG System

Fig. 14 shows the simulation results when an active power
step is done from 1.0 to 0.5 p.u. in the large-scale 2 MW
DFIG system, using the parallel-compensated weak network
parameters as listed in Table II, Lygr = 36 mH, Rxgr =

2.06Q, Cxgr = 5 pF; the PLL controller parameters are fast
as K1 = 50, Kj,in = 500.Fig. 14(a) shows the DFIG system
performance, and Fig. 14(b) shows the stator voltage FFT anal-
ysis before the active power step, P = — 1.0 p.u.; Fig. 14(c)
shows the stator voltage FFT analysis after the active power
step, P, = — 0.5 p.u;

It can be seen in Fig. 14(a) that both before and after the
active power step, the MFR exists in the DFIG system and it
proves that the occurrence of MFR is independent of the DFIG
output active power variation. Moreover, even in the existence
of MFR, the stator output active power is able to follow the
reference precisely, which means the MFR will not result in the
failure of the DFIG system operation, but jeopardizing the output
wind power quality by injecting current resonance components
into the power grid.

Besides, by comparing the stator voltage harmonic analysis
before and after the active power step in Fig. 14(b) and (c), it can
be seen that the resonance components remain almost the same
at different active power output. Similar conclusions regarding
the stator current and output power can be deduced, but they are
not shown here for the sake of simplicity.

VI. CONCLUSION

This paper has investigated the MFR of the DFIG system
considering the PLL control with fast PLL control dynamics
using large controller parameters. Several conclusions can be
obtained:

1) When the normal PLL controller parameters are adopted,
the DFIG system is able to work stable without resonance
due to an acceptable phase margin;

2) However, the PLL with fast dynamics using large con-
troller parameters will increase the phase response of the
DFIG system closer to 90°, and consequently result in
MEFR. The frequency range of the MFR is typically be-
tween 200 and 800 Hz due to the phase response character
of the DFIG system. The MFR resonance components oc-
cur often in pairs due to the reference frame transformation
between the stationary frame and the synchronous frame.

3) In a normal practical situation, the MFR can be avoided
by appropriately adjusting the PLL controller parameters,
while ensuring a sufficiently fast PLL. dynamics at the
same time. This indicates that the active damping strategy
for the MFR is unnecessary.
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