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Abstract: In recent years, the doubly fed induction generator (DFIG) operates in a weak grid, rather
than a strong grid due to the high proportion of wind energy into the power grid. The impedance
interaction between the DFIG system and series and parallel compensated weak grid might cause
the subsynchronous resonance (SSR) and high frequency resonance (HFR) in the DFIG system,
respectively. Phase locked loop (PLL) is a popular grid synchronization technique, and the high
bandwidth PLL can cause resonance at middle frequencies in the DFIG system. However, the impact
of PLL types and their controller dynamics on the resonance in the DFIG system are not adequately
researched. The impact of the PLL controller with different types, such as synchronous reference
frame (SRF) and Lead/Lag PLL, is studied in this paper to fill this gap. Additionally, an improved
PLL is proposed, which can guarantee the high phase margin and decrease the likelihood of the
resonance at middle frequencies in the DFIG system under a weak grid. Moreover, the phase margin
of the DFIG system impedance with an improved PLL is less sensitive to its controller parameters.
Simulation and experimental results verify the effectiveness of the proposed method.

Keywords: doubly fed induction generator; phase locked loop; phase margin; resonance

1. Introduction

The cost-effective variable speed operations and partial size power converter make the doubly fed
induction generator (DFIG) prevalent in a modern wind power plant [1]. In recent years, the increasing
growth of the DFIG system into a weak power system with large impedance might be seen [2—4],
where the stable and secure operation of the DFIG system is contestable.

The subsynchronous resonance (SSR) [5-11] and high frequency (HFR) [12-16] may occur, when the
DFIG system operates under a series and parallel compensated weak grid, respectively.

Vector control (VC) is the most widely used technique for a grid-connected DFIG system, and it
can be divided into a stator voltage oriented VC and stator flux oriented VC. The most crucial factor
for the stator voltage oriented VC is the phase locked loop (PLL) phase angle. While using the PLL
Phase angle information, the d-axis and g-axis values of stator and rotor current and grid voltage are
accurately computed through the park and inverse park transformation. Additionally, the rotor side
converter (RSC) and grid side converter (GSC) controller can be resolute by the phase angle information
provided by the PLL [17].
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In the literature [18-21], the impact of PLL on the harmonic stability and impedance modeling
of the grid-connected converter under a weak grid has been reported. Literature [18] introduced the
double second-order generalized integrator (DSOGI-PLL) to increase the phase margin and improve the
stability of the three-phase grid-connected converter. The harmonic stability improvement, taking the
frequency coupling characteristics of the PLL, has been studied in [19] for a single-phase grid-connected
converter. The authors in [20] have conducted the study revealing the grid-connected converter
with modified PLL parameters to augment the stability analysis. [21] investigated the impact of PLL
and current controller on the impedance modeling of the grid-connected converter in af stationary
frame. Additionally, in the dg synchronous frame, the grid-connected converter impedance modeling
is proposed by authors in [22,23]. Recently, [24] conducted a detailed study on the stability of grid
connected converter with PLL inclusions. The authors in [25] have proposed the symmetrical PLL for
single input single output (SISO) impedance modeling to improve the stability of the grid-connected
converter under a weak grid. Reference [26] put forward the two-port network based impedance
modeling and stability analysis method for a grid-connected converter. However, the literature [24-26]
only relies on the grid-connected converter.

Likewise, the grid-connected converter, Literatures [5] investigated the effect of PLL on the SSR in
the DFIG system. Literature [5], further reports that the high bandwidth PLL, i.e., the larger values
of K,pr1 and Kjpy 1, increases the probability of the SSR incidence in the DFIG system due to the low
phase margin [27] studying the effect of PLL parameters on the SSR in a type-4 wind turbine. However,
the impact of PLL on the impedance modeling has been ignored for the analysis and damping of HFR
in the DFIG system [12-16].

There are numerous techniques for analyzing the resonance phenomena in the DFIG system under
a weak grid. Impedance modeling is widely employed for the resonance identification and mitigation
in the DFIG system. The dc-link voltage controller dynamics are ignored due to its relatively small
control bandwidth (10 Hz or lower), and the dc-link capacitance can then be simplified as an ideal
voltage source [7,28]. Additionally, the impedance modeling usually ignores the PLL impact, due to
the lower bandwidth when compared to the high bandwidth of the PI controller of the closed-loop
rotor and grid current. However, the high bandwidth PLL causes resonance at middle frequencies in
the DFIG system under a parallel compensated weak grid [29]. Therefore, the impact of PLL dynamics
cannot be ignored when the DFIG system is connected to a parallel compensated weak grid.

In this paper, the impact of PLL on impedance modeling and resonance in the DFIG system
under a parallel compensated weak grid is studied. Firstly, different types of PLL on the impedance
modeling of the DFIG system are investigated. Secondly, the PLL parameters, i.e., the bandwidth of
the different types of PLL on the impedance modeling and, hence, the resonance in the DFIG system,
is investigated in detail. Finally, an improved PLL is proposed, which can guarantee the improved
dynamic performance with a high phase margin and no resonance in the middle frequencies.

This paper is organized, as follows: Section 2 discusses the small-signal impedance modeling of
the traditional and improved PLL. The impedance modeling of the DFIG system with the inclusion of
PLL is put forward in Section 3. Section 4 discusses the simulation results with the traditional PLL and
an improved PLL. Time domain simulations of the DFIG system with traditional and the proposed
PLL are carried out in Section 5. Section 6 gives the experimental results. Section 7 sums up with
the conclusions.

2. Small-Signal Impedance Model of PLL

2.1. Common Sketch of Studied System

Figure 1 depicts the schematic diagram of the studied DFIG system. Wherein, Table 1 gives
the parameters of the studied system with a commercial Vestas V90-2MW DFIG system. The PLL is
adopted to obtain the phase angle for the coordinate transformation. Different types of PLL can be
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used, which will be discussed in the subsequent section of the paper. The PLL output angle Op; is
used to control the rotor and grid current employing the RSC and GSC, respectively.

The outer power and inner current control loop constitute the RSC control system with proportional
and integral (PI) controllers. The deduction of PLL angle (6p.;) and the rotor position angle (0,) are
the most critical information required for the park and inverse park transformation, which are required
in the control of the rotor current and voltage. The outer power control loop is ignored due to its large
time constant.

Likewise, the RSC, the GSC outer dc-link voltage control loop, requires the phase angle information
Opr1 for the park and inverse park transformation in computing the reference for the converter-side
filter current. Similarly, the outer dc-link control loop is ignored, due to the larger time constant.
Consequently, the rotor/filter current and control voltage transformation results might be influenced,
which can degrade the accuracy of current tracking.

o Jrave RSC GSC
Park < (G- 6)
Transformation i SVPWM 4 J— C - SVP“:EW
* A fer3
I [""‘/7 Vra’f: Inverse Park | Vigp 7 1T Inverse Park
RS Transformation Labe Tfabe Transformation
O 0,
. Encoder
P.\ Q-\' . ‘Pi (w
T T [ DFIG Current ¢ p>* o
Power Control « 8; Three phase
Calculations 14« de-link voltage 1—]1’;(. setup transformer Ly Park
T T Control [« v Transformation
I.\uh(' VI T j,T
Ori1 Vece Opry Jabe

Figure 1. Schematic diagram of the studied doubly fed induction generator (DFIG) system.

2.2. Synchronous reference frame-PLL (SRF-PLL): Small Signal Impedance Modeling

Figure 2 shows the schematic diagram of SRF-PLL. To synchronize the grid voltage with DFIG,
the phase angle for transformation is necessary, as can be seen in Figure 2.

Va » V Vd
Vece Vb> abe —> aff —>
Ve, aff Ve Yy Kiprr | opis . Obvr
_> dq : Kp[’LL + JS — —>

A

Figure 2. Schematic diagram of synchronous reference frame-phase locked loop (SRF-PLL).

The abc to af transformation does not require phase angle information, so it will not be included
in the subsequent calculation. However, phase angle information plays an important role in abc to
dg transformation.

The transformation from V. to Vs frame of reference is given by

]

O WIN
Sl
W W=

— Va
_ ] Vi @
Ve

%\leIH
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Similarly, the transformation from V4 to Vg, is given by

[ vy ] _ [ cos(wt)  sin(wt) ][ Va ] (2a)

v, —sin(wt) cos(wt) || Vg
| cos(wt)  sin(wt)
Ta,B/dW - [ —sin(a)t) cos(a)f) ] ~

Based on (2), it can be seen that this transformation is nonlinear, and its transfer function cannot
be directly obtained. The small-signal modeling method [22] is adopted to deduce its transfer function.
The PLL is supposed to be ideal in the steady state, such that the error in phase angle is zero. With this
approximation, we have

®)

—sin(0) cos(0)

_ [ cos(0)  sin(0) ]

V%l) V%z)
1) 2)
V‘? V‘i
where the superscript “(1)” and “(2)” represent the components of PLL control output and PCC voltage,
respectively.

Considering a small perturbation to disrupt the steady state can be utilized to derive the transfer
function of the PLL, and then we have

_ [ cos(0+A0)  sin(0+ AO) ]

- sin(O + Aé) cos(O + Aé)

v |

V<2> ~?z

V(1

V(l ~?1 @

where Vy(l;) and V{g) represent the steady state dq voltage component of PLL and PCC, respectively. ?in;)

and EZ) represent the small-signal perturbation dq voltage components of PLL and PCC, respectively.

AO represents the small-signal perturbation of the PLL phase angle.
While taking the trigonometric function small-angle approximation into consideration, we have

““) [ 1 a8
?1 | a0 1

Ignoring the steady-state parameters in (5), we have

(

Jz l (5)

7 *{2) 2)
.? + Vq AO ©)
1) 2)AD +~(2)
The output phase angle of PLL is given by
1
= Gru(s)3 )
where Gpy1(s) = Kppr + Kipr1/s represents the PLL unit PI controller.
Combining (6) and (7), we have
~ G
AD — L(S)g;gz) (8)

s+ VSZ)GPLL (S)

The transfer function from the phase angle of PLL to the PCC voltage g-component is given by

A® = Hpyp ()3 (9a)
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GprL(s)

HPLL(S) = T
S+Vd GpLL(S)

(9b)

While substituting (9b) into (5), the closed loop transfer function matrix including the
transformation from V4 to V4, the PLL unit, and an integral block can be obtained and is given by

:(?1) ~(2) + V( ~(2) HPLL :%2) 10)
Y V HPLL 0 1- V HPLL 2
The transfer function matrix in its final form (af to dg) is given by
- |1 0 (11)
ap/dq — 0 1- V;z)HpLL (S)
Equations that are similar to (2) can be obtained for the transformation from Vi; to Vs and it is
given by
Va cos(wt) —sin(wt) || V4
= 12
[ Vg ] [ sin(wt)  cos(wt) vy (122)
| cos(wt) —sin(wt)
Tag/ap = [ sin(wt)  cos(wt) (12b)

Table 1. Simulation parameters for the studied system.

Element Symbol Value Symbol Value
Ps 2 MW Tp 300 ps
Viom 690 V If;llrz 3
Ppase 2 MW Vbase 563 V
Nbpase 750 rpm wr 0.8 p.u.
R, 0;)(1)167 R, OPE)(I)I63
L 0.0528 I 0.0792
DFIG Is p-u. Ir p.u.
N O .
fs 5kHz fow 2.5 kHz
I, 125 uH L, 125 uH
Cr 220 pF %8} 480 V
Vs, 690 V Vpce 1KV
K 2.08 Kq 1.45
Kpy 0.2 Ki1 2

Kp» 02 K 2
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Element Symbol Value Symbol Value
0.058
R 2mQ L
Weak Grid 82 3-2m &2 mH
Cr 0.0032 F
Kyprrt 5 Kipri1 50
SRE KypLL2 50 Kiprr2 500
KppLLg; 500 Kipr13 5000
K 13 Tia 0.0092
Lead/Lag To, 0.0003 K, 79
To 0.0072 Ty 0.0003
Ks 444 Tie 0.0045
Tae 0.0003
PLL
KypLr 50 Kiprr1 5
Kapri1 10 Ty 0.04
Improved KypLL2 90.9 KiprL2 9
KipLLo 18.12 Too 0.04
Kiprra 110.3 Tos 0.04
K 48 K 48
Ks 48

The closed loop transfer function matrix, including the transformation from Vi, to Vi, by
repeating the similar steps, as given above, the PLL unit and an integral block can be obtained, and is

given by
52

o

~(1)

v
V, 'Hpr

L (s)D )"(1)
Vd HPL ( )"(1)+"(1)

- 1 —V(l)HpLL S)
0 1+V( HpLL(S

The transfer function matrix in its final form (dq to ap) is given by

qu/aﬁ = [

1

2.3. Small Signal Modeling of Lead/Lag PLL

0

0 1+ Vsl)HpLL(S) }

(13)

1E1

(14)

Figure 3 shows the schematic diagram of Lead/Lag PLL. The Lead/Lag Lag/lead controller in the
PLL structure is preferred due to the enhanced filtering features. More details regarding Lead/Lag PLL

can be found in [30].

S

1+1s
1+ 15

Or1y

(pLp - i

Figure 3. Schematic diagram of Lead/Lag PLL.
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Based on Figure 3, the open and closed loop transfer function of the Lead/Lag PLL can be obtained
and it is expressed as
1+Tis 1
= K——— .-
14 Tss s
K(l + Tls)
T2s?2 4+ (1+ T1K)s + K

The detailed deduction of the small signal impedance model of the Lead/Lag will not be discussed
here, as the derivations process is similar to the SRE-PLL. The final equation that is similar to (11) and
(14) can be obtained and is given as

Go(s) (15a)

Gal(s) = (15b)

1 0
H' =~ = 16
af/dq [ 0 1-V'PGy(s) ] 1o
1 0
H" = (1) (17)
d/ap — | 0 1+ ViVGy(s)

2.4. Small Signal Modeling of Improved PLL

Figure 4 shows the schematic diagram of an improved PLL.

4 V.
Ly V., d
Vece Vo | abe —> ap —
V_) v, T 1) 7
—> Sap s N PRSI SN PNTTIN GRR kN py e
>/ dq 1475 L dPLL
A

Figure 4. Schematic diagram of improved PLL.

The open and closed loop transfer function of the improved PLL that is based on Figure 4 can be
expressed as

Tws K; 1
M(s) = K—%— (K —~PLL 4 K )— 1
Go'(s) 17 Tos \Kopi + =5 tKapus ) (18a)
2 ,
G(s) = KTwKgprrs® + KKpprr Tows + KKiprr Top (18b)

Tows® + (14 KTwKypr1)s? 4+ KKpprp Tws 4 KKiprr T

The detailed deduction of the small signal impedance model of the improved will not be discussed
here, as the derivations process is similar to the SRF-PLL. The final equation similar to (11) and (14)
can be obtained and is given as

1 0
H" /4y = 1
ap/dq { 0 1-V'YGm(s) } 1)
1 0
Hmdq/aﬁ = (1) (20)
0 1+ ViGm(s)

3. Impedance Modeling: DFIG System with PLL Inclusions

The impedance modeling of the DFIG system can be established based on the modeling of different
PLL types. In this paper, for simplifying the DFIG system impedance modeling, the transformation
from abc to ap is ignored in the impedance modeling, as it does not interact with the PLL and controller
of the DFIG system. Furthermore, the dc-link voltage controller dynamics is ignored (because of the
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lower bandwidth (10 Hz or less) of the dc-link voltage controller) to more clearly show the PLL impact
on the impedance modeling. It should be noted that the PLLs of the DFIG system causes resonances at
the middle frequency range from 200 Hz to 800 Hz.

3.1. Impedance Modeling with SRF-PLL

Figure 5 depicts the rotor current controller of the RSC. The different control units used in Figure 5
are discussed, as follows. The PI controller of the rotor current can be expressed as

K:
Ger(s) = Kyn + 1)

where Kj1 and Kj; are the RSC current controller proportional and integral parameters, respectively.
The PWM digital delay can be expressed as

Gp(s) = e=P (22)
where T is the digital control delay.

; PLL Impact Decoupling PL‘I?ImPact v
E ] abe N yi [r ) * ; w
g_lk_’lal%ﬁ > G(zﬁdq

PLL Impact Decoupling PLL Impact
Lrop + +V:dq Veap 4 Lap i

____________________________________________________________________________________________________________________________________

Figure 5. Schematic diagram of rotor side converter (RSC) rotor current control.

Figure 6a shows the equivalent circuit of the DFIG machine. R; and R, are the stator and rotor
resistance, respectively. Lj;, Ly, and Ly, are the stator leakage inductance, rotor leakage inductance,
and magnetizing inductance, respectively. The magnetizing inductance branch can be ignored due to
the high value of stator and rotor leakage inductance. Subsequently, the simplified equivalent circuit
of the DFIG machine can be drawn, as shown in Figure 6b.

The impedance of the DFIG machine, which is based on Figure 5, is given by

Gifig(s) = o= brap = L (23)
rap - Vlaﬁ Ry + S(Llr + Lls) + Rs
Based on Figure 5, as seen from the PCC, the rotor part DFIG impedance is given by
v 14 Gyfi.(s)G 5)Ge1(s)Gp(s)G, s
Zl(s) _ K‘;‘ lap _ K% dfzg( ) aﬁ/dq( ) cl( ) ( ) dq/aﬁ( ) (24)
—lrap Ga fig(s)

where K] = VPCC/Vl-
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b,
R, Ly Ly Ry } ;
- Voo
;Vmﬁ Iaﬂ;
o o

(b)

Figure 6. DFIG machine equivalent circuit (a) Overall; (b) simplified.

Equation (24) contains both a and f components. It can be separated into @ and § components,

as follows: v 14 Ggfig(s)Ge1(s)Gp (s)
+ Gafig(5)Ge1(s)Gp (s
_ e _ g2 g
Z1a(s) = K 1. Ky Gugig(s) o
Vig 1+ Gdfig(s)(l - Vtgz)HPLL(S))G“ (5)Gp (s)(l - Vél)HPLL(S))
2 = K _ @ (25b)

1-Ig Gafig(s)

Likewise, Figure 7 shows the DFIG machine and RSC impedance modeling, the simplified diagram
of the grid current controller of the LCL filter, and GSC impedance.

PLL Impact Decoupling PLL Impact Vs

v v e
- il feefp s

li gnbcg

Figure 7. Simplified control diagram of GSC and LCL filter.

Figure 8a shows the equivalent circuit of the LCL filter and GSC. The filter reactance Cy can be
ignored due to the high reactance contrary to L; and Ly. Subsequently, the current Iz,5 and Igap are the
same, and the simplified equivalent circuit is redrawn, as shown in Figure 8b.

Based on Figure 8b, the G.(s) and Gg(s) can be expressed as

K
Gals) = Kp+ -2 (26)

where Kj» and K, are the GSC current controller proportional and integral parameters, respectively.

I
fap 1
7(5) Vi~ Vaag  SLalaCy+(Ly + Lo) @7

Based on Figure 8, the grid part DFIG impedance, as seen from the PCC, is given by

» Vo 2 L1 Gr(8)Gap/aq (3)Gea(s)Gn () Gag/ap (5)

g Gr6) )

Zz(S) =

where Ky = Vpcc/Vs.
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— —
® YL YN o) o) YL Y o)
I L Ly I L L,
Viap -T C/ Vaap Viap VEHEE
& j ) & l )
(@ (b)

Figure 8. LCL filter equivalent circuit (a) Overall; (b) simplified.

Likewise (24), (28) contain both & and 5 components. It can be separated into a and § components,
as follows:

o Vae 14 GE(5)Gea(s)Gp(s)
Zoa(s) = K o, = K? 0 (29a)
1% 14+ G(s)(1 = V¥ Hpry (5))Gea (5)Gp (5)(1 + VIV Hpyy (5)
Zzﬁ( ) B KZ 28 _ K% f ( d PLL ) 2 D ( d PLL ) (ng)
2-Iyg Gy(s)

The overall DFIG impedance can be seen as the parallel combination of rotor part DFIG impedance
and grid part DFIG impedance. The overall DFIG system impedance in & and f3 axis can be expressed as

Z1a(5)Z2a(s)

Z14(8) = 0———————~ 30a
Ta( ) Zla( ) + ZZa(S) ( )
V4 Z
ZTﬁ(S) _ 1ﬁ( ) Za( ) (30b)
Zap(s) + Zap(s)
The parallel compensated weak grid impedance is given by

1 1

ng = (Sng + Rgz)@/(ngz + Rgz) + @ (31)

where Rg», Lgo, and Cq» are resistance, inductance, and capacitance of parallel compensated weak grid,
respectively. Table 1 gives the parameters of the weak grid.

3.2. Impedance Modeling with Lead/Lag PLL

The impedance model of the DFIG system with Lead/Lag PLL can be deduced in a similar way as
with the SRF-PLL. The a and § components of the DFIG system rotor part impedance and grid part
impedance with the Lead/Lag PLL can be expressed as

. 1+ Gafig(s)Ge1(s)Gp(s)
2
7 (s) = K e (32a)

1+ Guyigl5)(1 = Vi Gu(5) |G ()G )1+ V4 Gus))

Zy,(s) = K Car® (32b)
1 G S
z(5) = g Y ()() 0¥ (33a)
14 G(s)(1- VPG (s)|Gea(5)Gp (s)(1 + ViV Gai(s)
Zy(s) = 13 eSS ) (33b)

Gy (s)
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The overall DFIG system impedance while considering Lead/Lag PLL can be expressed as

Z'l'oé (s)Z'z'a (s)

Z;Q(S) = m (343)
; Z’l’ﬁ(s)Z'z'ﬁ(s)
Zrg(s) = W (34b)

3.3. Impedance Modeling with Improved PLL

The impedance model of the DFIG system with an improved PLL can be deduced in a similar
way to the SRF-PLL. The a and § component of the DFIG system rotor part impedance and grid part
impedance with an improved PLL can be expressed as

o 1+ Gagig(s)Ge1(s)Gp ()

Z" (s) = K 35a
la( ) 1 Gdfig(s) ( )
14 Gagig(s)(1 - VI2G"(5)|Ger ()G (s)( 1+ ViV G
o - + Gagig(s) 4 Gi(8))Ga(s)Gp(s){1+V, "G (s) .
Z'(s) = K 35
18 ! Gufig(s) (350)
14 G£(s)Gea(s)Gp(s)
m _ r2 f
Zy (s) = K5 ) (36a)
14 G4(s)(1- VPG (5))Gea(s)Gp (s)(1 + VIV G
+Gg(s) 4 G (8))Gea(s)Gp(s){1 4V, Gyi(s)
Zy(s) = K5 (36b)
G(s)
The overall DFIG system impedance considering improved PLL is given by
Z14(8)Z5;,(s)
Zn(s) = 2 (37a)
7al®) Z" (s) + 253 (s)
Z15(5)Z54(s)
18\ %28
Zmn(s) = —b0— 1 (38)
Tﬁ( ) Z;’%(s) +Zg1ﬁ(s)

4. Simulation Results

4.1. Simulation Results with SRF-PLL

Figure 9 shows the Bode plot of the closed loop transfer function of PLL with the parameters
given in Table 1. It can be seen in Figure 9 that the PLL bandwidth with different parameters varies in
direct proportion with the proportional and integral gains of PLL, resulting in low, medium, and high
bandwidth PLL.
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2{} T T T T
B.W3 = 508 (rad/S)

g 0
3
E a0k B.WI = 11.9 (rad/S)
£
= _ .

ol B.W2 = 59.6 (rad/S)

-60
T 0
53
=
g -as|
=
o

90}

Il | 1 Il
107 10" 10° 10 10° 10°

Frequency(Hz)
Figure 9. Closed-loop frequency response of SRF-PLL.

The Bode plot of parallel compensated weak grid impedance in (31) with (Cg, = 0.0032 F and
0.0062 constituting Zg,1 and Zgy»), and the DFIG system impedance in (30) is shown in Figure 10.

&
=2
2
=2
=
]
=
L
L)
el L
=1/] [
g 3 - mm=e==em-----ooooooT R E——
Sasr P AG, AD,,<180°
2 : ‘ :
=0r b AOcABo<i0” 1 T
al L AGy,, AGy,>180° 1
% [ gt SR e SR
_90 I — 3 rl

100 200 300 400 500 600 700 800
Frequency (Hz)

Figure 10. Bode plot of DFIG impedance and parallel compensated weak grid with low, medium,
and high bandwidth SRE-PLL.

It can be seen in Figure 10 that a component of DFIG impedance in pink has the magnitude
intersection point with weak grid impedance at point A; and A;. The corresponding phase difference
at point A; and A; is less than 180°. Accordingly, the resonance at the middle frequency is not likely
to occur. The reason is that there is no PLL involved in the & component of DFIG impedance. The f8
components of DFIG impedance while taking the low bandwidth PLL into consideration have the
magnitude intersection points C; and C, with weak grid impedance. The phase differences at the
corresponding points are less than 180°. The resonance at the middle frequencies is not likely to occur
due to the low bandwidth of PLL. However, if the medium and high bandwidth PLL is taken into
consideration, the § component of DFIG impedance has two magnitude intersection points with weak
grid impedance, namely B; and B,. Additionally, the corresponding phase difference at the point By
and B, are higher than 180° at frequencies 210 Hz and 290 Hz, respectively. This shows that the high
bandwidth of PLL can cause resonance to occur at the middle frequencies, i.e., from 200 Hz to 800
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Hz. The aforementioned analysis and simulation results show that PLL parameters have a significant

impact on the resonance.

Figure 11 shows the Bode diagram with different SRF-PLL control parameters.

26 T :
Zgyp ; Kppr1=10, Kipr =50
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84l |
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Frequency (Hz)

Figure 11. Bode plot of DFIG impedance and parallel compensated weak grid with different

PLL parameters.

Choosing the small K,p;; and Kjpy for PLL, the high phase margin can be guaranteed, and the
resonance is not likely to occur, as can be seen in Figure 11. However, when the PLL parameters are
increased, i.e., the high bandwidth PLL can cause less phase margin, as shown in Figure 11. It is

noteworthy that the DFIG system impedance does not rely on PLL impedance. Other parameters, like
the digital delay of PWM and the parameters of the current controller, can also affect the impedance

modeling of the DFIG system.

4.2. Simulation Results with Lead/Lag PLL

Selecting three different Lead/Lag PLL with the same bandwidth (low, medium, and high) as
SRE-PLL and Lead/Lag PLL is shown in Figure 12. Table 1 provides the Lead/Lag PLL parameters.

B.W3 = 508 (rad/S)

Magnitude (dB)

B.W1=11.9 (rad/S)

B.W2 = 59.6 (rad/S)

Phase (degree)

107!

10! 10° 10°

Frequency(Hz)

1 0[]

Figure 12. The closed-loop frequency response of Lead/Lag PLL.
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The Bode plot of parallel compensated weak grid impedance in (31) (Cg2 = 0.0032 F and 0.0062
constituting Zgy1 and Zgy,), and the DFIG system impedance in (34) for three Lead/Lag PLL with
different parameters is shown in Figure 13.

Magnitude (dB)

Zrps

=l
(=]

| LA, AD, > A, <180°
n ' ; AHCI > AOc,<180°

Phase (degree)
&

(=}

Zrpm

IS
i

100 200 300 400 500 600 700 800
Frequency (Hz)

o
=]

Figure 13. Bode plot of DFIG impedance and parallel compensated weak grid with low, medium,
and high bandwidth Lead/Lag PLL.

It can be seen in Figure 13 that a component of DFIG impedance in pink has the magnitude
intersection point with weak grid impedance at point C; and C,. The corresponding phase difference
at point C; and C; is less than 180°. Accordingly, the resonance at the middle frequency is not likely
to occur. The reason is that there is no PLL involved in the « component of DFIG impedance. The f8
component of DFIG impedance taking the low and high bandwidth Lead/Lag PLL into consideration
have the magnitude intersection points A, A1, and A; for grid impedance Zgp,» and B, By, and B; for grid
impedance Zg,1. The phase differences at the corresponding points are less than 180°. The resonance at
the middle frequencies is not likely to occur due to the low bandwidth of PLL. However, if the medium
and high bandwidth PLL is taken into consideration, then the § component of DFIG impedance might
cause resonance at middle frequencies. The aforementioned analysis and simulation results show
that Lead/Lag PLL parameters have little impact on the impedance modeling of the DFIG system as
compared to SRF-PLL.

Figure 14 depicts the Bode diagram with different Lead/Lag PLL control parameters to give a more
clear insight into the resonance. It can be seen in Figure 14 that selecting the low bandwidth Lead/Lag
PLL, the high phase margin can be guaranteed, and the resonance is not likely to occur. However,
the high bandwidth Lead/Lag PLL can cause less phase margin, as shown in Figure 14. It is noteworthy,
that phase margin taking high bandwidth Lead/Lag PLL is high when compared to SRF-PLL with
high bandwidth.
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Figure 14. Bode plot of DFIG impedance and parallel compensated weak grid with different Lead/Lag
PLL parameters.

4.3. Simulation Results with Improved PLL

Figure 15 shows three different improved PLL with the same bandwidth (low, medium, and high)
as SRF-PLL, and Lead/Lag PLL, with the parameters being given in Table 1.

B.W|l = 11.9 (rad/S)

Magnitude (dB)

B.W2 =59.6 (rad/S)
B.W3 =508 (rad/S)

Phase (degree)

10° 107! 10 10' 10° 10°
Frequency(Hz)

Figure 15. The closed-loop frequency response of improved PLL.

Figure 16 depicts the Bode plot of parallel compensated weak grid impedance in (31) (Cq2 = 0.0032
F and 0.0062 F constituting Zg,1 and Zgy5), and the DFIG system impedance in (37).
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Figure 16. Bode plot of DFIG impedance and parallel compensated weak grid with low, medium,
and high bandwidth improved PLL.

Figure 16 shows that the & component of DFIG impedance in pink and the 8 component with
low and high bandwidth improved PLL have approximately the same impedance shape. There exist
two magnitude intersection points with weak grid impedance at points a and B. The corresponding
phase difference at points A and B is less than 180°. Hence, the resonance at the middle frequency is
not likely to occur, even with the high bandwidth improved PLL. The aforementioned analysis and
simulation results show that improved PLL parameters have an insignificant impact on the DFIG
system impedance modeling when compared to SRF-PLL and Lead/Lag PLL.

The Bode plot of parallel compensated weak grid, and the DFIG system with improved PLL of
different control parameters is shown in Figure 17 to give a more clear insight into the resonance.
Contrary to SRF-PLL and Lead/Lag PLL, the high phase margin can be guaranteed in the case of
improved PLL. Additionally, it can be seen in Figure 17 that the control parameters of improved
PLL have a minimal effect on the phase margin. Accordingly, the improved PLL can be used as an
alternative to SRF-PLL and Lead/Lag PLL for the DFIG system under the weak grid to guarantee the
improved dynamic performance and stability enhancement.

-10.34
Zep

_ {K,+50, Ki=5, K;~10} iK,=170, K=10, K,~40}

-10.35 > Y

10355 |§ K290 K,~15, K70 | K, -410, Ki—20, K~100;

™

Magnitude (dB

-10.36

{K,~530. K=25,K;~130

-10.365
70.06

70.05
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Phase (degree)

70.02 . .
310.64 310.66 310.68 310.7 310.72 310.74 310.76

Frequency (Hz)

Figure 17. Bode plot of DFIG impedance and parallel compensated weak grid with different improved
PLL parameters.



Energies 2020, 13, 1039 17 of 26

5. Time Domain Simulations

This section validates impedance modeling through time domain simulations.

5.1. Simulation Results with SRF-PLL

Two cases of low and high bandwidth SRF-PLL are validated through time-domain simulations.
Figure 18a,b depict the stator voltage, stator and rotor current, active and reactive power, and torque for
the DFIG system operated under weak grid employing the low bandwidth PLL (K,p., = 5, Kip1 = 50)
and high bandwidth PLL (K,pr . = 500, Kjprr = 5000), respectively. With the low bandwidth PLL,
the resonance at middle frequency will not exist, as can be seen in Figure 18a. Contrary to Figure 18a,
the resonance is likely to exist, as can be seen in Figure 18b. The resonance frequency in the stator and
rotor current induce resonance in the active and reactive power and electromagnetic torque.
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Figure 18. Simulation results of DFIG system in weak grid with SRF-PLL (a) Low bandwidth; and,
(b) High bandwidth.
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Figures 19a,b show the FFT analysis of the DFIG stator voltage with low and high bandwidth PLL,
respectively. There is no resonance at the middle frequencies, as can be seen in Figure 19a However,
the resonance at 295 Hz and 3955 Hz exists if the high bandwidth SRF-PLL is considered, as reflected

in Figure 19b.

10
oy

— { Resonanceat |
=8 — ol i 295Hz, 6.96% |
£ = 8 e ngenann :
£ =
2 6l No resonance at 2
g o middle frequencies -§ 6
: :
=4 S
E £
= £

2 =,

0 _.“t’.lu.. b A i 0

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 19. FFT analysis of stator voltage (a) Low bandwidth SRF-PLL; and, (b) High bandwidth.

5.2. Simulation Results with Lead/Lag PLL

Likewise, the SRF-PLL, Figure 20a, and Figure 20b depict the stator voltage, stator, and rotor
current, active and reactive power, and torque employing the low bandwidth (K = 13, T = 0.0092,
T, = 0.0003) and high bandwidth (K = 493, T; = 0.0012, T, = 0.0003) Lead/Lag PLL, respectively. If the
low bandwidth Lead/Lag PLL is chosen for the DFIG system, the resonance at middle frequency will
not exist, as indicated in Figure 20a. Contrary to Figure 20a, the resonance is likely to exist in the
aforementioned quantities, as demonstrated in Figure 20b.

Figure 21a,b portray the FFT analysis of the DFIG stator voltage with low and high bandwidth
Lead/Lag PLL, respectively. It can be seen in Figure 21a that there is no resonance at the middle
frequencies. However, the resonance at 305 Hz and 405 Hz occurs if the high bandwidth Lead/Lag PLL

is considered, as evident in Figure 21b.
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Figure 20. Cont.
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Figure 20. Simulation results of DFIG system in weak grid with Lead/Lag PLL (a) Low bandwidth;
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Figure 21. FFT analysis of stator voltage with Lead/Lag PLL (a) Low bandwidth; and,
(b) High bandwidth.

5.3. Simulation Results with Improved PLL

Two cases of low and high bandwidth improved PLL is validated through time domain simulations.
Figure 22a, and Figure 22b show the stator voltage, stator and rotor current, active and reactive power,
and torque for the DFIG system operated under weak grid employing the low bandwidth (K,pr1 = 50,
KiPLL =5, KdPLL = 10) and hlgh bandwidth PLL (KpPLL = 5000, KiPLL =500, KdPLL = 1000) improved PLL,
respectively. It can be seen in Figure 22a if the low bandwidth improved PLL is chosen for the DFIG
system, the resonance at middle frequency will not exist. Contrary to the case of SRF-PLL and Lead/Lag
PLL with high bandwidth, the resonance will not be likely to exist in stator voltage and current, rotor
current, active and reactive power, and electromagnetic torque, as can be seen in Figure 22b.

Figure 23a,b demonstrate the FFT analysis of the DFIG stator voltage with low and high bandwidth
improved PLL, respectively. The resonance does not exist at the middle frequencies, as reflected in
Figure 23a. Similarly, the resonance at middle frequencies in the stator and rotor current, active and
reactive power, and electromagnetic torque will not exist if the high bandwidth improved PLL is
considered, as reflected in Figure 23b.
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Figure 22. Simulation results of DFIG system in weak grid with improved PLL (a) Low bandwidth,
and (b) High bandwidth.
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Figure 23. FFT analysis of stator voltage with improved PLL (a) Low bandwidth; and,
(b) High bandwidth.

6. Experimental Results

The impact of PLL on the resonance in the DFIG system is validated while using the experimental

setup, as shown in Figure 24.

Figure 24. Experimental set up of the proposed DFIG system.

The proportional and integral gain of three types PLL is the same as in Table 1. The experiments
are conducted to show the stator voltage and stator current with low and high bandwidth SRF-PLL,
Lead/Lag PLL, and an improved PLL. Similar results can be deduced for electromagnetic torque and
active and reactive power, but it will not be discussed here in this paper.

Figures 25 and 26 show the stator voltage and stator current of the DFIG system operated under
a weak grid employing the low bandwidth PLL (K,pr. = 5, Kiprp = 50) and high bandwidth PLL
(KpprL = 500, Kipr = 5000), respectively. With the low bandwidth PLL, the resonance at middle
frequency will not exist in the DFIG stator voltage and stator current, as can be seen in Figure 25a,b.
The resonance in the DFIG stator voltage and current is likely to exist, contrary to Figure 25a,b, as can

be seen in Figure 26a,b, respectively.
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Figure 25. DFIG system in weak grid with low bandwidth SRF-PLL (a) Stator voltage,
and (b) Stator current.
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Figure 26. DFIG system in weak grid with high bandwidth SRF-PLL (a) Stator voltage, (b) Stator current.

Likewise, Figures 27 and 28 show the stator voltage and stator current of the DFIG system operated
under a weak grid employing the low bandwidth (K =13, T1 = 0.0092, T, = 0.0003) and high bandwidth
(K'=493,T; =0.0012, T, = 0.0003) Lead/Lag PLL, respectively. If the low bandwidth Lead/Lag PLL is
chosen for the DFIG system, the resonance at middle frequency will not exist in the stator voltage and
stator current, as can be seen in Figure 27a,b, respectively. The resonance in the DFIG stator voltage
and stator current is likely to exist, contrary to Figure 27a,b, as can be seen in Figure 28a,b, respectively.
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Figure 27. DFIG system in weak grid with low bandwidth Lead/Lag PLL (a) Stator voltage,

and (b) Stator current.
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Figure 28. DFIG system in weak grid with high bandwidth Lead/Lag PLL (a) Stator voltage,

and (b) Stator current.

Similar to SRF and Lead/Lag PLL, the stator voltage and stator current with low bandwidth
(KpPLL =50, KiPLL =5, KdPLL = 10) and hlgh bandwidth (KpPLL = 5000, KiPLL = 500, KdPLL = 1000) are
shown in Figures 29 and 30b, respectively. It can be seen in Figure 29a,b that the resonance at middle
frequency does not exist in the DFIG stator voltage and stator current with low bandwidth improved
PLL. Contrary to the case of SRF-PLL and Lead/Lag PLL with high bandwidth, the resonance will not
be likely to exist in stator voltage and stator current of the DFIG system, as can be seen in Figure 30a,b,
when an improved PLL is taken into consideration.
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The aforementioned experimental results validate the time domain simulations for the DFIG
system operated in a weak grid with the inclusion of PLL. The experimental results have good

agreement with time domain simulations.
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Figure 29. DFIG system in weak grid with low bandwidth improved PLL (a) Stator voltage,
and (b) Stator current.
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Figure 30. DFIG system in weak grid with high bandwidth improved PLL (a) Stator voltage,
and (b) Stator current.

7. Conclusions

This paper has studied the impact of PLL on resonance at the middle frequencies in the DFIG
system under a weak grid. Firstly, the small signal model of two types of traditional PLL and an
improved PLL is established. Secondly, the impedance model of the DFIG system, while considering
the impact of the small signal model of PLLs, is established. Subsequently, based on the impedance
modeling, the resonance at middle frequencies with different controller parameters and different types
of PLL has been investigated. The conclusions could be drawn, as follows:
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1. The low bandwidth of any PLL (SRF, Lead/Lag, and improved) has no effect on the resonance at
middle frequencies due to an acceptable phase margin.

2. Resonance at middle frequencies exists in the DFIG system with high bandwidth SRF, and Lead/Lag
PLL. However, there is no resonance at middle frequencies with the employment of improved
PLL, even with the high bandwidth.

3.  The performance of the Lead/Lag PLL is superior to the same high bandwidth SRF-PLL due to
the higher phase margin of the Lead/Lag PLL.

4. The phase margin with the Lead/Lag PLL is less dependent on the PLL controller parameters as
compared to SRF-PLL.

5. The improved PLL controller parameters have an insignificant effect on the impedance modeling,
as the phase margin is approximately the same for different bandwidth improved PLL.

6. The a and  component DFIG system impedance with improved PLL has approximately the
same impedance shape. Additionally, a high phase margin with improved PLL guaranteed better
dynamic performance than the SRF-PLL and Lead/Lag PLL.

7. The experimental results are in good agreement with the time domain simulations.
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