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Abstract—Increased penetration of wind energy in the electric
grid has necessitated studying the impact of wind integration
on the transient stability of the power system, with urgency
to develop appropriate electromechanical models of the wind
turbine generator (WTG). The representation and control of the
WTG’s electric signals are typically in a rotational dq coordinate
system whose reference angle is provided by a phase-locked-
loop (PLL). The PLL is commonly considered as a measurement
device and is often absent in existing WTG electromechanical
models. This paper studies the impact of PLL on the DFIG-based
WTG electromechanical response by theoretical and simulation
analyses. The dynamics of the PLL are found to greatly influence
the WTG electromechanical response, suggesting that PLL should
be regarded as an indispensable control loop rather than a
measurement device, and its impact should be modeled when
establishing the WTG electromechanical model.

Index Terms—DFIG-based WTG, electromechanical model,
phase-locked-loop (PLL), transient stability.

NOMENCLATURE

i, iy d-axis and g-axis current components represented
in the rotational dq coordinate system established
by the PLL.

14, iq d-axis and g-axis current components represented
in the rotational dq coordinate system established
directly by the terminal voltage.

Vi, I Rotating vectors of the terminal voltage and the
WTG injecting current.

Wy, , Wpll Rotating speeds of the terminal voltage vector
and the d-axis of the PLL dq coordinate system.

Rs, Ls, L, Stator resistance, stator self-inductance, and mu-

tual inductance of the DFIG generator.
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vy Stator flux linkage vector of the DFIG genera-
tor.

d-axis and g-axis components of the terminal
voltage in the rotational dq coordinate system
establshed by the PLL.

d-axis and g-axis components of the magnetiz-
ing current of the rotor-side converter in the
rotational dq coordinate system established by
the PLL.

d-axis and g-axis components of the DFIG
stator current in the rotational dq coordinate
system established by the PLL.

Current capacity of the rotor-side converter.
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I. INTRODUCTION

IND energy is being promoted today globally to re-

duce the consumption of fossil fuels and the emission
of greenhouse gases [1]. Wind power typically employs a
converter-based generator of which the transient dynamics
are different from traditional synchronous generators, thus
requiring that its impact on power system stability be assessed
properly. Currently, this assessment is typically conducted us-
ing time-domain simulations, which require appropriate mod-
eling of the electromechanical response of the wind turbine
generator (WTG) under transient conditions.

The various WTG models [2]-[18] are generally divided
into 1) a full-order model and 2) a reduced-order model.
The full-order model keeps all the control loops and can
provide the most accurate response. However, the high order
of the full-order model limits the speed and the scale of the
simulation. In addition, the full-order model is not only always
provided by the WTG manufacturers, and also is protected
under a non-disclosure agreement. Consequently, it is difficult
for the public to get access to these models.

The reduced-order model increases the simulation speed and
the simulation scale by ignoring or simplifying some control
loops, while still satisfying the accuracy requirements of spe-
cific study purposes. There are various reduced-order models
for various study purposes, such as for power quality [2], volt-
age dip ride-through [3], short-circuit calculation [4], DC-link
voltage stability [5], singularity-induced instability [6], sub-
synchronous oscillation [7], and transient stability [8]—[18].
Among these, the electromechanical reduced-order model for
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transient stability has received extensive attention. Several
working groups, such as the Western Electricity Coordinating
Council (WECC) Renewable Energy Modeling Task Force
(REMTF), and the International Electrotechnical Commission
(IET) Technical Committee (TC) 88, have all been established
for the purpose of studying this model, with many publications
related to the generic electromechanical WTG models [15]—
[18].

Existing electromechanical models treat the PLL as a typical
measurement device instead of an indispensable control loop
of the WTG. Much like other measurement devices for voltage,
current, and rotating speed, the dynamics of the PLL in these
electromechanical models have received little study. The WTG
terminal voltage is used to directly establish the rotational dq
coordinate system.

This paper studies the impact of the PLL on the transient
electromechanical response of the DFIG-based WTG. Section
IT presents the theoretical analysis. Section III presents the
simulation analysis. This study shows the considerate influence
that the PLL has on the WTG electromechanical responses and
the need to incorporate this impact into the WTG model for
transient stability studies.

II. THEORETICAL ANALYSIS
A. Role of the PLL in the DFIG-based WTG

As Fig. 1 shows, the electric signals of the DFIG-based
WTG are represented and controlled in a rotational dq coordi-
nate system while those of the external grid are in a static abc
coordinate system. As a result, the electric signals are required
to change their coordinate systems during the exchange be-
tween the WTG and the external grid. The successful operation
of the WTG relies on synchronization of the rotational dq
coordinate system with the rotational terminal voltage vector.
The terminal voltage vector can be synthesized by its a-axis,
b-axis, and c-axis components in the static abc coordinate
system. Fig. 2 demonstrates the results of the synchronization.

PLL synchronizes the WTG to the
external grid

DFIG-based
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Fig. 1. Role of the PLL in a grid-connected DFIG-based WTG.

Fig. 2. Synchronization of the rotational dq coordinate system and the
rotational terminal voltage vector.

The d-axis of the rotational dq coordinate system always
coincides with the rotational vector of the terminal voltage. In
other words, to achieve the synchronization, the phase of the
rotational d-axis of the dq coordinate system should always be
equal to that of the rotational vector of the terminal voltage.
Typically, a PLL is employed to generate the d-axis phase
reference that is always equal to the phase of the terminal
voltage vector, i.e.,

Opn1 = Oy, (1)

The resulting WTG dq coordinate system based on the output
phase of the PLL will synchronize with the terminal voltage
vector.

Fig. 3 shows the framework of the PLLs employed by the
WTGs [19]. Here, the phase detector transforms the coordinate
system of the terminal voltage from the static abc coordinate
system of the external grid to the rotational dq coordinate
system of the PLL. The d-axis and g-axis components of the
terminal voltage, V;q and Vi, are then further processed by the
monotonous transfer module to form an error signal, which is
monotonous to the phase difference between the d-axis of the
PLL’s rotating dq coordinate system and the rotational terminal
voltage vector. Then the phase error regulator will regulate the
error signal and generate the rotating speed or frequency of
the dq coordinate system, which will be integrated to obtain
the phase of the d-axis 6. The 6, will be used to establish
the rotational dq coordinate systems of the PLL and the WTG.

14
1% “ y|Monotonous Phase 9
tabe Phase % > Pl
—> detect Wq transfer [—» error > Integrator >
etector module regulator|

!

Schematic of the PLLs employed by the WTGs.

Fig. 3.

B. Impacts of the PLL on the Electromechanical Response of
the DFIG-based WTG

The electromechanical model of the DFIG-based WTG
typically does not factor in the current control loops since
their bandwidth is over 100 Hz, which is much higher than the
bandwidth range (below 15 Hz) required in the electromechan-
ical analysis [20]. As a result, compared to the bidirectional
exchange shown in Fig. 1, the exchange of the electric signal
between the WTG and the grid becomes unidirectional, which
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is illustrated in Fig. 4. Only the WTG output current needs
to be transformed from the dq coordinate system to the abc
coordinate system. The transformation can be expressed as

cos Opn —sin Opn
(N 2m . o2 p
i cos(Opn — ?) —sin(@pn — g) Zi )
; 2 2 q
te cos(fpn + ?ﬂ) —sin(fpn + %)

where 6, is the output phase of the PLL.
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Fig. 4. Unidirectional electric signal flow between the WTG electromechan-
ical model and the external grid.

Another result of not factoring in the current control loops
is that the d-axis component of the WTG current will always
equal the active current commander, and the g-axis component
will always equal the reactive current commander.

Zg = Z.pcmd (3)
Zg = iqcmd (4)

Under normal conditions, the rotating d-axis of the PLL
dq coordinate system will lock to the rotating vector of the
terminal voltage, as shown in Fig. 2. The relationships between
active current component i, reactive current component ¢, d-
axis current component ¢4}, and g-axis current component if of
the WTG output current are demonstrated in Fig. 5. As shown,
the WTG active current is equal to the d-axis component
current and the reactive current component is equal to the
g-axis component current.

- (5)
iq = 07 (©)
4 g-axis
. 1
lq’lq ---------------- :
5 %
—— T:' T=d-axis
iy}

Fig. 5. Current and voltage phasor diagram when the PLL dq coordinate
system locks to the terminal voltage vector.

Substituting (3)—(4) into (5)—(6) gives

ip = ipcmd (7)

iq = iqcmd (8)
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Equations (7)—(8) indicate that under normal conditions the
active and reactive currents of the DFIG-based WTG are
determined exclusively by the respective active and reactive
current commanders.

However, large disturbances such as the occurrence of a
short-circuit fault and the disconnection of a faulted line may
cause a sharp jump in the terminal voltage rotating vector
phase. This phase jump is considered a step disturbance to
the PLL, which causes the PLL to lose synchronization with
the terminal voltage vector. Before the PLL retrieves the
synchronization, there will be a phase difference between the
rotating d-axis and rotating voltage vector, which is defined as

AO = Oy, — O, )

and demonstrated in Fig. 6. From Fig. 6, the changed rela-
tionships of the active current component 7, reactive current
component i, d-axis current component ¢, and g-axis current
component ¢} of the WTG output current are obtained

. b .
ip = iycosAf + zqsmA9

iq = —ihsinAg + ibcosAf

(10)
(1)

a-axis

Fig. 6. Current and voltage phasor diagram when the PLL dq coordinate
system does not lock to the terminal voltage vector.

Substituting (3)—(4) into (10)—(11) gives

ip = tpemdCOSAD + igemasinAfd (12)

iq = —IpemaSINAG + igemdcosAb (13)

Equations (12)—(13) suggest that when the PLL loses syn-
chronization after being subjected to a large disturbance in
the external grid, the active and reactive currents of the
WTG are determined by a combination of the active current
commander, the reactive current commander and the phase
difference instead of the respective active or reactive current
commander alone which is the case when the PLL keeps the
synchronization with the terminal voltage vector.

C. Impacts of Neglecting the PLL on the Electromechanical
Response of the DFIG-based WTG

The common practice of the existing DFIG-based WTG
electromechanical models is to neglect the PLL, as shown in
Fig. 7. In this instance, the transformation of the WTG current
from the rotational dq coordination system into the static abc
coordinate system will not depend on the output phase of the
PLL; rather, it will directly rely on the three phase terminal
voltages. The changed transformation can then be expressed
as
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Fig. 7. Neglect of the PLL in the existing DFIG-based WTG electrome-
chanical model.
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where 6y, is the phase of the rotating vector of the terminal
voltage, and
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where vi, Vi1, Vi are the three phase terminal voltages of the
external grid in p.u.

The relationships between the active current component iy,
reactive current component %4, d-axis current component 7},
and g-axis current component ¢ of the WTG output current
are

(16)
A7)

Z'p = ipcmd
iq = iqcmd
under normal and fault conditions.
According to (7)—(8) and (16)—(17), not considering the
PLL will result in a same current response of the WTG under
normal conditions. However, under fault conditions, according
to (12)—(13) and (16)—(17), ignoring the PLL will lead to a
deviated current response of the WTG. The deviations are
represented by

dip, =

= 1pemdCOSAD + tgemdSINAY — ipemd

Z-p_withpll - ip_withoutpll

(18)

diq = Z‘q_withpll - Z-q_withoutpll

= —ipcmdsinAH + Z'qcdeOSAQ — iqcmd (19)

Fig. 8 shows the resulting active and reactive current devi-
ations when the phase difference ranges from —= to 7. The
active current commander is set to 0.8 p.u. and the reactive
current commander is 0.5 p.u. Fig. 8 indicates that the neglect
of PLL could cause significant deviations in the WTG currents.

D. Bandwidth of the PLL

The bandwidth of the PLL employed by the WTG involves
a trade-off between two factors, the time response and the
filtering performance. A larger bandwidth will result in a
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Fig. 8. WTG active and reactive current deviations resulted form the phase
error between the PLL and the terminal voltage.

faster time response, which means that the PLL will need
shorter time to resynchronize to the terminal voltage. A larger
bandwidth also means a deteriorated filtering performance
of the distortions of the grid voltage such as the harmonics
and the asymmetrical elements [21]. As a result, the typical
range of the PLL bandwidth is 8 to 25 Hz [22], and the
control systems of the models for power system time-domain
simulation are typically required to be valid up to 10 to 15 Hz
[20]. The typical bandwidth of the PLL is in or close to the
valid range of control systems. Therefore, the aforementioned
impacts of the PLL on the WTG are in or close to the
electromechanical time scale, and should be modeled when
developing a WTG electromechanical model.

ITII. SIMULATION ANALYSIS
A. Proposed DFIG-based WTG Electromechanical Model

This section describes a DFIG-based WTG reduced-order
eletromechanical model that models the impacts of the PLL
by incorporating the PLL in the model. The overall structure
of the model is shown in Fig. 9. The proposed reduced-
order electromechanical model is essentially a controlled-
current-source consisting of two sub-controlled current sources
representing the two interfaces from which the DFIG-based
WTG injects current into the external grid, DFIG stator and
grid-side converter.

1) Mechanical Model

The mechanical model, shown in Fig. 10, presents the con-
trol loops and the elements that affect the electromechanical-
time-scale dynamics of the electric torque commander 7¢. The
control loops of the mechanical model are designed to maxi-
mize the electric power output under normal conditions, which
is known as the maximum power point tracking (MPPT).
Under fault conditions, the control loops and their parameter
settings remain the same as the normal conditions though the
MPPT has become technologically impossible.

The implementation of the MPPT is achieved by adjusting
the rotating speed reference w; based on the electric power
output P,. The speed error between the speed reference and
actual speed will be sent to the pitch controller and the electric
torque controller. The pitch controller adjusts the speed error
by adjusting the mechanical power input of the rotating mass
through changing the pitch angle of the blades 3. The electric
torque controller adjusts the speed error we;, by adjusting
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Fig. 9. Overall structure of the proposed DFIG-based WTG reduced-order eletromechanical model.
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Fig. 10. Structure of the mechanical model.

the electric power output and changing the electric torque
commander T,. The rotating masses of the WTG are factored
in the drive train, which is a two-mass model, representing
two groups of the rotating masses, i.e., the turbine and the
generator. The aerodynamics are simplified to

Pav = 5 At3i0aColA, B) 0)

where p is the air density, A, is the sweeping area of the
blades, vwing is the wind speed, C}, is the power coefficient,
A is the ratio of the turbine blade tip speed and the wind
speed, and S is the pitch angle. The details of the simplified
aerodynamic can be found in [13].

2) Normal/Fault Current Control Logic

The electric commander 7, generated by the mechanical
model is transformed to the WTG active current commander
or the d-axis rotor current commander ifd, which, along with
the reactive or g-axis current commander if(; generated by
the outer Q/V control loop, is then sent to the normal/fault
current control logic to form the eventual d-axis and q-axis
rotor magnetizing currents %, and i, Fig. 11 demonstrates
the workflow of the logic.

Under normal conditions, the logic ensures that the eventual
apparent magnetizing current does not exceed the current ca-
pacity of the rotor-side converter ¢, max. In addition, the logic
endows the d-axis rotor current commander, i.e., the WTG
active current commander with the priority in the allocation

START
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Normal Fault

" P ip
Iy =l + Aqu
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g = MUNAZ 57, g, )
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P — mi p"
i =min (i .1 )

PP

'rda q OutpUt

Fig. 11.  Workflow of the normal/fault current control logic.

of the limited current capacity. As a result, the eventual d-axis
rotor current is only limited by the current capacity of the
converter.

ify = min (4,7, @1)

and the eventual g-axis rotor current will be limited by the

remaining current capacity.
\/(ir—maX)Q - (ifd)2>

(22)

’
p _ [
iyq = min (qu’

Under fault conditions, in addition to ensuring that the
eventual apparent current of the rotor-side converter does not
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exceed its current capacity, the logic also ensures that the
resulting active and reactive currents injected into the grid
satisfy the grid code requirements. Here, the grid code is the
E.ON [23] whose requirements are illustrated in Fig. 12. It
requires the WTG to preferentially inject extra reactive current
proportional to the fault voltage deviation from the pre-fault
voltage level. To meet the requirements, the logic adjusts the
g-axis current commander iP’ as follows

rq
B =i+ Adrg (23)
Airg =K * (1—Vj) 4)

and endows the g-axis rotor current commander with the
priority in the allocation of the current capacity. Hence, the
g-axis will only be limited by the maximum current capacity
of the converter.

(25)

. . -n’ .
qu = min (qu 5 br_ max)
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Fig. 12.  Requirements of E.ON grid code on the WTG reactive current
injection during fault.

Then, the d-axis rotor current will be limited by the remain-
ing current capacity.

iy =i (12— G2) 26)
3) Stator Current Calculator
The d-axis and q-axis magnetizing currents %, and iy

produced by the normal/fault current logic is sent to the stator
current calculator to arrive at the resulting d-axis and q-axis
currents injected into the grid through the stator interface. The
calculation and its deduction are briefly introduced below.

The relationship between the terminal voltage of the WTG
and its stator current and flux can be represented by

dy,

Vi = Rols + jwy, Ws + 7: (27)
Neglecting the stator transients [24],
Vi = Rols + jwv, s (28)
Replacing wy, with wy) gives
Vi = RoIs + jwpn%s (29)

The stator flux is determined by the stator current and the
rotor current.

W, = LI+ LI, (30)

Thus, the relationship between the rotor excitation current
generated by the rotor-side converter and the stator current is
obtained.

_ ;P - p
I, =i+ Jisq
2 . .
Rq‘/;z + WPULSV;E; — anLmlefd + wpuLmRslfq
- 2 2 72
Rz + wp“LS
. 2 .
szVtI()l — (.upuLSVJ:1 — wanmRSzfd — wanmLSzfq

2 2 2
Rs + wpllLs

€19

4) dq — abc: Transformation of the Coordinate System

The d-axis and g-axis currents from the stator current cal-
culator will be added to the d-axis and g-axis currents injected
into the grid through the grid-side converter to form the total
d-axis and g-axis currents of the WTG. The transformation of
the coordinate system transforms the d-axis and g-axis currents
represented in the WTG rotating dq coordinate system into the
three phase currents represented in the external grid static abc
coordinate system.

cosfpn —sinfpy
1a o . 2w p
Z:b — |cos(Bpn — g) —sin(fpn — ?) [zg] (32)
lc 2 . 2m B
cos(Opn + 3) —sin(fpn + 3)

where 6 is the output phase of the PLL.
5) PLL: Model of the Impacts of the PLL on the Transient
Electromechanical Response of the WIG

The impacts of the PLL on the transient electromechanical
response of the DFIG-based WTG, which has been theoreti-
cally analyzed in Section I, is modeled by incorporating the
PLL in the proposed WTG electromechanical model.

Here, the PLL sub-model is similar to the one in the
SIMULINK full-order DFIG-based WTG model. Fig. 13 il-
lustrates the PLL structure. The three-phase terminal voltages
are first transformed from the static abc coordinate system
to the static af coordinate system. The «-axis and [-axis
components of the terminal voltage are used to calculate the
magnitude of the terminal voltage before they are further
transformed to the rotational dq coordinate system of the PLL.
The resulting g-axis component of the terminal voltage is then
taken as the monotonic phase error, and is sent to a classic
PI controller to produce the deviated rotating speed Aw. Then
the is added to the nominal rotating speed wy to get the actual
rotating speed of the PLL rotational dq coordinate system, w.
The output phase of the PLL 6 is obtained by integrating
the w.

Table I shows the default parameter settings of the PLL in
the SIMULINK full-order model, which is also taken in the
proposed model.

The bandwidth of the PLL is about 13 Hz. The calculation
of the bandwidth is briefly introduced below. The closed loop
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Fig. 13.

TABLE I
DEFAULT PARAMETER SETTINGS OF THE PLL

Parameter
Kp_p

Parameter
Ki_pu

Setting
60

Setting
1,400

transfer function of the linearized PLL small-signal model is

H(S) = @ = KP_pll S KI_pH
Ov, s+ Kp pn-s+ Kipn

The Bode plot of the PLL is obtained based on the transfer
function and is shown in Fig. 14. The bandwidth of the
PLL is the frequency when the magnitude Bode plot first
decreases below the —3 dB, and as can be found from plot,
the corresponding frequency is about 13 Hz.

(33)

3 ; ; ;

(=)

Magnitude (dB)
e

|
N

|
el

10
Frequency (Hz)

(=]
W

Fig. 14. Magnitude Bode diagram of the PLL.

B. Model Verification

The proposed reduced-order DFIG-based WTG model is
verified by comparing to the SIMULINK full-order DFIG-
based WTG model. The main differences in these models,
as discussed in Section III-A, are that the proposed model
simplifies the fast transients such as the current control loops
and the electromagnetic transients in the DFIG machine. The
PLL and the mechanical model of the proposed model are the
same as the corresponding parts of the SIMULINK full-order
model.

Fig. 15 shows the power system for verification and other
purposes in this paper. A wind farm and a synchronous genera-
tor export power to the external grid through two transmission
lines. The wind farm is modeled as an aggregated DFIG-based

Structure of the PLL in the SIMULINK full-order DFIG-based WTG model.

Wind farm

@—+®
-0

Local synchronous
generator

External grid Transmission lines

[ <

Structure of the test power system.

Fig. 15.

WTG, and the external grid is modeled by a synchronous
generator and a load. A balanced 3-phase fault is applied to
one of the transmission lines and the fault lasts for 500 ms.
Fig. 16 shows the simulation results. As the Fig. 16(a)
and (b) illustrate, the overall power response of the proposed
electromechanical reduced-order model matches well with that
of the SIMULINK full-order model in the eletromechanical
time scale, despite a small deviation of the active power over a

SIMULINK full-order model

Proposed reduced-order model

Reactive Power (p.u.)

Time (s)

Time (s)
1 1 [
238

234 238
(a)

Electric Torque (p.u.)

23.4
(W]
Rotor Speed (p.u.)
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0 = 1.2
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23 23.4 23.8 ' 23 25 27
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Fig. 16.  WTG responses when the WTG model is the SIMULINK full-order
model and the proposed reduced-order model. (a) Active power into the grid.
(b) Reactive power into the grid. (c) Electric torque on the rotor of the DFIG
generator. (d) Rotor speed of the DFIG generator.
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short period after the fault occurrence and a small deviation of
the reactive power over a short period after the fault clearance.
Moreover, the dynamics of the inner variables of the WTG are
also shown in Fig. 16(c)—(d). As can be found in the figures,
the dynamics of the inner variables of the two models also
match well in the electromechanical time scale. The results
preliminarily verify the proposed model.

C. Model Analysis

1) Impact of Neglecting the PLL Sub-model on the Electrome-
chanical Response of the Proposed WI'G Model

The practice of the existing DFIG-based WTG electrome-
chanical model that neglects the PLL as described in Section
II-C is studied here using the proposed WTG electromechani-
cal model. The absence of the PLL is modeled in the proposed
model by removing the PLL sub-model and changing the sub-
model of the coordinate system transformation from (2) to
(14).

A same fault sequence as aforementioned is applied, and
Fig. 17 demonstrates the simulation results when the PLL
is incorporated or neglected in the proposed model. As the
Fig. 17(a)-(b) present, the absence of the PLL causes a
significant deviation in both the active and reactive power
responses of the WTG, and the duration of the deviation is
in the electromechanical time scale. Moreover, not including
the PLL also leads to considerable deviations in the dynamics
of the WTG inner variables, shown in Fig. 17(c)—(d). As the
proposed model incorporating the PLL has been verified in
Section III-B, the deviations can be interpreted as the deviation
from the true responses. Therefore, it can be concluded that the

Proposed model with PLL

Proposed model without PLL

Reactive Power (p.u.)

1
1
|
1
|

|
1

0 7
0 i v, Time
L 1 Tlrfle (i) -0.4 1 . 1 L ’ |(S)>
23 234 238 23 234 238
(a) (b)
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Fig. 17. Responses of the proposed reduced-order model when the PLL is

incorporated or neglected. (a) Active power into the grid. (b) Reactive power
into the grid. (c) Electric torque on the rotor of the DFIG generator. (d) Rotor
speed of the DFIG generator.

PLL should not be overlooked to avoid possible significantly
deviated responses as shown here.
2) Impacts of the Parameter Setting of the PLL Sub-model on
the Electromechanical Response of the Proposed WTG Model
A modified parameter settings of the PLL sub-model of the
proposed DFIG-based WTG model is designed and compared
to the default parameter settings. The fault sequence aforemen-
tioned is applied. Fig. 18 demonstrates the simulation results.
As can be found from the figure, the modified parameter
setting of the PLL sub-model has significantly changed the
output power and inner variable responses of the proposed
WTG model. The WTG’s active power response during fault-
on period and its reactive power response after fault clearance,
shown in Figs. 18(a) and Fig. 18(b) respectively, deviate sig-
nificantly from those with the default PLL parameter setting.
The dynamics of the WTG inner variables such as the rotating
speed shown in Fig. 18(d) also deviate considerably.

Default parameters K, ,; =60 K, ,, =1400

—————— Modified parameters K, ,, =6 K, , =140
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©

Fig. 18. Responses of the proposed reduced-order model when the parameters
of the PLL sub-model remain in default or are modified. (a) Active power
into the grid. (b) Reactive power into the grid. (c) Electric torque on the rotor
of the DFIG generator. (d) Rotor speed of the DFIG generator.

A second fault that causes a higher fault voltage at the
WTG terminal is also applied and cleared in a similar way.
Fig. 19 exhibits the simulation results. Compared to Fig. 18,
the deviation of the active power during the fault-on period
has decreased significantly, but the deviation after the fault
clearance has increased considerably, as shown in Fig. 19(a).
Moreover, in addition to a significant deviation in the reactive
power after the fault clearance, a large deviation during fault-
on period can also be found in Fig. 19(b). The deviations in
the WTG inner variables also increase significantly, which can
be found in Fig. 19(c)—(d).

The considerable deviations shown in Fig. 18 and Fig. 19
demonstrate that the parameter setting of the PLL sub-model in
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the proposed electromechanical model has significant impact
on the electromechanical response of the whole model.
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Fig. 19. Responses of the proposed reduced-order model when the parameters
of the PLL sub-model remain in default or are modified. (a) Active power
into the grid. (b) Reactive power into the grid. (c) Electric torque on the rotor
of the DFIG generator. (d) Rotor speed of the DFIG generator.

IV. CONCLUSION

PLL impacts on the transient electromechanical responses of
the DFIG-based WTG are studied in this paper via theoretical
and time-domain simulation analysis. Theoretical analysis
establishes the relationships between the WTG active and reac-
tive current commanders, the actual WTG active and reactive
currents injected into the grid, and the PLL dynamics, under
normal and fault conditions when the PLL is incorporated
or neglected. The relationships suggest that the PLL could
significantly affect the response of the WTG. The theoretical
analysis also discusses the bandwidth of the PLL and suggests
that the impacts of the PLL on the WTG responses are in or
near the electromechanical time scale.

In the time-domain simulation analysis, a reduced-order
electromechanical DFIG-based WTG model is proposed and
preliminarily verified by comparing to the SIMULINK full-
order DFIG-based WTG model. The impact of neglecting the
PLL when establishing the WTG electromechanical model is
then studied based on the proposed electromechanical model.
The simulation results show that neglecting the PLL could
cause the response of the eletromechanical model to deviate
considerably from the true response. Additionally, the impact
of the parameter setting of the PLL sub-model in the proposed
WTG model is studied. The simulation results suggest that the
parameter setting of the PLL sub-model has a heavy influence
on the response of the whole WTG model.

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 2, NO. 2, JUNE 2016

Therefore, this paper suggests that the impact of the PLL
should not be neglected, but should be considered carefully
when establishing the WTG electromechanical model. Note
that the PLLs employed by the field WTGs vary in the
structure and the parameter setting [20], [22], [25], and this
paper only studies one of them. More studies that consider
different structures of the PLL are expected. In addition, the
modeling of the impacts of the PLL in this paper is to keep
the PLL in the WTG electromechanical model without any
simplifications, which increases the order and the complexity
of the model and is not generic either. A simple, low-order
and generic model for the impact of the PLL on the WTG
electromechanical response is expected.
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