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Abstract—The inertia analysis for wind turbines (WTs) typically
focuses on the electromechanical timescale. Active power control
(APC) and phase-locked loop (PLL) are essential considerations
while reactive power control (RPC) is often deemed negligible,
particularly in stiff grid. However, such assumptions may be inap-
propriate. Therefore, this article aims to comprehensively examine
the effects of APC and RPC on the inertia for doubly fed induction
generator-based WTs. Firstly, phase motion models are developed
by incorporating various combinations of control loops, including
APC, RPC, and different PLL configurations. Subsequently, the
impacts of the APC and RPC on the inertia are examined in detail.
The analysis reveals that the APC diminishes inertia, whereas the
RPC significantly enhances the inertia. Additionally, special atten-
tion should be given to phase characteristics of the inertia transfer
function, as they can substantially influence inertial performance.
Furthermore, an improved frequency support method is proposed,
which achieves superior frequency response without necessitating
the PLL bandwidth to be adjusted to extremely low values, such as
1 Hz or lower. Finally, the analysis and the proposed method are
validated through experiments.

Index Terms—A ctive power control (APC), doubly fed induction
generator (DFIG), inertia control, reactive power control (RPC),
wind turbine.

NOMENCLATURE
P, Q. Active and reactive power.
Vs, Wy Stator voltage and stator flux.

En Excitation voltage.
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I, I, Stator current and rotor current.
oR Internal rotor angle between excitation voltage
vector E,,, and stator voltage vector Vg.

Ry Stator resistance.

X, Xm Stator reactance and mutual reactance.

Ls, L, L, Stator, rotor, and magnetizing inductance.

Opi1, Octrl PLL phase angle and power control angle.

0g, O Phase angle of excitation voltage vector E,, and
stator voltage vector Vs.

kppis kipn  Proportional and integral coefficients of the PLL
controller.

w_34B, (pu PLL bandwidth and damping coefficient.

w1 Rated grid angular frequency.

J(s) Inertia transfer function.

Ton, Tt Filter time constant of PLL and LPF.

Ip, Pp Desired d-axis rotor current change and active
power change under frequency excursion.

Subscripts

d, g Direct and quadrature-axis components.

s, r  Stator and rotor side.

0 Initial steady value before disturbance. Bold case variable
denotes instantaneous space phasor.

1. INTRODUCTION

N RECENT years, the power system has transitioned from

fossil fuel-based generation to renewable power generation
(RPG) [1], [2]. While the large-scale integration of renewable
energy contributes to environmental and societal benefits, it also
introduces challenges that make the power system more vulner-
able [3]. Specifically, voltage and frequency excursions have
become more significant under contingency situations, raising
concerns among transmission system operators (TSOs) [4].

To ensure grid security, TSOs have mandated that RPG equip-
ment should comply with grid codes, which include require-
ments for voltage support, inertia control, and primary frequency
regulation capabilities [5], [6]. Against this background, grid-
forming (GFM) control has gained widespread applications,
particularly with increasing wind power penetrations. A key
advantage of GFM-based wind turbines (WTs) is their ability to
emulate the external characteristics of synchronous generators
(SGs), thereby facilitating inertial response [7]. In contrast,
the grid-following (GFL)-based WTs under typical parameter
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configurations are generally unable to provide inertial response.
To address this limitation, additional frequency-related control
loops are integrated into the outer loop to modify the output
active power of WTs. This capability is often referred to as
virtual, emulated, artificial, or synthetic inertia [8].

The doubly fed induction generator (DFIG)-based WT gets
scaled applications in wind power plants (WPPs). Traditionally,
it is assumed that DFIG-based WTs do not provide an inertial
response during frequency disturbances because they operate
at the maximum power point or their rotor is decoupled from
the grid. [9], [10], [11]. This perspective primarily considers
aerodynamic operating features and structural topologies. How-
ever, this may be incomplete, as it overlooks the influence of
hierarchical control loops—including the power control loop,
current control loop, and phase-locked loop (PLL) on the inertial
response of DFIG-based WTs.

For the inertia analysis of WTs, active power control (APC)
is typically considered due to its influence at the initial stages
of frequency disturbances [12]. However, the impact of the
phase-locked loop (PLL) remains a subject of debate, partic-
ularly concerning its bandwidth, which ranges from a few Hertz
to tens of Hertz. When the PLL bandwidth is set to tens of
Hertz, DFIG-based WTs may not exhibit an inertial response,
rendering the PLL’s impact on power dynamics negligible [13].
This does not imply that an inertial response is unattainable
but suggests that the inertial response is concealed under high
PLL bandwidth settings. To release the hidden inertia, extensive
research has been conducted to explore the inertial provision
mechanisms of DFIG-based WTs. For instance, researchers have
established phase motion models that consider the coupling
between APC and PLL, demonstrating that a noticeable inertial
response can be achieved by reducing the PLL bandwidth to
extremely low values, typically below 1 Hz or even as low
as 0.1 Hz [14], [15]. Further investigations have explored the
impacts of APC in DFIG-based WTs with low PLL bandwidths,
indicating that the control parameters of APC have limited
influences on inertia [16]. These findings confirm that the PLL
significantly affects the inertial response. Subsequently, Guo et
al. [17] reconceptualized the PLL by analogies to the phase
motion model of SGs and led to the proposal of various methods
for optimizing the PLL to enhance the inertial response [18],
[19], [20]. It appears that, in inertia analysis, the focus is often
on the electromechanical timescale, with APC and PLL being
inherently included in the modeling, and has been progressively
deepened in academic research. However, such integration may
not be entirely appropriate, as the impacts of APC and PLL
cannot be fully explained in isolation. Notably, the influence of
APC on inertia is seldom examined in depth.

The reactive power control (RPC) is often overlooked, par-
ticularly in a stiff grid [21], where active power and reactive
power are typically decoupled. Even in weak grid conditions,
although active and reactive power are coupled during dynamic
processes, the control parameters of the voltage controller have
a minor impact on the inertia of DFIG-based WTs with constant
terminal voltage control [16]. [22] found that negative inertia can
occur when reactive power operating points are set unreasonably
for WTs with adjustable reactive power control. However, the
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Fig. 1. Diagram of the DFIG-based WT system.

effects of RPC on inertia and the extent of its influence remain
unclear.

Targeting these issues, this article aims to comprehensively
examine the effects of APC and RPC on the inertia for DFIG-
based WTs. The major contributions are as follows:

1) The significance of the magnitude and phase charac-
teristics of the inertia transfer function is demonstrated
for DFIG-based WTs, which is achieved through the
phase motion model that incorporates the PLL. And, the
analysis results indicate that the conclusions obtained in
synchronous reference frame (SRF)-PLL on inertia are
applicable to other types of PLLs.

2) The conventional understanding that APC must be con-
sidered while RPC can be neglected in inertia analysis
for DFIG-based WTs is challenged. By comparing cases
with and without considering APC and RPC, it is found
that APC diminishes inertia, whereas RPC significantly
enhances inertia.

3) Based on the theoretical analysis, an improved frequency
support method is proposed. This proposed method
achieves superior inertia performance compared to tra-
ditional methods that require tuning the PLL bandwidth
below 1 Hz. More importantly, the PLL bandwidth for the
proposed method does not need to be adjusted to extremely
low values.

The rest of the article is organized as follows: Section II gives
the system description and introduces the typical phase motion
model. Section III presents phase motion models that consider
various types of PLLs and illustrate the significance of bode
diagram for the inertia transfer function. Section IV examines
the impacts of APC and PLL on inertia and further proposes
a frequency support method. The correctness of the analysis is
verified by the experiments in Section V. Finally, Section VI
concludes this article.

II. SYSTEM DESCRIPTION AND TYPICAL PHASE MOTION
MODEL FOR DFIG-BASED WTS

A. System Description

Fig. 1 shows the diagram of the DFIG-based WT system.
The DFIG-based WT is connected to the public grid via the
back-to-back converters, namely rotor-side converter (RSC)
and grid-side converter (GSC). The GSC can be ignored as
most mechanical power is transferred through the stator side,



GUO et al.: EFFECTS OF ACTIVE AND REACTIVE POWER CONTROL ON INERTIA IN DFIG-BASED WIND TURBINES

pll

» wt=0

Fig. 2. Vector diagram for DFIG-based WTs during frequency disturbances.

as performed in [15], [19]. The RSC control usually adopts a
dual control loop for superior performance. The APC and RPC
are employed for achieving the d-axis and g-axis rotor current,
respectively. The active power reference is obtained from the
power tracking curve. The control targets of RPC normally
include terminal voltage and reactive power, but the latter is
more common in practice [23], [24]. The current control ensures
high-quality current but can be ignored in this article because
the article mainly focuses on electromechanical dynamics. The
SRF-PLL provides the phase foundation for the RSC control
system through the stator voltage orientation.

B. Typical Phase Motion Mode By Considering APC and PLL

The basic dynamic model of the stator side for the DFIG-
based WT in the synchronous reference frame by adopting the
generator and motor convention at the stator and rotor side can
be expressed as follows [30]:

.= LI+ L.L M
P, = Viglsq + Vgl . (2)

{VS = —RI, + dW,/dt + juw, ¥,

The inertial response of the DFIG-based WT is generally up to
several seconds and belongs to the electromechanical timescale.
The APC and RPC are usually included in the mechanical
timescale. The PLL can be catalogized to both the electromag-
netic timescale and electromechanical timescale, which is deter-
mined by the PLL bandwidth. The current control usually affects
the dynamic around 0.01 s and belongs to the electromagnetic
timescale, which can pose little impact on the electromechanical
dynamic. Therefore, the electromagnetic dynamic is normally
neglected in the field of inertial analysis, as in [14], [19].

Except for ignoring the flux dynamic, the stator resistance can
also be disregarded for the power loss on the stator resistance
is very small. Then, the stator voltage equation in (1) can be
expressed as follows:

Vs = jw1 Wy = —jwi LgIs + jwi LIy 3)

Define the excitation vector E,, of the DFIG-based WT as
follows:

Em = jwiLlmly = jXmly = Fnd + jEmg- 4)

Then, the active power P, in (2) can be re-expressed as
follows:

P, = Ey, Vs sin (0g) / Xs. (5)
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Fig. 2 shows the vector diagram of DFIG-based WTs in the
synchronous reference frame during the frequency disturbances.
Based on Fig. 2, the internal rotor angle di can be expressed as
follows:

5E = eE - 05 = actrl + epll - 95. (6)

According to (5) and (6), the small-signal expression of active
power AP, can be expressed as follows:

AP, = ‘)/;0 sin (0go) AEwm + % cos (0go) Adg

S S

intertal voltage amplitude intertal voltage phase

Ey . Vso .
+ X: sin (dgo) AV = Xj sin (0gp) AE,
[y —

terminal voltage amplitude
+ ks AR + kv AV (7N

AVy and AE 4 can be neglected since the terminal voltage
and corresponding control hardly affect the active power dy-
namics in stiff grid. Then, according to (4) and Fig. 2, AE,,, can
be expressed as follows:

Enao Emqo

ABy = ——28  ABpg+ —28  AEB,,
\/ E2 40+ EIano \/ E2 0+ Er2nq0
El’ll
~ RONE,, 8)
mO
Em( Em
Abein = =55 OANEnq — E2q0 AEBnd & kemqAFBmq.  (9)
mO mO

Taking (8) and (9) into (7), (10) can be obtained

AP, ~ ‘)/;0 sin (6gp) EquO ABuq+ks (Aber+ A0 — Aby)
s mO

kpEq

= kPEqAqu + k(S (kcququ + Aepll - Ae@) .
(10)

The transfer function of SRF-PLL G ,11(s) reflects the relation
between A6y and A, and can be expressed as follows:

Af k ks
Gl (5) = pit () _ ppllS + Fipll

Abs (s) 82 + kppns + Kipn

Combined with the control block of RSC in Fig. 1, (4), (6), (8),
(9), (10) and (11), the small-signal model of the DFIG-based WT
in the electromechanical timescale can be obtained, as shown in
Fig. 3(a).

Furthermore, by block transformation, Fig. 3(b) can be
achieved. The coefficient kg in Fig. 3(b) equals

qu = kcmq + kPEq/kS = 1/-Eme-

The final phase motion model by considering the APC and
PLL is shown in Fig. 3(c) and the inertia transfer function
Japc(s) can be derived as follows:

; (3) _ wiks (1 - Gpll <S)>
APC 82 (Gpn (8) + ks XmkeqGpir (5))

(11)

12)

(13)



13676

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

A, 1
AP > 1/k;s — Gpll(s) JApc(S)S
AP ¢ ny Al AE“"(] y ]
— » Plp > X, > kE
SRS IO
> ],’/\"; > (—’vpll('\')
(©

Fig. 3.
(c) Pphase motion model by considering the APC and PLL.

a 2‘) T T T TT T T T T ‘)0

g E

20 12

4 20

2220 1%

s N

g 40 <

El ©-90[ —— BW,y=0.5 Hz (=08

5,00 2 | — BWu-0.5Hz =05

< 12 - 2

S 0 i it F1go —— BWwt 13 Hz Gu=03) ]
10? 10° 10° 10 10* 10* 10° 10

Frequency (rad/s) Frequency (rad/s)
Fig.4. Bode diagram of the inertia transfer function J o pc (s) under the typical

phase motion model of DFIG-based WTs.

Based on (13), it can be inferred that the inertia of the
DFIG-based WT is primarily affected by the PLL. and APC
parameters. As demonstrated in [16], the PLL shows a greater
impact on inertia than the APC. Fig. 4 shows different PLL
parameter configurations on the inertia for DFIG-based WTs. As
can be seen, the DFIG-based WT presents no inertia under high
PLL bandwidth (BW ;1) whereas low PLL bandwidth benefits
for inertia provision. Besides, the PLL damping coefficient
(Cpn) has limited influences on the inertia. Actually, similar
conclusions have been explained in detail in [14]. The reason for
reintroducing Fig. 4 in this article is to highlight the magnitude
and phase change trend of the inertia transfer function. Two
critical points can be observed in Fig. 4.

1) The magnitude in the range of 10~2—10° rad/s is a straight

line with a slope of 20dB/decade.

2) The phase decreases from 90° and finally stables at —180°.

In summary, existing research on the typical phase motion
model, which considers the couplings between the APC and
PLL, primarily focuses on the magnitude characteristics to

Model for DFIG-based WTs in the electromechanical timescale. (a) Active power dynamic model under power imbalance. (b) Simplification process.

assess the impacts of control parameters on inertia. However,
the significance of phase characteristics for the inertia transfer
function is rarely addressed. Furthermore, most studies analyze
the inertia of DFIG-based WTs by considering all control loops
collectively, without examining the individual impact of each
control loop on inertia.

III. SIGNIFICANCE OF BODE DIAGRAM FOR INERTIA TRANSFER
FUNCTION AND IMPACTS OF PLLS ON INERTIA

The significance of the bode diagram for the inertia transfer
function, especially the phase diagram, has not been demon-
strated. This section aims to address this gap by the established
phase motion model, focusing solely on the PLL, and exploring
the impact of different types of PLLs on inertia.

A. Phase Motion Model By Sorely Considering the PLL

When the APC is disregarded, the power dynamic model in
Fig. 3(a) can be re-expressed as in Fig. 5(a), where the feedback
loop for the electromagnetic power (P.) and the active power
controller no longer exist. Additionally, the input of the model
in Fig. 3(a) shifts from the mechanical power reference (Pief) to
the d-axis rotor current reference (/;4*) in Fig. 5(a). The d-axis
rotor current reference is calculated by dividing the mechanical
power reference by the coefficient kp, based on the steady-state
model of DFIG-based WT.

Fig. 5(b) illustrates the simplification process of the power dy-
namic model. As shown, two control loops determine the phase
dynamic of the internal voltage E,,,. The mechanical power loop
reflects the inherent power property of the DFIG-based WT and
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Fig. 5. Model for DFIG-based WTs by sorely considering the SRF-PLL.
(a) Power dynamic model for DFIG-based WTs. (b) Simplification process.
(c) Phase motion model by considering SRF-PLL.

decides the steady-state phase angle 0 of E,,. Notably, no
controllers are included in this loop. The electromagnetic power
loop primarily reflects the dynamic process of phase angle 6y
for E,. And, the PLL controller parameters, along with the
control structures, have many configurations. Since this article
focuses on the power dynamics induced by the converter control,
the mechanical power is assumed to remain constant during the
frequency disturbances [15]. In other words, the small signals of
the mechanical power AP, and the control angle Af.,; equal
0. Then, Fig. 5(c) can be easily obtained. And, the inertia transfer
function J,11(s) by sorely considering the PLL can be expressed
as follows:

J (S) _ wlk(g (1 — Gpll (S)) _ w1k5
PLL SQGPH (S) kppns + k'ipll
wiks 1 wiks 1

- (14)
Eipn (kppn/kipn) s +1  kipn Tons + 1 (

According to (14), it can be seen that the inertia of DFIG-
based WTs when sorely considering the PLL is a first-order
transfer function. And, the gain of the inertia transfer function is
w1ks/kipn, which is determined by the operation point and the
integral coefficient kipy of the PI controller in the PLL.

B. Significance of Bode Diagram for Inertia Transfer Function

The SRF-PLL is usually designed according to the bandwidth
and damping coefficient. And, the detailed expressions for the
proportional coefficient kp,11 and integral coefficient k;ipp in the
SRF-PLL are given in [25] and listed as follows:

26pw-34B

Kppnt =
\/1+2 ot \/4 o1 T A& + 2

15)
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Fig. 6.  Significance of the magnitude of the inertia transfer function Jp(s).

TABLE I
PLL PARAMETERS WITH THE SAME T},11

kppin Kip Ton BWp Soil

431 9.31 1.0 0.707

6.5 14.04 0.46 1.36 0.8674
9 19.44 1.76 1.02

The bold value used for emphasis and they mainly mean the bold value of
the three cases.

(SR
S O

n

[

_/\'ppu:‘) /\}pu:‘)-“ -60
— Jeppi=6.5 k=931
T e SUkE93) ™ o0l L L,
107 10" 10° 10 10°
Frequency (rad/s)

Phase of Jp1.(s) (deg)

Magnitude of Jpy1.(s) (dB)

10" 10° 10!
Frequency (rad/s)

Fig.7.  Significance of the phase of the inertia transfer function Jp,11(s).
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The inertia analysis puts more emphasis on the integral co-
efficient ki, and filter time constant 7}, as seen in (14).
In contrast, the design guidance of the PLL focuses more on
the bandwidth and damping, based on (15) and (16). Clearly,
the design guidance and the inertia analysis for the PLL are
fundamentally different. Therefore, the following analysis will
provide all the parameters for the SRF-PLL.

Fig. 6 intends to illustrate the significance of the magnitude of
inertia transfer function by maintaining the phase constant. The
magnitude of the inertia transfer function determines the power
boost during the inertial response. A larger magnitude usually
corresponds to a more significant inertial response, which has
been confirmed by many researchers and will not be further
discussed here. Fig. 6 also shows the impacts of the integral coef-
ficient ki1 on the inertia with the filter time constant 7,1 = 0.46.
As observed, the phase characteristics are completely uniform,
varying from 0° to —90°. The maximum magnitude in the bode
diagram increases from 12 to 19 dB as the integral coefficient
of the PLL decreases from 19.44 to 9.31. From the perspective
of the PLL design guidance, it can be concluded that a low
PLL bandwidth BW,;; and a smaller damping coefficient (i
contribute to a better inertial response according to Table I, in
line with the analysis in [19].

kipn = (16)
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TABLE II
PLL PARAMETERS WITH THE SAME F;p,1

Kppit Kipil Ton BW, [

431 0.46 1.0 0.707

6.5 9.31 0.7 1.25 1.06
9 0.97 1.6 1.47

The bold value used for emphasis and they mainly mean the bold value of
the three cases.

Fig. 7 intends to illustrate the significance of the phase of the
inertia transfer function by maintaining the magnitude as con-
stant as possible. The magnitude characteristics remain almost
constant in the range of 10~2—10° rad/s but show slight variations
in the range of 10°-10' rad/s. A lower phase delay in the bode
diagram generally contributes to a faster inertial response [14],
Therefore, the phase of the inertia transfer function directly
affects the response speed of the inertial response. Fig. 7 also
shows the impacts of the filter time constant 7},;; on the inertia
with the integral coefficient ki, = 9.31. As shown, the phase
reduces as T}, increases. And, a smaller filter time constant
Ton (or a smaller proportional coefficient kpp11) brings in faster
inertial response performances. From the perspective of the PLL
design guidance, similar conclusions obtained in Fig. 6 can also
be drawn from Table II.

C. Impacts of Different Types of PLL on Inertia

The above analysis uses the SRF-PLL as an example to illus-
trate the impact of the PLL on inertia. Since it is challenging to
verify whether these conclusions hold for all types of PLLs, this
article focuses on commonly used PLLs, including the low-pass
filter (LPF)-SRF-PLL, decoupled double synchronous reference
frame PLL (DDSRF-PLL), and dual second-order generalized
integrator PLL. (DSOGI-PLL), to validate the findings. The
structures of these three PLL types are shown in Fig. 8.

The LPF-SRF-PLL introduces the LPF to attenuate the har-
monics. The overall small-signal model for LPF-SRF-PLL is
similar to the SRF-PLL and is shown in Fig. 9.

Based on Fig. 9, the transfer function G pr_srr-prL(s) of the
LPF-SRF-PLL can be derived as follows:

kppi1s + Kipit

G1LPr_SRF- s) = - . 17
LPF-SRF-PLL (5) ;5% & 52 1 ks + Fon (17)
Taking (17) into (14), (18) can be obtained
TfS +1
JLpF_ _ =w ks———. 18
LPF-SRF-PLL (5) = w1 6kpplls+kip]] (13)

Based on (18), the bode diagram of the inertia transfer func-
tion for DFIG-based WTs with LPF-SRF-PLL under different
filter constants can be achieved, as shown in Fig. 10. The control
parameters of the PI controller for the LPF-SRF-PLL are also
selected as kppn = 4.31 and kip,n = 9.31. The value of Tt
is typically lower than 0.05 to ensure the response speed of
PLL Note that the LPF-SRF-PLL reverts to the SRF-PLL when
T¢ = 0. As can be seen in Fig. 10, the impacts of the filter
constant Tt is most prominent in the range of 10'-10? rad/s.
However, for the inertia analysis of the DFIG-based WT, the
scope of concern in the bode diagram is typically below 10!
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Fig. 8. Structures of commonly used PLLs in DFIG-based WTs. (a) LPF-

SRF-PLL. (b) DDSRF-PLL. (c) DSOGI-PLL.
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Fig. 10. Bode diagram of inertia transfer function Ji,pr_.srr-prL(s) for

DFIG-based WTs with LPF-SRF-PLL.

rad/s. Therefore, the filter constant 7¢ may have minimal impact
on the inertia when considering the range of value for 77 and
frequency range of interest for inertia analysis. The impacts of
PI control parameters in the LPF-SRF-PLL are similar to those
in the SRF-PLL and will not be further discussed.

The DDSRF-PLL shown in Fig. 8(b) is usually used in the
situation of the grid with unbalanced voltage. Since the decou-
pling network eliminates the effects of the negative-sequence
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Small-signal model of DSOGI-PLL.

Fig. 11.

component, the small-signal model for the DDSRF-PLL is the
same as the SRF-PLL. The detailed derivation of the small-signal
model for the DDSRF-PLL can be referred to [26]. Therefore,
the impacts of the DDSRF-PLL on the inertia are the same as
the SRF-PLL.

The DSOGI-PLL shown in Fig. 8(c) gets wide attention
due to its advantages of frequency adaptive performance, low
computational burden, and satisfied dynamic performance. A
detailed derivation of the small-signal model for DSOGI-PLL,
as depicted in Fig. 11, can be referred to [27]. And, 7, is the
time constant and can be expressed as follows:

2
ksogiwl

Tp = (19)
where kyoq; is the gain factor of the second-order generalized
integrator.

Comparing Fig. 11 with Fig. 9, it can be found that the small-
signal model of the DSOGI-PLL is similar to the LPF-SRF-PLL.
Therefore, the inertia characteristics of the DFIG-based WT with
DSOGI-PLL can also be analyzed by the LPF-SRF-PLL.

Based on the analysis above, it can be concluded that the
inertia characteristics of DFIG-based WTs with commonly
used PLLs, such as SRF-PLL, LPF-SRF-PLL, DDSRF-PLL,
and DSOGI-PLL, can be analyzed using either SRF-PLL
or LPF-SRF-PLL. Additionally, the filter constant 7% in the
LPF-SRF-PLL has minimal impact on the inertia characteristics
of DFIG-based WTs. Therefore, the inertia characteristics of
the DFIG-based WT with commonly used PLLs all can be an-
alyzed by the SRF-PLL. From this perspective, the conclusions
drawn from SRF-PLL hold for commonly used PLLs in the
DFIG-based WT.

IV. IMPACTS OF APC AND RPC ON INERTIA AND IMPROVED
FREQUENCY SUPPORT METHOD FOR DFIG

The APC is usually included in inertia analysis while the RPC
is often ignored. This is because active power and reactive power
are usually decoupled in stiff grid and the reactive power has
little impact on the dynamic of the active power. However, this
does not imply that the RPC is irrelevant to the inertia analysis.
The impacts of both the APC and RPC will be discussed in this
section.

A. Phase Motion Model By Considering the RPC and PLL

The reactive power Q. for the DFIG-based WT can be ex-
pressed as follows [28]:

Xs Xs XS XS .

Qu = EwVicos (0g —05) V2  EyVicos(dg) V72
= _ ZmVs COS0p)
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When considering the impacts of the RPC, the small-signal
expression for (8) and (9) should be re-expressed as follows:

En En
Algrn = 0 AE1md + a0 Aqu (21)
mO0 Em()
Eme E, 0
Al = 220N Dm0 A p
o EE]O : Er2r10 ¢

= kcququ - kcmdAEmd' (22)

According to (7) and (21), the small-signal expression for the
active power P, can be derived as follows:

Vao . Em Emn
AP, = 70 sin (8x0) <EdOAEmd + 4% o Aqu>

s m0 m0

+ EmoVso cos (0ro) AdE + %0 sin (0mo) AVs

s S

~ kppaAEmq + kpeqAEmq + ks Adg. (23)

Different from the small-signal expressions in [14] and [19],
the term kg AEmq in (22) and the term kppg AELq in (23) are
not ignored as they will reflect the impacts of the RPC on the
dynamic of active power P, during the frequency disturbances.

Based on (20) and (21), the small-signal expression for the
reactive power can be derived as follows:

Vo cos (Oro — 0s0) Ermo cos (Bro — bs0)

ErmoVso sin (0ro — bs0) 2Vio
e (A0 - A0,) — 2V,
Vio cos (Oro — 0s0) Emdo
- Xs EmO AEmd
kEmd
Vso cos (GEO - 950) quO
AE,
+ Xs EmO d
kqu
— ki (A — AG) . (24)

Combining (11), (12), (21), (22), (23), (24) with Fig. 3(a),
Fig. 12(a) can be obtained. As can be seen, compared with
Fig. 3(a) and Fig. 5(a), the APC is neglected while the RPC
is emphasized in Fig. 12(a). And, the manner to achieve the
d-axis rotor current reference is the same as in Fig. 5(b).

The mechanical power P, in Fig. 12(a) is also considered to
be constant, as in Fig. 5(c). Further, AP, equals O and Fig. 12(b)
can be obtained by block transformation. It is re-emphasized that
the electromagnetic power dynamic in this article arises from the
inherent converter control effect, rather than introducing other
control loops. And, the transfer function G(s) in Fig. 12(b) can
be expressed as follows:

XmGhpig (s)

Gq <S) - 1-— kEdemGpiQ (5) '

(25)

Afterward, by expanding the term kqG,(s) into loops 1, 2,
and 3 in Fig. 12(b) and integrating these loops, Fig. 12(c) can be
easily achieved. And, the relationship between AP, and Afg
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Fig. 13.  Bode diagram of inertia transfer function Jp1(s) and Japc(s) for

DFIG-based WTs with and without considering the APC.

can be expressed as follows:
Gp]] (S) + kcmquGq (S)
(ks + kppakqGq () (1 — Gon (s))
Furthermore, the inertia transfer function Jgpc(s) when con-
sidering the RPC can be expressed as follows:
wi (ks + kppakgGaq (5)) (1 — Gpu (s))
52 (Gpn () + kemakqGq (s))

Abp = — AP,. (26)

Jrec (s) 27

B. Impacts of APC and RPC on Inertia

Fig. 13 shows the bode diagram of the inertia transfer function
with and without considering the APC based on (13) and (14).

Phase motion model when considering the RPC and PLL. (a) Power dynamic model for DFIG-based WTs. (b) Simplification process. (c) Simplified

The damping coefficient is selected as 0.707 in these cases. As
can be seen, the magnitude under the case BW,; = 0.7 Hz
considering the APC is far less than the case BW,;; = 1 Hz
without considering the APC. And, even if the PLL bandwidth
reduces to 2 Hz, the magnitude of the inertia transfer function
without considering the APC is still much larger than the case
BW,i = 0.7 Hz considering the APC. For the phase charac-
teristics, it can be found that the phase under the case with
considering the APC decreases from 90° while the phase under
the cases without considering APC decreases from 0°, which
means that a faster inertial response can be obtained when
introducing the APC.

Based on the analysis in Fig. 13, more critical extrapolations
can be obtained. First, for the inertia analysis, the APC can be
excluded from the electromechanical timescale since a superior
inertial response is obtained when removing the APC. Second,
the inertia control methods, such as attaching inertia-related
reference to the active power reference or the current reference,
as shown in Fig. 14, may present striking differences under lower
PLL bandwidth, such as BW,;; = 2 Hz or higher. And, revis-
ing the current reference will bring in better inertial response
performances. Lastly, APC benefits for improving the response
speed of the active power. However, insufficient magnitude of
the inertia transfer function may result in the response speed
becoming less important.
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Fig. 15. Bode diagram of inertia transfer function Jpj1(s) and Jrpc(s) for

DFIG-based WTs with and without considering the RPC.

Fig. 15 shows the bode diagram with and without considering
the RPC according to (14) and (27). The reactive power reference
Oyer in Fig. 1 when adopting the RPC is selected as 0 and
the corresponding g-axis rotor current /.o in the steady state
is —0.265 p.u. In other words, the cases in Fig. 15 have the
same operation points. And, the PLL parameters are selected as
kppn = 4.31 and kipn = 9.31. As can be seen in Fig. 15, the
maximum magnitude with and without considering the RPC are
the same. The magnitude around 10° rad/s considering the RPC
is slightly larger than the case without considering the RPC,
but the differences still can be tolerated. The situation presents a
huge difference in the phase characteristics. The phase under the
cases with and without considering the RPC all decreases from
0°, whereas, the phase under the case with considering the RPC
finally stables at —180° while the phase under the case without
considering the RPC reaches —90°. Obviously, the phase when
considering the RPC is significantly smaller than the situation
without considering the RPC. According to the conclusions
obtained in Fig. 6, less phase delay will contribute to a faster
inertial response. The inertial response without considering the
RPC will be faster than the situation considering the RPC.

Except for the impacts of the phase on the response speed for
the inertial response, the differences in the phase characteristics
can also be explained from the perspective of damping according
to automatic control theories [29]. If the phase differences are
explained by the damping, a more critical conclusion in Fig. 15
is that the damping will be greatly reduced when the phase is
broadly decreased. As a result, the active power boost during
the inertial response will significantly increase. In brief, a larger
inertial response can be easily achieved under broad phase re-
duction. And, this conclusion will be verified by the experiments
in the next section.

C. Improved Frequency Support Method

As pointed out in Section IV-B, the APC will weaken the
inertial response. When removing the APC, the PLL is no longer
required to be tuned to a very low bandwidth for a satisfied

13681

Vsa SRF-PLL
i . @ b
A V ; Opn

sq (Uerr *

0: Keep high PLL bandwidth

1: Tune BWy, to around 2 Hz

APC > 1k

EPrcf

: % Pl

i Pt et | EEEEER Current > Uwgq
£ ’ 2 Control

Qrcf > Pl - d

{RPC Qe

0: Noramal condition 1: Freqency disturbance

Fig. 16. Control structure of the improved frequency support method for
DFIG-based WTs.

inertial response. And, revising the d-axis current reference
can obtain a better inertial response performance than revis-
ing the power reference The RPC will bring in a significant
improvement in the active power boost during the frequency dis-
turbance at the expense of slightly slowing the response speed.

Based on these conclusions, the control structure of the pro-
posed improved frequency support method is shown in Fig. 16.
Under normal conditions, the APC and RPC work together for
satisfactory performances. And, the PLL usually adopts typical
PLL parameters. When the frequency disturbances occur, the
bandwidth of the PLL should be tuned to around 2 Hz. Low
PLL bandwidth makes the PLL present a long dynamic. Since
the RSC control is based on the output phase angle of the PLL,
the RSC will correspondingly present a dynamic. Finally, the
output active power of the DFIG-based WT will change and the
power change satisfies the requirement of inertial response. This
is the underlying activation mechanism of the inertial response
for the DFIG-based WT.

Furthermore, the APC should be removed and replaced by
the d-axis rotor current /;q* for superior inertial response. The
relation between the active power and the d-axis rotor current
can be derived according to (1) and (2). In the steady state, the
g-axis stator voltage Vi, equals 0. Then, the d-axis stator flux
W, can also be considered as 0, and (28) can be obtained

\IJsd = _LsIsd + LmIrd =0. (28)
Taking (28) into (2), it yields the following:
L N
Pret = Vialsa = Vsderd = kply. (29)

s

The primary frequency regulation capability is also included
in the improved frequency support method and represented by
the damping coefficient Dp in Fig. 16. And, the frequency error
Jerr 1s provided by the PLL. The damping coefficient Dp can be
determined by the following:

DP IP_ LS PP_QTI'LSPP

" far LaaVi for L Vi ten

Note that the improved frequency support method will not
react to the minor frequency derivation by introducing the dead
zone. The dead zone for the rate of change of frequency (RoCoF)
has arecommended value of 0.05 Hz/s according to the technical
rules for connecting wind farms to power systems in China [31].

(30)
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Fig. 17. Configuration of the experimental system.

Fig. 18.  Photo of the HIL platform.

Therefore, after introducing the dead zone of RoCoF into the
proposed method, the DFIG-based WT system can tolerate tiny
and frequent disturbances during activation/deactivation.

V. EXPERIMENTAL VERIFICATION

To verify the correctness of the analysis results and perfor-
mances of the proposed method, a wind farm connected to the
synchronous generator is established in the hardware-in-loop
(HIL) experimental platform, as shown in Fig. 17 [32]. The
initial output power of the SG is 100 MW. The wind farm
consists of 140 x 1.5 MW DFIG-based WTs and the wind
power production is nearly 150 MW. The detailed parameters
of a 1.5 MW DFIG-based WT are given in Table III in the
Appendix. An 80 MW load is put into the system to mimic
the under-frequency disturbances. The reason for the authors
choosing the HIL to conduct the frequency-related experiments
is that it is very hard to emulate the frequency disturbance in
the laboratory scenario. Although the laboratory has the real
DFIG-based WT, the capacity of the WT is only 10 kW, making
it impossible to change the frequency when compared to the
public grid with the capability of several MW. The photo of the
HIL platform is shown in Fig. 18. The main circuit topology
of the experimental system, including the DFIG-based WT and
SG, is developed in SpaceR. The control algorithm is executed in
digital signal processing (DSP). The DSP controllers exchange
the digital signals and pulsewidth modulation signals with the
real-time system through the I/0 box.

A. Experiment Results for Impacts of the PLL

Fig. 19 shows the experimental results under the same time
constant 13,5 (T, = 0.46) and without the APC. As can be seen,
the active power dynamic under the three cases is similar, but the
active power boost when ki1 = 9.31 lives up to 0.05 p.u. and is
0.02 p.u. larger than the case when kipn = 19.44. According to
the grid codes in China [31], the maximum active power boost is
0.05 p.u. for WTs. Therefore, the inertial response under the case
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Fig. 19. Inertial response for DFIG-based WTs under the same filter time
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Fig. 21.  Inertial response for DFIG-based WTs with and without the APC.

Eipn = 9.31 is very significant. And, the RoCoF and maximum
frequency excursion when kip; = 9.31 are the smallest.

Fig. 20 shows the experimental results under the same in-
tegral coefficient kipn (kipn = 9.31) and without the APC. As
can be seen, the moment reaching the maximum active power
when kppn = 4.31 (Tpn = 0.46) is 0.9 s faster than the case
kpp =9 (Tpn = 0.97). Besides, the active power boost under the
kppn = 4.31 is also slightly larger than other cases. In short, the
integral coefficient k;py proportionally amplifies the magnitude
of the power boost while alarger time constant 7},; will introduce
a significant delay and slightly weaken the power boost during
the inertial response. The experimental results are consistent
with the analysis in Figs. 6 and 7.

B. Experiment Results for Impacts of APC and RPC

Fig. 21 shows the experimental results with and without the
APC. The parameters in this case are the same as the analysis
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the common inertia control method in PLL and the proposed method.

of Fig. 13. As can be seen, when introducing the APC, the
active power boost is merely 0.01 p.u, even though the PLL
bandwidth reduces to 0.7 Hz. After removing the APC, the active
power boost during the inertial response can live up to 0.05 p.u.
when the PLL bandwidth raises to 1 Hz. Although the inertial
response is weakened when the PLL bandwidth increases to
2 Hz, the power boost also reaches 0.025 p.u., which is still
greatly larger than the case introducing the APC. Besides, it
should be noted that the response speed when introducing the
APC is significantly faster than the situation removing the APC.
That is why the APC is required under normal conditions but
the APC may be removed during the inertial response. The
experimental results are consistent with the analysis for Figs. 13
and 14.

Fig. 22 shows the experimental results with and without
RPC. The PLL parameters are all selected as BW,;; = 1 Hz
and (i = 0.707 in the two cases. As can be seen, the active
power boost under the situation adopting the RPC lives up to
0.11 p.u. while reducing to 0.04 p.u. under the situation without
RPC. Besides, the moment to reach the maximum active power
without the RPC is 0.2 s faster than the situation with RPC, but
the improvement is very limited. The experiment results verify
the conclusions obtained in Fig. 15.

C. Experiment Results for the Proposed Method

Fig. 23 compares the inertial response for DFIG-based
WT under three cases. The cases with APC and RPC and
reducing the PLL bandwidth is the most common inertia
control method in PLL. The case with RPC is actually the
proposed frequency support method with Dp = 0. As can
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Fig. 24.  Inertial response of the improved frequency support method under
different parameter configurations for DFIG-based WTs.

be seen, the active power boost can reach 0.03 p.u. with the
proposed method, which is close to the common inertia control
method when BW,;; = 0.7 Hz. However, the PLL bandwidth
under the proposed method only requires to be reduced to
2 Hz, which is significantly larger than the bandwidth with
common inertia control under a similar active power boost.
Even further reducing the PLL bandwidth to 0.7 Hz, the active
power boost reaches 0.04 p.u. but the RoCoF and the maximum
frequency excursion under the common inertia control method
are significantly larger than the proposed method. Therefore,
the inertial performance of the proposed method under the
situation that Dp = 0 is superior to the common inertia control
by reducing the PLL bandwidth to extremely low values.

Fig. 24 compares the inertial response under different parame-
ter configurations of the proposed frequency support method. As
can be seen, after introducing the primary frequency regulation
loop, the power boost lives up to 0.09 p.u. when BW,;; = 2 Hz
and Dp = 0.01. The frequency response is much larger when
the PLL bandwidth decreases and the damping coefficient Dp
increases. Compared with the inertial control method by sorely
adjusting the PLL bandwidth shown in Fig. 23, the inertial
response under the improved frequency control method is sig-
nificantly raised. Notably, since the frequency response when
BW 1 =2Hzand Dp =0.01is very striking, the PLL bandwidth
can be tuned higher to make a tradeoff between the dynamic
performance under normal situations and the inertial response.

VI. CONCLUSION

This article focuses on examining the effects of APC and
RPC on the inertia for DFIG-based WTs. After understanding
the significance of the APC and RPC, an improved frequency
support method is naturally achieved. The article attempts to
change the general understanding that the APC must be consid-
ered while the RPC can be neglected in the inertia analysis. The
main conclusions can be summarized as follows:

1) For the typical phase motion model by considering the
PLL and APC (without RPC), a slight inertial response
can be observed even if the PLL bandwidth decreases to
0.7 Hz, as can be proven by the green line in Fig. 21.

2) For the phase motion model by considering the PLL
(without APC and RPC), although the structures of var-
ious PLLs have some differences, the small-signal mod-
els of these PLLs can be represented by the SRF-PLL
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or the LPF-SRF-PLL. Specifically, the filter constant 7
in the LPF-SRF-PLL poses little impact on the inertia
while the integral proportional coefficient £, and the
filter time constant 7},;; in PLLs will determine the active
power boost and response speed of the inertial response,
respectively.

3) For the phase motion model with and without considering
the APC, removing the APC significantly improves the in-
ertial response at the sacrifice of decelerating the dynamic
performance under normal conditions. However, it is still
worth removing the APC since a satisfied inertial response
can be obtained and the PLL bandwidth is not required to
be tuned to an extremely low value.

4) For the phase motion model by considering the PLL and
RPC (without APC), the RPC will greatly strengthen the
inertial response while the control parameters of the RPC
have little impact on the inertia. More importantly, the
phase of the inertia transfer function should be paid more
attention for it may also remarkably increase the active
power boost during the inertial response.

5) The proposed improved frequency support method can not
only provide the inertial response but also the primary fre-
quency regulation capability. Compared with the method
of directly reducing the PLL bandwidth to 0.7 Hz, a
superior inertial response can be obtained by the proposed
method with higher PLL bandwidth.

APPENDIX

TABLE III
PARAMETERS OF A 1.5 MW DFIG-BASED WT

Symbol Value Symbol Value
Pn 1.5 MW R, 0.016 p.u.
Ve 690 V L 29p.u.
A 50 Hz Ly 0.18 p.u.
Uge 1200 V Ly 0.16 p.u.

Upase 2350 V Cae 10000 uF
I pase 1255 A Hyr 432s
I base 368 A kop, Kip 0.4, 40
Zy vase 0.3174 Q kpo Kig -3,-20
Ly pase 1.0103 mH ks ki 0.6, 8
R 0.023 p.u. Jppit, Kipn 60, 1400
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