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Abstract—As wind power generation transitions from
centralized development mode to decentralized on-site
consumption mode, microgrid (MG) can provide an efficient
solution for wind power integration into the distribution network.
However, the high-penetration wind power MG is the typical weak
power grid system. The traditional wind turbine generator (WTG)
participates in system frequency regulation through grid-following
current source, which relies on the phase-locked loop for voltage
phase synchronization and is unable to provide strong frequency
support in weak power grid conditions. To fill this gap, this paper
presents a decentralized grid-forming control strategy of high-
penetration wind power MG. A wind power adaptive dynamic
droop mechanism considering wind energy characteristics and
rotor speed dynamic is proposed, cooperating with the
implementation of wind maximum power point tracking (MPPT)
for economical operation. A detailed small-signal model for voltage
source wind power-based system considering electromechanical
transients and adaptive droop mechanism is developed. The
dominant modes are figured out and the critical control
parameters are established and optimized. The proposed wind
power adaptive droop mechanism can effectively provide
frequency regulation and robust control performance. Theoretical
analysis, time-domain simulation results and hardware-in-the-loop
experiments under various scenarios verify the feasibility and
effectiveness of the proposed strategy.

Index Terms—Microgrids, DFIG, grid-forming, adaptive droop,
voltage source, small-signal model, dynamic characteristics
analysis.
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I. INTRODUCTION

T present, there is an increasing proportion of renewable
Aenergy (RE) especially wind power generation due to the

economic and low-carbon advantages. RE has been
connected to the distribution network on a large scale.
Microgrids (MGs) have the natural advantages of independence
and flexibility compared with the conventional centralized
distribution network, providing an effective solution for the
access of RE. It is foreseeable that there will be more and more
MGs with high penetration of RE generation, which will form
the embryonic form of the future smart grid [1]-[2]. However,
wind power generation suffers from high level of power
variability and unpredictable nature [3]. As the penetration of
wind power generation increase to a high level, the intermittent
nature becomes a more significant problem as the limited
capability of balancing the power in the system. As a result,
there is an urgent need to make them controllable and can be
guaranteed for the high penetration RE microgrid system [4]-
[5].

New and severe challenges emerge when wind power
becomes high penetration. Most of the traditional wind power is
designed in MPPT mode through the power converter to deliver
power to the public grid. Fixed voltage and frequency from the
strong grid are necessary to the traditional wind turbine
generator (WTG) which can be represented by an ideal grid-
following current source. The converter control system
decouples the power side from the system frequency and the
WTG will not respond to the grid frequency [6]. Since the
converter hides the rotational kinetic energy of the generator,
current-source. WTG is hardly to provide continuous and
effective active power support as well as frequency regulation
for the MG system.

A. The Review of Literature

1) Traditional Wind Turbine Generators Participate in
System Frequency Regulation

Recently, some literature has been reported to study the WTG
participating in system frequency regulation through grid-
following current source approach, which can be mainly
classified into three categories: retaining power reserve [7]-[10],
simulating virtual inertia [11]-[13], equipping dispatchable
power generation units [14]-[17].
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In [7], a modified MPPT curve is proposed to establish the
power reserve, which enables the active power output of WTGs
reserved instead of tracking the maximum power point. WTGs
can adjust the output power during frequency excursion events
by deloading operation. In [8], the overspeed and pitch angle
control method are proposed for deloading operation to take part
in the primary frequency regulation. Combining variable droop
coefficient and overspeed control of WTGs, primary frequency
regulation and inertial response strategy are proposed in [9] and
[10], which has the ability of frequency support in the case of
wind speed fluctuations. However, the method of retaining
power reserve essentially responds to the system frequency by
adjusting the active power rather than directly participate in
frequency response.

The other kind of method is to simulate the rotation
characteristics of traditional generators in order to deal with the
lack of physical inertia in wind power system. In [11]-[13], the
proposed virtual inertia strategy can emulate the behavior of
synchronous generators in frequency excursion events. In [12],
an improved current-controlled virtual synchronous generator
(VSQG) strategy for wind power system is proposed. However,
virtual inertia cannot directly participate in long-term frequency
adjustment and it is only suitable for suppressing rapid
frequency changes caused by load disturbances in the system.
When the rotor speed changes, the rotor kinetic energy will lose
adjustment ability which adjustment time generally lasts for a
few seconds [13].

The use of dispatchable generation units to compensate for
the intermittency of wind energy is also considered as a solution.
Diesel generators are considered for well-performed nominal
frequency restoring during intermittent wind power generation
in[14] and [15]. In [16], a joint frequency regulation scheme for
a wind-diesel hybrid power system is proposed, allowing excess
wind energy distributed to residential consumers. Battery
energy storage system (BESS) is used for mitigating the impact
of intermittent wind speed on reliability to achieve frequency
regulation in [17]. Even though the use of diesel generator is
attractive from the reliability point of view, the dynamic
response of synchronous generators is slower than inverter-
based interfaces unit. On the other hand, using large-capacity
batteries is extremely expensive, and how to install as small-
capacity storage device as possible to the grid-following WTG
has become a research problem.

2) Grid-forming Control of Wind Turbine Generators

The WTGs mentioned above can be essentially represented
by an ideal grid-following current source. Most importantly, it
is an urgent need to develop the grid-forming voltage source
WTGs. Theoretically, the MG can provide effective solutions
for voltage source mode distributed generation in RE high
penetration system. PV-BESS hybrid MG autonomous systems
can already operate independently in [18] and local adaptive
droop control voltage-source PV system is proposed.

Recently, we conducted a study on the high-penetration wind
power MG in [19] which proposed a grid-forming doubly-fed
induction generators (DFIGs)-BESS hybrid stand-alone MG,
enabling the DFIGs to participate in MG frequency regulation.
However, the ideal grid-side converter and ideal wind turbine
are considered in [19] instead of the complete modeling. In [20],

a control strategy of the large-scale variable pitch and speed
direct-drive permanent magnet synchronous generator (PMSG)
is proposed for maintaining the voltage and power support
under weak grid as well as stand-alone mode. A novel low
frequency AC technique for grid-forming wind power
transmission is proposed in [21]. With the small-signal stability
analysis carried out, the grid-forming control strategy of PMSG
also shows a good contribution to stabilize offshore grid voltage.
[22] presents a synchronverter grid-forming control method
implemented in the grid-side converter of PMSG, which can
improve the inertial response and active power tracking
performance under variable wind speed conditions.

In addition, there are some studies that apply grid-forming
WTG specifically in high voltage direct current (HVDC) system
[23]-[24]. The Type IV and Type III wind farm using HVDC
transmission is studied in [23] and [24], respectively. The grid-
forming control scheme was proposed for grid-side converter in
diode rectifier-connected offshore wind farm in [23], which can
limit fault current under weak grid conditions. A VSG grid-
forming control scheme in DFIG-based wind power is proposed
in [24]. It is revealed that VSG method has a better impedance
characteristic than the regular method for DFIG. Due to the
virtual inertia capability of the VSG, the DFIG wind farm is able
to effectively reduce the rate of change of frequency and ensure
the stability in HVDC sending-terminal system. Besides, the
VSG-DFIG also has well performance in transient of voltage
fault ride-through in [25].

The grid-forming WTGs mainly provide stable voltage
support for remote weak grid as the sending-terminal system
and it tends to operate with multiple units in fixed voltage and
frequency grid-forming mode. Besides, implementing grid-
forming control for each WTG is more feasible than in diode
rectifier-based HVDC system because of the limited control
capability of diode rectifier [23]. However, the above studies
focus on the large-scale wind farm scenarios, and generally
ignore the electromechanical transient dynamic and primary
wind energy characteristics, which will lead to the neglect of
some critical dynamics. With the increasing wind power
penetration, the control strategy of grid-forming WTGs
considering complete dynamics needs to be further studied
under decentralized on-site consumption mode especially the
autonomous mode.

3) Microgrids Stability Analysis

The stability analysis of inverter-based MGs has been
extensively studied in recent years. In [26]-[27], the precise
mathematical small-signal modeling of the converter-based
islanded AC MG system is studied. The experiments verified
the good system response performance of the droop control
strategy considering phase-locked loop (PLL) in [26]. [27]
compares the system modeling and stability response with and
without PLL, and proposes a new small-signal modeling
method based on characteristic equations to evaluate the
stability of the system. Furthermore, [28] presented the detailed
modeling and stability analysis of the droop control autonomous
MG which shows the low-frequency oscillation mainly caused
by the without-PLL droop controller. However, only the ideal
BESS is considered without RE system in [26]-[28]. A detailed
voltage-source PV-based MG cluster small-signal modeling



IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. XX, NO. XX, XXX 20XX 3
TABLEI
FUNCTION COMPARISONS BETWEEN THIS PAPER AND RELATED WORKS (Y: YES; N:NO)
Functions [7] [12]  [13] [14] [18] [19] [20] [22] [23] [24] [26] [28] [30] This Paper
Grid-forming wind power control N N N N N Y Y Y Y Y N N Y Y
Wind power high-penetration N N N N N Y N N N N N N N Y
WTG continuous voltage support N N N N N Y Y Y Y Y N N N Y
WTG continuous frequency regulation N N N N N Y Y Y Y Y N N N Y
Microgrid autonomous operation N N N Y Y Y Y N N N Y Y Y Y
MPPT for WTG economical operation Y Y Y Y Y N Y Y N N N N N Y
Wind energy dynamic characteristics Y Y Y Y N N N N N N N N N Y
Rotor speed dynamic Y Y Y Y N N Y N N N N N N Y
Electromechanical transient dynamic N N N N N N N N N N N N N Y
Full-order small-signal stability analysis N N N N Y N N N N N N Y N Y
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Fig. 1. System structure of the high-penetration wind power microgrid.

considering the dynamic DC link of PV is conducted in [18].
The MG cluster combining synchronous-based and inverter-
based units is proposed in [29], the critical evaluation of the
oscillation mode caused by the synchronous-based unit was
carried out. Wind power system oscillatory stability is studied
in [30], which proposes the torque and power droop-based
DFIG eigenvalue sensitivity analysis. However, although the
proposed strategy allows the WTG-synchronous generator MG
system operates autonomously, the electromechanical transients
of the WTG mechanical components and the electromagnetic
transients of the inner-loop dynamics are still ignored in
stability analysis, which leads to critical dynamics neglected in
system. Besides, they haven’t considered the full-order small-
signal model of grid-forming WTG in MG thoroughly for the
time being.

B. Contributions

Motivated by the aforementioned research gap, this paper
proposes a decentralized control strategy of high-penetration
wind power MG using DFIGs. In this scenario, wind power-
based MG can be specifically applied to the islands with
abundant wind energy and supply for island residents, tourism
hotels, etc. As there is no strong public power grid to rely on,
the DFIGs and BESS in MG should be operated as grid-forming

voltage sources, providing the constant voltage for the MG
system. Compared with the existing related research, more
functions are taken into account in this paper which is improved
in different aspects. Table I shows the comparison of this paper
with existing related research. The main contributions of this
paper are summarized as follows:

1) This paper proposed a decentralized grid-forming control
strategy without PLL of wind power participating in frequency
regulation under weak power grid conditions. By implementing
complete modeling of a wind turbine, a voltage-source wind
power adaptive droop (WPAD) mechanism considering primary
wind energy characteristics is proposed. Cooperating with rotor
speed and pitch angle control, voltage-source MPPT mode can
be implemented for economical operation.

2) A comprehensive state-space model for high-penetration
wind power MG considering electromechanical transients of the
DFIG mechanical components and adaptive droop mechanism
is developed to figure out the dominant oscillatory modes. The
proposed full-order small-signal model can effectively establish
and optimize the critical control parameters to enhance the
stability of the system.

3) The high-penetration wind power MG is established in
MATLAB/Simulink  and  hardware-in-the-loop  (HIL)
experimental environment, respectively. The time-domain
simulations and experiments are performed to successfully
validate the proposed strategy.

C. Paper Organization

This paper is organized as follows. Section II elaborates the
architecture of the studied MG system. Section III proposes the
grid-forming generation supporting control mechanism in high-
penetration wind power MG. After the comprehensive control
strategy presentation, the full-order small-signal model is
developed and dynamic characteristics analysis is carried out in
Section IV. Sections V and VI present the simulation results and
HIL experiment performance under various scenarios
respectively to verify the feasibility and effectiveness of the
proposed strategy. Finally, the conclusion is given in Section
VIL

II. SYSTEM ARCHITECTURE OF WIND POWER-BASED
MICROGRIDS

At present, there are many island MGs demonstration
projects in the world. Dongao Island in Guangdong, and Luxi
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Fig. 2. Operating area analysis of wind turbine.

Island in Zhejiang, China, are all typical islanded MGs that have
already operated for several years [31]-[32]. In consideration of
the increasing amounts of wind power generations integrated
into the MGs, Fig. 1 shows the single-line diagram and topology
of the studied wind power-based MG. Since only stand-alone
operation mode is considered in this work, switch S| and S, are
open to isolate the utility power grid and other MGs.

As shown in Fig. 1, DFIG is chosen which are widely used in
commercial onshore wind power system and have the
advantages of small-capacity converter as well as low cost. Two
DFIGs and one BESS are interconnected to form an islanded
MG via resistive-inductive feeders for power supply to local
loads. The BESS unit operates in conventional droop mode
while DFIGs work in voltage-source MPPT mode for
economical operation. If wind power is abundant, DFIGs can
provide extra power for BESS which changes the operation
mode into charging state depending on the instruction of the
microgrid central controller (MGCC). It should be noted that the

wind power-based sources are enabled to participate in voltage
and frequency regulation and power sharing through the
presented WPAD mechanism in Section III.

III. GRID-FORMING GENERATION SUPPORTING CONTROL IN
HIGH-PENETRATION WIND POWER MICROGRID

A. Operating Area Analysis of Grid-Forming Wind Turbine

There is an inherent power-speed characteristic operational
curve of the wind turbine. Fig. 2 shows a cluster of curves of
wind turbine rotating speed and the captured wind power in the
situation of pitch angle equals to zero. At a fixed wind speed
and fixed pitch angle, one unique curve can be determined while
the operational point of wind turbine will adaptively move on
the curve. Based on Equation (1), the cluster of curves can be
divided into the unstable zone and operating zone, as shown in
Fig. 2.

A =0 (1)
day,

In Fig. 2, the highest points of all the curves (i.e., maximum
power point) are connected with a dotted line, which divides the
operational curves into two areas. Due to the necessary reserve
power demand and deloading capacity, the wind turbine must
operate in the right half zone, i.e., in the area of dF,, /dw,, <0,

which will be considered in Section III-B.

B. Grid-Forming Generation Supporting Control Strategy
1) Wind Power Adaptive Droop Control Mechanism

Fig. 3 presents the proposed decentralized grid-forming
control strategy of DFIG in high-penetration wind power MG.
In this diagram, the designed control scheme considers the
primary wind power and DC voltage control for DFIG. The
rotor speed controller is the crucial part of the WPAD controller
in the scheme, which can achieve MPPT. In the voltage-source
MPPT scheme, the operating point of the wind turbine is fixed
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on the MPPT curve (i.e., the curve represented by Equation (1))
and the rotor speed of the wind turbine is only related to the
wind speed. As the supplemental active power droop loop, the
rotor speed controller is capable of adjusting the output
frequency of DFIG adaptively even though load increases or
wind energy decreases. The outer loop of the WPAD
mechanism can be expressed as follows:

Vir = Vv:’r _nz)/T Oyr (2)
wr = w:VT - m;VTPWT +K,, (0 - a)rrdv) 3)
+Ki wr I (a)r - a):ef) dl

0]

where ¥, and @, are the voltage and frequency set-value of
the DFIG systems, 5" and ," are the reactive and active
power droop coefficients of DFIG systems, Q,, and F,, are the

reactive and active power of DFIG systems, K, and K, are

the gains of rotor speed controllers, respectively.

Note that once the wind speed increases or load grows, the
rotor speed will automatically increase, rotating speed can be
transformed to MPP speed such that the MPPT mode is
activated. Besides, the rotor speed reference value @/ will be
updated according to the real-time wind speed, using the
perturbation and observation (P&O) method, thus, « is
calculated by the MPPT controller.

2) Voltage-Source Operation Mechanism

In wind power-based MG system, the DFIG studied is
externally characterized as a voltage source output. It is
connected to the grid through an LCL filter. Thus, the power
circuit of DFIG can be expressed as follows:

wT

,\’P(v x;:g
indq iodq
Upgy | = Apc| Upgy | T By, |:ugdq ] + By, [lsdq ] “)
Ledg Ledq
+ By [ubdq] +Bpey [a)WT]
where I, , Uy, > 1y, » 1y, are the variables of DFIG output

currents, output voltages (on capacitor), GSC output currents
and output stator currents respectively. U, are the connection

point voltages in local reference frame of the DFIG system.
The back-to-back (B2B) power converters, rotor-side
converter (RSC) and grid-side converter (GSC) should operate
as a grid-forming voltage-source under weak grid system. The
control goal of RSC maintains the amplitude and frequency of
DFIG stator voltage, making sure of multiple DGs operation
parallelly. GSC is to stabilize the voltage of DC bus capacitor
and adjust the power factor. The modeling of RSC and GSC

controller are derived with u,, ,u, and @, as inputs, and
u

u_, as outputs, which are given by:

rdq > " gdq

XRrsC
XRrsc

¢m ¢u ]
|:¢i11:1:| = ARSC l:@:: :| + BRSCI |:u0dq :| + BRSCZ |:lrdll:| (5)

+ BRSCS |:u0dq :|

Xgsc
Xgsc

}/a’c 7{10 . 6
[}/idq] = Agse [7@,]'ch501 [ugdq:|+BGSC2 [lgdq:. ©)

ud(‘ ud(‘
+ Bgscs |:urdq :| + Bgscs |:irdq :|

where ¢, , ¢, and 7, ,7,, arethe integrator variables of RSC

and GSC controller respectively. 7, and 4, are the rotor

currents and rotor voltages of DFIG. u,_ is the DC bus voltage.

In addition, the dynamic of DC-link which is an intermediary
of power balancing between RSC and GSC can be expressed by:

du,, , . .
ud('Cdc dtc = (urdlrd + urqqu ) - (ugdlgd + ugqlgq) (7)

Note that in Equations (4)-(6), the matrices 4,., Bpc , Agc »
By » Asse and B can be derived from the ODEs representing
by the corresponding controllers of DFIG system.

C. Pitch Angle Overspeed Control

In some situations, the load can only consume part of
captured wind energy in the autonomous system. Then as
mentioned, the wind turbine will operate in the right half zone
so it will adaptively find the operating point on the curve to
match the load power. However, the power that wind turbine
can adjust is limited when the load decreases suddenly or the
wind speed is too high, which lead to the overspeed of the wind
turbine. In order to prevent overspeed from damaging the
turbine, an overspeed control strategy based on pitch angle is
also proposed in Fig. 3, which is the auxiliary controller of the
WPAD strategy. It can restrict the rotor speed within a
reasonable range by increasing the pitch angle.

IV. MODELING AND STABILITY ANALYSIS

A. Dynamic Modeling of High-Penetration Wind Power
Microgrid

The main purpose of this section is to study the small-signal
ability of the high-penetration wind power MG. By combining
the state-space model of the components of MG, the overall
small-signal state-space model is developed completely.

Unlike most previous modeling that ignores the
electromechanical transients of the mechanical components of
WTGs, the detailed modeling including wind turbine and the
electromagnetic transients of control system dynamics (shown
in Fig. 3) are considered in this work, which is derived as
follows:
1) State-Space Model of Voltage-Source DFIG

Since the voltage-source control strategy of B2B converters
has been carried out in Section III-B, this section will propose
the modeling of DFIG other than the control loop.

The dynamic shaft model of the wind wheel-gear-rotor and
asynchronous generator (AG) can be given by:

Axgy
Axgy

A a)wheel A a)wheel
AT, |=Ag, | AT, |+ By, [ Ay, |+ By, [ Ay, | (8)
Aw, Aw,
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TABLE II
SYSTEM PARAMETERS OF THE HIGH-PENETRATION WIND POWER
MICROGRID
Symbol Parameter Value
DFIG Unit
P Nominal Power 10kW
V4 Poles of Pairs 2
v, Nominal Wind Speed 11m/s
RL, Stator Resistance and Inductance 0.455¢q, 84 mH
R,L, Rotor Resistance and Inductance 0.62Q, 85 mH
L, Mutual Inductance 78 mH
u? DC Bus Voltage 650 V
C, DC Bus Capacitance 5 mF
L, Grid-side Inductance 4 mH
C, Output Filter Capacitance 0.03 mF
L, Output Filter Inductance 10 mH
Proportional and Integral Term of
K, K. . .
pr Rotor Speed Controller 0.015,0.03
Proportional and Integral Term of
» K
K> R RSC Controller Outer Loop 0.1.8
Kk K Proportional and Integral Term of 1.50
pi RSC Controller Inner Loop ’
Proportional and Integral Term of
» K,
K pae R GSC Controller Outer Loop 03,6
K K Proportional and Integral Term of 2510
n GSC Controller Inner Loop ’
BESS Unit
L, Coupling Inductance 1.35mH
C, Output Filter Capacitance 0.05 mF
L, Output Filter Inductance 1.35 mH
Proportional and Integral Term of
K -K
[ Voltage Outer Loop 0.05,390
Proportional and Integral Term of
> K,
Koo R Current Inner Loop 10.5, 16000
Microgrid
14 Grid Voltage 380V
f Nominal Frequency 50 Hz
S Switching Frequency 8 kHz
Active and Reactive Power Droo
my s Mg o ¢ P 785, 1.58¢
252,52, Feeder Impedance 0.14,0.05(Q)

Axyg
Axyg

. —_—

Al Al . 9

|:AZ;Z:| = A6 |:Ai;~jz :| +B 61 [Auvdq ] +B 6, |:Aurdq:| ©)
+ BAG3 [Awr ]

In (8)-(9), Aw,,,,, ,» AT, are the state variables of rotor speed

of wind wheel and output mechanical torque. A, is the state

variable of rotor speed. Note that 4, , B, , 4,; and B, can

SM 2
be derived from the ODEs representing by the shaft model and
AG of DFIG.

Therefore, by transforming the control loop (Equations (2)-
(6)) into a linearized small-signal model, combined with
Equations (8)-(9), the state-space model of the voltage-source
DFIG in synchronous reference frame is developed as follows:

Axyr = Ay Axyr + BWTAubDQ + B(omAwL‘nm (10)

Axy, =[Aa,, Aby ARy, AQ,, Axpe (11)

A)CSM A')CAG AxRSC AxGSC ]T
In (10) and (11), Ae,, is the integrator state of the rotor speed
controller, Ad,,, , AR, and AQ,, . are the state variables of droop
controller. Au,,, are the connection point voltages in the

synchronous reference frame of the DFIG system and A@,,, is

an additional input signal of the frequency deviation between
local and synchronous reference frames.
2) State-Space Model of Network and Load Model

The dynamic model of the lines and loads in Fig. 1 can be
readily constructed as follows:

Al:lim'-iDQ =|:ANET :l A
Al1aad-kDQ Ao

l:line-iDQ + |:BNET1 j| Aub-iDQ
Al oi DO By oam || Au ree0 | (12)
+ |:gNET2 :| [Aw]

LOAD2

where Ai,,. 0 are the state variables of lines and

Alyyog DO

loads current respectively, Auw,.,, , Au are the voltages of

peeDQ
the connection point of the sources and the voltages of point of
common coupling (=1, 2, 3 and k=1, 2), Awrepresents the
angular velocity corresponding to the frequency in the
synchronous reference frame.

T
Please noted that AXNET:[AiZim.l 20 Az no Ao DQ] and

T

Ax, 0= [Aiload-lDQ Aiload-ZDQ Ai[aad-}DQ:| .
3) State-Space Model of High-Penetration Wind Power
Microgrid

As the supplementary power source in wind power-based MG,
BESS also needs to perform small signal modeling. However,
the grid-forming modeling of BESS represented by an ideal DC
source has been carried out in [18], [28] and [33]. This section
will not take it as the focus of modeling; instead, it will be
interconnected with DFIGs for MG forming modeling.

The integrated dynamic model of the wind power-based MG
presented in Fig. 1 can be developed as follows:

Axye = Ay Ay
AxAMG = [A'xWTl AxWTZ A'xBESS A'X:NET A'xL()AD ]T

(13)
(14)

B. Stability Analysis and Design of Key Control Parameters

1) Eigenvalue Analysis of Single Voltage-Source DFIG

Firstly, this paper mainly focuses on the modeling and
stability research of wind power MG, and also considers the
influence of the electromechanical transient state on the system.
It is necessary to carry out the investigation of the dynamic of a
single DFIG through the eigenvalue analysis. The detailed
parameters of the DFIG are shown in Table II. Fig. 4 shows the
overview modes of single DFIG without considering the WPAD
in Equation (3).

In the stand-alone single DFIG system, all the eigenvalues are
located on the left plane where the real part is negative, and it
means the system is stable. It can be seen that two pairs of low-
frequency and a pair of ultra-low frequency eigenvalues are
yielded in Fig. 4. It is worth mentioning that there is an
oscillation mode with insufficient damping ratio, which is
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Fig. 4. Overview modes of single DFIG.

strongly associated with the state variables of Ai, and Ai,

according to the participation factors analysis. In other words,
this weakly damping oscillation mode is caused by the inherent
parameters of the AG stator and rotor [34], [35].

Based on the comparison and reference with single DFIG

modeling, multi-unit detailed modeling can be carried out below.

2) FEigenvalue Analysis of High-Penetration Wind Power
Microgrid

The dynamic model of high-penetration wind power MG is
developed in (13) and (14), which can be further adopted to
evaluate the small-signal stability. The detailed parameters of
the MG system are shown in Table II. It is worth mentioning
that when building wind power MGs, the installed DFIG and
BESS units are generally purchased from the same
manufacturer and share identical system parameters. However,
operations such as equipment renovation and expansion of the
MGs may lead to changes in system stability due to the changes
of system parameters, which needs further research about
stability analysis and it is out of the scope of this paper. The
dynamic characteristics analysis and the simulation of this paper
are based on the mentioned premise of unified parameters.

Eigenvalue analysis enables us to determine which modes
impact the response of the MG system small-signal disturbances
[29], [36]. Figs. 5 (a) and (b) show the overview modes and
dominant modes of the studied MG system respectively
considering the WPAD control strategy. Excepting the
dominant oscillation modes of the system corresponding to the
dominant eigenvalues, the remaining oscillation modes can be
identified as high frequency and high damping oscillation
modes, which have high decay speed in the system. Therefore,
only the low-frequency and ultra-low frequency modes are
confirmed to be the dominant oscillation modes, which is the
crucial part for stability analysis, while the influence of non-
dominant modes on the system stability after disturbance can be
ignored in this study.

As seen in Fig. 5 (b), eight pairs of eigenvalues are identified
as the dominant modes which can stimulate system crucial
oscillation responses. Several mid-low-frequency and ultra-low
frequency oscillation modes yield in MG, among which two
pairs of low-frequency and ultra-low frequency modes (i.e.,
Eigenvalue (13,14) and Eigenvalue (15,16)) match the single
DFIG dominant oscillation mode. It is worth pointing out that
in the usual operation of the MG, the damping ratio of all system
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Fig. 5 (a). Overview modes of wind power-based microgrid. (b) Dominant
modes of wind power-based microgrid.

oscillation modes should be greater than the specified value in
order to ensure sufficient stability margin. Typically, the
acceptable range of the damping ratio depends on the system
sensitivity study and operational experience which is usually in
the range of 0.03 to 0.05 for large and strong grid system [37].
In addition, due to the weak grid characteristics of the studied
MG, it is recommended that the mid-low and ultra-low
frequency oscillation modes should have better damping ratios
that are greater than 0.1 [38]. A line with a damping ratio (&)

of 0.1 can be seen in Fig. 5. All oscillation modes meet the
requirements of the recommended damping ratio. In particular,
the corresponding stator-rotor oscillation mode of the AGs can
be found in Fig. 5 (a), which is also strongly associated with the
state variables of A, and Ai,, . The result in Fig. 5 reveals that

it is able to obtain sufficient damping, which is different from
the case of a single DFIG unit in Fig. 4.
3) Participation Factor Analysis

Participation factor can provide analysis on how the power
generation units in MG create the oscillation modes. The
modeling and eigenvalue analysis of wind power-based MG
show that the dimension of the system described by state matrix
A, 1s 73, while there are 29 pairs of complex-conjugate
eigenvalues corresponding to 29 oscillation modes and appear

15 real negative eigenvalues. The participation matrix reflects
the controllability and observability of the corresponding state
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variables in dominant modes. The participation factor analysis
is carried out to figure out the correlation between state
variables and oscillation modes.

Based on the dominant modes of the stability analysis, this
section only considers eight pairs of eigenvalues of the
dominant oscillation modes (i.e., Eigenvalues (1,2) - (15,16)).
Fig. 6 presents the normalized system state variable
participation factor in the system dominant modes.

Eigenvalues (1,2), (3,4), (5,6) and (9,10) represent the
contributions of DFIG units because they are noticeably
participated by the state variables of AG, RSC and GSC
controller, as shown in Fig. 6. Eigenvalues (7,8) are dominated
by the power controller of the three units and the RSC controller
of the DFIG. The low-frequency Eigenvalues (11,12), (13,14)
and the ultra-low frequency Eigenvalues (15,16) also represent
the contributions of DFIG units because they are all affected by
the state variables of the shaft model. Eigenvalues (11,12) are
also dominated by the DFIGs’ power controllers, (13,14) are
also dominated by the rotor speed controllers and (15,16) are
also a little affected by GSC controllers.

In summary, the wind turbines dominate the stability of the
high-penetration wind power MG system. Secondly, the
electromechanical transients of the DFIG shaft model directly
lead to the weakly damping oscillations of ultra-low frequency
in the MG. Although the proposed WPAD mechanism realizes
the effective operation of the autonomous wind power-based
MG, it leads to the mid-low frequency oscillation modes in the
system. However, through effective parameter establishment
and optimization, the damping of each oscillation mode can be
successfully improved and stable operation of the system can be
achieved.

4) Sensitivity Analysis

In order to further optimize the control parameters of the
high-penetration wind power MG, the sensitivity analysis is
studied. At the same time, this part can be mutually verified with
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participation factor analysis to figure out the key control
parameters as well as improve the stability of the system.

Figs. 7 and 8 show the trajectory of dominant oscillatory
modes when the proportional gain of the rotor speed controller
K, increases from le” to 3e” and integral gain of the rotor

speed controller K, = increases from le3 to 15¢2, respectively.

As can be seen, the parameters of the rotor speed controller
obviously cause the movement of Eigenvalues (7,8), (9,10),
(11,12), (13,14). Among them, the Eigenvalues (11,12), (13,14)
tend to move outside the damping line (£ =0.1), and even cross

to the right half plane, which leads to system instability. This
behavior also satisfies the conclusion of the participation factor
analysis in Fig. 6. Because the parameters of the speed
controller will affect the state variables of the power controller,
it is consistent with the theoretical analysis that Eigenvalue
(11,12) has a large moving range. Therefore, the proper value
of K, and K, should be selected to ensure the sufficient
damping ratio for low-frequency modes and the stability for the
system.

Fig. 9 illustrates the eigenvalue loci of dominant modes for
the active power droop coefficient ,, variations in the range of

5¢ to le™. It can be seen that the damping ratio of Eigenvalue
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(7,8) and (11,12) change obviously. And these dominant modes
cross to the right half plane yielding oscillation responses. On
the other hand, the dominant modes (7,8) and (11,12) in Fig. 6
are dominated by the power controller, further proving that the

value of m, will significantly change these two dominant modes.

Based on the above analysis, the parameters of the rotor speed
controller and power controller are selected to be the critical
control parameters, which can be optimized to the best value by
participation factor analysis and sensitivity analysis for the
following simulated and experimental verification. The
optimized parameters are also given in Table II.

V. SIMULATION RESULTS

In this section, in order to verify the effectiveness of the
proposed decentralized grid-forming control strategy, a 30kVA
DFIG-based MG is implemented under MATLAB/Simulink
environment. Besides, the BESS operation scheme based on
typical operating days is adopted for simulating the actual
operating scenarios. Various testing scenarios are provided and
analyzed in the following sections. It should be noted that this
paper focuses on the design and analysis of decentralized grid-
forming control strategy of high-penetration wind power MG in
short-term time scale, and the following simulation results and
analysis are based on the premise of the proposed typical
operation. The optimal dispatch and operation of BESS in long-
term time scale are beyond the scope of this paper.

A. BESS Operation Scheme Base on Typical Operating Days

As one of the units of the high-penetration wind power MG,
the BESS applying grid-forming control strategy has the
capability of power support and frequency regulation in the
autonomous system. Cooperating with the MPPT function of
DFIG, the BESS can reduce power output as much as possible
to ensure economical operation under the heavy-load situation.
Since the long-term time scale energy control dispatch problem
is not the focus of this paper, in order to simplify the analysis of
the BESS operation scheme, the typical operating day of the
studied system is considered in this paper.

The variation of load power and wind power within typical
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Fig. 10. Typical operating days scenario.

operating days is shown in Fig. 10. The load is larger than the
wind power during daytime (about 8 a.m. to 7 p.m.) and the rest
of the time at night is smaller than the wind power. Therefore,
through the surplus and shortage of wind energy, the BESS is in
charging and discharging state, respectively [39].
1) Charging Mode

It is possible and feasible to be in charging mode during load
valley hours to store more power and transfer that to peak hours.
When the BESS is in charging mode under the command of the
MGCC, the DFIGs will operate at non-MPPT mode since only
DFIGs can respond to load changes in the islanded MG system.
At this time, the DFIGs are working in the adaptive droop area
and the operating point of the DFIGs will adaptively move in
the right half plane according to Fig. 2. It should be noted that
the wind energy is sufficient for load and the charging power at
night under the analysis of typical operating days. In addition,
MGCC is able to calculate and update the charging power in real
time, giving BESS charging commands.
2) Discharging Mode

It is necessary that the DFIGs operate in MPPT mode for
maximum economical operation during BESS discharging state
in daytime. Due to the wind power characteristic of anti-peak
shaving, the maximum wind power captured is not enough for
heavy-load thus the BESS is required to be involved for power
support. It is noted that when the low-load situation occurs
during the daytime, the BESS will shut down and transform into
hot reservation mode. However, this scenario occurs rarely.
3) Discussion of the Impacts on BESS lifetime and economic

The lifetime of a BESS is usually quantified by the number
of charging cycles, and the lifetime is mainly affected by
frequent charging and discharging [40]. In the proposed control
scheme of the studied system, MPPT as well as
charge/discharge mode are the upper-level dispatch instructions
from MGCC. Based on the typical operating days scenario, the
BESS operation scheme achieves a charge-discharge cycle
within 24 hours rather than charging/discharging frequently to
compensate for the gaps between the load and wind power,
which will severely shorten the lifetime of battery. In addition,
whenever the wind energy is not sufficient for the load, the
BESS participates in the power support, and at the same time,
MPPT is activated according to the upper-level dispatch
instructions. Therefore, the BESS unit operates in the most
economical mode which can reduce power output as well as the
charge-discharge cycles as much as possible. It should be
pointed out that the quantitative analysis of BESS lifetime and
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Fig. 11. System response of voltage-source wind power-based microgrid.

economic is a long-term scheduling problem and it is beyond
the scope of this paper.

B. Voltage-Source Operation of Wind Power-Based
Microgrid

Fig. 11 presents the system response of the wind power-based
MG when adopting the voltage-source WPAD control strategy.
As can be seen, the MG carries a load and operates under a
constant wind speed of 10.8 m/s. Since the two DFIGs are in
MPPT mode, the remaining power is provided by BESS. Then,
the wind speed gradually increased to 12 m/s, exceeding the
nominal wind speed. The DFIGs quickly track to the maximum
power output of 10 kW and the BESS reduces output power
soon without fluctuation of the voltage at PCC during wind
speed changes. Due to the wind speed rises, the rotor speed of
DFIGs increases. The overspeed of the rotor causes the pitch
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Fig. 12. System response of BESS charging state scenario.

angle to move and approach 3 degrees after stabilization shown
in Fig. 11 (f), and the speed is stable within a safe range. The
wind speed drops at £ = 30 s but is still above the nominal wind
speed and the DFIGs maintain the maximum power output. The
rotor speed and pitch angle decreased and stabilized. When the
step load decrease for 2 kW applied at ¢t = 37 s, BESS reduces
output power and the rotor speed and pitch angle maintain after
transient changes. When the wind speed drops below the
nominal wind speed, the rotor speed and pitch angle decrease
resulting in more wind energy captured. The DC bus voltage is
stable when the wind speed fluctuates and the load changes
during the whole process as seen in Fig. 11 (g).

Although the DFIGs power is insufficient during the load
peak hours, it is inevitable that a short-term high wind speed
will occur at this time. It is worth mentioning that, since the
DFIGs dominate the stability of the system; despite of the case
of high wind speed in Fig. 11, the involved of the slower
dynamic mechanical part does not affect the stability
performance of the system.
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Fig. 13. System response under wind energy fluctuations.

C. BESS Charging State of Wind Power-Based Microgrid

The BESS is in charging mode during load valley hours to
store more power which is shown in Fig. 12. Under the
command of MGCC, the BESS is in a state of charge with a
power of 2.5 kW, while the DFIGs are at non-MPPT mode in
response to load changes in the autonomous MG system.
Temporary changes in wind speed do not affect the power
output of the DFIGs, but the rotor speed increases and overspeed
causes pitch angle to move. At ¢ = 26 s, a step load increase of
2 kW is applied and each DFIG increases the output power for
1 kW since the droop coefficients are the same. As seen in Fig.
12 (d) and (e), when the step load is applied, the kinetic energy
of the rotors is released in exchange for the system power, and
the rotor speed decreases as well as the pitch angle in order to
capture more wind energy. According to the designed droop
curve, the output frequency decreases by 0.012 Hz under load
changes shown in Fig. 12 (c), which is not a wide range of
deviation and is acceptable for operation. In conclusion, the
system can also have satisfactory stability and excellent
dynamic performance in the charging state.
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Fig. 14. Hardware-in-the-loop experimental environment framework.

D. Wind Speed Fluctuations Scenarios of Wind Power-Based
Microgrid

In order to ensure the satisfactory performance of the wind
power-based system in the presence of wind energy fluctuations
the system response should be examined under continuous wind
speed volatility. Fig. 13 presents the system dynamic when wind
speed is continuously increased and decreased after activation
of voltage-source MPPT of DFIGs. As can be seen, the system
carries a load of 17 kW and starts to operate in MPPT mode
under a wind speed of 10 m/s. All units are initially enabled to
operate stably and then wind speed increase to 10.43 m/s. @™

can be dynamically updated and calculated by the MPPT
controller, rotor speed can quickly track the reference speed. A
step load increase and decrease of 2kW applied in # =15 s and
20s, respectively. As shown in Fig. 13 (c), the current of PCC
has a step change but achieves low total harmonic distortion
during operation. The output power and frequency of the system
can be adaptively regulated through the WPAD mechanism, as
shown in Figs. 13 (b) and (d).

In conclusion, the situation of reduced wind energy
accompanied by the load transition can also have satisfactory
performance, which is in accordance with the actual operation.
In spite of the load transition and variable operating conditions,
the response of the system is still in line with expectations.

VI. HARDWARE IN THE LOOP EXPERIMENTAL RESULTS

A. Hardware-in-the-Loop Experimental Setup

As shown in Fig. 14, RT-Lab is used to execute the model in
real-time simulator OPAL-RT OP5600. It is worth noting that,
according to the above analysis, the WPAD control loop is the
strategy that determines the system control target. Therefore, the
WPAD control loops in Fig. 3 of the three units are executed in
DSP hardware (TMS320F28335). The main circuit system as
well as the mechanical components are implemented in the real-
time simulator. And the remaining voltage and current control
loops are also implemented in the real-time simulator, since the
remaining loops can be regarded as fast dynamics that do not
dominate the system dynamics.

The experimental environment also includes the host
computers and three DAC signal output modules shown in Fig.
14. A set of DSP and DAC composes a WPAD control strategy

>
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for one unit. DSPs collect analog signals from RT-Lab, and after
completing the control strategy calculation, they cooperate with
DACs to transmit the signals back to RT-Lab. Thus, HIL
experimental environment is setup.

B. Experiment of High-Penetration Wind Power Microgrid
under Typical Operation Conditions

To demonstrate the dynamic response of the system, the
typical operation conditions are selected for experimental
verification. Fig. 15 (a) shows the HIL experiment results of the
output power of three units in the studied MG system. The
system carries a load of 17kW under a wind speed of 10m/s. The
successful activation of MPPT demonstrates the feasibility of
the WPAD mechanism operated in the actual hardware control
loop. Under the control of the rotor speed controller, the rotor
speed is kept within a reasonable range even if the wind speed

and load disturbance. The current of the PCC determined by the
load has a step change but has low total harmonic distortion
during operation. As shown in Fig. 15, the performance of the
system is satisfactory in the context of load transition and wind
energy fluctuations, which can simulate the most realistic and
typical operation scenario. This verifies the effectiveness of the
proposed WPAD scheme in flexible power regulation for
autonomous microgrid operation.

VII. CONCLUSION

This paper addressed the overall control and dynamic
interactions of the high-penetration wind power microgrid. A
decentralized grid-forming strategy of wind power-based MG
without PLL is proposed, cooperating with the implementation
of wind power adaptive dynamic droop control mechanism,
achieving the effect of reasonable power distribution and
economical operation in the system. A detailed full-order state-
space model of the studied microgrid system considering
electromechanical transients of the mechanical components and
adaptive droop control mechanism is developed. Small-signal
stability analysis reveals that WTGs dominate the stability of
the wind power-based microgrid system. Moreover, the
proposed WPAD mechanism and the DFIG electromechanical
transients directly lead to the weakly damping oscillation modes
of mid-low and ultra-low frequency, respectively. Through
effective parameters selection, the damping of each oscillation
mode is improved and system stability is enhanced significantly.
In order to verify the feasibility of the proposed framework,
time-domain simulation results under various scenarios are
presented to realize the effective operation of the wind power-
based system. Furthermore, hardware-in-the-loop experiments
under typical operation conditions further verify the
effectiveness of the proposed scheme to achieve the control
target in actual operation.
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