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Abstract: To solve the problem of incompatibility and mutual repulsion between a distribution
network (DN) and distributed generator (DG), this paper first analyzes the conflicts between current
feeder automation (FA) and doubly-fed induction generation (DFIG). Then, a DFIG coordination
control strategy compatible with FA is proposed to cause the DFIG operating continuously during
fault isolation and power supply recovery. The strategy consists of three aspects: (1) a DFIG islanding
active synchronization control technology to support islanding and distant presynchronization control;
(2) DFIG senses the status of circuit breakers/tie-switch through generic object oriented substation
event (GOOSE) messages to achieve rapid switch of control modes and distant synchronization;
(3) tie-switch senses the status of DFIG through GOOSE messages for closing. Finally, the effectiveness
of the strategy is validated by multiple sound and detailed time-domain simulation cases. This study
indicates future possible development trends and provides a simple and effective strategy for
researches in the field of smart grid DN-DG compatibility.

Keywords: doubly-fed induction generator (DFIG); generic object oriented substation event (GOOSE);
feeder automation (FA); distribution network (DN); distributed generation (DG); DN-DG compatibility

1. Introduction

Distributed generation (DG) is characterized by flexible installation, convenient power supply, and
environmental protection. In general cases, a DG is installed near the user to reinforce the reliable power
supply and power quality [1]. Therefore, on the basis of a traditional inactive distribution network
(DN), DG technology was vigorously developed [2—4], and the mixed network became an inevitable
tendency of future development of the DN system. However, with the grid-connection operation
of large-scale DG, a traditional radial DN with a single power supply is gradually transforming to
a grid structure with multiple power supplies, which is accompanied by more and more prominent
DN-DG conflicts and problems in the DN [5]. As a whole, the upgrading of active DN to smart DN is
hindered by the incompatibility and mutual repulsion between the DN and the DG [5,6]. Henceforth,
the topology, operation code, control method, and protection configuration of the traditional DN need
to be adjusted to adapt the impact of DG [7].

From the perspective of protection, a traditional DN is generally a radiating structure from
substations to users, and is relieved from the long-term impact of fault based on unidirectional power
flow design with equipment such as relays, circuit breakers, reclosing devices, sectionalizers, and
fuses [8,9]. Nevertheless, the installation of DGs has changed the topology structure of DNs with a
possibility of serious problems in the normal operation of protections to traditional DN, for instance,
asynchronous closing, rejected automatic reclosing, unintentional islanding, change of fault current
level, blinding of the protective devices, large-scale disconnection from the grid of generator sets, and
the maloperation of feeder protection [10-12]. Consequently, the reliability of traditional distribution
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systems is compromised significantly by the integration of DGs in terms of failure of protection
coordination [13]. The installation of DG increases the possibility of unintentional islanding, as part
of the DN may continue to operate as an islanding when one or more of the circuit breakers on the
feeder trip to remove the fault [13]. For the sake of various reasons, including the difficulties in voltage
and frequency control, islanding reconnection, poor power quality, personal safety, and the difficulty
in removing the arc fault when DGs remain connected to the grid, islanding (not only unintentional
islanding) is considered undesirable [14]. DG applies different control modes for grid-connection and
islanding; unintentional islanding is likely to be accompanied by the failure of rapid and accurate
switching of DG control modes, resulting in the collapse of the islanding system [15]. Furthermore, if
the primary generators trip when the DG is not disconnected in time, the existence of bus voltage will
endanger the safety of maintenance and repair personnel potentially on the one hand, and affect the
accurate judgment of the backup power automatic switching devices on the other hand, resulting in the
protection rejecting movement [16]. Moreover, a strong link has been established between islanding
and reclosing, because unintentional islanding may lead to asynchronous closing, further damaging
the DG and distribution system seriously [8]. In addition, the fault current of a distribution network
varies greatly in DG grid-connection and islanding states, and the protection strategy of DG under
grid-connection status is not suitable for the islanding state [17].

In recent years, domestic and foreign researchers have put forward various active DN protection
strategies aiming to protect the DG and the DN, while protection standards and specifications were
developed by the power authorities and international power organizations for DNs involving DGs to
enhance the reliability of the DN [18,19]. So far, the mainstream engineering DN-side protection is the
fast and non-selective disconnection of all DGs in case of any failure on the feeder or system in any
form, to eliminate any possible negative influence on the existing protection [13,20]. In case of a DG in
the islanding status, its internal control system will, in the general case, activate the anti-islanding
protection mechanism for eliminating the impact on the DN and the self-protection of DG [18,21]. DGs
with fault ride through capacity can be removed from the grid after a delay of a limited period in any
fault [12]. The impact on the distribution protection can also be avoided by limiting DG output and
optimizing DG placement [22,23]. In fact, the capacity and location of DG are subject to the objective
natural environment, and may not be allocated at will [24]. Obviously, such protection strategies have
weakened the advantage of DGs in improving the power supply reliability and sufficient utilization of
energy. Furthermore, the splitting and stopping of DGs may affect the stability of the grid, disadvantage
power recovery, and result in additional maintenance costs [13,20]. For a predefined set of grid faults,
the wind energy conversion systems (WECS) should remain connected, supplying reactive power, to
sustain the network during voltage shortage [25,26]. In addition, some improved protection strategies
based on relay protection technology, adaptive protection, the optimization of protection settings,
and modification of the fault current level has been proposed successively [6,12], trying to accurately
detect, locate, and isolate the faults when the DG is grid-connected or islanded, but there are also
shortcomings and limitations. Essentially, these strategies are to solve the problem of coordination
between the protection devices, the dynamic changes in the operation modes between the distribution
system and DG are not considered, and a DN-DG coordination mechanism is not provided, so it
is likely to lead to islanding instability, islanding’s failure to be incorporated into the DN, or even
destruction of the existing distribution system and DG.

It should be noted that in case of a fault, the current active DN is conservative in two points in
the DN-DG coordination: (1) the DN-side control is mainly to temporarily eliminate the “DG”, a
protection strategy under the traditional DN concept; (2) the DG-side control focuses on the DG and
for the purpose of “self-protection” without consideration to the installation environment, and in a
deficiency of ideas on technology docking and integration. The current standards and operation guides
on the DG integrating into the DN are based on the existing technology level, while the technical route
and final goals of smart grid will surely and gradually break through those restrictions to achieve
the smart integration of DG and DN [24,27]. In the past decades, the doubly-fed induction generator
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(DFIG) was at a leading position in the market. To adapt to the development tendency of a smart grid,

it is necessary to study the DN-DG coordination and control strategy for DFIG integrating into the

DN. Therefore, on the basis of analyzing DFIG and typical feeder automation (FA) contradictions, this

paper proposed a DN-DG coordination control strategy to make sure the DFIG operates continuously

during fault isolation and power supply recovery conducted by FA, rather than shutdown and restart.
The contributions of the study can be summarized as follows:

(1) A DFIG islanding active synchronization control technology (IAS) referring to the ideas of
traditional synchronous generator grid connection is proposed to support islanding and distant
presynchronization control.

(2) A coordination control strategy between DFIG and circuit breakers in the whole DN is
given in which the DFIG senses the status of circuit breakers through generic object oriented
substation event (GOOSE) messages to achieve the rapid switch from grid-connection status to
islanding status.

(3) A coordination control strategy between DFIG and tie-switch in an arbitrary place is proposed in
which the DFIG senses the status (synchronous status/opening and closing status) of the tie-switch
through GOOSE messages to achieve distant synchronization and safe switching from short-time
islanding status to reconnection status, and tie-switch senses the status of DFIG through GOOSE
messages for closing.

The other sections in this paper are structured as follows. Section 2 summarizes the active DN
system studied in this paper and analyzes the conflicts between the current FA protection logics and
DFIG integration. Section 3 gives a solution to the compatibility between the DN and the DFIG.
Section 4 describes the DFIG IAS in details. Section 5 specifies the strategy for DN-DG coordination
and control. Section 6 exhibits the results of simulations under different scenes. Section 7 includes
the conclusions.

2. Analysis of Specific Problems

2.1. System under Study

Modern DNs adopt closed-loop design and open-loop operation to achieve flexible and reliable
operations. Accordingly, an active DN as shown in Figure 1 is studied in this paper.
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Figure 1. Distribution system under study.

The primary system is a typical “hand-in-hand” ring network structure with S1 and S2 as the
outlet switches by both sides of the substation and interconnected through the ring main unit (RMU)
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through two feeders led out from S1 and S2. The tie-line connects RMU3 and RMU4. All the inlet and
outlet switches of the RMU are circuit breakers, and the tie-switch T4 is normally open with feeder
voltage at a 10 kV level. A megawatt DFIG connects to the DN through RMU3. The secondary system
is configured as a typical intelligent distributed FA independent from the overall information from
the master stations or slave stations, and exchanges fault information by peer-to-peer communication
through smart terminal units (STUs), to realize fast location, the isolation of feeder faults, and service
restoration [28-30]. The communication network supports optical fiber Ethernet structures according
to IEC 61850, while the STUs at the substations and the RMUs communicate with each other through
GOOSE, which is a fast and reliable message communication mechanism [31,32].

2.2. Feeder Automation Protection Logics

Then, a permanent short-circuit fault happens at F1 of the DN (without consideration to the
DFIG), the FA acts according to following logics: STU1 and STU2, through GOOSE peer-to-peer
communication, exchanges fault information to locate the fault at the feeder section between circuit
breakers B12 and B21. STU1 and STU2 respectively control B12 and B21 for tripping to isolate the fault
at F1; after confirming the tripping of B12 and B21, STU1 issues a GOOSE message of successful fault
isolation (SFI); as the SFI is received, the STU4 controls T4 for closing to recover the power supply of
non-faulty feeder section. Accordingly, without considering the DFIG, FA can automatically locate and
isolate the fault, and recover the power supply.

2.3. Conflicts between Feeder Automation and DFIG

Traditionally, DFIG is controlled by the P/Q (active/reactive power control) mode for
grid-connection status and V/F (constant voltage/frequency control) mode for islanding status [33,34].
Therefore, DFIG works on continuous grid-connection status or islanding status at present without
switching between the two modes. There are few DFIGs that are capable of operating under the two
states. Furthermore, the DFIG is located comparatively remote from the DN (several kilometers in
general cases), and the tie-switch is flexibly positioned, requiring a distant synchronous grid-connected
process for a DFIG island in-grid connection through a tie-switch, which makes this new mode
essentially different from the traditional local synchronous grid-connection technology of DFIG. Again,
the existing GOOSE fast communication mechanism, in essence, works by the repeated transmission
of state messages and fails to achieve the real-time transmission of a remote sinusoidal quantity, while
the sampled value (SV) is not an economic and reliable solution for the DN.

For those reasons, when the DFIG is connected to the DN (Figure 1), two conflicts are expected
between FA and DFIG to make sure that the DFIG supplies power to partial local loads without quick
disconnection and safe reconnection in coordination with the remote tie-switch after the circuit breakers
trip and isolate the fault. Conflict 1: a series of opening and closing state messages of circuit breakers,
at the discretion of FA, cannot be “notified” to DFIG timely, resulting in the latter’s failure to adapt to
the topology changes of the grid; DFIG cannot adjust its control modes timely for the purpose of fast
switching between the grid-connection and islanding. Conflict 2: the information channel and message
protocols of the DN do not support the distant synchronization function to transform the DFIG status
from islanding to grid-connection. The two conflicts are the main reason for the incompatibility and
mutual repulsion between DFIG and FA, and hinder the upgrading from an active distribution network
to a smart distribution network.

3. Feasible Solution

A megawatt wind turbine has a comparatively larger inertia, and a large amount of mechanical
energy can be stored in wind wheels and shafts. At the same time, a direct-current capacitor can also
act as an energy storage link. Therefore, DFIG can provide power to local partial loads, to maintain the
stability of the islanding system. The purpose of this paper to achieve the continuous operation of
DFIG when the fault is isolated and the power supply is restored by FA and the smart integration of



Electronics 2020, 9, 18 50f17

the DN-DFIG. In such a process, the DFIG shall be capable of switching between grid-connection and
islanding quickly and operating stably, while synchronization conditions are created at the remote
tie-switch automatically; then, the tie-switch can be closed safely, after which the DFIG can recover to
the grid-connection status. To achieve those advantages, a solution including DFIG IAS to support
islanding and distant presynchronization control, and a DN-DG coordination control strategy based
on FA/GOOSE to achieve the smart capability of DFIG and FA are proposed, as shown in the following
two sections.

4. DFIG Islanding Active Synchronization Control Technology

Traditionally, the DFIG islanding controlled by V/F requires no connection to the grid; therefore,
it is not capable of creating the synchronization conditions. The grid-connection control of DFIG
is locally synchronous on the basis of real-time sinusoidal voltage signals on both sides of point of
common coupling (PCC) [35]. In this paper, DFIG islanding is unable to receive the real-time voltage
sinusoidal signals on both sides of T4 at a remote distance, so a new technology that can support DFIG
islanding and actively create distant synchronization conditions is in urgent demand. For this purpose,
a DFIG IAS consisting of islanding control technology and active synchronization control technology
is proposed.

4.1. Islanding Control Technology

A typical DFIG system is indicated in Figure 2. The wind energy captured is transformed into
rotary mechanical energy by the wind wheels, and then delivered to DFIG via the gearbox shafts [36].
The stator connects to the grid in a direct manner, while the rotor is through the “back-to-back”
converter. A constant DC bus voltage is maintained by the grid-side converter (GSC), while the
rotor-side converter (RSC) regulates the excitation voltage of the rotor to realize DFIG grid connection
and power generation. With GE 1.5MW DFIG as an example, a study is carried out in this paper [37].
The system consists of mechanical and electrical controls. Mechanical control further covers pitch,
pitch compensation, and torque, while the electrical control involves the GSC side and the RSC side.

Step-up
transformer

©

u, : Stator voltage

)

I.‘ . Stator current

l'g : GSC current

I, : Rotor voltage

Uy : DC-link voltage

P : Power reference

Mechanical
control

Figure 2. Doubly-fed induction generation (DFIG) system.

@, . Rotor angular speed

When the rotor follows motor convention and the stator applies generator convention, the basic
equation for describing the DFIG system in the dg frame can be expressed as:
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where, 1, 1gs, igs and igs represent the dg axis components of stator’s voltage and current respectively,
Ugr, Ugr, igr and igr the dg axis components of rotor’s voltage and current respectively, A4, Ags, Agr and
Agr the dq axis component of the magnetic linkage of the stator and the rotor respectively, Rs and R; the
resistance of the stator and the rotor, respectively; and ws and wp, the synchronous angular velocity
and rotor angular velocity, respectively.

The IAS proposed in this paper aims at RSC-side control. The basic control structure of the GE
1.5 MW DFIG [37] for the mechanical part is adopted, while the GSC-side control still follows the
typical vector control strategy based on phase-locked loops (PLL) [38]. The maximum power point
tracking (MPPT) of the wind turbine [37] is as follows:

wm* = —0.67P,2 + 1.42P, + 0.51 (3)

where wp,* is the reference angular velocity of the wind turbine, and P, is the actual output
electromagnetic power (active power). Therefore, in the MPPT, the speed of the wind turbine
under the islanding mode depends on the load to prevent the speed of the wind turbine out of control.

The islanding control technology proposed in this paper is based on the P/Q control structure.
First is a brief introduction to the typical P/Q control technology, which adopts a dual-loop control
structure consisting of the current inner loop and the power outer loop, where the controller of the
current inner loop is:

* K o . . .
Uy = (Kp + ?I)(ldr —ige) — wy (Lrlqr - Lmlqs)

. M . . 4)
Ugr = (KP + %)(lqr - lqr) + wr(Lrldr — Liigs)
The controller of the power outer loop is:
i\ = (Kp+ &) (Py - Pe)
dr P s e € (5)

e K * U
lgr = —(Kp + ?I)(Qe - Qe) = WsLm

where Kp and K] are the proportional and integral coefficients of the PI (proportional-integral control)
controller, respectively. L, is the rotor self-inductance, and Ly, is the mutual inductance. U is the
amplitude of the grid voltage at PCC. When connected to the grid, the reference angle of stator voltage
0O is obtained by PLL; namely, 05 = Opr. The 4 axis and the g axis components of the rotor are the
active power and reactive power components, respectively.

To make sure that the stator voltage can track the reference voltage quickly and accurately and
reduce the impact of modes switching, a P/Q-based dual-loop control structure is also used in the
islanding control. The islanding current inner loop controller adopts Equation (4), and the islanding
voltage outer loop controller is designed as follows:

5 K *

Ly = (KP;_ ﬁ)(uds = Ugs)
% * U
Zqr = _(KP + ?I)(uqs - ”qS) ~ Wslm

(6)

where the reference value of the stator voltage is fixed according to the equation of 1’ = U and uzs = 0.
Obviously, the voltage outer loop controller and the power outer loop controller have maintained a
unified structure. Both P/Q control and islanding control are largely realized through adjusting the d
axis component of the rotor, which is advantageous to the safe switching between different states of
DFIG (grid-connection/islanding).

Besides, as the DFIG has no supports from the grid voltage under the islanding status, the reference
angle of stator voltage 6; in islanding control is obtained according to the following equation:

6s = f 27 fdt @)
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where f; is the rated frequency of the grid (f; = 50Hz). 05 is the reference value generated by the
controller, which is likely to cause the voltages due to both sides of the tie-switch not being synchronous.
Therefore, synchronous control is required on the basis of islanding control.

4.2. Active Synchronization Control Technology

Referring to the ideas of traditional synchronous generator grid-connection (change the speed
of rotor), in this paper, the voltage frequency of the stator is properly changed to cause the relative
movement between the DFIG islanding voltage u; and the grid voltage ug, so as to create distant
synchronization conditions actively. The rotor speed and system frequency of DFIG are mutually
decoupled. Therefore, the DFIG IAS proposed in this paper is shown in Figure 3.

9]11
T > Tie
e »| switch
Pulses i, .
SPWM Frequency control e DFEIG sabe
Uape 1] abfj < J|ab Load
abc o1 0= ,[Zﬂfgdt 4 q | dg
o + 27t | [ 8= [27 fydr v |u,
e < I pa U .
Current inner |« “_1 Voltage outer [€ * Amplitude

loop controller

loop controller 0 control

Figure 3. DFIG islanding active synchronization control technology.

The proposed IAS consists of amplitude control and frequency control. The amplitude control
adopts a dual-loop control structure based on Equations (4) and (6); the frequency control is realized
by proper change to the rotor excitation rotation angle 6;, which is in the form of:

0, = ( f 2mfdt + f ZnAfdt)—Qm ®)

where f 2ntAfdt is a deviation term, A f is the deviation frequency and On, is the rotor’s position angle.
By this method, the island voltage frequency f; equals the sum of fg and Af, so that the islanding voltage
angular velocity (w; = 27fy) is not equal to that of the grid (wg = 27 fs). Consequently, u; = Ugef“’lt
will move relatively to ug = Ugengt, as shown in Figure 4 (Ug as the grid voltage amplitude at the
tie-switch), where A0 is the angle between u; and ug.
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".“ ' 1, g P f 1_~ g
y 1 Tie- switch ot 1 Tie- switch
. 1] ’ 1]
/ : / :
w, — @, ’ _ '
PO iae Y% @ i as
H ' u ' by
H I : S U,
kS o — { o
N ! \ i ug
\“x “\‘"
”l N .. a)l _a)g_—_i ”g ‘\\ a)g —a)l __v
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Figure 4. Principles of distant synchronization.
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When Af is greater than 0, with ug as the reference, w; moves faster than wg, while u; moves close
to ug at the speed of w — wg, as shown in Figure 4a. When Af is less than 0, with u; as the reference,
wg moves faster than wy, while ug moves close to uy at the speed of wg — wy, as shown in Figure 4b.
In particular, after synchronization, Af reduces to 0, and the islanding voltage frequency recovers to fg,
so that both u; and ug rotate at the angular velocity of w¢ to maintain synchronicity.

5. Coordination Control Strategy

IEC 61850 GOOSE has been extensively applied in DN. The status communication between FA
and DFIG by GOOSE is feasible and economic [39-41]. This paper proposes a DN-DFIG coordination
control strategy based on FA/GOOSE, as shown in Figure 5. Firstly, a GOOSE information channel is
established between the DFIG and the FA to achieve the point-to-point rapid states communication
between DFIG, circuit breakers and tie-switch. Where,

SFI represents the GOOSE message of successful fault isolation;

SS represents the GOOSE message of successful synchronization at T4;
SL represents the GOOSE message of synchronous locking of IAS; and
SC represents the GOOSE message of successful closing of T4.

——

Circuit
breakers

GOOSE

JA” SL

“Distant synchronization”
DELE, SS & SC

P/Q & IAS dual-modes Coordinated closing

Tie- switch

Figure 5. Framework of the coordination control strategy.

The coordination control strategy based on DN-DFIG GOOSE communication consists of
“Islanding Stabilization and Distant Synchronization”, and “Synchronous Closing and State Recovery”.

5.1. Islanding Stabilization and Distant Synchronization

Based on the GOOSE transmission mechanism of publish/subscribe, the DFIG in Figure 1 has
subscribed all the status information of all the circuit breakers on the two feeders. Therefore, through
GOOSE messages, DFIG can, at any time, identify if the DFIG is connected to the grid or off-grid.

When B12 and B21 trip under the control of FA to isolate the fault at F1, the feeder between B21 and
DFIG losses supports from the grid voltage, and DFIG has a high possibility of losing stability under the
P/Q control. Based on the GOOSE messages communication between DFIG and FA, DFIG can receive
SFI messages rapidly and change to IAS control to achieve the rapid switching from grid-connection
to islanding. After switching, DFIG is under the islanding state and presynchronization state. It is
worth noting that when switching from grid-connection to islanding mode, DFIG takes the operation
of zeroing the IAS voltage’s outer loop PI controllers, so that the stator voltage experiences a process of
re-establishment, while ensuring that the converter is not overloaded to the maximum extent.

In the process of presynchronization, the synchronization check device at T4 will check the
synchronization conditions in situ. After synchronization (A0 = 0), STU4 will issue an SS message to
the DFIG for judgment if the remote T4 is synchronous; if not, IAS will be responsible for control; if so,
DFIG will reset Af to “0” immediately to maintain the synchronization status of u and u at the remote
tie-switch T4. Therefore, a distant synchronization method is formed by IAS in cooperation with the
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GOOSE channel to deliver synchronization status. Obviously, the distant synchronization method
proposed in this paper is fundamentally different from traditional local synchronization technologies.

Besides, during creating distant synchronization by IAS, the size of Af depends on the time delay
of the GOOSE information channel, synchronous closing condition, an allowable range of islanding
frequency, and distant synchronous adjustment speed. In this paper, it is assumed that the time delay
tdelay Of GOOSE information channel consists of following parts:

STU interface delay: 3 ms

Communication delay: 5 us/km

Potential transformer (PT) delay: 3 ms

Central processing unit (CPU) processing delay: 50 us

According to the composition of delay, in this paper, fqelay is considered as a larger value:
tdelay = 10 ms 9)
Generally, the synchronous closing condition of tie-switch is:
|AB| € [0, 1/36] (10)
The allowable range of islanding frequency f; is:
fi € [49.5 Hz,50.5 Hz] (11)
The synchronous phase error ABerror due to tgelay is:
ABerror = 2TAf X tgelay (12)

The synchronous adjustment time t5 of IAS is:

AO

ts = m (13)

where the angle between u; and ug is A € (0,2n).

Obviously, the larger |A f | accelerates the synchronization adjustment, but leads to larger
synchronous phase error and poor islanding voltage quality; while, on the contrary, a smaller
(A f | can significantly reduce the synchronization phase error and improve islanding voltage quality,
but result in a lower synchronization adjustment speed. After comprehensive consideration, the
error frequency in this paper falls in the range of |A f | € [0.1 Hz, 0.25 Hz|, which makes the islanding
frequency f; € [49.75 Hz,49.9 Hz] U [50.1 Hz, 50.25 Hz], the synchronization phase error no greater
than 71/200 (Af = +0.25 Hz), and the maximal synchronization adjustment time no longer than 10 s
(Af = £0.1 Hz). It shall be explained that in the actual projects, t4elay may be greater than 10 ms.
In such a case, a smaller )A f | is preferred to make sure that the synchronization phase error satisfies
the requirements.

5.2. Synchronous Closing and Status Recovery

In the original FA, STU4 is closed based on the receiving SFI message, which may lead to
non-synchronous closing and damage the islanding stability and distant synchronization process.
Under the new coordination control strategy, STU4 subscribes the status information of DFIG. When
DFIG sets Af to 0, an SL message is sent. In the meantime, DFIG islanding frequency and grid frequency
are the same. STU4 takes control over the closing of T4 after receiving the SFI and SL messages, and
confirming the synchronous closing conditions (|A9| € [0, 71/36]), to achieve synchronous closing. As
T4 closes, IAS is unable to recover the DFIG to the normal grid-connection operation status. Therefore,
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DFIG will sense the closing status of T4 based on the SC message, and switch back to the P/Q control
mode to recover status. Remarkably, when switching from islanding to grid-connection, DFIG takes
the output signal of the voltage outer loop as the initial value of the power outer loop to make the
inner loop control signal smooth transition, so as to maximize the safety of switching from islanding
to reconnection.

6. Case Analysis

Matlab/Simulink is used to establish the active distribution system shown in Figure 1 and the
detailed time domain simulation models of DFIG coordination control strategy compatible with FA
proposed in this paper. See Appendix A for the DFIG, DN, and controller parameters. The simulation
scenarios assume that FA can isolate faults instantaneously, and consider different wind speeds,
islanding loads, and values of Af.

Scenario 1

It is assumed that the B12 and B21 trip at 20 s under the control of FA when the wind speed is 15 m/s
(DFIG constant power operation). The islanding load is 1 MW, Af = +0.1 Hz, and AO14 = 7 (180°). T4
requires 60 ms to close. Figures 6 and 7 respectively show the changes in the electrical and mechanical
quantity at the DN side and the wind turbine side in Scenario 1.

(1) Grid-Connection/Islanding Switching: The circuit breakers B12 and B21 trip at 20 s, and SFI is
sent to the DFIG after a delay of 10 ms. Therefore, DFIG switches from P/Q to IAS control at
20.01 s. As shown in Figure 6, in the transient process of DFIG from grid-connection to islanding,
due to the changes of control modes and sudden changes in electromagnetic power Pe (0.5 MW),
the voltage ut on the tie-line experienced the process of distortion and rebuilding for about five
cycles, after which it stabilizes; at the initial period of tripping, the ur reaches about 1.25 pu
maximally without uncontrollable overvoltage; the waveforms for the voltage frequency fr of the
tie-line, and the phase error 614 of voltages at both sides of the tie-switch flicker transiently as the
circuit breakers trip. According to Figure 7, DFIG rotor current i, experienced the same distortion
and rebuilding process as ut in case of the transient switching from grid-connection to islanding,
during which no overcurrent is observed; after transient flickering, the electromagnetic power Pe
of the generator maintains at 1 MW; the DC-side voltage 14 reaches a peak of 1220 V during the
transient switching without overvoltage; due to the reduction of electromagnetic power;

(2) Distant Synchronization: According to Figures 6 and 7, as DFIG enters the islanding status under
IAS control, ur, iy, Pe, and u4. maintain relative stability; the rising tendency of wn is suppressed
and gradually reduced, showing a small amplitude of jittering as a whole. The jittering of wn, is
mainly due to the slow dynamic response of mechanical control and the sudden change of Pe.
The key point is that fr is controlled at 50.1 Hz, which causes the voltage phase error Af14 at
both sides of the tie-switch changing from 180° to 0° gradually; synchronization conditions are
detected by T4 at 25.01 s, and an SS message is immediately sent; DFIG sets Af to 0 upon the
receipt of a SS message at 25.02 s to maintain the synchronization phase error AQeror at about
—0.3°, which obviously complies with the synchronous closing conditions of T4, as shown in
Equation (10). Therefore, distant synchronization is achieved.

(3) Islanding/Grid-Connection Switching: DFIG sets Af to 0 at 25.02 s and sends an SL message at
the same time; T4 closes after the receipt of an SL message at 25.03 s, and sends an SC message
60 ms after closing; DFIG switches back to P/Q control at 25.1 s after receipt of the SC message.
According to Figure 6, when T4 closes at 25.03 s and DFIG switches back to P/Q control, the
current amplitude Ity of the tie-switch is not impacted violently; #T maintains stability, fr restores
to 50 Hz after small-range fluctuation, and AOt4 changes to 0 rapidly. In Figure 7, during the
reconnection of DFIG, i, and Pe jitter in a small range due to the fluctuation of wn, in islanding
and then gradually rise. The waveform of wn, recovers to a smooth state within 1.225 pu after
closing; 14 jitters in a small range, and then stabilizes. Overall, it takes about 26 s for T4 to close
when all the electric and mechanical quantities stabilize.
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Figure 6. Major changes of electric quantity at the distribution network (DN) side in Scenario 1.
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Figure 7. Major changes of electric and mechanical quantity at the wind turbine side in Scenario 1.

Scenario 2. It is assumed that the B12 and B21 trip at 30 s under the control of FA when the
wind speed is 10 m/s (DFIG MPPT operation). The islanding load is 0.8 MW, Af = —0.25 Hz, and
A6 = 7 (180°). T4 requires 60 ms to close. Figures 8 and 9 respectively show the changes in the
electrical and mechanical quantity at the DN side and the wind turbine side in Scenario 2.
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Grid-Connection/Island Switching: After losing voltage support from the feeder at 30 s, DFIG
receives an SFI message at 30.01 s, and switches from P/Q to IAS control mode. As shown in
Figure 8, in the transient process of DFIG from grid-connection to islanding, due to the changes
of control modes and sudden changes in P, (0.05 MW), ut experienced the process of distortion
and rebuilding for about four cycles, after which it stabilizes; in particular, no large voltage is
observed similar to those found in Scenarios 1 and 2 at the initial period of switching, but ut is
more smooth; the waveforms for fr and 014 flicker more weakly after the circuit breakers trip as
compared with the Scenarios 1 and 2. According to Figure 9, i, experienced the same distortion
and rebuilding process as ut in case of the transient switching from grid-connection to islanding,
during which no overcurrent is observed; after transient flickering, P maintains at 0.8 MW; the
DC-side voltage 14, reaches a peak of 1135 V during the transient switching without overvoltage;
due to the reduced change of P, the rotor speed wn, rises not so significantly after tripping, but is
effectively controlled without stalling under the MPPT in which the rotor reference speed wy, is
determined by the load.

Distant Synchronization: According to Figures 8 and 9, in the DFIG islanding under IAS control,
ut, ir, Pe, and ug4. maintain relative stability; wy, shows a small amplitude of jittering around
1.09 pu due to the slow dynamic response of mechanical control and the sudden change of Pe. fr
is controlled at 49.75 Hz, which causes the voltage phase error A0ty at both sides of the tie-switch
changing from 180° to 0° gradually; synchronization conditions are detected by T4 at 32.01 s,
and an SS message is immediately sent; DFIG sets Af to 0 upon the receipt of an SS message
at 32.02 s to maintain the synchronization phase error AO¢ror at about —1°, which obviously
complies with the synchronous closing conditions of T4, as shown in Equation (10). Therefore,
distant synchronization is achieved.

Islanding/Grid Connection Switching: DFIG sets Af to 0 at 30.02 s and sends an SL message
at the same time; T4 closes after receipt of an SL message at 32.03 s, and sends SC message
60 ms after closing; DFIG switches back to P/Q control at 32.1 s after receipt of the SC message.
According to Figure 8, when T4 closes at 32.03 s and DFIG switches back to P/Q control, the
maximal amplitude of Ity is under 7.5 A and is not impacted violently; 1 maintains stability, fr
restores to 50 Hz after small-range fluctuation, and AOt4 changes to 0 rapidly. In Figure 9, during
reconnection of DFIG, i, and P, jitter in a small range due to the fluctuation of wn, in islanding
and then gradually rise. The waveform of wny, recovers to a smooth state within 1.095 pu after
closing; ug4. jitters in a small range, and then stabilizes. Overall, it takes about 8s for T4 to close
when all the electric and mechanical quantities stabilize.
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Figure 8. Major changes of electric quantity at the DN side in Scenario 2.
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Figure 9. Major changes of electric and mechanical quantity at the wind turbine side in Scenario 2.
According to the two cases, the larger the absolute value of Af, the shorter the DFIG is in

islanding, and vice versa. Therefore, the absolute value of A f determines the time of DFIG in islanding.
In addition, the sudden change of electromagnetic power P, will affect the performance of switching
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between grid-connection and islanding. The larger the sudden change of Pe, the fiercer the waveform
change is, and the longer the time required for DFIG recovery after reconnection, and vice versa.

Overall, whether Af is larger or smaller, positive or negative, whether P changes significantly or
insignificantly, the time required from the whole process of grid-connection to islanding and islanding
to grid-connection is within tens of seconds, indicating that the DN-DFIG coordination strategy
proposed in this paper can reduce the DFIG islanding to a short process, which makes it fundamentally
different from the traditional long-term islanding.

7. Conclusions

Under the support of GOOSE communication technology, a DFIG coordination control strategy
compatible with FA is proposed in this paper, and simulated in details under various scenarios.
The following conclusions are made:

(1) DFIG can, on a real-time basis, sense the status of circuit breakers/tie-switch in the DN through
10 ms delay GOOSE to achieve rapid switching of control modes.

(2) Without the real-time sinusoidal voltage at both sides of the tie-switch, DFIG can, on a real-time
basis, sense the synchronization status of voltages at both sides of any remote tie-switch and
cooperate with the IAS through 10 ms delay GOOSE to achieve distant synchronization of
DFIG islanding.

(3) The tie-switch can sense the DFIG control status and achieve synchronous closing through 10 ms
delay GOOSE to ensure the safety of DFIG islanding when reconnected to the grid.

(4) The coordination control strategy can reduce the DFIG islanding to a short process (less than 10 s),
which, on the one hand, is beneficial to solve the problem of islanding power quality, and on the
other hand upgrades the traditional one-way power restoration mechanism from feeder to load
to the dual-way power restoration mechanism from DG and feeder to load.

In conclusion, DFIG can achieve the compatibility with typical intelligent distributed FA control
logic and continuously operate to further demonstrate its potential to provide new measures for the
development of a smart grid through the coordination control strategy proposed in this paper.

Author Contributions: Z.H. contributed to the project idea and the results discussion. P.T. contributed to
the specific strategy, theoretical analysis, simulation experiment design, data analysis, results discussion, and
conclusions. Z.L. reviewed the final manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (51567005), in part by the
National Natural Science Foundation of China (61963009), in part by the Guizhou Province Science and Technology
Platform and Talent Project of China ([2017]5788/LH Word [2017]7230), in part by the Guizhou Province Science
and Technology Plan Project of China ([2018]5615), in part by Collaborative Foundation of Guizhou Province
(No.7228[2017]), Platform Talent Project of Guizhou Province (No.5788[2017]).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Ugs, Ugs, ids & igs dg axis components of stator’s voltage and current

Ugy, Ugr, igr & igr dq axis components of rotator’s voltage and current

Adss Ags, Agr & Agr dq axis component of magnetic linkage of stator and rotor
Rq & R, Resistance of stator and rotor

ws & wm Synchronous angular velocity and rotor angular velocity
* Reference value

wm” Reference angular velocity of wind turbine

P, Actual output electromagnetic power
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Appendix A

Proportional coefficient and integral coefficient of PI controller
Rotor self-inductance

Mutual inductance

Grid voltage amplitude at PCC

Grid voltage amplitude at tie-switch

Reference angle of stator voltage

Rotor position angle

Reference angle of stator voltage obtained by PLL
Rated frequency of grid

Islanding voltage frequency

Islanding voltage space vector

Grid voltage space vector

Deviation frequency

Islanding voltage angular velocity

Grid voltage angular velocity

Angle between uy and ug

Time delay of GOOSE information channel
Synchronous phase error

Synchronous adjustment time of IAS

GOOSE message of successful fault islation
GOOSE mesage of successful synchronization at T4
GOOSE message of synchronous locking of IAS
GOOSE message of successful closing of T4

Table A1l. Simulation parameters of case analysis.

Doubly-Fed Induction Generator Parameters

Parameter Value Parameter Value
Uge 1100 V Rs 0.0043 O
Rated power 1.5 MW R: 0.0041 O
Stator voltage 690 V Lg 0.0125 H
Pole pairs 3 Ly 0.0153 H
Normal speed 1.2 pu Lm 0.0123 H
DC-link capacitor 20000 uF Inertia 1500 kg /m?
Rated frequency 50 Hz Friction coefficient 01N-m-s/rad
Distribution Network Parameters
Rated voltage 10 KV Rated frequency 50 Hz
Line inductance 0.9347 x 1073 H/km Line capacitance 12.86 x 10~ F/km
Line resistance 0.01266 O)/km

Controllers Parameters

Controller Parameter Kp K;
Power outer loop 0.0001 0.045

Current inner loop 6 150

Islanding voltage outer loop 0.01 50

150f 17
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