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Abstract—Islanding detection is of great importance for the
microgrid in order to change the control objectives and to avoid un-
synchronized reclosure. Active islanding detection methods based
on impedance measurement have very small nondetection zone
in the single-inverter system, but require the coordination of the
perturbation current injected by each inverter in the microgrid
consisting of multiple inverters. The conventional solution by inject-
ing a harmonic current synchronized with the fundamental output
voltage is affected by different winding connections in grid-side
transformers of inverters and degrades the voltage quality in stand-
alone mode. This article proposes an islanding detection method
based on impedance measurement for the microgrid comprised of
grid-forming inverters with seamless transfer capabilities. The pro-
posed method achieves synchronized injection of small-ac-signal
(SACS) current using the SACS current droop control and the
virtual impedance. The synchronized SACS current injection in
the proposed method is independent of fundamental components
and is not influenced by different winding connections in grid-side
transformers of inverters. Moreover, the SACS current limiting
control is introduced to mitigate the impact of injected SACS
current on the grid current quality. In addition, the control scheme
is peer-to-peer and enables plug-and-play functionality. The ef-
fectiveness and advantages of the proposed method are validated
through simulation and experimental results.

Index Terms—Impedance measurement, islanding, microgrids,
voltage source inverters.

I. INTRODUCTION

NDER the background of rising energy demand and en-
vironmental concerns, the microgrid (MG) concept was
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proposed to integrate distributed generators (DGs) in a more
reliable and more efficient way by viewing generation, load,
storage device, and the transfer switch with the utility grid as a
subsystem, aiming to operate both in grid-connected (GC) mode
to inject power to the utility grid, and in stand-alone (SA) mode
to provide uninterrupted power to critical load [1], [2], [3].

The MG should be able to seamlessly transfer between GC
and SA modes to ensure the uninterrupted power supply to
critical loads. Grid-following (GFL) inverters are conventionally
used in GC mode, which are controlled as current sources and
generally synchronize with the grid through a phase-locked loop
(PLL). However, GFL inverters tend to be unstable in SA mode
when the load-matching condition is not satisfied [4]. There-
fore, reconfiguration of control scheme is necessary to provide
voltage support when the MG transfers from GC mode to SA
mode. Many mode transition strategies based on GFL inverters
need the islanding detection information [5], [6], so the voltage
quality may be deteriorated before the confirmation of islanding
detection. The seamless transfer methods proposed in [7] and
[8] do not rely on islanding detection, but they focus on single-
inverter systems. Grid-forming (GFM) inverters, which are con-
trolled as flexible voltage sources and synchronize with the grid
through frequency droop control, are emerging as a promising
solution for integration of renewable energies, since they show
enhanced stability in weak grids, and can naturally operate in SA
mode [4], [9]. Some seamless transfer methods based on GFM
inverters have been proposed [10], [11], [12], [13]. Among them,
the method in [10] achieves seamless transfer in a peer-to-peer
manner in the MG by limiters in the output current loop without
the need of fast islanding detection. The method in [13] further
simplified the control scheme by removing the PLL in GC mode
in [10].

For MGs comprised of GFM inverters with seamless transfer
capabilities by using limiters, islanding detection is still impor-
tant for the following major reasons [4], [13]:

1) the MG side static switch should be turned OFF after

islanding to avoid unsynchronized reclosure;

2) the control objectives are different in SA mode and GC
mode, and the seamless transfer strategy cannot provide
accurate information on operation mode;

3) itis better to remove the outputs of the limiters associated
with seamless transfer after the islanding to improve the
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voltage quality. Therefore, it is better to combine seamless
transfer strategy with islanding detection.

Islanding detection methods can be classified into three cate-
gories: communication-based methods, passive methods, and
active methods. Communication-based methods are efficient
but costly, and face the risk of communication failure [11].
Passive methods monitor some local variables such as frequency,
voltage amplitude, and harmonic content to detect islanding
[14], [15], [16], [17], but they generally have large nondetection
zone (NDZ). Active methods inject some disturbance into the
system and monitor the related response. Among the active
methods, the methods based on local impedance measurement
do not cause degradation of the fundamental voltage after the
islanding as the active frequency drift methods [18], [19] or the
power variation methods [20], [21], and thus do not conflict with
seamless transfer. Besides, they have reduced or zero NDZ [22].
Therefore, the methods based on local impedance measurement
are promising for MGs. The disturbance injected into the grid
for impedance measurement, such as harmonic/interharmonic
voltage or current, is referred to as small-ac-signal (SACS) in
this article.

The coordination of SACS injection in MGs consisting of
multiple inverters is an important issue. The interaction resulted
from uncoordinated injection may lead to the failure of islanding
detection [23], [24], [25]. To achieve coordination, mainly two
strategies exist. The first strategy is to only allow one inverter to
inject SACS, while the other inverters behave as large impedance
at the SACS frequency [26], [27], [28]. These methods are not
peer-to-peer due to unequal statuses of the inverters. Besides,
they are all based on GFL inverters, so the voltage quality may
degrade before the confirmation of islanding detection, violating
the requirement of seamless transfer. The methods [26], [27] are
based on master-slave SACS voltage injection scheme, where
the failure of master inverter should be handled. In the method
[28], the inverters inject SACS current in turns. However, the
injection sequence should be modified in case of any newly
added inverter.

The second strategy to achieve coordination is to let mul-
tiple inverters inject synchronized SACS currents of almost
the same amplitude and phase angle. This strategy is more
appealing, since each inverter can detect the islanding based
on local impedance measurement in a peer-to-peer manner, thus
higher reliability is achieved. To achieve synchronized SACS
current injection without additional communication, the most
popular method is to synchronize the SACS current injected by
the GFL inverters with a common reference, which is usually
the fundamental output voltage [23], [24], [29], [30], [31],
whose phase angle differs little for each inverter. However, as
mentioned earlier, the GFL inverters are not compatible with
seamless transfer. Besides, the synchronization is affected by the
fundamental voltage, and therefore, by fundamental power shar-
ing. Moreover, when transformers are implemented, where the
winding connections may change the relative location between
the fundamental voltage and SACS current, predefined time
delays should be set accordingly, otherwise the synchronization
may not be achieved [23]. In addition, current injection results
in large voltage distortion in SA mode. The method proposed
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in [31] changes the current injection to voltage injection when
the MG transfers from GC mode to SA mode to mitigate the
voltage distortion. However, in SA mode the phase of SACS
voltage instead of the phase of SACS current is synchronized
with the fundamental output voltage, so the synchronization in
SA mode greatly depends on power sharing ratio.

This article proposes an active islanding detection method
based on impedance measurement with synchronized SACS
injection for the MG comprised of GFM inverters with seamless
transfer capabilities. The SACS synchronization is realized by
the SACS droop control and SACS virtual impedance. The
existing active islanding detection methods based on coordi-
nated SACS injection and the proposed method are compared in
Table I. The synchronization of SACS injection using the pro-
posed method is independent of fundamental components in the
steady state, and is not affected by different winding connections
in the grid-side transformers of inverters. Moreover, the impact
of the SACS injection on the grid current quality is mitigated
by introducing the SACS current limiting control. In addition,
the control scheme is peer-to-peer and enables plug-and-play
functionality, which means that a new inverter can be plugged
into the MG without reconfiguration of control scheme. Finally,
comprehensive design methodology of key parameters is also
provided based on small-signal modeling and restrictions of
power quality imposed by the grid codes.

The remainder of this article is organized as follows. In
Section II, the studied MG consisting of GFM inverters with
seamless transfer capabilities is introduced. The proposed is-
landing detection method is introduced in detail in Section III.
Comprehensive parameter design is given in Section IV. Simu-
lation and experimental results are given in Section V to verify
the effectiveness of the proposed method. Finally, Section VI
concludes this article.

II. STUDIED MG CONSISTING OF GFM INVERTERS WITH
SEAMLESS TRANSFER CAPABILITIES

A. System Configuration

The schematic diagram of the studied three-phase MG system
is shown in Fig. 1. Each inverter is GFM, composed of a constant
dc voltage source, a three-phase three-leg half-bridge converter,
and an LC filter. The inverters may be equipped with grid-side
transformers with turns ratio 1:N, and are connected to the point
of common coupling (PCC) through inductive line impedance
Z;. Z;is considered to include the leakage inductance, so that the
transformers are considered as ideal. If there is no transformer,
N is considered as 1. A load represented by a Y-connected load
impedance Z;,,4 is connected at the PCC. The number of the
inverter is included in the subscript of the variables. The MG
is connected to the utility grid through static transfer switch S,
which is controlled by MG, and breaker S,,, which is governed
by protection device of the utility grid. The grid impedance is
Z,. When a grid fault occurs, S,, turns OFF immediately, and the
MG works in SA mode. Once the islanding is confirmed, S; turns
OFF. When the utility grid is restored, S,, turns ON, and the MG
will reconnect to the grid when the voltages at both sides of §;



5818 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023
TABLE I
COMPARISON AMONG EXISTING METHODS BASED ON COORDINATED SACS INJECTION AND PROPOSED METHOD
Impact of winding Impact of fundamental Voltage Current Peer-to-peer Compatibility
Islanding detection approaches connection of transformers components on distortion in  distortion in ca abilli) with seamless
on islanding detection islanding detection SA mode GC mode P v transfer
Master-slave injection [26], [27] None None Small Large No No
Injection in turns [28] None None Large Small No No
Synchronized current injection [23], .
[24], 1291, [30] Large Medium Large Small Yes No
Synchronl; e.d current and voltage Large Large Small Small Yes No
injection [31]
Proposed method None None Small Small Yes Yes
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Fig. 1. Configuration of the studied MG consisting of n GFM inverters.

are close enough, which can be achieved in an active or passive
way [13], [32].

B. Overall Control Block Diagram

Local controllers with the same structure are implemented
in the inverters in the studied MG, explicitly shown in Inv 1
below the main circuit in Fig. 1. Each inverter senses its inductor
current 47 ;.. capacitor voltage v¢,,;.» and output current 4, .
to generate the modulation signal. The superscript ¢ denotes the
inverter-side variables. The local controller is composed of Clark
and inverse Clark transformations, multiple second-order gen-
eralized integrators combined with positive-/negative-sequence
calculation blocks (MSOGI-PNSC) [33], [34], the fundamen-
tal voltage controller (FVC), the proposed islanding detection
controller (IDC), and the voltage-current dual loop.

The sampled variables in abc frame are transformed into o3
frame by the Clark transformation, which is power-invariant.
The output aS-frame current divided by N is noted as i’ ,qz,

referred to as corrected output current, which has the same
amplitude as the PCC-side current, but shows a phase shift
determined by the winding connection of the transformer. By
this correction, the amplitudes of the reference output volt-
age components generated by the FVC and the IDC and the
amplitudes of the dq variables in the FVC and the IDC are
also converted to the PCC side, so the parameters of FVC
and IDC in each inverter can be designed regardless of turns
ratio.

From 7', 3, the MSOGI-PNSC extracts fundamental positive
sequence component 7', o3 and SACS positive sequence com-
ponent 7’53, which are sent to the FVC and the IDC, respec-
tively. The block diagram of MSOGI-PNSC is shown in Fig. 2,
which contains two parallel-connected dual second-order gener-
alized integrator-quadrature signal generators (DSOGI-QSGs)
tuned at the fundamental frequency and the SACS frequency.
The resonant frequencies of the two DSOGI-QSGs are updated
by wyand w, from the FVC and the IDC, respectively. The gains
of DSOGI-QSGs are kgor and ksoars, respectively.
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Fig. 2. Block diagram of MSOGI-PNSC for signal extraction.

The FVC controls the fundamental components and achieves
seamless transfer. The IDC achieves islanding detection, and
generates the islanding detection signal /DS for the FVC. The
corrected reference output voltage v’ .o is the sum of the cor-
rected fundamental voltage reference v’ frap and the corrected
SACS voltage reference v'csrap, generated by the FVC and
the IDC, respectively. The SACS component is injected for the
islanding detection. v’ .o 3 is divided by N to obtain the inverter-
side reference output voltage v¢,,., 5. For the voltage-current dual
loop, the current controller G,(s) is a proportional controller, and
the voltage controller G ,(s) contains two proportional resonant
controllers in parallel tuned at the fundamental frequency wy
and the SACS frequency wj to track v¢,., 3 without steady-state
error, similarly as in [34]. The frequency synchronization of
the fundamental component is achieved by fundamental droop
control in the FVC, and the frequency synchronization of the
SACS component is achieved by the SACS droop control in the
proposed IDC.

C. Seamless Transfer

The peer-to-peer seamless transfer method in [13] is adopted
in this article, which allows seamless transition from GC to
SA mode without reconfiguration of control structure or the
information of islanding detection. Some modifications of the
original method in [13] are made in this article:

1) inductive line impedance is considered;

2) harmonic compensation is not considered for simplicity;

3) MSOGI-PNSC is used to extract fundamental positive

sequence component of the output current;

4) resonant controllers instead of repetitive controller are

used in the voltage loop.

Inthe FVCshowninFig. 1, G;4(s) and G, 4(s) are Pl controllers
with limited outputs in parallel with proportional droop coeffi-
cients kqr and kgp. This droop control with limiters is referred
to as modified droop control. The extracted i',f3 from the
MSOGI-PNSC is transformed into the dq frame rotating with the
fundamental voltage reference angle ¢y, noted as dqr frame, for
the FVC. The corrected fundamental voltage reference v/ ¢ fraf
in af frame is generated by transforming the reference angle
6 and the reference amplitude V; from polar coordinates to o3
coordinates, and is sent to the voltage-current dual loop.

The sequence diagram shown in Fig. 3 illustrates the transition
process from GC to SA mode. In GC mode, each inverter outputs
reference active and reactive currents to the utility grid, and
the PI controllers in the FVC work without saturation. When a
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Fig. 3. Sequence diagram of the transition from GC mode to SA mode.
Fig. 4. Equivalent circuit at SACS frequency of the MG with n inverters.

fault occurred in the utility grid, S, is turned OFF by protection
device at t = tq, then the PI controllers in the FVC saturate at
t = t9 to restrain the voltage amplitude and frequency in the
normal range. Then the inverters work with proportional droop
control for power sharing, and seamless transfer is achieved.
When the islanding is detected at r = f3, S; is turned OFF on
receiving IDS = 1 from at least one inverter using low-bandwidth
communication, and the outputs of the PI controllers in the FVC
are removed smoothly.

III. PROPOSED ISLANDING DETECTION METHOD

A. Basic Principle of Synchronized SACS Current Injection

The equivalent circuit of the studied MG at the SACS fre-
quency is shown in Fig. 4. The number of the inverter is indicated
in the subscript of the variables. The inverter-side variables
(voltages, currents, and impedances) are converted to the PCC
side. At the SACS frequency: vy is the inverter output voltage,
Z,s 1s the virtual impedance, Z;, is the line impedance, vy 1S
the inverter inner voltage (without the voltage drop of the virtual
impedance), Zj,q4s 18 the PCC load impedance (Y-connected),
Z4sis the grid impedance, i, is the inverter output current, v pccs
is the PCC voltage, i pccs is the current flowing to the PCC from
the inverters, i, is the grid current. Only S, is shown in Fig. 4,
since it determines the transition from GC mode to SA mode.

If the inverters inject SACS without any coordination, there
may be large circulating SACS current among the inverters in SA
mode. Consequently, some inverters may obtain low impedance
amplitudes, and the islanding detection may fail [23]. Therefore,
interference among injecting inverters should be avoided. As
mentioned in the introduction, the strategy based on synchro-
nized injection is an attractive solution. The synchronization
of SACS injection means that ipccs is equally shared among
the inverters. In this case, the equivalent circuit for Inv i is
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Fig. 5. Equivalent circuit at SACS frequency for Inv i when synchronized
SACS injection is achieved.
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Fig. 6. Block diagram of the proposed islanding detection controller.

shown in Fig. 5, where Z., = Z;; + Z,s is the equivalent line
impedance. The impedance Z,; seen from the equivalent inner
voltage source v 50, of Inv i is shown in the following equation:

Zosi = lei + szi + nZPCCs

) ) NZioads Zgs
Zisi + Zysi + Zroenit 20 GCmode

1
Zisi + Zysi + NZ1oads, SA mode M

Therefore, islanding can be detected by each inverter in a
similar way as in a single-inverter system. Generally, |Z,,| is
much smaller than |Z;,,4s|. Therefore, after the islanding, |Z, |
will rise significantly. Thus, islanding can be detected by setting
an impedance amplitude threshold. The impedance angle can
also be detection criterion especially when the PCC load is
capacitive [27].

B. Implementation of IDC

The IDC is proposed to achieve islanding detection based on
synchronized SACS injection. The block diagram of the IDC is
shown in Fig. 6. The extracted 7’53 from the MSOGI-PNSC
is transformed into the dq frame rotating with the SACS voltage
reference angle 6, noted as dqs frame. The IDC use ¢ ,5q5 t0
generate the corrected SACS voltage reference v/ sy, Which
includes the voltage drop of SACS virtual impedance v/'¢s204.
The islanding detection signal IDS is generated based on the
measured impedance seen from the inner voltage source con-
verted to the PCC side using i’ psqp and v'csras. The SACS
current amplitude is limited in GC mode by the current limiting
control.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

JXest JXe2 [

Losi

Fig.7. Equivalent circuit of a system with two inverters at the SACS frequency.

1) Synchronization of SACS Current Injection: To achieve
the synchronized SACS current injection, the SACS current
should be equally shared among the inverters, which means that
iosq and i,s, should be equally shared. To share i, g, the i,4q-ws
droop control is established, as shown in (2), where w( is the
nominal SACS frequency and k4 is the SACS droop coefficient,
which are equal for each inverter.

Ws = Ws0 — kdsiosd- (2)

SACS virtual impedance Z,; is implemented to improve the
sharing of i,,,. The corresponding voltage drop is calculated as
in (3). When the equivalent line impedance Z., is the same for
each inverter, i,44 is equally shared, and perfect synchronization
is achieved. If the line impedance is unknown, an identical
inductive Z,; can improve the sharing of i,,.

/ _ -/ -/
{'U Csza — Rst osa T Xvsl osf3

. . 3
U/Cszﬁ = Rvsllosﬁ + Xst/osa ( )

When the equivalent SACS line impedance Z. is inductive,
the d-axis SACS current converted to PCC side can be expressed
as follows [35]:

Vpccs sin 568

losd R T 4)

In (4), § .5 is the equivalent SACS power angle seen from v ¢4
in Fig. 5, Vpeoes is the SACS voltage amplitude at the PCC, and
Xes = Xis + Xys 1 the equivalent SACS line reactance, with X,
being the line reactance and X, being the virtual reactance.

To explain the sharing of i,s4 and synchronization of SACS
frequency, a system with two inverters is taken as an example.
The equivalent circuit at the SACS frequency is shown in Fig. 7.
The transformer, together with the initial SACS voltage phase
angle of the controller, affects the initial phase of vc49, and
thus the initial power angle ¢ .. Ignoring the filtering dynamics,
the control of SACS components is independent of fundamental
components. Besides, the synchronization process is similar to
the conventional current droop control [35]. If initially, there is
iosdl > losq2 due to initial values of 0,41 and g2, according
to the SACS droop control (2), there is wy; < wgo, then §qs1
decreases, while §,4o increases. From (4), this causes i,sq71 to
decrease, and i,s42 to increase, and finally they will become
equal. Therefore, in the steady state, w will be the same for
each inverter, and i,54 Will be equally shared.

As for the sharing of i,,4, in GC mode, the SACS current
amplitude is the same for each inverter due to the SACS current
limiting control. Besides, i,s4 is equally shared by the SACS
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Fig. 8. Block diagram of the impedance calculation in the proposed islanding
detection controller.

droop control, as a result, i, is also equally shared. Therefore,
synchronized SACS injection is achieved in GC mode. In SA
mode, the SACS voltage amplitude reference V equals to the
maximal SACS voltage amplitude Vg, and the distribution of
i,sq depends on the equivalent line impedances of the inverters.
A detailed quantitative analysis of the distribution of i 5, is given
in Section IV.

To summarize, the effectiveness of the proposed method is not
affected by winding connection or fundamental components. In
contrast, in the existing methods [23], [24], [29], [30], [31], the
phase of SACS component is determined by the phase of funda-
mental voltage, which is affected by fundamental power sharing.
Besides, the winding connection may change the relative loca-
tion between the fundamental voltage and SACS current, which
can only be corrected by setting complicated delays according
to the winding connection of each inverter [23].

2) Impedance Calculation and Detection Criterion: The
impedance amplitude |Z,,| is calculated according to Fig. 8,
where 550 and v'csoap are transformed into dqs frame and
then pass through first-order low-pass filters (LPF) with cut-off
frequency w pr to filter out the noise. Then |Z,,| is obtained
using the filtered amplitudes /,; and V4. Since the SACS
injection is synchronized, |Z,s| will be close to the theoretical
value in (1).

Both the islanding and the grid connection can be detected
by comparing |Z,,| with corresponding thresholds. A hysteresis
is added to improve the robustness of detection, which means
islanding detection threshold Z;; is higher than grid connection
detection threshold Z;5 [27]. In addition, a time threshold 77 is
introduced in order to avoid false detection [27]. The flowcharts
of the islanding detection and the grid connection detection are
shown in Fig. 9. The islanding is confirmed (/DS = 1) when
the impedance amplitude is larger than Z;; during 7, and the
grid connection is confirmed (/DS = 0) when the impedance
amplitude is smaller than Z;5 during 7';. The IDC can be disabled
after the confirmation of the islanding to further improve the
voltage quality in SA mode, and can be activated shortly before
the grid connection, which is always scheduled.

3) SACS Current Limiting: Using constant SACS voltage
reference in GC mode results in large SACS current amplitude,
which may violate the restriction on harmonic current. There-
fore, a current amplitude limitation block is introduced to control
the SACS output current amplitude below a preset value. The
SACS current amplitude /, is calculated as in Fig. 8, and is
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Fig.9. Flowcharts of (a) islanding detection and (b) grid connection detection.

compared with the preset maximal current amplitude 7,42, and
the difference is passed through the PI controller G (s), whose
upper limit is 0, and lower limit is —Vy. In SA mode, since the
impedance seen from the output of the inverter is large, /,5 is
lower than the limit value /4,44, and the PI controller saturates
at 0, so the SACS voltage amplitude is fixed at V5. In GC mode,
since Z, is usually very small, /,,; tends to be larger than /5,4,
so the PI controller outputs a negative value to decrease the
voltage amplitude V. Under the effect of G(s), finally 7,5 will
be equal to I,smqs- Therefore, 1,5 is limited in GC mode.

C. Small-Signal Modeling

Small-signal modeling is essential for parameter design. First,
the dqs-frame linear model of the MSOGI-PNSC is derived in
Appendix and obtained in (26).

Second, the small-signal model of the SACS droop control is
derived. The SACS power angle J., is expressed as (5), where
wpccs 1s the SACS frequency at the PCC.

565 = / (ws - WPCCS) dt. (5)

From (4), since the .5 is generally very small, the small-
signal relationship in (6) is obtained, where subscript « denotes
unfiltered variables.

AZ.osdu _ VPCCs (6)

A(SSS XES

In the SACS droop control, the g-axis SACS current is not
used, thus it does not influence the d-axis current’s dynamics.
Therefore, considering the d-to-d transfer function of SACS
current extraction of MSOGI-PNSC (26) is enough, which is
denoted as G psp(s). Thus, the small-signal equation of d-axis
current extraction is obtained

Aiosd (S) = Re [qu (S)] Aiosdu (8) = G]up (S) Aiosdu (S) .
(N
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Small-signal model of the SACS current limiting control.

From (5), the following small-signal relationship can be ob-
tained:

1
Abes = ; (Aws - AWPCCS) . (8)

The small-signal model of the SACS droop control is shown
in Fig. 10. In SA mode, the PCC voltage amplitude Vpocs is
close to V9. In GC mode, due to small Z,, and SACS current
limiting control, Vpccy is much smaller than that in SA mode
but not zero. Therefore, the SACS synchronization in GC mode
is slower than that in SA mode.

Third, the small-signal model of the SACS current limiting
control is derived, which is active in GC mode. From Fig. 5 when
S, is turned ON, the SACS current amplitude can be derived
as (9) assuming that the synchronization of the SACS current
injection is approximately achieved and the load impedance is
ignored due to the presence of the grid impedance. Besides, since
the line impedance and the grid impedance are mainly inductive,
the g-axis current is dominant and we have /,4,~1 5 qu-

Vs

_ 9
Xes +nX g ©)

IOS’U. ~ iOSq’U, ~

The effect of filtering is also considered. Two stages of filter-

ing are present, of which the first stage is MSOGI-PNSC, whose

g-to-q transfer function is Gsp(s) for g-axis current extraction,

and the second stage is the LPF in Fig. 8, whose transfer
function is

WLPF

e )= rer

(10)

Therefore, the whole calculation process of SACS current
amplitude can be approximated as passing the unfiltered g-axis
SACS current through two stages of filtering

Alys = Grpr (5) Aiosg = Grpr (5) Gup (5) Alpsy. (11)

The small-signal relationship related to the current limiting
controller is

AV:s‘ = Gcl (8) (AIosmaac - AIos) . (12)

By summarizing (9)—(12), the small-signal model of SACS
current limiting control is shown in Fig. 11.
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IV. PARAMETER DESIGN

This section focuses on the design of the parameters of the
proposed islanding detection method. The design of the voltage-
current dual loop is well-established in the literature [34], and
is not discussed in this article. The design of the modified
droop control in the FVC has been discussed in [13]. The
nominal angular frequency wyy is 1007 rad/s, the fundamental
nominal phase voltage amplitude Vjq is 200 V. In this article,
the maximal and minimal d-axis currents are 6 and 0 A. The
maximal and minimal g-axis currents are 3 and —3 A. The
reference d-axis current i,4¢ is 3 A, and the reference g-axis
current i, is 0 A. The d-axis droop coefficient kg is set as
0.21, the g-axis droop coefficient k, is set as 3.33. The limit
values in the modified droop control are set as + 0.47 rad/s
and £ 10 V, so that in the worst case after the islanding, the
maximal deviations of frequency and voltage are £+ 0.4 Hz and
+ 20 V (£ 10%), respectively, within the maximal deviations
for continuous operation defined in IEEE 1547 standard [36].

A. Frequency and Amplitudes of SACS

Since the synchronization of injection is independent from
the fundamental output voltage, theoretically the selection of the
nominal SACS frequency is not restricted to integer harmonic
frequencies as in the conventional method [23]. However, the
limitations at interharmonics and subharmonics are generally
more rigorous than those at integer harmonics [37]. In this
article, the nominal SACS frequency w is the fourth harmonic
frequency 4007 rad/s, which is normally not present in the
original three-phase system [34].

The maximal SACS phase voltage amplitude V, should be
designed considering the trade-off between the power quality
and the accuracy of impedance measurement. In this article, Vo
is 5V, which is 0.025 p.u. and satisfies the IEEE standard which
limits individual harmonics within 5% [37].

The maximal SACS current amplitude 7,4, Should not
exceed the maximal value defined in the grid code. The limit
value the fourth harmonic current is 2% of the rated current
I qteq Of the DG unit [36], as shown in the following equation:

Iosmaz < O-OQIrated~ (13)

On the other hand, /4, should not be too low to avoid low
accuracy of impedance measurement. In this article, /,4z¢q 1S
15 A, and /5,44 1S set to 0.2 A.

B. Control Parameters

The impact of key parameters on the system dynamic perfor-
mance is studied as follows.

1) Gains of MSOGI ksogry and ksogrs: The gains in
MSOGI satisty that ksocrs = ksocry/4, in order to obtain the
same bandwidth of both extraction channels. The design of
ksoair faces the trade-off between filtering and dynamics of
MSOGI-PNSC. Besides, ksoqiy also affects the dynamics of
other control loops. In this article, ksogrr = 1.41 is selected,
which is the recommended value in [33] to achieve good dy-
namics of MSOGI-PNSC.
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2) SACS Droop Coefficient k 45: In the SACS droop control,
the key parameters that affect system dynamic behavior include
kgqs and ksoqrp. By fixing ksogr = 1.41, the influence of k4
can be investigated. The SACS frequency deviation is deter-
mined by kg, and when kg4 is too large, the SACS can no
longer be regarded as the fourth harmonic. The SA mode is
considered. Knowing Vs, = 5V, Vpoes=5 V, X &5 Q, and
ksogir = 1.41, based on Fig. 10, the open-loop bode plots of
the SACS droop control with different k4, can be obtained and
are shown in Fig. 12. As can be seen, larger k4, leads to larger
crossover frequency and smaller phase margin. Therefore, larger
k4s will increase the SACS synchronization speed at the cost of
larger SACS frequency deviation. The requirement on SACS
synchronization speed is not high, since the GC mode generally
provides enough time for SACS synchronization. In this article,
kqs = 6 1s selected, so that the SACS frequency deviation is less
than kgsl,smar = 0.6 Hz. With this design, it can be observed
from Fig. 12 that the crossover frequency is 0.955 Hz and the
phase margin is 88.45°.

3) Cut-Off Frequency of LPF wrpp: In the SACS current
limiting control, the key parameters that affect the SACS current
limiting control are parameters of Gi(s), ksogis, and wrpp.
Gi(s) is set as k,(14200/s), so that its corner frequency is
around the cut-off frequency of G /p(s). The influence of wy,pr
is investigated. X g is ignored for the design since it is generally
very small. Knowing Vo =5V, Vpocs=5 V, X =5 QU ksogrr =
1.41, and k,, = 0.4, based on Fig. 11, the open-loop bode plots of
the SACS current limiting control with different w ;, p are shown
in Fig. 13. Smaller w; pr improves the filtering performance
of I,,, but decreases both the phase margin and the crossover
frequency according to Fig. 13, so that the response time will be
longer and the dynamics tend to be oscillatory. Besides, it can be
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predicted that larger k,, leads to larger crossover frequency and
less phase margin. In this article, wy, pr is selected to 107 rad/s,
and k,, is 0.4. In this case, the crossover frequency is 2.31 Hz,
and the phase margin is 65.6°.

To summarize, larger ksoqy leads to faster signal extraction
but poorer filtering. Larger k4, results in faster SACS synchro-
nization, but the SACS frequency deviates more. Larger k,, in
G ./(s) increase the response speed of current limiting control at
the cost of phase margin. Larger w, pr improves the filtering of
1,5 but deteriorates the dynamics.

C. Threshold Setting

When the equivalent line impedances are equal for each
inverter, perfect synchronization of injection is achieved, and
the measured impedance amplitudes correspond to (1), which
are the same for each inverter. Therefore, the threshold can be
the same for every inverter. Based on the ranges of Zjq4s, Zgs,
and Z.,, the range of amplitude threshold can be determined,
considering that the islanding should still be detected with the
smallest Z;,,45 (that is, largest PCC load) in SA mode. Then
the impedance thresholds Z;; and Z;5 can be designed as shown
in (14). The thresholds are related to n, which normally does
not change quickly, and can be regarded as fixed value or be
transmitted by communication with low bandwidth.

|TLng + Zes| < Zt2 < Ztl < min |nZloads + Zes| . (14)

The time threshold 7+ is set according to the level of noise and
transients. In this article, T; is set to be 1 s, which is larger than
necessary to show more clearly the whole process of islanding
detection.

If the line impedances are not equal, by using some non-
invasive methods [38], [39], [40], the line impedances can be
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measured, and SACS virtual impedance can be set accordingly to
achieve perfect synchronization of injection. If it is not feasible
to measure line impedances, a same inductive Z,,; can be imple-
mented for each inverter to reduce the relative difference among
equivalent line impedances. However, the measured impedances
will still be different. In the following, the influence of unequal
equivalent line impedances on impedance measurement is ana-
lyzed.

In GC mode, since both i,s; and i,4, are equally shared, as-
suming that 0 .51, d 52 are close to each other, the SACS currents
flowing from inverters to PCC can be considered to be almost
identical, so (1) is still almost accurate in GC mode when the
line impedances are different. Then the deviation of measured
impedance is the deviation of equivalent line impedance, which
is generally much smaller than the load impedance and does not
affect islanding detection.

In SA mode, to simplify the discussion, a system containing
two inverters is investigated. In the steady state, the d-axis
current is equally shared between both inverters by the SACS
droop control, while the steady-state g-axis currents are shown
in (15) [35], where the subscript i represents 1 or 2.

I - ResiVPCCS sin 5esi - Xesz' (VSO - VPCCS COs 5651')
o sti + ngi .
(15)
The line impedances are assumed to be purely inductive at
the SACS frequency. Besides, since in SA mode, the PCC load
impedance is generally much larger than the line impedances,
0es1 and d .50 are very small. Therefore, the following approxi-
mation is obtained from (15):

_Vpces — Vso

Iosqi ~ X, (16)

Therefore, the sharing of g-axis SACS current is inversely
proportional to the equivalent line impedance. Set the coefficient
of line impedance mismatch m, which means that the equivalent
line impedance of Inv 1 is (1 4+ m)Z.s_q, and the equivalent line
impedance of Inv 2 is (1 — m)Z.s_4y, Where Z.,_q, s the average
value of the equivalent line impedances. Suppose that /,s4; and
1,54 are total steady-state dq-axis currents, we have

1
{Iosdl = IosdQ = §Iosdt

- 17
Iosql = (17

__14m
2 Iosqtvjoqu— 2 Iosqt

Set I,5q¢t = nrlosar, Where n,. represents the ratio of the reac-
tive component to the active component in the SACS current and
it depends on the power factor of the load. Then the magnitudes
of the measured impedances are

Vs
|Zosl| = 5 0 5
Tosiy/ (2) + (2n,)
Vs
| Zosa| = 0 (18)

Towary/ ()% + (H2n,)°

The approximative expressions of relative magnitude varia-
tions of measured impedances are shown in (19), where Z,5o
is the measured impedance when equivalent line impedances of
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Fig. 14.  Variation of K7 and Ko with m under (a) n,, = 1/4 and (b) n, = 1/8.

both inverters are identical, i.e., m = 0.

K — Zos1| _ 1+ n?
| Zosol 1+[(1—m)n,]?
Z.. 1+ n2

K, = 1Zos2| _ R (19)
| Zosol 14+ [(1+m)n,]

From (19), larger m leads to larger deviations from |Z,0].
Besides, the influence of m on K; and K is positively correlative
with n,.. If the PCC load is parallel RL load, since the impedance
of inductance branch increases in high frequency range, n,
tends to be small. In the special case where the inductance is
infinite, n,, = 0 and K; = K> = 1, therefore, even if the line
impedances change, the measured impedances remain the same.
If the PCC load is parallel RC load, n, might be large, and
thus K7 and K> might deviate significantly from 1. Besides, the
measured impedance amplitudes in SA mode might be small. In
this case, the criterion based on impedance amplitude may fail.
However, the SACS impedance angle becomes negative in case
of islanding [27], which facilitates the islanding detection.

In the rest of this article, the PCC load is assumed to be parallel
RL load, while other types of inductive load at the SACS fre-
quency can be transformed into parallel RL load. Fig. 14 shows
the variation of K; and Ky with m under n,. = 1/4 and n,. = 1/8,
where the solid lines represent the results of the approximation
(19), and the dashed lines with symbols are simulation results.
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TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS

Symbol Description Value
Vo Nominal fundamental voltage (V) 200
Vyo Nominal SACS voltage (V) 5
o Nominal fundamental frequency (rad/s) 100n
wy0 Nominal SACS frequency (rad/s) 4007
ks SACS droop coefficient (rad/s/A) 6

ksocy Gain of the MSOGI 1.41

wrpr Cut-off frequency of the LPF (rad/s) 10m

Losmar Maximal SACS current amplitude (A) 0.2
Z Line impedance (mH+Q) 4+1
Zn Impedance threshold for islanding detection (£2) 30
Zn Impedance threshold for connection detection (Q) 10
T; Time threshold (s) 1

In the simulations, the parameters in Table II are used except
that Z; is 4 mH in series with 0.02 2 when m = 0. SACS virtual
impedance is not implemented. When the resistance branch
Rioqq changes, the inductance varies accordingly to maintain
the fixed n,.. It can be seen that the simulation results are close
to the approximation especially when R, is large, since larger
Rioqq leads to smaller power angle, making the assumption of
small power angle more valid. In Fig. 14, the deviations of K;
and K5 from 1 do not exceed 5% even with m = 0.3. Therefore,
for RL load, (14) can still be used to determine the detection
thresholds when there is considerable mismatch among the line
impedances of the inverters.

V. SIMULATION AND EXPERIMENTAL RESULTS

The proposed method is validated through simulation and
experimental results. The default main parameters are listed in
Table II. Note that the nominal voltage amplitudes in Table II
are of phase voltages in their corresponding dq frame.

A. Simulation

Simulations are carried out in PSCAD to validate the effec-
tiveness of the proposed method.

1) Performance Verification: In the first simulation, a MG
system with three parallel inverters is tested. Inv 1 and 3 are
equipped with transformers, while Inv 2 is without transformer.
The transformer of Inv 1 has turns ratio 1:1.1, and the winding
connection is Dy1. The transformer of Inv 3 has turns ratio 1:1,
and the winding connection is Dy11. The grid impedance Z,, is
1 mH.

Before t = 6 s, the MG works under GC mode, and a resistive
load Z;,45q of 15 Q is connected at the PCC. At t = 6 s, the
islanding occurs. At = 8's, Z;,,q changes to 30 2.

Fig. 15 shows the related waveforms. From Fig. 15(a), the
amplitudes of measured impedance are below Z;» before t =
6 s, and rise beyond Z;; within around 51 ms after islanding.
Since the line impedances are the same, the steady-state |Z, |
is identical for each inverter. After the load change att = 8 s,
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Fig. 15. Simulation waveforms of (a) amplitudes of measured impedance,

(b) PCC line voltage, (c) PCC side c-axis output SACS currents, and (d) SACS
frequencies in the MG with the proposed islanding detection method.

the impedance amplitudes rise uniformly from around 45 €2 to
around 90 €2, consistent with the theoretical values of (1).
From Fig. 15(b), the PCC voltage is within normal range
before and after islanding, and the seamless transfer is observed
when islanding occurs. Note that the envelope of v pccyp is in the
normal range but is slightly oscillating at a low frequency after
the islanding, because the SACS voltage amplitude rises and the
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Fig. 16.  Simulation waveforms of measured impedance with n,, = 1/8 and
Rioad = 40 (a) without SACS virtual impedances and (b) with SACS virtual
impedances.

SACS frequency is not strictly integer times of the fundamental
frequency.

From Fig. 15(c), in GC mode, the amplitudes of SACS current
of the inverters are well-limited at /,;,4,. At the beginning, the
PCC-side SACS currents are not synchronized due to different
initial conditions, but are almost completely synchronized be-
fore t = 6 s. After the islanding, the SACS current amplitudes
decrease suddenly due to the increase in PCC impedance, but
then increase gradually to a constant value, since the SACS
voltage amplitude reference V increases after the islanding until
the saturation of the current limiting controller.

From Fig. 15(d), at the beginning, there are differences among
the SACS frequencies (ws = 27f;). After several seconds, the
SACS frequencies become identical, which marks the equal
sharing of i,s4, and the synchronization is achieved. Besides,
after the islanding, the SACS frequencies remain almost the
same in both transient and steady states, showing that the syn-
chronized injection is maintained.

2) Influence of Equivalent Line Impedances: Simulations are
done to study the influence of equivalent line impedances during
the islanding detection process. The parameters are the same as
inFig. 14(b) whenn, = 1/8, Rj,qq = 402, and m = 0.3. Islanding
occurs att = 3 s.

Fig. 16(a) shows the measured impedances when the SACS
virtual impedances are not implemented. As can be seen, with
unequal line impedances, the measured impedances deviate from
each other, but islanding can still be detected. The results in
SA mode correspond to the points on the blue dashed lines in
Fig. 14(b) with n, = 1/8, Rjpea = 40 €2, and m = 0.3. The
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different wy pp.

difference of measured impedances in GC mode is around 3 (2,
which is approximately the difference of line impedance 3.02 €2,
consistent with the previous analysis.

Fig. 16(b) shows the measured impedances when SACS vir-
tual impedances are implemented to make the equivalent line
impedances equal to Z._,,. As can be seen, after implementing
the SACS virtual impedances, despite some transients, the mea-
sured impedances are equal in the steady states of GC mode and
SA mode, marking the perfect synchronization of injection.

3) Parameter Variation: To verify the impact of k4 on the
SACS droop control, a system with two inverters is simulated.
At the beginning, the phase of the SACS voltage of Inv 2 lags
that of Inv 1 by 60°. The PCC load is pure resistive load 15 €.
Islanding occurs at = 6 s. The waveforms of f,; and f,o with
different k45 are shown in Fig. 17. As can be seen, larger k4
leads to faster synchronization speed of SACS but also larger
SACS frequency deviation.

Meanwhile, to verify the influence of wypr on the SACS
current limiting control, a system with two inverters in GC
mode is simulated. The PCC load is pure resistive load 15 €2. At
t = 38, Ismaqe increases from 0.2 to 0.22 A, thus producing a
perturbation in the input of the current limiting control loop. The
waveforms of 1,4 of Inv 1 under different wypp are shown in
Fig. 18. As can be seen, lower wy,pr leads to slower transients
and larger overshoot, which is consistent with the previous
analysis based on the bode plots in Fig. 13.



ZHENG et al.: ISLANDING DETECTION METHOD USING SYNCHRONIZED SACS INJECTION

Resistive
load

Qm}ucm (3

y

Fig. 19.  Experimental platform.

B. Experimental Results

The effectiveness of the proposed method is verified on the
MG test platform. The system contains two parallel three-phase
inverters of type MWINV-9R 144 with LC filters, resistive and
inductive loads, and grid simulator of type 61860 from Chroma,
with the same topology in Fig. 1. The algorithm is implemented
on DSP TMS320F28335 from Texas Instruments in each in-
verter. A photo of the experimental platform is shown in Fig. 19.
The main parameters are listed in Table II. Inv 1 is equipped with
a transformer in Cases 2 and 3 in the method comparison part, in
other cases Inv 1 is directly connected to Z;; without transformer.

1) Performance Verification: To verify the correctness of
the impedance measurement, the proposed islanding detection
method is tested with different PCC load impedances Z;,q4,
which are 20, 26.67, and 26.67 €2 in parallel with 50 mH.
No transformer is used. Fig. 20 shows the resulting waveforms of
|Z,s| of both inverters, the PCC line voltage v pccqp and grid cur-
rentigz,. In GC mode, both |Z,41| and |Z,2| are around 8 . After
the islanding, which is indicated by a sudden decrease to zero of
i4q, the PCC voltage is in the normal range by the seamless trans-
fer strategy, and both |Z,,1| and |Z, 42| increase significantly and
exceed the threshold Z;;. The measured impedance amplitudes
are close to the theoretical values calculated from (1), which
are 41.3, 54.6, and 52.2 (), respectively. The steady-state errors
might be due to inaccurate line impedances. The impedance
measurement shows some fluctuation due to noise in the current
measurement, since the SACS current is relatively small in SA
mode. Despite some steady-state error and fluctuation in the
impedance measurement, the islanding is successfully detected
in all the three cases. After that the islanding is confirmed,
the outputs of the limiters are removed, which caused some
transients in the impedance measurement.

To verify the effectiveness of the SACS current limiting
control, the performances of the proposed method with and
without current limiting control are compared. When the current
limiting control is disabled, a fixed SACS voltage amplitude
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Fig. 20. Experimental waveforms of the MG with the proposed islanding
detection method when the PCC load Zj,,q is (a) 20 €2, (b) 26.67 €2, and
(c) 26.67  + 50 mH, respectively: CHI, |Z,s1], 20 Q/div; CH2, |Z,s2],
20 Q/div; CH3, v pccap, 500 V/div; CH 4, i g4, 10 A/div.

(5 V) is adopted. Fig. 21 shows the resulting waveforms of 7
of both inverters and the grid current iy,. As can be seen, when
there is no SACS current limiting, the SACS current amplitude
1,5 of each inverter is around 0.63 A, and i, is significantly
distorted. If the proposed current limiting method is adopted, /5
of both inverters is limited to the defined maximal SACS current
amplitude 7,42, Which is 0.2 A, and i, is less distorted.

The plug-and-play feature of the proposed method is tested.
Since in SA mode, the islanding detection can be disabled,
the plug-and-play feature is tested in GC mode. At first, Inv
1 is working in GC mode and Inv 2 is not connected to the
system. Then Inv 2 is plugged into the MG after synchronizing its
fundamental output voltage with the PCC voltage. The PCC load
is 20 Q. Fig. 22 shows the resulting waveforms of |Z,| of both
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Fig. 21. Experimental waveforms of the grid current and the SACS current
amplitude in GC mode (a) without SACS current limiting, and (b) with SACS
current limiting: CH1, 1,51, 0.4 A/div; CH2, 1,52, 0.4 A/div; CH4, i 44, 2.5 A/div.
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inverters, the PCC line voltage vpocqp and the output current
of Inv 2 i,5. At the beginning, |Z,s2| is above 100 Q (beyond
the digital-to-analog converter’s output range 5 V) because no
load is connected to Inv 2, and |Z,1| is below Z;o. After the
connection of Inv 2, which is indicated by an increase in i,
from zero, |Z,,2| decreases to about 8 €, below Z;5, so the grid
connection can be detected by Inv 2, while |Z,¢1| almost remains
unchanged. Therefore, any new inverter can be plugged into the
MG without modification of the existing equipment, and the
islanding detection of other inverters is not affected, showing
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the plug-and-play feature of the proposed islanding detection
method.

2) Comparison With Existing Method: The proposed island-
ing detection is compared with the conventional method used
in [23] and [30], where the current control is implemented for
each GFL inverter, and the phase of the SACS inductor current is
four times of the phase of fundamental output voltage to achieve
synchronization. The fundamental inductor current reference is
3.5 A d-axis current, while the SACS inductor current reference
is 0.4 A d-axis current. Some modifications are made to the
original control diagram in Fig. 10 [30]: 1) to improve the phase
tracking, the output voltage passes through an MSOGI-PNSC,
and the extracted fundamental positive sequence component is
sent to a synchronous rotating frame-PLL (SRF-PLL); 2) an-
other MSOGI-PNSC is used to extract SACS positive sequence
inductor current, and the measured impedance is calculated from
the extracted SACS output voltage and the extracted SACS
output current; 3) In order to limit the frequency deviation and to
maintain the stable operation after the islanding, the estimated
frequency of the SRF-PLL is limited in the range from 45 to
55 Hz.

The PCC load is 20 2. According to (1), the measured
impedance of each inverter is 41.3 2 when the synchronized
SACS current injection is achieved. Three cases are tested:

Case 1: the conventional method is implemented, and no trans-
former is used.

Case 2: the conventional method is implemented, and Inv 1
is equipped with a transformer. The turns ratio is 1:1, the
winding connection is Dyl1, with the PCC side being the
primary side. The formula of delay setting in [23] is not
adopted since the information on winding connections of
transformers is assumed to be unknown by the inverters.

Case 3: the proposed method is implemented, and Inv 1 is
equipped with the same transformer as in Case 2.

Fig. 23 shows the resulting waveforms of |Z, 4| of both invert-
ers, the PCC line voltage v pccqp and the grid current i y,,. In Case
1, |Zos1| and |Z, 42| are around 40 § after islanding, above Z;1,
so the islanding can be detected. However, after islanding, the
amplitude of v pccyp decreases significantly below the allowed
value (—10%), and |Z,1| and |Z,2| show large fluctuation even
if the amplitude of injected SACS current (0.4 A) is larger than
that in the proposed method. It can be further verified that the
system tends to be unstable if the estimated frequency of the
SRF-PLL is not limited, making the verification of the islanding
detection difficult. To further improve the voltage quality after
the islanding, the seamless transfer strategies in [7] and [8] might
be used, which do not rely on islanding detection, but the outer
voltage loop may interact with the harmonic injection, and this
issue has not been discussed in the existing literature.

In Case 2, |Z,1| and |Z,42| show obvious difference after
islanding, and both are generally below the detection threshold
Z:1, thus the islanding detection fails. Besides, large voltage
transients and degraded voltage quality are observed again.

In Case 3, after the islanding, |Z,1| and |Z,2| are around the
theoretical value. Therefore, the effectiveness of the proposed
method is not affected by transformers. Besides, because of the
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Fig.23. Experimental waveforms of the MG with the method for comparison.
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incorporated seamless transfer strategy, the voltage quality is
maintained in SA mode.

VI. CONCLUSION

An islanding detection method based on synchronized SACS
current injection for the MG comprised of GFM inverters with
seamless transfer capabilities has been presented in this arti-
cle. The proposed method achieves synchronization of SACS
injection without being affected by winding connections of
grid-side transformers or fundamental components. Besides, the
proposed method reduces the impact on the grid current quality
by using SACS current limiting control. In addition, the control
scheme is peer-to-peer and enables plug-and-play functionality.
The effectiveness and advantages of the proposed method have
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been validated through simulation and experimental results.
The concept of the proposed method can also be applied in
single-phase MGs.

APPENDIX
LINEAR MODEL OF MSOGI-PNSC IN DQg FRAME

To simplify the discussion, and since the frequency adaptation
is not designed to be very fast, the resonant frequencies of
MSOGI are assumed to be the nominal frequencies. Then the
equation of SACS current extraction of the MSOGTI is

7 ?Sam Gd Esg 0 )

ql osax Gq S 0 i oo

i{osﬂw B 0 Gd (S) [i/05:| (20)
G o5 B 0 Gy (s)

where G 4(s) and G (s) are the in-phase and quadrature transfer
functions of the SACS extraction channel, expressed as follows:

ksogrswsos

s2+w2
Gy(s) = T oczswsos_:’“SOGIf“fO‘
s2+4w? 2+Wf0
ksogrsw fQ : 2D
52+w
Gq(s) = 1+ 550G sos+’~socuwfos
s24w?) 2+wf0
The equation of the PNSC is
Z‘/OSOHL’
. 1L 0 0 1 .
|:Z'/osoz:| _ 2 . ) 2 qZI osax (22)
1 0sB 0 5 3 0 Z.osﬂa:
qZ,ost
By combining (20) and (22), the following is obtained:
i,osoz _ 1 Gd (5) *Gq (5) i/oa (23)
Yosg] 2 [Gq(s) Gal(s) | [P'op
which can be expressed in complex a3 frame
. 1 . .
osap = 3 (Ga (s) + jGq ()1 oap- (24)

Its form in complex dq frame is obtained by frequency shift

_ 1 , _ .
1,osdq - 5 [Gd (5 + ]wso) + ]Gq (3 + jWSO)] 1,odq- (25)

Gaq(s)

By transforming (25) into dqs frame, the following relation-
ship is obtained:

,_ |Re[Gaq(s)] —Im[Gaq (9)]] .
1 osdqg = Im [Gdz (S)] Re [quq(S)] % odgq- (26)
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