
11800 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

Islanding Detection With Positive Feedback of
Selected Frequency for DC Microgrid Systems

Qinghui Huang , Student Member, IEEE, Hongyi Chen, Student Member, IEEE, Xin Xiang , Member, IEEE,
Chushan Li , Member, IEEE, Wuhua Li , Member, IEEE, and Xiangning He , Fellow, IEEE

Abstract—The oscillation frequency of the point of common
coupling (PCC) voltage is proposed as a new detecting freedom
for dc-based islanding events in this article. In the presented
method, the voltage positive feedback with a frequency selection
is applied to a distributed generator to make the PCC voltage
oscillate at the selected frequency when islanding events occur.
With the frequency information, islanding events can be identified
by the small-amplitude oscillation superimposed on the normal dc
voltage without the necessity of voltage amplitude to be shifted out
of the normal range. Thus, the islanding events can be effectively
distinguished from other abnormal conditions that lead to large
voltage fluctuations, and so, the accuracy of islanding detection is
improved. Also, the power quality at islanding events is enhanced,
which provides important benefits for seamless transfer from the
unintentional islanding conditions to the controlled islanding con-
ditions. Moreover, the frequency selection is designed to only trans-
fer the voltage signal at the sensitive frequency band of the islanding
condition. As a result, the deterioration of stability caused by the
voltage positive feedback can be relieved under the grid-connected
condition compared to the existing methods. Finally, the effective-
ness of the proposed method has been verified by both time-domain
nonlinear simulation and experimental results.

Index Terms—DC microgrid, islanding detection, positive
feedback, selected frequency.

NOMENCLATURE

Pref Reference of command to power control loop.
P DG injected power (W).
Pdis Disturbance to reference of power command.
Iref Reference of command to current control loop.
I DG injected current (A).
Idis Disturbance to reference of current command.
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V Voltage at the point of common coupling (V).
L DG filter inductance (H).
C Filter capacitance and dc-bus capacitance (F).
RL Load resistance (Ω).
Vg DC grid voltage (V).
Ig DC grid current (A).
∼ Small-signal disturbance.
Rg Resistance of dc grid transmission line (Ω).
Lg Inductance of dc grid transmission line (H).
s Laplace operator.
Kpp Power control loop proportional constant.
Kpi Power control loop integral constant.
Kcp Current control loop proportional constant.
Kci Current control loop integral constant.
f0 Set value of selected resonant frequency (Hz).
Kr Gain constant of resonator.
ωi Control bandwidth of resonator.
ωo Resonant angular frequency of resonator (rad/s).

I. INTRODUCTION

M ICROGRIDS are widely regarded as an effective way
that caters to the high penetration of distributed renew-

able resources [1], [2], enhances energy efficiency [3], and
improves power-supply quality as well as reliability [4], [5].

AC microgrids that can integrate the renewable energy gen-
eration and conventional electrical equipment have been exten-
sively studied in the past decade and some of them are practically
applied [6]–[9]. However, with the increasing proportion of in-
trinsically dc sources and loads in the power system, such as pho-
tovoltaics, fuel-cells, electric vehicles, electronic-products, etc.,
dc microgrids have shown more advantages of higher efficiency
and lower cost than ac counterparts because of the absence of
ac/dc and dc/ac conversion stages [10]. Besides, there are no
synchronization and reactive power compensation problems in
the dc-based system [11], which effectively reduces the system
complexity. These benefits make dc microgrids attract great
attention in recent years as a promising component in modern
power systems [12]–[14].

The protection issues are the key factors that restrict the large-
scale application of dc systems [15], [16]. Islanding detection
is an important functional requirement to ensure the safety of
customer equipment and humans during unintentional islanding
conditions [17]–[19]. In this case, there are only distributed
generators (DGs) energizing the load, and the point of common
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coupling (PCC) voltage is out of control due to the loss of the
utility. Active islanding detection methods (IDMs) are necessary
to diminish the nondetection zone of passive IDMs when the
power generation is close to the consumption at an islanding
event [20], [21]. Although originally defined in ac systems, the
islanding event is also essential to be detected in dc microgrids.
Unfortunately, it is much more difficult to be detected in dc
systems than that in ac counterparts, because the synchronized
information is insufficient for dc systems.

An impedance-based islanding detection scheme is proposed
[22] in which a DG actively injects a sinusoidal current dis-
turbance to obtain the equivalent impedance seen from the DG
converter by calculating dv/di. This method could detect the
islanding condition quickly as the ac impedance of the dc grid
is almost equivalent to short circuit under the grid-connected
condition but open circuit when the islanding event occurs.
However, the detecting threshold with open-loop disturbance
is hard to set due to the variation of the system impedance [20].

The methods with positive feedback are widely applied in
the ac system to improve the detecting accuracy and simplify
the parameter design, especially the detecting thresholds [23].
The disturbance is positively correlated with the monitoring
variables, which indicate islanding events at the last moment
in these schemes. The voltage positive feedback for islanding
detection is first applied in dc systems by imposing a square wave
perturbation on the current command of a DG, and the amplitude
of perturbation is added as a constant once the fluctuation of
the PCC voltage increases during the last period [24]. In the
case of islanding, the amplitude of the PCC voltage shall be
shifted out of the normal range as an islanding signal because
of the lack of voltage regulation. Unfortunately, the appropriate
frequency design of the disturbance and system stability is not
fully analyzed due to the nonlinearity between the disturbance
and the PCC voltage. An IDM with the voltage positive feedback
of full frequency-band (VPFOFF) is proposed [25] in which a
perturbation proportional to the deviation of voltage at the PCC
from the normal value is injected to the reference command
of power or current control loop to constitute voltage positive
feedback. The PCC voltage begins to oscillate at the islanding
events until its amplitude is out of the normal range. It has ben-
efits of the detailed feedback gain design and stability analysis
by modeling the system, but the oscillating frequency of voltage
at islanding events is unknown and could not be utilized for
islanding detection.

In this article, an IDM with the voltage positive feedback
of selected frequency (VPFOSF) is proposed. A sinusoidal
self-excited oscillator is designed and a frequency selection is
inserted into the voltage positive feedback loop to ensure the
selected frequency oscillation in the case of islanding. On the
one hand, this frequency information can be perceived in the
divergent oscillation even when the amplitude of the fluctuation
is small, and this is advantageous over the existing methods
which usually require shifting voltage amplitude out of the
normal range for islanding detection. Because of this benefit,
islanding events can be readily distinguished from other ab-
normal conditions which may lead to large voltage fluctuation.
Therefore, the detection accuracy is enhanced and power quality

during the seamless transfer would be improved because of the
much less voltage fluctuation than the existing methods. On
the other hand, since the frequency bands of the PCC voltage
sensitive to the disturbances under the islanding condition and
grid-connected condition are clearly different, the frequency
selection is designed to only transfer the disturbance at the most
sensitive frequency of the islanding condition and attenuate that
of the grid-connected condition. In this manner, the stability
deterioration under the grid-connected condition would be more
relieved compared to the VPFOFF scheme.

The sensitivity of the PCC voltage to the disturbances in
the frequency domain under the islanding condition and grid-
connected condition is analyzed in detail in Section II. The
concept and implementation of islanding detection with the VP-
FOSF are also explained in this section. The parameters design
of frequency selection in the single-DG system is given in Sec-
tion III, and their influence on the stability of the grid-connected
condition and the islanding detecting speed is also provided. The
application of the proposed method for the multiple-DG system
is extended in Section IV. The simulation and experimental
results are given in Sections V and VI, respectively, to validate
the effectiveness and robustness of the proposed approach under
various operating conditions. Finally, VII concludes the article.

II. PROPOSED IDM

The key principle of most active IDMs is to inject perturbation
to cause the fluctuation of the PCC voltage, and the system state
is then judged by the difference of voltage between the islanding
condition and grid-connected condition. Thus, it is necessary to
analyze the sensitivity of the PCC voltage to the disturbance
components in the frequency domain since it facilitates the
choice and design of the disturbance frequency and also reveals
the frequency-band where the DG with the voltage positive
feedback is most likely to oscillate at the islanding events.

A. System Description

Although there exist various converters with different topolo-
gies and control strategies in dc systems, they can be classified
into two types according to the control targets—one responsible
for the regulation of the PCC voltage and another taking charge
of delivering constant power [27]. A dc system, the same as
mentioned in the VPFOFF scheme, is adopted in this article
for contrast. The system consists of one power source and one
voltage source, both of which energize the load together, as
exhibited in Fig. 1 [25]. A DG is modeled as the power source
PDG to deliver the constant power to the load. The load is
represented by the resistance RL to investigate the condition that
has the largest nondetection zone [19]. The utility and interface
converter is modeled as a dc grid Vg with the transmission line Zg

to regulate the PCC voltage under the grid-connected condition
[28]. Rg represents the resistance of the dc grid transmission line
and Lg is the inductance of the dc grid transmission line. The
capacitance C denotes the filter capacitance of the DG and the
bus capacitance.

The control strategy of the DG made up of the current inner
loop and power outer loop is displayed in Fig. 2. Two PI
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Fig. 1. Equivalent model of dc microgrid for islanding detection.

Fig. 2. Control strategy diagram of DG with current inner loop and power
outer loop.

compensators (GP(s) = Kpp+Kpi/s, GI(s) = Kcp+Kci/s) are
adopted to regulate the injected power and current of the DG.
Kpp and Kpi are power control loop proportional constant and
integral constant, respectively. Kcp and Kci are current control
loop proportional constant and integral constant, respectively.

When the power of generation and consumption exactly match
is the hardest case for islanding detection due to no voltage
variation at an islanding event. Then, this model linearized at
the power matching condition (P0, I0, R0) is given by [25]

Ĩref = GP (s)
(
P̃ref − P̃

)
(1)

Ĩ = Ĩref (2)

∼
P = I0

∼
V +V0

∼
I (3)

∼
I =

∼
V

RL
+

∼
V sC +

∼
V

Rg + sLg
. (4)

Although the small-signal model is only valid at its equi-
librium [26], the proposed IDM can be effective under most
conditions since the hardest case for islanding detection is taken
into consideration. The current loop is simplified due to its much
faster dynamics compared to that of the power loop. When the
islanding event occurs, only the DG is energizing the load. Then,
(4) during the islanding mode can be modified as

∼
I =

∼
V

RL
+

∼
V sC. (5)

There are two kinds of disturbing components, current dis-
turbance Idis or power disturbance Pdis, which can be used to
disturb the reference of the inner loop or outer loop for islanding
detection, respectively, as shown in Fig. 2. When the current loop

is disturbed, (2) can be rewritten as

Ĩ = Ĩref + Ĩdis. (6)

When the power disturbing scheme is adopted, (1) can be
rewritten as

Ĩref = GP (s)
(
P̃ref+P̃dis − P̃

)
. (7)

B. Sensitivity of PCC Voltage to Disturbance Components

The variation of the reference of power loop P̃ ref is set to zero
while investigating the impact of the disturbance components.
Solving (1), (3), (5), (6) and (1), (3), (4), (6), respectively,
the transfer functions from the current disturbance to the PCC
voltage under the islanding and grid-connected conditions can
be derived as follows:

GIn_island =

∼
V

∼
Idis

=
a1s

b2s2 + b1s+ b0

a1 = RL, b2 = CRL + CKppRLV0

b1 = 1 + I0KppRL +KppV0 + CKpiRLV0

b0 = I0KpiRL +KpiV0 (8)

GIn_grid =

∼
V

∼
Idis

=
a2s

2 + a1s

b3s3 + b2s2 + b1s+ b0

a2 = RLLg, a1 = RLRg

b3 = CLgRL + CKppLgRLV0

b2 = Lg + I0KppLgRL + CRgRL

+KppLgV0 + CKpiLgRLV0 + CKppRgRLV0

b1 = Rg +RL + I0KpiLgRL + I0KppRgRL

+KpiLgV0 +KppRgV0 +KppRLV0

+ CKpiRgRLV0

b0 = I0KpiRgRL. (9)

The derived and measured frequency responses from the cur-
rent disturbance to the PCC voltage under the islanding condition
and grid-connected condition are plotted in Fig. 3 using the
No.1 parameters of the simulation in Table I. The measured
data are based on the nonlinear model in Simulink by injecting
small disturbances at different frequencies. The derived model
agrees with the measured one, which proves the correctness
of the derived model. These parameters are also used in the
numerical studies of the single system in the rest of this article.
The magnitude of voltage sensitivity under the islanding con-
dition is much larger than that of the grid-connected condition
at the low-frequency band (under 105 Hz). This indicates that
the PCC voltage is much easier to be disturbed by the current
disturbance at the low-frequency range in the case of islanding.
The maximum magnitude of the islanding condition is at around
60 Hz where the phase is close to 0°. This means that this
frequency is the easiest to be disturbed and is the most likely
to oscillate at the islanding events when the DG is equipped
with the VPFOFF. However, the most sensitive frequency of the
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Fig. 3. Frequency response from current disturbance to PCC voltage.

TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS OF DC SYSTEM

grid-connected mode is approximately 110 Hz. When the pos-
itive voltage feedback IDM is adopted, this difference between
the two conditions makes it possible to improve the stability of
the grid-connected condition without an impact on the islanding
detection, if the feedback path is designed to attenuate the signal
at the most sensitive frequency of the grid-connected condition
and transfer the signal at the most sensitive frequency of the
islanding condition.

Solving (2), (3), (5), (7) and (2), (3), (4), (7), respectively, the
transfer functions from power disturbance to the PCC voltage
during the islanding mode and grid-connected mode can be given
by

GOut_island =

∼
V

∼
P dis

=
a1s+ a0

b2s2 + b1s+ b0

a1 = RLKpp, a0 = RLKpi

b2 = CRL + CKppRLV0

Fig. 4. Frequency response from power disturbance to PCC voltage.

b1 = 1 + I0KppRL +KppV0 + CKpiRLV0

b0 = I0KpiRL +KpiV0 (10)

GOut_grid =

∼
V

∼
P dis

=
a2s

2 + a1s+ a0
b3s3 + b2s2 + b1s+ b0

a2 = KppLgRL, a1 = KpiLgRL +KppRgRL

a0 = KpiRgRL

b3 = CLgRL + CKppLgRLV0

b2 = Lg + I0KppLgRL + CRgRL +KppLgV0

+ CKpiLgRLV0 + CKppRgRLV0

b1 = Rg +RL + I0KpiLgRL + I0KppRgRL

+KpiLgV0 +KppRgV0 +KppRLV0

+ CKpiRgRLV0

b0 = I0KpiRgRL +KpiRgV0 +KpiRLV0. (11)

The derived and measured frequency responses from the
power disturbance to the PCC voltage in the islanding and
grid-connected cases are demonstrated in Fig. 4. The two re-
sponses reach a good agreement, and hence, the correctness of
the derived model is validated. The PCC voltage is much easier
to be disturbed by the power disturbance at the low-frequency
band. The most sensitive frequencies of the islanding mode and
grid-connected mode are both at 0 Hz where the magnitude is
the maximum and the phase is close to 0°.

C. Implementation of Proposed Islanding Detection

The proposed IDM is to realize that the selected frequency
oscillation occurs to indicate the islanding events. Then, a fre-
quency selection is inserted into the voltage feedback loop to
achieve a sinusoidal self-excited oscillator, as shown in Fig. 5.
The disturbance obtained from the PCC voltage through the
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Fig. 5. Sinusoidal self-excited oscillator in power electronics.

Fig. 6. Control diagram of proposed islanding detection with VPFOSF in inner
loop.

frequency selection is added to the control reference of the
converter to form the VPFOSF.

The amplitude and phase conditions shown in (12) and (13)
should be both satisfied to achieve sinusoidal self-excited oscil-
lation according to the control theory [29]. A resonant controller
presented in (14) is chosen as the frequency selection since there
is an enormous amplitude gain in the resonant angular frequency
(ω0 = 2πf0), which helps to satisfy the amplitude requirement
of the oscillator (12) as well as the phase compensation in the
resonant angular frequency where the phase quickly crosses
from 90° to −90° helps to meet the phase requirement of the
oscillator (13), as follows:

|AC (f0) ·AF (f0)| ≥ 1 (12)

ϕC (f0) + ϕF (f0) = 2nπ (13)

GR=
2Krωis

s2+2ωis+ ω2
o

. (14)

There are two schemes to realize a sinusoidal self-excited
oscillator during the islanding mode in power electronics by
disturbing the inner loop or outer loop reference. The inner loop
scheme is adopted in this article to realize the proposed IDM
because the most sensitive frequency of the PCC voltage to the
current disturbance (60 Hz) is much higher than that of the power
disturbance (0 Hz), and hence, the detecting speed of the inner
loop scheme is faster than that of the outer loop scheme when
the DG is equipped with the VPFOSF.

The control diagram of the inner loop disturbing scheme
is given in Fig. 6. The deviation between the PCC voltage
and the nominal voltage is sent to the resonator to obtain the
current disturbance component. Then, the disturbing component
is imposed on the reference command of the current control

Fig. 7. Variation of real part of dominant eigenvalues during islanding con-
dition with different combinations of Kr and ωi when DG is equipped with
VPFOSF in inner loop.

loop to constitute the VPFOSF. Since the construction of the
voltage feedback loop is in the base control level of the DG,
there is less added computation burden and operation time for
microcontrollers.

From the control diagram shown in Fig. 6, the characteristic
equations of the PCC voltage during the islanding and grid-
connected modes are given by

1−GR ·GIn_island=0 (15)

1−GR ·GIn_grid=0. (16)

The parameters of the resonator need to be designed to meet
the two requirements making the PCC voltage oscillate at the
selected frequency under the islanding condition but keep stable
operation during the grid-connected mode. Then, the eigenvalue
analysis is adopted to guide the parameter design in this article
because the real part of the dominant eigenvalue can indicate the
stability of the system and it is also positively correlated with
the increasing rate of oscillating amplitude if the system is under
an unstable state. Additionally, the frequency of oscillation is
related to the imaginary part of the dominant eigenvalue.

The dominant eigenvalues of the system during the islanding
mode and grid-connected mode are able to be calculated by
(15) and (16), respectively. The variation of the real part of
the dominant eigenvalues under the islanding condition with
different combinations of Kr and ωi is shown in Fig. 7 after
the resonant frequency of resonator ( f0) is set to 45 Hz, whose
detailed principle of selection is given in Section III. It is distinct
that the real parts increase as the value of Kr rises from 0 to
20 and that of ωi increases from 0 to 10π, which also means
that the increasing rate of oscillating amplitude shall increase.
The PCC voltage is under the critical stable state during the
islanding mode if the values of Kr and ωi are selected on the red
line. The cases above the red line mean that the PCC voltage is
under an unstable state. Similarly, the real parts of the dominant
eigenvalues of the grid-connected condition which present the
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Fig. 8. Variation of real part of dominant eigenvalues during grid-connected
condition with different combinations of Kr and ωi when DG is equipped with
VPFOSF in inner loop.

Fig. 9. Effective combinations of Kr and ωi to realize the proposed islanding
detection conception when DG is equipped with VPFOSF in inner loop.

same rising trend as that of the islanding condition with the value
of Kr and ωi increasing are displayed in Fig. 8. Fortunately, the
value of Kr which makes the PCC voltage under the critical
stable state during the gird-connected mode is much larger than
that of the islanding case, as plotted in the blue line in Fig. 8. The
cases under the blue line mean that the PCC voltage can remain
stable. Then, the effective combinations of Kr and ωi which
make the PCC voltage oscillate under the islanding condition
but keep stable during the grid-connected mode are between the
two lines, as shown in the shaded area of Fig. 9. It can be seen
that the range of effective Kr declines slowly withωi increasing.

The variation of the frequency of the dominant eigenvalues
with the effective combinations of Kr and ωi changing is pre-
sented in Fig. 10. The frequency is transferred from angular
frequency divided by 2π for a better description. It can be

Fig. 10. Variation of frequency of dominant eigenvalues during islanding
condition with different effective combinations of Kr and ωi when DG is
equipped with VPFOSF in inner loop.

seen that the analytical frequency in most cases is close to
the set frequency of the resonator (45 Hz). It is worth noting
that the deviation between the analytical frequency and set
frequency could become large when the value of the real part
of the dominant eigenvalue dramatically increases. However,
the positive feedback path is only needed to make the real part
of the dominant eigenvalue exceed a little more than the critical
stability to guarantee the islanding detection during the islanding
condition while also keeping enough stability margin during
the grid-connected condition [25]. As a result, the practical fre-
quency can be always designed close to the selected oscillating
frequency (45 Hz) with little influence on the islanding detection.

III. PARAMETER ANALYSIS AND PERFORMANCE COMPARISON

The selection of resonant frequency is presented in this section
based on the consideration that enough stability margin should
be ensured. Besides, it is also analyzed how Kr and ωi influence
the stability margin and the growth rate of oscillating amplitude
at islanding events, which provides guidance for the resonator
design. The comparison between islanding detection schemes
with VPFOSF and VPFOFF is also given, and it indicates the
advantage of attenuating the signal at the sensitive frequency
band of the grid-connected condition.

A. Selection of Resonant Frequency

In order to simplify the analysis of the relationship between
the stability margin and the set frequency of the resonator, it is
assumed that the phase compensating function of the resonator
can satisfy the phase requirement (13) at the set frequency under
both the islanding condition and grid-connected condition, as
shown in (17). This means that the stability margin is mainly
determined by the magnitude margin

ϕ(GR)|fR + ϕ(GIn_island/grid)
∣∣
fR

= 2nπ. (17)

The stability of the PCC voltage under the islanding condition
is set as the critical stable state just satisfying the amplitude



11806 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

Fig. 11. Sensitivity of PCC voltage to current disturbance component with
variation of output power of DG.

requirement for islanding detection. Then, the stability margin
of the islanding mode can be given by

SMIn_island= A(GR)|fR + A(GIn_island)|fR = 0. (18)

The magnitude is adopted in the logarithmic form to cater to
the Bode plot. The stability margin of the PCC voltage under
the grid-connected condition can be derived as

SMIn_grid = 0− (A(GR)|fR+A(GIn_grid)|fR). (19)

Substituting (18) into (19) yields

SMIn_grid = A(GIn_island)|fR − A(GIn_grid)|fR . (20)

Then, the stability margin of the PCC voltage under the
grid-connected condition is determined by the difference in the
sensitivity of the PCC voltage toward the disturbance component
between the islanding and grid-connected modes.

The small-signal model can only be obtained under the de-
termined parameters, but the parameters of the practical system
may change under different operating conditions, such as the
output power of the DG. The influence of the variation of the
output power of the DG on the sensitivity of the PCC voltage
to the current disturbance component is considered in Fig. 11,
where the output power of DG varies from 20% of the rated
power to 100%. All of them are under the condition where the
power of generation and consumption is completely the same. It
is clear that the sensitivity decreases during both modes with the
output power increasing, and the variation rate of the islanding
condition is much larger than that of the grid-connected mode.

Considering the implementation of the islanding detection
under the hardest condition, the parameters (100% rated power)
that make the PCC voltage the least sensitive to the current
disturbance are adopted for calculating the islanding part of
(20). The parameters (20% rated power) that make the PCC
voltage the most sensitive to the current disturbance are adopted
for calculating the grid-connected part of (20) to evaluate the
stability margin of the worst case. Then, the stability margin

Fig. 12. Minimum stability margin during grid-connected mode and maxi-
mum phase error during islanding mode versus frequency when DG is equipped
with VPFOSF in inner loop.

under the grid-connected condition versus frequency when the
DG is equipped with the VPFOSF in the inner loop is presented
as the solid red line in Fig. 12 by calculating (20). It can be
seen that the magnitude is much larger at the low-frequency
band (under 60 Hz) where enough stability margin under the
grid-connected condition can be ensured.

On top of that, the phase error that represents the maximum
absolute value of the phase of the voltage sensitivity of the island-
ing mode (8) among all operating conditions versus frequency
is obtained as the blue dotted lines of Fig. 12. The phase error
which needs to be compensated by the resonator to meet the
phase requirement (13) will increase the deviation between the
practical frequency of oscillation and the set frequency of the
resonator due to the nonideal resonator. Then, the frequency of
the resonator when the inner loop being disturbed is set to 45 Hz
since the phase error at 45 Hz is the minimum, and the stability
margin is also enough.

B. Analysis of Resonator Parameters

Fig. 13 shows the dominant eigenvalue trajectory of the sys-
tem with the Kr increasing from 2 to 8 when ωi and f0 are set
to 2π and 45 Hz, respectively. It could be clearly seen that the
growth rate of oscillating amplitude during the islanding mode
sees an increase with Kr rising. The system stability under the
grid-connected condition is studied by the Nyquist plots of the
negative loop gain in the voltage loop (−GRGIn_grid) due to the
positive feedback. The system stability can be determined by
checking the number of encirclements around (−10) [30]. The
stability margin decreases rapidly with the same Kr variation as
before, as presented in Fig. 14.

The dominant eigenvalue trajectory of the system during the
islanding mode with ωi increasing from 2π to 12π is shown in
Fig. 15 when Kr and f0 are set to 2.5 and 45 Hz, respectively. It
indicates that the growth rate of oscillating amplitude during the
islanding mode rises rapidly as ωi increases. The change of the
system stability margin under the grid-connected condition can
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Fig. 13. Traces of system eigenvalues under islanding condition by varying
Kr when DG is equipped with VPFOSF in inner loop.

Fig. 14. Nyquist plots of negative loop gain in voltage loop under grid-
connected condition by varying Kr when DG is equipped with VPFOSF in
inner loop.

be seen in Fig. 16 with the sameωi change as before. The stability
margin under the grid-connected condition is less influenced
by the increase of ωi from Fig. 16. This phenomenon can be
furtherly analyzed by the Bode plot of the loop gain of the voltage
loop under the islanding condition and grid-connected condition,
as shown in Figs. 17 and 18, respectively. It can be seen that the
maximum gain remains unchanged, but the bandwidth increases
under the islanding condition with ωi rising in Fig. 17. The
magnitude stability margin under the grid-connected condition
nearly stays the same with ωi increasing in Fig. 18. Then, it
can be concluded that increasing the bandwidth of the loop gain
can improve the growth rate of oscillating amplitude with little
influence on the stability margin. This contributes to designing
the parameters of the resonator to obtain more stability margin

Fig. 15. Trace of the system eigenvalues under islanding condition by varying
ωi when DG is equipped with VPFOSF in inner loop.

Fig. 16. Nyquist plots of negative loop gain in voltage loop under grid-
connected condition by varying ωi when DG is equipped with VPFOSF in
inner loop.

under the grid-connected condition with identical oscillating
speeds at islanding events.

C. Comparison Between Islanding Detection Schemes With
VPFOSF and VPFOFF

The IDM with the VPFOFF in the inner loop does not consider
the difference of the frequency where the PCC voltage is most
sensitive to the current disturbance between the islanding condi-
tion and grid-connected condition. If the voltage feedback path
is designed to pass the signal at the most sensitive frequency of
the islanding condition and attenuate that of the grid-connected
mode, the stability margin under the grid-connected condition
can be improved without reducing the growth rate of oscillating
amplitude at islanding events compared to the VPFOFF scheme.
To validate the improvement of stability margin, the growth rate
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Fig. 17. Bode plots of loop gain in voltage loop under islanding condition by
varying ωi when DG is equipped with VPFOSF in inner loop.

Fig. 18. Bode plots of loop gain in voltage loop under grid-connected condition
by varying ωi when DG is equipped with VPFOSF in inner loop.

of the oscillating amplitude of the VPFOSF scheme is designed
faster than that of the VPFOFF scheme, which is presented in
Section V-D. Their stability margin under the grid-connected
condition is presented in Fig. 19. It can be clearly seen that the
magnitude margin of the VPFOSF scheme (15.29 dB) is much
larger than that of the VPFOFF scheme (2.98 dB). This shows the
advantage of the proposed VPFOSF in improving the stability
margin with little impact on the islanding detection.

Furthermore, the impact of CPLs, which can deteriorate the
stability of the systems, is studied in Fig. 20 [31]. The stability
margin of the VPFOFF scheme reduces rapidly, with even
unstable states appearing with the proportion of CPLs varying
from 0% to 80%. However, the stability margin of the VPFOSF
scheme is little influenced by the increase of the penetration of

Fig. 19. Nyquist plots of negative loop gain in voltage loop when DG is
equipped with VPFOSF and VPFOFF in inner loop, respectively.

Fig. 20. Nyquist plots of negative loop gain in voltage loop by varying
penetration of CPLs when DG is equipped with VPFOSF and VPFOFF in inner
loop, respectively.

CPLs, because the frequency selection suppresses the signal at
the most sensitive frequency of the grid-connected condition.
This indicates the superiority of the VPFOSF scheme when the
systems contain CPLs.

IV. ISLANDING DETECTION FOR MULTIPLE-DG SYSTEM

The proposed IDM is also investigated in multiple-DG sys-
tems. Multiple DGs connected in radial and bus configurations
are common in dc microgrids, as shown in Fig. 21. It assumes that
there are n DGs injecting current disturbances into their PCCs
to detect the islanding condition in a multiple-DG system. The
sensitivity matrix of PCCs voltage to the current disturbances un-
der the grid-connected condition and islanding condition (ZG(s),



HUANG et al.: ISLANDING DETECTION WITH POSITIVE FEEDBACK OF SELECTED FREQUENCY FOR DC MICROGRID SYSTEMS 11809

Fig. 21. Multiple-DG system configurations. (a) Multiple-DG system in a
radial configuration. (b) Multiple-DG system in a bus configuration.

Fig. 22. Generic control diagram of VPFOSF.

ZI(s)) can be obtained from the small-signal model of the system
during the two modes, respectively

ZG/I(s) = Ṽ
(
Ĩdis

)−1

(21)

where Ṽ is the PCC voltage vector of dimension [n×1], Ĩdis is
the current disturbance vector of dimension [n×1], and matrix
ZG/I(s) is of dimension [n×n]. To constitute the VPFOSF, the
deviations between the voltages of PCCs and their reference volt-
ages multiply the resonators to obtain the current disturbances

Ĩdis = Gr(s)
(
Ṽ − Ṽ ref

)T

(22)

where Gr(s) is resonator vector of dimension [n×1] and Ṽ ref is
the PCC voltage reference vector of dimension [n×1]. Accord-
ing to (21) and (22), the generic control diagram of VPFOSF is
shown in Fig. 22.

From the control diagram, the closed-loop characteristic poly-
nomial of the system under the grid-connected and islanding
conditions can be obtained as

detTc(s) = detTo(s)det(In −Gr(s)ZG/I(s)) (23)

where To(s) represents the open-loop characteristic polynomial
of the system which has no zeros in the right-hand side of
the s-plane and In is the identity matrix of dimension [n×n].
Furthermore, the stability of the system under the two conditions

depends on

SEG/I= det(In −Gr(s)ZG/I(s)). (24)

If SEG/I have zeros (eigenvalues) on the right-hand side of
the s-plane, the system is unstable. In order to implement the
proposed islanding detection conception that the PCCs voltages
appear to oscillate at the selected frequency in the case of
islanding but remain stable during the grid-connected mode, the
parameters of Gr(s) vector should be designed to make SEI have
zeros in the right-hand side of the s-plane but make SEG have
no zeros on the right-hand side of the s-plane.

First, according to the PCCs voltage sensitivity matrix and
the mentioned design principle in Section III, the appropriately
oscillated frequency (f0) of each DG can be determined. To share
the contribution to the oscillation of each DG at the islanding
events and simplify the design of parameters of the Gr(s) vector,
the loop gain of positive voltage feedback of each DG at the
selected oscillating frequency is assigned to be equal, as shown
in (25), and the resonator bandwidth of each DG is also assigned
to the same as presented in (26). Then, the methodology of Kr,
ωi design in the single-DG system can be applied to the multiple-
DG system by variable substitution

Kr1ZI11 |f01 = Kr2ZI22 |f02 · · · = KrnZInn
|f0n (25)

ωi1 = ωi2 · · · = ωin. (26)

An example consisting of two DGs connected in a radial
configuration shown in Fig. 21(a) is adopted to validate the
proposed IDM since the bus configuration is the particular case
of the counterpart. Another DG which is accompanied by two
times the conductor and bus capacitance than the single DG is
added to form the multiple-DG system. Its parameters are shown
in No. 2 parameters of simulation in Table I. The sensitivity
matrix of the system is obtained with the help of the small-signal
model and verified by a nonlinear model in Simulink, as shown
in the Appendix. The selected oscillating frequencies of the two
DGs are set to 45 Hz. Combined with (24)–(26), the variations
of the real part of dominant eigenvalues of the system under the
islanding condition and grid-connected condition with Kr1 and
ωi1 changing are presented in Figs. 23 and 24, respectively. The
red and black lines represent the combinations of Kr1 and ωi1

which can make the islanding and grid-connected system under
the critical stable state, respectively. The combinations of Kr1

and ωi1 between the red and black lines can make PCCs voltage
oscillate at the selected frequency in the case of islanding but
stay stable under the grid-connected condition to implement the
proposed islanding detection conception.

V. SIMULATION RESULTS

The proposed islanding detection scheme is evaluated in the
MATLAB/Simulink environment to study their effectiveness
when the DG shown in Fig. 1 is equipped with it. There are
two approaches to indicate islanding events. One is that the
under/overvoltage protection is set to operate between 0.88 and
1.1 p.u., out of which means the islanding condition. Another
way proposed in this article is that a divergent voltage oscillation
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Fig. 23. Variation of real part of dominant eigenvalues under islanding condi-
tion with different combinations of Kr1 and ωi1 when DGs are equipped with
VPFOSF in inner loop.

Fig. 24. Variation of real part of dominant eigenvalues under grid-connected
condition with different combinations of Kr1 and ωi1 when DGs are equipped
with VPFOSF in inner loop.

of three continuous cycles whose oscillating frequency is at the
preconcerted range indicates the islanding event. The range in
this article is set to f0 ± 5 Hz (40, 50 Hz). The dc system simu-
lation parameters are shown in Table I. The solver in Simulink
is selected as ode45. The relative and absolute tolerances are set
to 10−12 and 10−96, respectively.

A. Single-DG System

When the power of generation agrees with that of consump-
tion and the load is purely resistive, this is the hardest condition
for islanding detection. Then, this case is first evaluated to
show the whole process of the islanding detection utilizing the
frequency information. Kr, ωi, and f0 are set to 2.5, 10π, and
45 Hz, respectively, in the single-DG system simulations. The

Fig. 25. System response at an islanding event when DG is equipped with
VPFOSF.

practical islanding event is set to take place at time t = 1 s.
The DG and the load are set to the rated power in this case.
It can be clearly seen that there is no PCC voltage fluctuation
when the island occurs at first due to the match between the
power of consumption and generation. But the voltage gradually
oscillates at the frequency which tends to be 47 Hz, as presented
in Fig. 25(a) and (d), because of the loss of the voltage regulation.
The disturbance component of the current is plotted in Fig. 25(b).
It is close to zero under the grid-connected condition and forms
the mutual excitation with the PCC voltage after the islanding
event. The current disturbance results in the change of the
current, as indicated in Fig. 25(c). The islanding indicator detects
the event at 1.351 s, as presented in Fig. 25(e). And it can be seen
that the PCC voltage fluctuation is less than 0.02 p.u. when the
islanding event is detected. The proposed scheme satisfies the
requirement of the islanding detection time of under 2 s [19]. In
the meanwhile, it has the advantage of less voltage fluctuation.

The stable boundaries under the islanding condition and grid-
connected condition are also investigated. ωi is set to 10π in this
analytical case. Then, the theoretical Krs to make the system at
the critical stable state under the islanding condition and grid-
connected condition are 1.312 and 14.56, respectively, based on
the derived model. The voltage oscillations with the constant
amplitude after a small disturbance are shown in Fig. 26, when
Krs are set to 1.308 and 14.335 under the islanding condition
and grid-connected condition, respectively. This proves that the
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Fig. 26. Voltage response after a small disturbance when system is at critical
stable state under islanding and grid-connected conditions.

Fig. 27. Islanding tests for different power operating conditions when DG is
equipped with VPFOSF.

practical stable boundaries agree with those of the theoretical
analysis.

B. Test of Robustness of Proposed IDM

1) Effectiveness of Proposed IDM at Different Power Condi-
tions: The four different operating conditions under which the
DG and load both operate at 25%, 50%, 100% of the rated power,
as well as the DG and the load work at 100% and 125% of the
rated power, respectively, need to be considered for testing the
proposed islanding detection scheme from IEEE standard [19].
The simulation results when the DG is equipped with VPFOSF
are presented in Fig. 27. It is clearly seen that the islanding event
under all operating conditions can be detected within 2 s. The
DG stops energizing the load after the islanding events being
detected. The islanding events under the three operating condi-
tions where the power of consumption and generation is fully
the same can be detected quickly with less voltage fluctuation
by frequency information, as displayed in Fig. 27(a)–(c). The
detecting time increases with the system power rising, which
is coincident with the previous sensitivity analysis when the

Fig. 28. Output power response with dc grid voltage changing when DG is
equipped with and without VPFOSF.

DG injected power varies. On top of that, the voltage under the
power mismatching condition is shifted out of the normal range
during one oscillating period to indicate the islanding event, as
presented in the case in Fig. 27(d). These cases indicate that
the combination of passive IDMs and active IDMs is a more
practical way to eliminate the nondetecting zone and implement
quick islanding detection.

2) Impact of DC Grid Voltage Changing: The variation of
the dc grid voltage under the grid-connected condition needs to
be considered to evaluate the robustness of the proposed IDM.
The simulation results that the dc gird voltage varies by ±5%
of the nominal voltage are shown in Fig. 28 when the DG is
equipped with and without the proposed scheme. It is distinctly
noticed that the output power of the DG remains unchanged at
the steady state as 0 Hz is attenuated by the resonator, and the
dynamics of PCC voltage at the two cases are nearly the same.
This shows the good robustness of the proposed scheme while
the dc grid voltage changes.

3) Impact of Power Changing Including DG Injected Power
and Load Consumption: The power changing in the dc systems
is one of the main factors causing PCC voltage fluctuation.
Then, the impact of variations of DG injected power and load
consumption on the PCC voltage when the DG is equipped with
and without VPFOSF are simulated, as shown in Fig. 29. The
DG injected power varies by +10%, −10% at 0.5 and 1.5 s,
respectively. The resistive load decreases by 10% at 2.5 s and
increases by 10% at 3.5 s. From the comparison between the
conditions with the proposed IDM and without that, they are
nearly the same in terms of the impact on PCC voltage when the
power changes.

The disturbances during the normal condition would cause
PCC voltage fluctuation but the amplitude of the voltage fluctu-
ation would persistently decline due to the existence of voltage
regulation. As a result, these disturbances would not cause fault
detection.

C. Seamless Transfer After Islanding Event

In terms of some critical loads, the control target of some DGs
needs to be transferred from the power control to the voltage
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Fig. 29. System response with DG injected power and load changing when
DG is equipped with and without VPFOSF.

Fig. 30. Seamless transfer after islanding event when DG is equipped with
VPFOSF.

regulation to improve the power supply reliability [32]. Once
the islanding event is detected, the outer loop control switches
from the power control to the voltage regulation whose control
bandwidth is set to 240 Hz. The whole process from the islanding
event to finishing seamless transfer is plotted in Fig. 30. It
can be clearly seen that the voltage recovers smoothly back
to the nominal value after the islanding condition is detected
since there is only a very small voltage fluctuation (<0.02 p.u.)
when the islanding event is detected by utilizing the frequency
information.

D. Impact on Detecting Speed and Stability Margin With Kr

and ωi Increasing

As mentioned in the previous analysis, increasing Kr could
enhance the islanding detecting speed and extremely decrease
the stability margin under the grid-connected condition, but the
rising of ωi can improve the islanding detecting speed with
less impact on the stability margin under the grid-connected
condition. To validate the conclusion, the variation trends of
detecting time and stability margin with the change of Kr and
ωi are obtained by simulation results, as shown in Figs. 31 and
32. The stability margin is represented by the proportion of CPL
to make the system at the critical stable. When increasing Kr

to reduce the detecting time by about 50%, the stability margin
decreases by about 80%. However, the stability margin reduces
by only 15% while the detecting time declines by about 50%
with ωi rising. The simulation results completely agree with the
theoretical analysis.

Fig. 31. Variation trends of constant power source and detecting time with Kr

increasing.

Fig. 32. Variation trends of constant power source and detecting time with ωi

increasing.

E. Comparison Between Islanding Detection Schemes With
VPFOSF and VPFOFF

In order to validate the advantage of VPFOSF improving
the stability margin under the grid-connected condition, the
VPFOSF scheme is designed to have a much higher growth
rate of oscillating amplitude than the VPFOFF scheme, since
the growth rate of oscillating amplitude and stability margin are
opposite. The former uses the same parameters as before, and
the positive feedback gain of the latter is set to 1.22.

Then, the growth rate of the oscillating amplitude of the VP-
FOSF scheme is much higher than that of the VPFOFF, as shown
in Fig. 33(a). The load consisting of CPL and resistive load is
adopted to evaluate the stability margin. The CPL and resistive
load account for 90% and 10% of the rated power, respectively.
The PCC voltage begins to oscillate under the grid-connected
condition when the VPFOFF scheme is enabled at 1 s, as shown
in Fig. 33(b). However, when the detecting scheme switches to
the VPFOSF at 2 s, the oscillation of the PCC voltage disappears.
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Fig. 33. System response when DG is equipped with VPFOFF and VPFOSF
scheme, respectively.

On top of that, the islanding event occurring at 3 s is detected
successfully after 167 ms. It concludes that the stability margin
of the VPFOSF scheme outdistances that of the VPFOFF and
suffers less from the impact of CPLs, which is coincident with
the previous theoretical analysis in Section III-C.

F. Multiple-DG System

Several simulations are carried out to verify the effectiveness
of the proposed IDM in the multiple-DG system with the radial
configuration, as shown in Fig. 21(a). The simulation parameters
are shown in Table I. Kr1 and Kr2 are set to 3 and 3.037,
respectively. ωi1 and ωi2 are both selected as 5π. f01 and f02
are both set to 45 Hz. The system responses with different
power conditions are shown in Fig. 34 when the islanding event
happens at 1 s. When the DGs and loads are the rated power, the
successful islanding detection costs almost 700 ms, as shown in
the cases in Fig. 34(a) and (b). When DG2 and load2 are only
half of the rated power, the detecting time decreases to 585 ms,
as presented in the cases in Fig. 34(c) and (d), which proves
the former analysis that the decline in the system power would
increase the sensitivity of the PCC voltage to the disturbance.
The cases in Fig. 34(e) and (f) in which the power generation
and consumption at each PCC are not the same but the two of
the whole system are almost equal also validate the effectiveness
of the proposed IDM. It shows a faster detecting speed than the
other cases since the power exchange of PCCs leads to a little
deviation between the PCC voltage and nominal value under the
grid-connected condition.

VI. EXPERIMENTAL VALIDATION

To validate the performance of the presented islanding detec-
tion scheme, a lab-scale system is adopted, as shown in Fig. 35. A
buck-converter is employed as a DG unit to energize a resistive
load, as presented in Fig. 1. A fixed dc source is used as the
dc grid to regulate the PCC voltage. The parameters of the
experimental platform are given in Table I.

The set frequency of the resonator (f0) is selected as 25 Hz
since this is the appropriate frequency in terms of the experiment
parameters. The power generation and consumption are set
equal to verify the hardest condition for islanding detection.
The system response after an islanding event in the single-DG
system is shown in Fig. 36. The islanding event is created by

Fig. 34. System response after an islanding event with different power condi-
tions in multiple-DG system.

Fig. 35. Experimental platform of dc microgrid.
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Fig. 36. System response at an islanding event in single-DG system.

Fig. 37. AC component of voltage oscillation at an islanding event.

Fig. 38. Voltage responses with Kr rising at an islanding event.

Fig. 39. Voltage responses with ωi rising at an islanding event.

Fig. 40. Seamless transfer and active shutdown after an islanding event being
detected.

Fig. 41. System response at an islanding event in multiple-DG system.

manually disconnecting the switch between the dc grid and the
PCC. When the islanding event occurs, the switching ripple of
the DG injected current decreases to few since the equivalent
impedance seen from the DG converter under the grid-connected
condition is much smaller than that of the islanding condition,
and the dc grid current becomes zero due to the disconnection
between the voltage regulation converter and the PCC. Besides,
the voltage oscillation whose frequency is close to the set value
gradually occurs to indicate the islanding event. The zoom of
the PCC voltage oscillation waveform is presented in Fig. 37.
The practical frequency of voltage oscillation is 26.38 Hz, which
agrees with the theoretical frequency (25 Hz).

The impacts of variations of Kr and ωi on the growth rate of
oscillating amplitude are shown in Figs. 38 and 39, respectively.
It can be concluded that the growth rate of oscillating amplitude
increases with Kr and ωi rising, which corresponds with the
previous theoretical analysis results. The system operations,
including seamless transfer and active shutdown, are shown in
Fig. 40 after an islanding event being detected. The application
of the proposed IDM in a system with the same two DGs in bus
configuration is presented in Fig. 41. The voltage oscillation
in the selected frequency after the islanding event validates the
effectiveness of the proposed IDM in the multiple-DG system.
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Fig. 42. Frequency response of sensitivity matrix of PCC voltage to current
disturbance.

VII. CONCLUSION

A dc-based islanding detection scheme taking advantage of
frequency information of the voltage oscillation at an island-
ing event was presented in this article. First, the sensitivity
of the PCC voltage to disturbances in the frequency domain
was investigated. It showed that the low-frequency band was
more suitable for disturbance, and the most sensitive frequency
bands to the current disturbance under the islanding and grid-
connected conditions were different. Then, a DG combined
with a resonator to construct the voltage positive feedback of
selected frequency was presented to implement the proposed
IDM. Besides, the design of the resonator and its influence on
detecting speed and stability margin were studied. It was found
that the detecting speed can be improved with little influence on
the stability margin by increasing the bandwidth of the voltage
feedback loop, and the stability margin of the grid-connected
condition could be enhanced without influencing the islanding
detection by attenuating the most sensitive frequency band of the

grid-connected condition when the VPFOSF is adopted in the
inner loop. Moreover, the application and design of the proposed
IDM in multiple-DG system was presented. Finally, the detailed
implementation with the simulation in MATLAB/Simulink and
experiment from the laboratory dc system verified the effective-
ness and theoretical analysis of the proposed strategy.

APPENDIX

A. Sensitivity Matrix of PCC Voltage to Current Disturbance
Derivation in Multiple-DG System

Two DGs connected in the radial configuration are demon-
strated as a design example, as shown in Fig. 21(a). The model
is linearized at the power matching condition at each PCC,
which is the hardest case for islanding detection. Then, the loop
voltage and nodal current equations under the grid-connected
and islanding conditions can be given by{

Zg1
∼
Ig1 +

∼
V 1 =

∼
V g,

∼
Ig1+

∼
I1 = Y1

∼
V 1 +

∼
Ig2(Grid− con.)

∼
I1 = Y1

∼
V 1 +

∼
Ig2(Islanding)

Zg2
∼
Ig2 +

∼
V 2 =

∼
V 1,

∼
Ig2 +

∼
I2 = Y2

∼
V 2

Zg1 = sLg1 +Rg1,Zg2 = sLg2 +Rg2

Y1 = sC1 +
1

RL1
, Y2 = sC2 +

1
RL2

.
(27)

The control equations of each DG can be given by

Ĩref1 = Gp

(
P̃ref1 − P̃1

)
, Ĩref2 = Gp

(
P̃ref2 − P̃2

)
Ĩ1 = Ĩref1+Ĩdis1, Ĩ2 = Ĩref2+Ĩdis2

P̃1 = Io1Ṽ1+Vo1Ĩ1, P̃2 = Io2Ṽ2+Vo2Ĩ2

Gp = Kpp +Kpi/s. (28)

The variation of the references of power loop P̃ ref1 and P̃ ref2

are set to zero while investigating the impact of the disturbance
components. Solving (27) and (28) under the grid-connected and
islanding conditions, respectively, the sensitivity matrix during
the two modes can be given by

ZG =

[
ZG11 ZG12

ZG21 ZG22

]
=

[ nG11

dG

nG12

dG
nG21

dG

nG22

dG

]
nG11 = Zg1 +GpVo2Zg1 +GpIo2Zg2Zg1 + Y2Zg2Zg1

+ GpVo2Y2Zg2Zg1, nG12 = Zg1 +GpVo1Zg1

nG21 = Zg1 +GpVo2Zg1, nG22 = Zg2 +GpVo1Zg2 + Zg1

+ GpVo1Zg1 +GpIo1Zg2Zg1 + Y1Zg2Zg1 +GpVo1Y1Zg2Zg1

dG = 1 +GpVo1 +GpVo2 +Gp
2Vo1Vo2 +GpIo2Zg2

+ Gp
2Io2Vo1Zg2 + Y2Zg2 +GpVo1Y2Zg2 +GpVo2Y2Zg2

+ Gp
2Vo1Vo2Y2Zg2 +GpIo1Zg1 +GpIo2Zg1

+ Gp
2Io2Vo1Zg1 +Gp

2Io1Vo2Zg1 + Y1Zg1 +GpVo1Y1Zg1

+ GpVo2Y1Zg1 +Gp
2Vo1Vo2Y1Zg1 + Y2Zg1 +GpVo1Y2Zg1

+ GpVo2Y2Zg1 +Gp
2Vo1Vo2Y2Zg1 +Gp

2Io1Io2Zg2Zg1

+ GpIo2Y1Zg2Zg1 +Gp
2Io2Vo1Y1Zg2Zg1 +GpIo1Y2Zg2Zg1

+ Gp
2Io1Vo2Y2Zg2Zg1 + Y1Y2Zg2Zg1 +GpVo1Y1Y2Zg2Zg1

+ GpVo2Y1Y2Zg2Zg1 +Gp
2Vo1Vo2Y1Y2Zg2Zg1

(29)
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ZI =

[
ZI11 ZI12

ZI21 ZI22

]
=

[ nI11

dI

nI12

dI
nI21

dI

nI22

dI

]
nI11 = 1 +GpVo2 +GpIo2Zg2 + Y2Zg2 +GpVo2Y2Zg2

nI12 = 1 +GpVo1, nI21 = 1 +GpVo2, nI22 = 1 +GpVo1

+ GpIo1Zg2 + Y1Zg2 +GpVo1Y1Zg2

dI = GpIo1 +GpIo2 +Gp
2Io2Vo1 +Gp

2Io1Vo2 + Y1

+ GpVo1Y1 +GpVo2Y1 +Gp
2Vo1Vo2Y1 + Y2 +GpVo1Y2

+ GpVo2Y2 +Gp
2Vo1Vo2Y2 +Gp

2Io1Io2Zg2

+ GpIo2Y1Zg2 +Gp
2Io2Vo1Y1Zg2 +GpIo1Y2Zg2

+ Gp
2Io1Vo2Y2Zg2 + Y1Y2Zg2 +GpVo1Y1Y2Zg2

+ GpVo2Y1Y2Zg2 +Gp
2Vo1Vo2Y1Y2Zg2.

(30)

B. Validation of Sensitivity Matrix Based on Nonlinear Model

To validate the sensitivity matrix derived in Appendix A,
the small-signal disturbing method as in [30] is adopted. The
variable frequency (1–1000 Hz) current disturbances (0.05 p.u.)
are, respectively, imposed into the current reference of each DG
in the nonlinear model built in Simulink. The parameters of
the system are equivalent to the previous theoretical analysis.
Then, the sensitivity matrix is obtained by the corresponding
voltage components dividing the current disturbances. The volt-
age components can be extracted with the help of the fast
Fourier transform (FFT) tool in Simulink. Fig. 42 shows the
frequency response of the sensitivity matrix under the grid-
connected condition and islanding condition, respectively. It can
be noted that the derived and measured matrixes reach a good
agreement at the low-frequency band (<500 Hz). Although the
small-signal model and the simplification of the current loop
lead to the small deviation between the derived and measured
matrixes at the high-frequency band, the selected frequency in
the proposed method pays attention to the low-frequency band
and the simplification contributes to reducing the system order.
This means that the derived sensitivity matrix is reasonable and
convenient for analysis.
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