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Abstract—Islanding detection is the essential basis for the safety
and protection of dc microgrids. Due to the advantages of rapid
detection speed and small nondetection zone, the positive feedback
islanding detection technique has attracted much interest in recent
years. The implementation of a positive feedback loop facilitates
the islanding detection for dc microgrids, but it may reduce the
system stability margin at the grid-connected state. In this arti-
cle, the dc output impedance model of voltage source converter
and distributed generators are developed to reveal the dynamic
interactions and instability mechanism accurately between the
two subsystems considering the impact of islanding detection with
voltage positive feedback of selected frequency (VPFOSF). Then,
the stability region of the interconnected system based on the
output admittance model is derived to guide the design method of
the damping compensator. Moreover, a grid-current-based active-
damping control scheme is further proposed to mitigate instability
caused by the VPFOSF loop. Thus, the conflict among islanding
detection rapidity, power quality, and grid-connected system sta-
bility is effectively addressed. In the end, both the simulations and
experimental results are provided to validate the effectiveness of
the proposed control method.

Index Terms—Active-damping control, dc microgrids,
impedance-based analysis, islanding detection, stability region.

NOMENCLATURE

pref Power reference of DG controller.
pdg DG output power.
vdg DG PCC voltage.
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Cdg Equivalent bus capacitance connected at the DG
PCC.

iref Current reference of DG controller.
idg DG output current.
idis Current disturbance command.
Ldc, Rdc Filter inductance and resistance of the dc/dc con-

verter.
vdc DC grid voltage.
vref DC grid voltage reference.
idc DC grid current.
Lac, Rac Filter inductance and resistance on the ac side of

the VSC.
id_ref, iq_ref d-axis and q-axis current reference.
id, iq d-axis and q-axis grid current.
ωg Angular frequency of the ac grid voltage.
Lline, Rline Inductance and resistance of transmission line.
RL Load resistance.
Kr Positive feedback gain of the resonator.
ωr Resonant bandwidth.
f0 Selected resonant frequency.
s Laplace operator.
^ Small-signal disturbance.

I. INTRODUCTION

W ITH the extensive application of dc distributed genera-
tors (DGs) and loads [1], [2], [3], such as photovoltaic,

energy storage systems, electric vehicles, etc., the dc microgrid
has been increasingly used due to its higher efficiency, fewer
power conversion steps, and no concerns on reactive power [4],
[5], [6]. Massive efforts have been taken on the techniques of
power distribution, voltage regulation, and stabilizing control to
enhance the dc system performance [7], [8], [9], [10]. Nonethe-
less, islanding detection in dc microgrids still faces challenges
due to the lack of detecting freedom. In general, islanding is de-
fined as the disconnection of the microgrid from the utility grid,
where the exact power that neutralizes between DGs and loads
is the worst case, namely unconscious islanding [11], [12], [13].
The failure to detect unconscious islanding may endanger the
safety of both customer equipment and maintenance personnel
[14], [15], making it urgent to develop a simple and practical dc
islanding detection scheme (IDS).
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IDSs for dc microgrids have been intensively investigated in
recent years. In [16] and [17], simple passive IDSs are proposed
based on continuously measuring the change of voltage and
current under power mismatching conditions, but they have large
nondetection zones (NDZ) [18]. On the other hand, many active
IDSs, such as impedance-measurement-based methods [18],
[19], [20], [21] and positive-feedback-based methods [22], [23],
[24] are proposed to detect the islanding state by adding small
disturbance signals to the controller and monitoring different
system responses. Among them, the positive feedback-based
IDS has attracted great attention as a promising technique in
dc microgrids due to its advantages of rapid detection speed and
small NDZ.

Based on the positive feedback mechanism, islanding detec-
tion with square wave perturbation (SWP) method, full band
positive feedback (FBPF) method, and voltage positive feedback
of selected frequency (VPFOSF) method are further proposed. In
[22], SWP proportional to the fluctuation of the point of common
coupling (PCC) voltage was injected into the current loop of the
DG controller. Under islanding conditions, the voltage fluctua-
tion was affected by the current imbalance until its amplitude was
out of the set threshold. However, the appropriate design method
of the perturbation and system stability was not fully studied.
To investigate the range of disturbance parameters and stability
issues of positive-feedback-based dc IDS, FBPF method was
proposed in [23] with the detailed feedback gain design. The
perturbation proportional to the PCC voltage deviation was
applied to either the power or current control loop of the DG
to constitute voltage positive feedback. During islanding events,
the PCC voltage gradually oscillated until it was shifted out of
the allowed range. At the same time, Mohamad and Mohamed
[25] and [26] developed an active-damping method to mitigate
instabilities caused by the constant power loads (CPLs) and
FBPF loop dynamic interactions. In this manner, fast islanding
detection could be realized and the overall system stability could
be also ensured. However, the FBPF scheme has an inherent
disadvantage that it requires forcing the voltage out of the
allowed operating range to indicate islanding events, which has
negative effects on the power quality. To solve this problem,
the VPFOSF islanding detection method was further proposed
in [24]. It is advantageous over the above methods because
islanding events can be indicated by causing the PCC voltage to
oscillate with small amplitudes at a particular frequency without
the necessity to shift the voltage amplitude out of the normal
range. The VPFOSF IDS realized good power quality during
islanding events, but its grid-connected system stability relied
on the tradeoff paraments design method, which sacrifices the
detection speed. More importantly, the instability mechanism
of the grid-connected dc microgrid was not investigated in de-
tail. Therefore, the conflict among islanding detection rapidity,
power quality, and grid-connected system stability needs to be
further amazed and addressed.

In this article, the VPFOSF method is used to detect is-
landing events as it can guarantee power quality and easily
distinguish islanding events from other faults that may cause
large voltage fluctuations. Then, the dynamic interactions and
instability mechanism of the grid-connected dc microgrid are re-
vealed accurately by developing dc output impedance models of

Fig. 1. Typical grid-connected dc microgrid.

voltage source converter (VSC) and DG considering the effect of
VPFOSF IDS. With the help of the impedance-based analysis, a
simple and practical active-damping method is further proposed
to improve the islanding detection speed and the grid-connected
system stability. The major contributions of this article can be
summarized as follows:

1) Investigating and characterizing the effect of the VPFOSF
paraments setting on the islanding detection speed and
system stability.

2) The stability region of the grid-connected dc microgrid
considering the impact of VPFOSF loop is derived, which
guides the design method of a concise and valid damping
compensator.

3) A grid-current-based active-damping stabilizing method
is proposed to mitigate instabilities caused by the VPFOSF
scheme, which effectively addresses the conflict among
islanding detection rapidity, grid-connected system sta-
bility, and power quality.

The rest of this article is organized as follows. A brief
description of a dc microgrid and the implementation of the
VPFOSF IDS are given in Section II. The stability and dynamic
interactions are analyzed based on the impedance models of
the VSC and DG considering the VPFOSF effect in Section III.
The design principles of the proposed active-damping stabilizing
method are highlighted in Section IV. Sections V and VI demon-
strate the full-scale simulation and down-scale experimental
results, respectively, which both verify the theoretical analysis.
Finally, the conclusions are summarized in Section VII.

II. DC MICROGRID WITH VPFOSF IDS

An introduction of a typical dc microgrid with islanding
detection is presented in the following and the detailed model
of DG converter is established as the foundation of VPFOSF
IDS implementation. Using this model, the selection of the most
sensitive disturbance frequency is presented to cause the PCC
voltage most likely to oscillate during islanding events, and the
impact on detection speed with feedback gain Kr and bandwidth
ωr variation is also illustrated.

A. System Description

Fig. 1 illustrates a typical dc microgrid with islanding detec-
tion, where multiple DGs are connected in a bus configuration.
The DG is connected to a dc/dc converter to deliver the constant
power to the load RL [27], which is represented by a pure
resistance as it has the largest NDZ [11], [23]. When the circuit
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Fig. 2. Structure of the DG converter with islanding detection.

breaker is closed, the ac grid is connected to a VSC to regulate
the PCC voltage [28]. Zac and Zdc are the filter impedance of
the VSC and DG, respectively. Zline is the impedance of the
transmission line, and Cdg is the equivalent bus capacitance
connected at the DG PCC. The implementation of the VPFOSF
IDS based on this system is presented in the following.

In general conditions, the DG source serves as a constant
power source to develop and validate the islanding detection
performance [23], [24]. As exhibited in Fig. 2, the DG con-
troller consists of power and current double-loop control to feed
constant power to the local loads, and its small-signal model is
presented in Fig. 3. Both the power controller Gp(s) and current
controller Gi(s) are PI controllers for fast and zero error tracking.
The main idea of the current-loop-based VPFOSF scheme is
applied by sending the PCC voltage deviation to the frequency
selection Gr(s) to achieve the disturbing current idis. This tech-
nique is equally valid for other types of configurations as long as
the DG controller without participating in bus voltage regulation,
which may conflict with the positive feedback loop and result
in islanding detection failure. The principle of obtaining this
disturbance with selected frequency is presented in Fig. 4. In
detail, a proportional-resonant controller expressed in (1) is
integrated into the positive feedback loop to form a frequency
selection. Then, the dc/dc converter, including its basic control
loop, is equivalent to an amplifier. In this manner, as long as
the frequency selection loop and amplification loop satisfy both
the amplitude and phase conditions shown in (2) and (3) [29],
the sinusoidal self-excited oscillator can be formed to realize
oscillating at the selected frequency f0 (f0 = ω0/2π)

Gr (s)=
2Krωrs

s2+2ωrs+ ω2
0

(1)

|AA (f0) ·AF (f0)| ≥ 1 (2)

ϕA (f0) + ϕF (f0) = 2nπ (3)

where AA(f0) and AF(f0) are the amplitude of the amplifier loop
and feedback loop at the selected frequency f0, respectively.
ϕA(f0) and ϕF(f0) are the phase of the amplifier loop and
feedback loop at the selected frequency f0, respectively.

B. Selection of the Most Sensitive Disturbance Frequency

The worst condition for islanding detection is when the power
of generation exactly neutralizes the power consumption. In this

TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS OF DG

case, P0 is equal to the reference power, V0 and I0 are the steady-
state voltage and current determined by loads, respectively. To
realize fast islanding detection even in the worst case when using
the VPFOSF IDS, it is necessary to select the most sensitive
disturbance frequency. The current balance equation of the DG
unit under the islanding condition with power neutralization is
linearized at the steady-state point (V0, I0, P0) as follows:

p̂dg = I0v̂dg + V0îdg (4)

îdg = v̂dg (1/RL + sCdg) = v̂dgYRC. (5)

Then, according to Fig. 3, the dynamics of the current loop
without VPFOSF is described as follows, where KPWM1 is the
equivalent gain of the pulsewidth modulator (PWM):

îref = Gp(s)(p̂ref − p̂dg) (6)

îdg =
[
KPWM1Gi(s)(̂iref − îdg)− v̂dg

]/
(Rdc + sLdc). (7)

When the VPFOSF IDS is employed, the small-signal model
of the current reference given in (6) is rewritten as

îref = Gp(s)(p̂ref − p̂dg) + îdis. (8)

Setting the variation of the power reference to zero, solving
(4), (5), (7), and (8), the transfer function Si(s) of the PCC voltage
to the disturbing current at islanding state can be derived as
follows:

Si (s) =
v̂dg

îdis
=

1

Gϕ(s) +Gτ (s)YRC
(9)

where

Gϕ(s) = I0Gp(s) + 1/KPWM1Gi(s) (10)

Gτ (s) = 1 + V0Gp(s) + (Rdc + sLdc)/KPWM1Gi(s). (11)

To verify the correctness of (9), a frequency sweep is carried
out to measure the frequency response of the PCC voltage to the
disturbing current based on the MATLAB/Simulink model. The
simulation parameters of a typical 100 kW, 500 V dc system are
shown in Table I. Also, the theoretical frequency response curve
is depicted in Fig. 5.

It clearly shows that the theoretical curve is consistent with the
measured one, proving the correctness of (9). Moreover, Fig. 5
indicates that the magnitude is maximum at 60 Hz, which means
that disturbing current with this frequency is the easiest choice to
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Fig. 3. Small-signal model of the DG controller.

Fig. 4. Principle of the VPFOSF.

Fig. 5. Theoretical and measured frequency response of the PCC voltage to
the disturbing current.

cause the PCC voltage oscillation under islanding conditions. In
this manner, 60 Hz is selected as the most sensitive disturbance
frequency in this article.

C. Impact on Detection Speed With Kr and ωr Variation

According to Fig. 2, the characteristic equation of an islanding
system is obtained as follows:

1−Gr (s) · Si (s) = 0. (12)

Figs. 6 and 7 show the magnitude variation of the loop gain in
the positive feedback loop at the islanding state by changing Kr

and ωr, where the blue line represents the magnitude boundary
of 0 dB. It shows that the bandwidth of the loop gain above 0 dB
becomes larger with the increase of Kr and ωr, which indicates
that the islanding detection speed will be further improved. By
comparing Figs. 6 and 7, the variation in Kr has more significant
impact on the islanding detection speed than that inωr. However,

Fig. 6. Bandwidth variation of the loop gain in the islanding mode by changing
Kr.

Fig. 7. Bandwidth variation of the loop gain in the islanding mode by changing
ωr.

the rise of Kr and ωr increases current disturbance component,
which has potentially negative impacts on the grid-connected
system stability. This stability issue was not investigated before
[24] as it fully neglected the impedance of VSC. The dynamic
interactions of the VSC and DG considering the impact of
VPFOSF loop will be comprehensively analyzed by impedance-
based approach in the following section to reveal the instability
mechanism. Then, the stability enhancement method will be
further proposed to simultaneously guarantee rapid islanding
detection and overall system stability.

III. IMPEDANCE-BASED STABILITY ANALYSIS

The impedance-based method has been proved effectively in
analyzing the dynamic interactions of multiconverters [30], [31],
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[32], [33]. Thus, the impedance models of different convert-
ers are deduced in the following parts. Using the impedance
model, the conflict between islanding detection speed and grid-
connected system stability is fully illustrated. It is worth noting
that in order to focus on the main work of revealing the destabi-
lizing effect of VPFOSF loop, the detailed analysis of dc source
impedance on the system stability is not included here but the
relevant investigation can be readily found in recent research
results [34], [35], [36].

A. DG Output Impedance Model

According to the small-signal model of the DG controller
given in Fig. 3, the DG output impedance without the VPFOSF
scheme is derived by

Zdg (s) = − v̂dg

îdg
=

Gτ (s)

Gϕ(s)
. (13)

When the VPFOSF scheme is employed, the dynamics of
disturbing current reference given in (8) is written as

îref = Gp(s)(p̂ref − p̂dg) +Gr (s) v̂dg. (14)

Solving (4), (7), (10), (11), and (14), the DG injected current
considering VPFOSF IDS is given as follows, which illustrates
the coupling between VPFOSF loop and the DG injected current
dynamics:

îdg = −Gϕ(s)

Gτ (s)
v̂dg +

Gr (s)

Gτ (s)
v̂dg. (15)

Reformulating (15), the equivalent output admittance Yc(s) is
equal to the sum of the DG intrinsic output admittance Ydg(s)
and the VPFOSF admittance Ydis(s) as follows:

Yc (s) = − îdg

v̂dg
= Ydg (s) + Ydis (s) (16)

where

Ydg (s) = Gϕ(s)/Gτ (s) (17)

Ydis (s) = −Gr (s)/Gτ (s). (18)

Fig. 8 describes the theoretical DG output impedance Bode
diagram with/without the VPFOSF scheme using the simulation
parameters of the DG unit in Table I. Also, a frequency sweep
is carried out to verify the accuracy of the established output
impedance model. Fig. 8 shows the theoretical output impedance
model matches the measured one very well. Moreover, it is
obvious that the equivalent impedance Zc with VPFOSF exhibits
the same characteristics as Zdg below the resonant frequency,
while the magnitude and phase of Zc are consistent with the VP-
FOSF impedance Zdis around the selected frequency. It is evident
that the VPFOSF impedance makes the equivalent impedance
quickly crosses 180° to −180° at oscillation frequency, which
indicates the destabilizing effect of the VPFOSF loop.

B. VSC Output Impedance Model

The dynamics of the VSC and ac grid can be accurately
evaluated based on the d−q reference frame. Fig. 9 shows

Fig. 8. Theoretical and measured impedance Bode diagram of the DG.

Fig. 9. Controller block diagram of the VSC.

the VSC control structure, where voltage controller Gv(s) and
current controller Gc(s) are both the PI controllers.

As shown in Fig. 9, the VSC is mathematically described as{
vd = (Rac + sLac) id − ωgLaciq + ed

vq = (Rac + sLac) iq + ωgLacid + eq
(19)

where Lac and Rac are the filter inductance and parasitic resis-
tance of the VSC, respectively. vd and vq are the d-axis and
q-axis components of the ac grid voltage vabc, respectively, ed,
and eq are the d-axis and q-axis components of the VSC input
voltage eabc, respectively, and ωg is the angular frequency of ac
grid voltage.

To decouple the d-axis and q-axis variables in (19), the current
feed-forward control is used in the VSC controller, and hence,
ed and eq can be derived as follows:{

ed=−Gc(s)(id_ref − id) + ωgLaciq + vd

eq=−Gc(s)(iq_ref − iq)− ωgLacid + vq.
(20)

Inserting (20) into (19), the current dynamics in d-axis and
q-axis are established at the steady state (Vdq, Idq, Vdc, Idc) as
follows: ⎧⎨

⎩
îd=Gc(s)(̂id_ref − îd)

/
(Rac + sLac)

îq=Gc(s)(̂iq_ref − îq)
/
(Rac + sLac) .

(21)
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Fig. 10. Small-signal model for closed-loop control of the d-axis current.

Fig. 11. Theoretical and measured impedance Bode diagram of the VSC.

Since the symmetry of the d−q reference frame, the d-axis
current loop is chosen for further analysis, as shown in Fig. 10.
The closed-loop transfer function of the d-axis current can be
derived as

Gd(s)=
îd

îd_ref
=

Gc(s)KPWM2

Rac + sLac+Gc(s)KPWM2
(22)

where KPWM2 is the equivalent gain of the PWM.
Then, according to the power balance principle between ac-

side and dc-side, and setting Vq = 0 and Iq = 0, the small-signal
model of power balance equation is given by

1.5
(
Vdîd+Idv̂d

)
= sCdcVdcv̂dc+Vdcîdc+Idcv̂dc. (23)

Neglecting the ac grid perturbations in (23), the dynamics of
the dc grid voltage is obtained as follows:

v̂dc = G1(s)̂id +G2(s)̂idc (24)

where {
G1(s)=

v̂dc

îd
= 3Vd

2(sCdcVdc+Idc)

G2(s)=
v̂dc

îdc
=− Vdc

sCdcVdc+Idc
.

(25)

Thus, according to Fig. 10, the VSC output impedance model
is derived as follows:

Zvsc (s) = − v̂dc

îdc
=

−G2(s)

1 +Gv(s)Gd(s)G1(s)
(26)

Similarly, a frequency sweep of the dc output impedance of the
VSC is carried out, as presented in Fig. 11. Obviously, it matches
the theoretical impedance model very well, which demonstrates
the accuracy of the developed model.

Fig. 12. Equivalent impedance circuit for the grid-connected operation.

Fig. 13. Bode diagram of Yi(s) with different values of Kr.

C. Stability Analysis of Grid-Connected Operation

To analyze the grid-connected system stability with the
impedance stability criteria, the equivalent impedance circuit for
the grid-connected operation is developed in Fig. 12. The source-
side equivalent impedance Zo(s) consists of the equivalent bus
capacitance Cdg, the distribution feeder impedance Zline(s),
and the dc output impedance of the VSC Zvsc(s). The load-
side equivalent impedance Zi(s) includes DG output impedance
Zdg(s), VPFOSF impedance Zdis(s), and the resistance load RL.
Zo(s) and Zi(s) are described as follows:

Zo (s) =
Zvsc (s) + Zline (s)

sCdg [Zvsc (s) + Zline (s)] + 1
(27)

Zi (s) =
Zdg (s)Zdis (s)RL

Zdis (s)RL + Zdg (s)RL + Zdg (s)Zdis (s)
. (28)

In Fig. 12, the PCC voltage can be derived as (29), where
T(s) = Zo(s)/Zi(s) is the equivalent loop gain, determining the
interconnected system stability. According to the impedance
stability criteria, the interconnected system will be unstable if
the phase difference between Zo(s) and Zi(s) exceeds −180°
when |Zo(s)| = |Zi(s)|. Therefore, the impact of the VPFOSF
scheme on the grid-connected system stability is discussed with
the help of T(s) in the following:

Vdg =
Vdc + IdgZo(s)

1 + Zo(s)/Zi(s)
=

Vdc + IdgZo(s)

1 + T (s)
. (29)

Fig. 13 shows the amplitude and phase of load-side impedance
Zi(s) with the feedback gain Kr increasing from 0.1 to 5.2 when



SHI et al.: DETECTING SPEED IMPROVEMENT AND SYSTEM STABILITY ENHANCEMENT FOR DC MICROGRIDS ISLANDING DETECTION 3791

Fig. 14. Effects of ωr variation on system stability.

Fig. 15. Effects of transmission line lengths L variation on system stability.

ωr and f0 are set to 5π and 60 Hz. Obviously, with the rise of
Kr, the frequency of the intersection of the curves Zo(s) and
Zi(s) continues to increase, and the phase of Zi(s) gradually
crosses 90° around the oscillation frequency. Since the phase
of Zo(s) is close to −90°, the phase of T(s) at the oscillation
frequency would exceed −180°. In this case, according to the
impedance stability criterion, the system will be unstable as long
as |T(s)| > 0 dB. This means the increase of Kr can improve the
islanding detection speed, but decrease stability margin of the
interconnected system.

As shown in Fig. 14, the effect of increasing ωr on the grid-
connected system stability margin is investigated by the Nyquist
plots of T(s). It shows that although increasing ωr slightly
enhances the islanding detection speed illustrated in Fig. 7, it has
less effect on the stability margin in the grid-connected mode.
Thus, the root cause of the instability problem in Fig. 14 is that
the selection of Kr causes the phase deviation between Zo(s) and
Zi(s) around the oscillation frequency more than −180°.

Moreover, Fig. 15 shows the Nyquist diagrams of T(s) with
different transmission line lengths L under the condition of Kr =
2. As illustrated in Table II, the resistance and inductance of dc
transmission line are 0.22 Ω/km and 0.3 mH/km, respectively.
As shown in Fig. 15, with the increase of L, the Nyquist curve of
T(s) expands to the left half-plane, gradually enclosing (−1, 0)
and driving the system to an unstable state. That is because the
amplitude intersection of Zo(s) and Zi(s) moves toward a higher
frequency bandwidth, causing the phase deviation between them
would exceed −180°.

TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS OF VSC AND DC GRID

Fig. 16. Real part of dominant eigenvalues with different Kr and ωr of grid-
connected system.

Selecting the transmission line length to be 1 km, and then the
conflict between islanding detection speed and grid-connected
system stability can be further analyzed by dominant eigenval-
ues. Under grid-connected conditions, (5) can be modified as

îdg + îdc = v̂dgYRC . (30)

As presented in Fig. 12, the dc grid current dynamics is
described as

îdc = −v̂dg/(Zvsc + Zline) = −Yg v̂dg. (31)

Combing (4)–(8), (30), and (31), the transfer function of the
PCC voltage to disturbing current at grid-connected state can be
obtained as

Sc (s) =
v̂dg

îdis
=

1

Gϕ(s) +Gτ (s) (YRC + Yg)
. (32)

According to the control diagram presented in Fig. 2, the
characteristic equation of the grid-connected system is expressed
as

1−Gr (s) · Sc (s) = 0. (33)

Setting f0 to 60 Hz, and then the real part of dominant eigenval-
ues calculated by(33) in the grid-connected mode with different
feedback gain Kr and bandwidth ωr is displayed in Fig. 16. The
red line represents the stability boundary in the gird-connected
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Fig. 17. Real part of dominant eigenvalues with different Kr and ωr of
islanding system.

Fig. 18. Effective sets to realize rapid islanding detection while guaranteeing
the grid-connected system stability.

mode, and the cases below this line mean that the overall system
can preserve stability. Meanwhile, to achieve successful island-
ing detection, the dominant eigenvalues of islanding system need
to have positive real part. As shown in Fig. 17, it shows that the
real parts calculated by (12) rise rapidly with the Kr and ωr

increasing, which means that the detection speed will improve.
The cases above the red line in Fig. 17 indicate that the PCC
voltage is able to oscillate with the selected frequency to detect
islanding events.

According to Figs. 16 and 17, the combinations of Kr and
ωr that make the dc microgrid realize rapid islanding detec-
tion while guaranteeing grid-connected system stability are de-
scribed in the shadow region of Fig. 18, namely effective region.
As seen from the figure, with the increase of Kr, it will exceed the
effective region, indicating the instability of PCC voltage. As a
result, there is always a maximum value for Kr, which sometimes
can be quite small. In this situation, the system fails to keep stable
even under grid-connected conditions due to the conflict between
islanding detection speed and system stability. Therefore, to
realize rapid islanding detection and grid-connected system
stability simultaneously, a simple and practical compensating
method is further presented in the following.

IV. STABILITY-REGION-BASED ACTIVE-DAMPING DESIGN

In this section, the concept of active damping is proposed
to mitigate instability caused by the VPFOSF loop. Then, the

stability region of the interconnected system is derived using
output admittance model, which guides the design method of
the proposed grid-current-based active-damping control and
provides an effective solution to the conflict between islanding
detection speed and grid-connected system stability.

A. Active-Damping Stabilizing

According to the previous analysis, the root cause of insta-
bility issues of the interconnected system is the VPFOSF loop
causes the phase deviation between Zo(s) and Zi(s) to exceed
−180° around the oscillation frequency. To address this issue,
an active-damping stabilizing scheme is further proposed to
suppress the phase advance of Zi(s) at the actual oscillation
frequency. The implementation diagram is depicted in Fig. 19,
where the Gs(s) is the designed active-damping stabilizing con-
troller.

Several traditional stabilizing schemes selected the bus volt-
age as the feedback signal [37], [38]. They are different with the
VPFOSF IDS because their stabilizer operates to stabilize the
voltage, but the VPFOSF loop operates to destabilize the voltage.
To avoid the malfunction of the VPFOSF IDS, the proposed
active-damping stabilizing method is designed based on the dc
grid current signal because the grid current will diminish in the
islanding mode. In this manner, the proposed stabilizing method
is only enabled under grid-connected conditions. Moreover, the
stabilizing loop can suppress the phase advance issue caused by
the increase of the positive feedback gain so that the detection
speed and stability margin can be improved simultaneously.
Therefore, the proposed active-damping stabilizing method is
advantageous over these previously stabilizing schemes.

As presented in Fig. 19, the stabilizing current iv can be
obtained as

îv = Gs (s) îdc. (34)

Accordingly, the DG current reference dynamics given in (14)
is modified to include the active-damping loop as

îref = Gp(s)(p̂ref − p̂dg) +Gr (s) v̂dg +Gs (s) îdc. (35)

Solving (4), (7), (10), (11), and (35), the DG injected current
dynamics is then derived as follows:

îdg = −Gϕ(s)

Gτ (s)
v̂dg +

Gr(s)

Gτ (s)
v̂dg − Gs(s)Yg

Gτ (s)
v̂dg. (36)

Reformulating (36), the update total output admittance Yc (s)
can be obtained that equals the sum of the DG output admittance
Ydg(s), the VPFOSF admittance Ydis(s), and the active-damping
loop admittance Ys(s) as follows:

Yc (s) = − îdg

v̂dg
= Ydg (s) + Ydis (s) + Ys (s) (37)

where

Ys (s) = 1/Zs (s) = Gs(s)Yg(s)/Gτ (s). (38)

Accordingly, the impedance model for the grid-connected dc
microgrid is reshaped as Fig. 20, and thus, the equivalent loop
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Fig. 19. Small-signal model of the DG controller with the proposed active-damping control.

Fig. 20. Reshaped impedance model for the grid-connected dc microgrid.

gain T(s) is modified as

T (s) = Zo(s) [Yi (s) + Ys (s)] =Zo(s)Yis (s) . (39)

B. Stability Region

As described in Fig. 13, the phase of source-side impedance
Zo(s) is between −90° and 0°. In this case, the interconnected
system will remain stable as long as the phase of T(s) stays
within [−180°, 180°]. In light of (39), T(s) is composed of Zo(s)
and Yis(s), and their phase relationship is given by (40). Thus,
to ensure that the phase range for T(jω) satisfies the stability
requirements, the allowed �Yis(jω) is within [−90°, 180°]

T (jω) = ∠Zo(jω) + ∠Yis(jω). (40)

According to (39), the reshaped load-side admittance Yis(s)
is decomposed into two parts: Yi(s) and Ys(s). Fig. 13 shows
that the phase of Zi(s) in the instability region is between 90°
and 360°. That is to say, the unstable phase range of Yi(s) is
[−360°, −90°]. To derive the limitation of Ys(jω) phase, phase
range of Yi(s) is divided into three parts in the following. First
of all, when �Yi(jω) locating in [−360°, −270°], as long as
ensuring Ys(jω) is not in the third quadrant, Yis(jω) will never
enter the forbidden region, as depicted in Fig. 21(a). Similarly,
when �Yi(jω) locating in [−270°, −180°], the phase range
for Ys(jω) should be [�Yi(jω)+180°, 180°], as depicted in
Fig. 21(b). Otherwise, Yis(jω) will easily enter the forbidden
region as long as the Ys(jω) has a large magnitude. Finally,
the worst condition is when Yi(jω) locating in [−180°, −90°],
as illustrated in Fig. 21(c). To ensure �Yis(jω) locating in the
desired range, it is necessary to simultaneously ensure that the
phase range for Ys(jω) is [−�Yi(jω) −180°, −�Yi(jω)], and the
amplitude of Ys(jω) is larger than the oscillation peak of Yi(jω).

Based on the above analysis, the limitation of Ys(jω) phase
and magnitude can form the stability region, as depicted in

Fig. 21. Phasor diagram of Yis(jω).

Fig. 22. Bode plots of Ys(s) with and without Gs(s).

Fig. 22, where the phase of Yi(jω) at f1, f2, and f3 is −90°,
−180°, and −270°, respectively. That is to say, to achieve the
interconnected system stability, the Ys(jω) should be located in
the shadow region. Thus, the derived stability region provides
simple and practical guide to the design method of the proposed
active-damping stabilizing control method.
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Fig. 23. Control performance of the active-damping stabilizing control.

C. Design Principles

According to (38), Ys(s) is composed of Gs(s) and Yg(s)/Gτ (s),
and the bode plot of Yg(s)/Gτ (s) is presented in Fig. 22. It is
worth noting that the phase of Yg(s)/Gτ (s) has been located in
the stability region in the range of [0, f4], but it gradually turns
into a negative damping characteristic at the high-frequency
bandwidth. Meanwhile, the magnitude of Yg(s)/Gτ (s) is lower
than the oscillation peak in the range of [f1, f2], which results
in not being covered by the magnitude stability region. To solve
this problem, the stabilizer transfer function Gs(s) is presented to
advance the phase of Yg(s)/Gτ (s) at a high-frequency bandwidth
by differential terms and rise its magnitude in the range of [f1,
f2] by gain terms. Furthermore, a low-pass filter is introduced to
effectively avoid the harmonic amplification caused by the dif-
ferentiator. Thus, the active-damping stabilizer transfer function
Gs(s) can be obtained as follows:

Gs (s) = Ks
s+ ω4

s+ ωc
(41)

where ω4 = 2πf4, Ks is the stabilizing gain, and ωc is the cutoff
frequency of the low-pass filter.

The first parameter ω4 can be easily achieved because the DG
controller, VSC, and the feeder impedance are fixed in Tables
I and II. The second design parameter ωc is selected to be five
times higher than the current loop bandwidth. Finally, Ks should
be designed to ensure that the magnitude in the range of [f1, f2]
is within the stability region.

The green curve in Fig. 22 shows the bode plot of the stabi-
lizing loop admittance Ys(s) = Gs(s)Yg(s)/Gτ (s), where ω4 =
3070 rad/s,ωc= 15 000 rad/s, and Ks = 22. Obviously, the phase
of Gs(s)Yg(s)/Gτ (s) has the same characteristics as Yg(s)/Gτ (s)
at a low-frequency bandwidth. Then, the impedance of Ys(s)
can be completely corrected to positive damping characteristic
above f4. Meanwhile, the magnitude of Ys(s) is increased in the
range of [f1, f2] to be covered by the magnitude stability region.
Fig. 23 further shows the control performance of active-damping
control. By comparing Zi(s) and Zis(s), it is known that em-
ploying active-damping control method can suppress the phase

Fig. 24. Nyquist plots with different Kr when active-damping method is used.

Fig. 25. Nyquist plots with different Kr when tradeoff method is used.

advance of Zi(s) at the actual oscillation frequency to make the
phase deviation between source-side impedance and load-side
impedance meet the stability criterion, and thus improving the
system stability margin.

D. Performance Comparison Between IDS With Active-
Damping Method and Tradeoff Method

The VPFOSF IDS with the tradeoff method [24] selects a
conservative range of feedback gain Kr to ensure the enough
stability margin. If the active-damping stabilizer is designed to
suppress the phase advance issue caused by the increase of Kr,
the grid-connected system stability margin can be improved
while enhancing the islanding detection speed compared to
the tradeoff method. To validate the superiority of the active-
damping method, their stability margin variation with the Kr

increasing is shown in Fig. 24. It clearly shows that the Nyquist
contour of T(s) does not encircle (−1, 0) with the Kr rising when
using active-damping method, but the stability margin based on
tradeoff method is deteriorated, as shown in Fig. 25. Moreover,
with the transmission line length L increasing from 1 km to 6 km,
the stability margin when using the active-damping stabilizing
method is studied in Fig. 26. It can be seen that the stability
margin is little affected compared with Fig. 15 because the phase
advance issue has been suppressed. These results mean that the
overall system based on the proposed active-damping method
has a faster islanding detection capability while guaranteeing
system stability under grid-connected conditions.
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Fig. 26. Nyquist plots with different transmission line lengths when active-
damping method is used.

Fig. 27. Real part of dominant eigenvalues with different Kr and ωr of grid-
connected system using the active-damping method.

The compensation performance can be further analyzed by
the characteristic equation of the grid-connected system. When
the proposed active-damping method is used, the real part of
dominant eigenvalues of grid-connected system with the value
of Kr and ωr increasing is displayed in Fig. 27.

Comparing Figs. 16 and 27, the value of Kr corresponding
to the stability boundary in the gird-connected mode becomes
much larger after using the proposed stabilizing control, allow-
ing the system stability margin to be improved. Finally, accord-
ing to Figs. 17 and 27, the effective design that makes the dc
microgrid realize rapid islanding detection while guaranteeing
stability in the grid-connected mode are depicted in Region I
of Fig. 28. As long as ensuring the Kr staying in the Region
I, the active-damping stabilizing loop can always remain active
to effectively address the conflict between detection speed and
system stability. Similarly, the effective combinations with the
tradeoff method are located in Region II, which is fully covered
by Region I. Comparing with the tradeoff method, using the
active-damping method not only can achieve faster islanding
detection in Region II, but also greatly improve the overall
system stability margin, allowing the system keeps stable even
outside the Region II.

V. SIMULATION RESULTS

In this section, the performance of the proposed active-
damping scheme is evaluated in the grid-connected dc microgrid

Fig. 28. Stability margin comparison between the proposed active-damping
method and conventional tradeoff method.

Fig. 29. System response at grid-connected operation.

shown in Fig. 1 under the MATLAB/Simulink environment.
Then, the capability of islanding detection is assessed with
both the VPFOSF IDS and the proposed stability enhancement
method used. Furthermore, the system robustness is tested under
different operating conditions. Also, the advantages of the pro-
posed active-damping method are validated by comparing with
the conventional methods. Finally, the operation performance of
a two-DG system is assessed. The system simulation parameters
are listed in Tables I and II.

A. Grid-Connected Test

The test is carried out to examine the grid-connected operation
performance with the VPFOSF IDS. Kr and ωr are set to 3
and 15 π, respectively. Fig. 29 shows the system responses
with VPFOSF and proposed stabilizing control. First, the PCC
voltage shown in Fig. 29(a) is driven to lose stability in the
grid-connected mode when the VPFOSF loop is enabled at t =
0.4 s, which is in accordance with the stability analysis presented
in Fig. 14. Meanwhile, the current disturbance excites mutually
with the PCC voltage and causes the oscillation of DG injected
current. Then, the proposed stabilizing scheme is activated at t
= 0.8 s. Affected by the active-damping loop, the PCC voltage
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Fig. 30. System response after an islanding event.

and DG injected current are restored to 1.0 p.u. within 0.2 s, as
depicted in Fig. 29(a) and (c). The well-damped performance
proves the effectiveness of the proposed stabilizing control.

B. Islanding Test

Once the islanding event occurs, the VPFOSF scheme causes
an oscillation with the selected frequency in the PCC voltage.
On the other hand, the active-damping control is designed to
mitigate the oscillation under grid-connected conditions. Thus,
it is important to evaluate the islanding detection performance
with both the VPFOSF and proposed stabilizing scheme used.
In this study case, the DG and load operate at their rated power
to satisfy power neutralizing, which is the worst condition to
detect islanding events. The resonant frequency f0 is selected
to be 60 Hz, the positive feedback gain Kr is 3, and resonant
bandwidth ωr is set to 10 π. As shown in Fig. 30(a) and (b), the
PCC voltage is stable in the grid-connected mode and the current
disturbance is close to zero because of the stabilizing loop effect.
At t= 1.2 s, the islanding event occurs, the PCC voltage is driven
to oscillate at 60 Hz due to the loss of the voltage support, as
shown in Fig. 30(a) and (d). Also, the disturbing current excites
mutually with the PCC voltage and causes the oscillation of
the DG injected current in the islanding mode, as indicated in
Fig. 30(b) and (c). Finally, the islanding event can be detected
within 0.14 s with less voltage fluctuation, which is only 0.01
p.u. Because of the good power quality, the control mode of DG
can be transferred to the constant voltage control seamlessly

Fig. 31. Seamless transfer after an islanding event under resistive load
condition.

Fig. 32. Voltage response with Kr rising.

after the islanding event is detected. As described in Fig. 31,
the PCC voltage smoothly recovers to 1.0 p.u. after successful
detection, which improves the power supply reliability during
the islanding modes. This case indicates that the functionality
of the proposed active-damping stabilizing method would not
conflict with the VPFOSF IDS.

C. Parameter Validation Test

In this test, the positive feedback gain Kr is set as 3, 3.2, and
3.4, respectively, to examine the compensation performance of
the proposed active-damping scheme. As depicted in Fig. 32,
the oscillation magnitude of the PCC voltage becomes larger
with the Kr increasing, but all of them can be suppressed within
0.2 s when stabilization is activated, which matches the stability
analysis shown in Fig. 24. Moreover, the detecting time under
three conditions decreases with the Kr rising and the DG stops
supplying power to loads after islanding events are detected.
This result shows that the proposed active-damping compensator
may effectively address the conflict between islanding detection
speed and grid-connected system stability.

D. Robustness Test

The system dynamic response in different operation condi-
tions is tested to assess the robustness of the grid-connected
system with the proposed stabilizing schemes. Then, the impact
of load switching, DG power changing, and VSC voltage chang-
ing on the DG equipped with both the VPFOSF scheme and
proposed stabilizing control is simulated, as shown in Fig. 33.
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Fig. 33. Stabilized system response against perturbations caused by load
switching, DG power changing and VSC voltage changing.

It is distinctly noticed that the active-damping control can pre-
serve system stability effectively when the VPFOSF scheme is
enabled. Furthermore, the pure resistive load increases by 0.1
p.u. at t = 2 s and decreases by 0.1 p.u. at t = 3 s. The DG
injected power increases by 0.1 p.u. at t = 4 s and decreases
by 0.1 p.u. at t = 5 s. These external large disturbances result
in a voltage sudden change at DG PCC, and then the voltage
regulation loop of the VSC works to regulate the bus voltage
to enter a new steady state within 0.3 s, as shown in Fig. 33(a).
Finally, the dc gird voltage changes by +5%, −5% of rated
voltage at 6 and 7 s, respectively. Although the response of PCC
voltage is determined by the VSC control bandwidth without the
sudden change, the total regulation time in these three operation
cases is the same because the responses in the PCC voltage are all
dominated by the voltage loop dynamics of the VSC. It is also
noted that the DG injected current dynamics show negligible
overshoots, and the DG injected power is nearly unchanged at
the steady state, as presented in Fig. 33(b) and (c). These results
indicate the good robustness of the proposed stabilizing control
scheme.

Furthermore, CPL conditions and constant current load (CCL)
conditions are considered for testing the islanding detection
performance when DG is equipped with the proposed active-
damping stabilizing scheme. The simulation results of DG PCC
voltage under two different load conditions are displayed in
Fig. 34. It clearly shows that the islanding event under both
conditions can be detected within 2 s. The DG transfers seam-
lessly to the constant voltage control after successful islanding
detection. It is also worth noting that the detection speed under
both CPL conditions and CCL conditions are faster than that
under pure resistive conditions shown in Fig. 31 as the resistive
load has the largest NDZ. These cases indicate that the proposed
IDS is applicable for any load conditions.

E. Comparison Test

To validate the advantages of the proposed control method in
improving power quality, islanding detection speed, and grid-
connected system stability, three cases are carried out using the

Fig. 34. Islanding detection performance under CPL and CCL conditions.

Fig. 35. Comparison of islanding detection performance when DG using
FBPF method and proposed active-damping method.

Fig. 36. Performance comparison under islanding and grid-connected station
when DG using tradeoff method and proposed active-damping method.

proposed active-damping method, conventional FBPF method,
and tradeoff method, respectively. In the first test case, the Kr

and ωr are selected to be 3 and 15 π, respectively, and the
positive feedback gain of the FBPF method is set to 1.3. As
shown in Fig. 35, the oscillation amplitude of the FBPF method
is much higher than that of the VPFOSF after the islanding event
occurring at 1.2 s. Then, the islanding condition is detected after
130 ms with a small voltage fluctuation of only 0.03 p.u. by
VPFOSF method, while the FBPF method requires the PCC
voltage to be shifted out of 0.88 p.u. to detect islanding events.
It indicates the VPFOSF method has good power quality and
faster detection speed. In the second test case, the oscillation
frequency with the tradeoff method is set to 45 Hz [24]. Kr

and ωr are selected to be 1.8 and 15 π, respectively. Fig. 36(a)
shows that both methods can keep stable during grid-connected
modes and detect islanding events successfully utilizing the
frequency information, but the detection speed based on the
proposed active-damping method is faster than that based on
the conventional tradeoff method. In the last test case, Kr and
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Fig. 37. System response of a two-DG system.

Fig. 38. Experimental setup of dc microgrid.

ωr are set to 3 and 15 π, respectively. Fig. 36(b) shows that
the DG equipped with the proposed active-damping method
can still operate normally, but the system with tradeoff method
loses stability in the grid-connected mode after VPFOSF IDS is
activated. This result is completely consistent with the stability
margin analysis given in Fig. 28. It concludes that the proposed
stabilizing scheme is a more effective way to solve the conflict
between islanding detection speed and grid-connected system
stability.

F. Multiple DGs System Test

Moreover, the effectiveness of the proposed active-damping
control has been also verified in the multiple-DG system. The
simulation parameters of the two DGs are the same, where
Kr = 3, ωr = 15π, and f0 = 60 Hz. As shown in Fig. 37,
the oscillation of PCC voltage is much more serious after the
VPFOSF is activated than the signal-DG system as Fig. 29, but
when the stabilizing control is enabled at 0.8 s, each DG can
recover to the stable state within 0.2 s. Finally, after an islanding
event occurs, successful islanding detection costs only 135 ms.
These results further validate the effectiveness of the proposed
stabilizing scheme.

VI. EXPERIMENTAL VALIDATION

To verify the theoretical analysis, a downscaled laboratory
prototype is established with the parameters listed in Tables I
and II, as presented in Fig. 38. A dc source and buck converter
are used as a DG unit to support resistive loads. A Chroma

Fig. 39. System response at grid-connected operation.

Fig. 40. System response after an islanding event in a single DG system.

61800-series ac grid simulator and VSC are employed to regu-
late the dc bus voltage. A Tektronix MD03014 oscilloscope is
used to record the experimental waveform, which can provide
four digital channels, meeting the requirements of measuring
multiple parameters.

A. Grid-Connected Test

The effect of employing the active-damping loop is first inves-
tigated in Fig. 39 for a grid-connected dc system with VPFOSF
scheme. Obviously, the dc system is stable until the VPFOSF is
enabled, where the Kr and ωr are selected as 0.06 and 2 π, and
oscillation frequency is selected as 6 Hz as it is the most sensitive
frequency based on the analysis of the experiment parameters.
Then, PCC voltage vdg, DG injected current idg, and dc grid
current idc begin to oscillate, as presented in Fig. 39. After the
proposed stabilizing scheme is activated, the system gradually
restores its stability, showing a well-damped performance.

B. Islanding Test

Then, the islanding test is carried out by setting the power of
generation exactly neutralizes the power consumption to ensure
the ability of the VPFOSF IDS under the worst scenario. The
experimental results are depicted in Fig. 40. After an islanding
event, the dc grid voltage vdc keeps 200 V, while the dc grid
current idc recovers to zero because of the disconnection between
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Fig. 41. Seamless transfer after an islanding event is detected.

Fig. 42. Voltage responses with Kr increasing under grid-connected condi-
tions.

the VSC and PCC. Besides, the PCC voltage vdg and DG injected
current idg gradually oscillate at the selected frequency after an
islanding event. Fig. 40 shows the practical oscillation frequency
of vdg is 5.879 Hz, which corresponds with the theoretical
selection (6 Hz). At the same time, the oscillation amplitude
of PCC voltage is only 0.03 p.u., which shows the advantages
of VPFOSF scheme in good power quality. After successful
detection, the DG is switched to constant voltage control mode
to ensure the islanding system reliability. The whole seamless
transfer process is presented in Fig. 41.

C. Parameter Validation Test

Furthermore, the impacts of Kr variation on the grid-
connected stability and islanding detection speed are shown in
Figs. 42 and 43, respectively. Fig. 42 shows that the rising of
Kr increases the oscillation amplitude of PCC voltage under
grid-connected conditions, but all three cases can restore the
system stability after the active-damping control is activated.
These results demonstrate the universal validity of the proposed
stability enhancement scheme. Moreover, Fig. 43 indicates that
the islanding detecting time under three cases decreases with the
Kr rising. After the islanding event is detected, the control target
of DG is switched to the voltage regulation mode. By comparing
the three different operation cases, it can be concluded that the

Fig. 43. Voltage responses with Kr increasing under islanding conditions.

Fig. 44. System response with load switching at grid-connected operation.

proposed active-damping method effectively improves the DG
islanding detection speed and grid-connected stability margin.

D. Robustness Test

To test the robustness of the grid-connected operation when
both the VPFOSF IDS and active-damping control are used, the
impact of switching load on the PCC voltage is evaluated, as
shown in Fig. 44. The resistive load increases by 25% at t1 and
decreases by 25% at t2. It shows that the maximum overshoot of
the vdg waveform is less than 5% during the transient periods.
Meanwhile, the response of dc grid current idc indicates that
the variation of load power is fully undertaken by the utility
grid. These results prove the good robustness of the proposed
stabilizing control.

E. Multiple DGs System Test

Finally, the operation performance of the proposed stability
enhancement control in a two-DG system is examined. The
experimental parameters are the same for both DGs, where Kr

and ωr are selected to be 0.06 and 2 π, respectively. Comparing
with the single system response in Fig. 39, Fig. 45 shows that
more severe instability condition in each DG is suppressed by
the active-damping scheme, which agrees with the previous
simulation results. Once the islanding event occurs, the voltage
starts to oscillate at the selected frequency, and the DG system
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Fig. 45. System response under grid-connected conditions in two-DG system.

Fig. 46. System response under islanding conditions in two-DG system.

transfers to the constant voltage control after the islanding event
is detected, as shown in Fig. 46. These results further validate
the effectiveness of the proposed stability enhancement scheme.

VII. CONCLUSION

In this article, an active-damping control scheme has been pro-
posed to address the conflict among islanding detection speed,
power quality, and grid-connected system stability. First, the
detailed output impedance models of the VSC and DG equipped
with VPFOSF IDS are developed and analyzed, which reveal
the impact of VPFOSF loop on the system stability. With the
positive feedback gain increasing, the islanding detection speed
can be improved but the grid-connected system stability margin
would be highly influenced. The root cause of this instability
is that the phase deviation between source-side impedance and
load-side impedance exceeds−180° at the oscillation frequency
caused by the VPFOSF loop. On the basis of this, the sta-
bility region has been investigated and described in detail to
guide the design method of active-damping compensator, and
a grid-current-based stabilizing loop is developed in the DG
controller to suppress the phase advance of load-side impedance
and therefore the overall system stability margin is effectively
improved. In this manner, the rapid islanding detection and
good power quality can be realized, and grid-connected system
stability is also ensured. Finally, the theoretical analysis and

results have been validated by both detailed full-scale simulation
and laboratory-scale experiments.
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