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Abstract- Unintentional islanding events cause potential threats
to the safety of dc microgrids. Selected frequency islanding
detection is considered a promising technology thanks to its good
power quality and high detection accuracy. However, the
conventional  frequency-domain-based islanding detection
parameter boundary cannot consider the impact of detection
time, which causes a quite slow detection speed and thus leads to
detection failure. To overcome this obstacle, a linear model of the
islanding dc system is developed first to analyze the steady-state
response of the voltage at the point of common coupling (PCC).
On top of that, the components of the islanding system
characteristic equation are analyzed based on modal analysis,
which lays a good foundation for simplifying the time-domain
response model of the PCC voltage. Then, the oscillation
trajectory of the PCC voltage triggered by the islanding event is
characterized in the time domain, which facilitates the analysis
and calculation of islanding detection time. Furthermore, the
boundary of the islanding detection parameters considering the
detection time effect is accurately depicted to guide the resonator
design. In this manner, the effect of resonant parameters on the
detection time can be evaluated visually while the fast detection
speed is also ensured. Finally, the proposed method is validated
in simulations and hardware-in-loop experiments.

Index Terms—Islanding detection, dc microgrids, oscillation
trajectory, detection time, boundary characterization.

This work was supported in part by the National Natural Science
Foundation of China under Grant 52107214 and 51977126, in part by the
Program of Shanghai Academic Research Leader under Grant 23XD1421100,
and in part by the Zhejiang Provincial Natural Science Foundation of China
under Grant LZ23E070001. (Corresponding authors: Xin Xiang; Fei Wang.)

Tianling Shi is with the Shanghai Key Laboratory of Power Station
Automation Technology, Department of Electrical Engineering, School of
Mechatronics Engineering and Automation, Shanghai University, Baoshan
District, Shanghai 200444, China, and also with the School of Electrical and
Data Engineering, University of Technology Sydney, Sydney, NSW 2007,
Australia (e-mail: tianlingshi@shu.edu.cn).

Xin Xiang, Boxin Liu, and Wuhua Li are with the College of Electrical
Engineering, Zhejiang University, Hangzhou, 310027, China (e-mail:
xiangxin@zju.edu.cn; liuboxin@zju.edu.cn; woohualee@zju.edu.cn).

Fei Wang is with the Shanghai Key Laboratory of Power Station
Automation Technology, Department of Electrical Engineering, School of
Mechatronics Engineering and Automation, Shanghai University, Baoshan
District, Shanghai 200444, China. (e-mail: f.wang@i.shu.edu.cn).

Jintao Lei is with the Corporate Research Center, Midea Group, Shanghai,
China (e-mail: leijtl@midea.com).

Li Li and R. P. Aguilera are with the School of Electrical and Data
Engineering, University of Technology Sydney, Sydney, NSW 2007,
Australia. (e-mail: li.li@uts.edu.au; raguilera@ieee.org).

I. INTRODUCTION

The penetration of renewable energy sources, such as wind
and solar, has grown rapidly in recent years to facilitate
low carbon emissions and energy conservation [1]-[4]. To
extensively integrate renewable distributed generators (DGSs),
microgrids provide an effective framework with significant
autonomy [5], [6]. Since most DGs are intrinsically dc type, dc
microgrids show great advantages in system controllability,
conversion efficiency, and construction cost [7]-[10].
Therefore, dc microgrids have attracted much interest in future
DGs-dominated power systems.

DC microgrid could experience grid-connected and
islanding operation modes, where islanding is defined as a
state at which the DG is disconnected from the utility grid [11].
The worst islanding condition is when the power of generation
exactly neutralizes the load power, which is hard to detect due
to no variation in the voltage at the point of common coupling
(PCC) [12], [13]. According to IEEE standards [14], islanding
events must be detected within 2 seconds, which is essential
for the safety of the DG and maintenance personnel [15], [16].

In the past decades, some investigations have been
conducted in dc islanding detection methods (IDMs), which
are mainly classified into passive detection and active
detection strategies. In the passive IDMs [17], [18], the PCC
voltage is continuously monitored to allow protection devices
to be triggered due to over/under voltage, but this approach is
only effective under power mismatch conditions, resulting in a
large non-detection zone (NDZ). To reduce the NDZ, the
impedance-based IDMs [19], [20] and hybrid IDMs [3], [12]
were proposed. The impedance technique detects islanding by
measuring the equivalent impedance differences between grid-
connected and islanding modes. However, the system
equivalent impedance will vary at different operating states,
which brings challenges in setting the detection threshold. The
hybrid method is a two-level detection process that uses
passive methods to activate active methods, but a suitable
threshold is difficult to design to switch IDM. To solve this
drawback, a close-loop disturbing-based IDM was first
proposed in [21], where a square wave perturbation
proportional to the voltage fluctuation was injected into the
current signal. Once islanding occurs, the PCC voltage and
current disturbance form mutual excitation, causing the
voltage oscillation amplitude to reach the threshold to indicate
the islanding state. Nonetheless, the disturbance model is
difficult to analyze in detail due to the nonlinearity of the
perturbation, making it hard to guide the islanding detection
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loop parameters design quantitatively.

To further address this issue, some positive feedback-based
IDMs were employed to inject continuously controllable
perturbation to the power or current reference command [22]-
[24]. Four different schemes for implementing a positive
feedback loop were evaluated in [22], where the design
method of the feedback gain was analytically provided based
on the Routh—Hurwitz stability criteria thanks to the linearity
of the detection scheme. However, the detection mechanism of
islanding events still relies on over/under voltage protection,
resulting in reduced power quality and easy confusion with
other faults. To improve the power quality and detection
accuracy, a selected frequency islanding detection (SFID)
technique was proposed [23], [24], which indicates islanding
events by utilizing the frequency information perceived from
the small oscillation of PCC voltage without forcing the PCC
voltage beyond the normal range. With this advantage, it can
make islanding events easily and readily distinguished from
other grid-side events that may cause large fluctuations in
PCC voltage. Moreover, the detailed oscillator parameters
design is provided based on dominant eigenvalues analysis.
Nonetheless, the design of islanding detection parameters in
the above methods is all based on frequency-domain analysis,
which cannot establish the direct relationship between
islanding detection time and control parameters. As a result,
the obtained parameter range can drive the PCC voltage to
lose stability in islanding mode, and there are always some
parameters that are invalid due to the quite slow oscillation
speed. Therefore, an accurate and quantitative description is
urgently required to analyze the PCC voltage dynamics in the

time domain to guarantee effective and fast islanding detection.

In this paper, the SFID scheme is employed due to its good
power quality and high detection accuracy. To overcome the
shortcomings of the conventional parameters design method
based on the frequency domain, a quantitative detection time
calculation method is proposed based on the time-domain
oscillation trajectory of PCC voltage to provide new
constraints for accurate and fast islanding detection. The main
contributions of this paper are summarized as follows:

1) The limitation of conventional islanding detection
parameter boundary derived under frequency-domain
constraint is revealed by developing the equivalent control
model of the islanding dc system.

2) The oscillation trajectory of the PCC voltage triggered by
the islanding event is characterized in the time domain to
facilitate the analysis and calculation of detection time.

3) The boundary of the islanding detection parameters
considering the detection time effect is accurately depicted to
guide the resonator design, which guarantees effective and fast
islanding detection.

The rest of this article is organized as follows. Section Il
first introduces a dc microgrid with SFID control and reveals
the limitations of the conventional frequency domain-based
design method. In Section 1ll, the islanding detection time
calculation method and the parameter boundary of SFID based
on the detection time constraint are highlighted. Both
simulation results and hardware-in-loop (HIL) experimental
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results are demonstrated in Section IV and Section V to
validate the proposed method, respectively. In the end, Section
VI summarizes the conclusions.

Il. SYSTEM DESCRIPTION AND MODELING ANALYSIS

This section will briefly introduce a grid-connected dc
microgrid with the SFID first. Then, an equivalent circuit
model is built to describe the PCC voltage dynamics. On this
basis, the limitation of the conventional islanding detection
parameter design method is fully illustrated.

A. System Descriptions

A typical dc microgrid with bus configuration is described
in Fig. 1 [25], [26], where the DG unit is connected to a dc/dc
converter to feed constant power, and the utility grid works to
maintain dc bus voltage stability and system power balance
through the VSC. Zine represents the transmission line
impedance, Cuus represents the equivalent bus capacitance, and
the load R is considered as a pure resistance since it has the
largest non-detection zone [27], [28].

Fig. 1 also shows the control scheme of SFID. The current
disturbance is generated through a voltage positive feedback
loop, where a resonant controller Ge(s) given in (1) is
integrated to select disturbance frequency.

6 (= ez

$°+2m,S + w;

where K; and w; represent the resonant gain and bandwidth,

respectively. wo represents the most sensitive disturbance
angular frequency.

To achieve sinusoidal oscillation at woto indicate islanding,
the following amplitude and phase conditions need to be
satisfied [29], [30].

{|AA(WO)‘A\E(“’0)|21 @)
on (@) + 9 (@) =207
where Aa(wo) and pa(wo) are the amplitude and phase of the
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amplification loop at wo, respectively; Ar(wo) and gr(wo) are
the amplitude and phase of the feedback loop at wo,
respectively.

B. Equivalent Control Structure of Islanding System

When the DG unit is disconnected from the utility grid
unintentionally due to a transmission line fault, the dc system
operates in the islanding mode. This condition is represented
in Fig. 1 by the circuit breaker (C.B) opening. In this case, the
PCC voltage dynamics is completely determined by the output
voltage of the dc/dc converter and is not influenced by the ac
side nonlinear load switching. Under the hardest power
neutralization condition, the small signal model of DG current
can be linearized as

Vg Hge /R 3)

&
Idg = Scbus dg

where iqq is the DG output current, and vqg is the PCC voltage.
According to Fig. 1, under continuous current disturbances,
the dynamics of the reference current is expressed as

i’\ref :(Kpp+Kpi/S)(pref_ﬁdg)+fdis (4)
where Kpp and Kji are the proportion and integral coefficients

of the power PI controller, respectively, prer is the DG power
reference, and the DG output power pqg can be linearized as

f)dg = |0\7dg +V0idg (5)
where Vo and lo are the steady-state voltage and current of the
PCC, respectively.

According to TABLE I, the bandwidth of the current loop is
1.2kHz, and the bandwidth of the outer power loop is 70Hz.
Since the PCC voltage in the islanding mode is most sensitive
to low-frequency current disturbance [24], [25], the inner
current loop could be simplified as (6), which would not have
much effect on the oscillation characterization of PCC voltage.

i\dg = i\ref (6)
Then, in the power neutralization islanded scenario where

Vo=RLlo, by solving (3)-(6), the amplification loop can be
modeled as

G (5)= = pra 0
lgs  D,8° +0s+by
where
a =R,
b, = C, R +C RV K, @®)
b =1+2V K, +C, R V,K,
by = 2V, K,

According to the SFID scheme presented in Fig. 1, the
current disturbance can be derived as

iAdis = Gr (S)\?dg (9)

Thus, the control structure of the islanding system under

continuous current disturbances can be equivalent to Fig. 2(a),

and the PCC voltage dynamics can be described as (10). With

the SFID, the PCC voltage aims to show a sinusoidal

oscillatory response in islanding modes, as shown in Fig. 2(b).
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C. Limitations of Conventional Boundary

The conventional design method of islanding detection
parameters usually takes the islanding system stability
boundary as the criterion [22]-[25]. To analyze the marginal
stability of the islanding dc microgrid, inserting (1) and (7)
into (10), the characteristic equation can be obtained as

bys* +(2b,, +by)s® +<b2a)§ +2bw, +b, - 2alK,wr)
+(byof + 2y, ) +Ip0] =0

where wo is expressed as follows [30].

2i, K,
o = |—teT (12)
Cous (1+VoK 5 )

Then, according to the Routh—Hurwitz stability criteria, the
boundary of K and w, for marginal stability of the islanding
system is derived as

{Kr > (1+ 2V K, +CR VK, ) /R,

w, >0

1)

(13)

However, this frequency-domain-based boundary is not a
sufficient condition for successful islanding detection due to
the detection time is not taken into consideration. To further
demonstrate this issue, the variation trends of islanding
detection time with K, and w, changing are described in Fig. 3
based on the time-domain simulation parameters given in
TABLE I. As shown in Fig. 3(a), wr is set to be x rad/s, and
the detection time decreases as K, increases. When K; is
smaller than 2.5, the detection time is larger than 2 seconds.
Similarly, when K is 1.5, wr is set to at least 4= rad/s to ensure
successful detection within 2 seconds, as presented in Fig. 3(b).
This means that when using conventional design methods,
there is always a potential combination of K, and «, that
makes the DG unit unable to provide accurate detection
information for islanding protection within the required 2
seconds. Thus, detection time will be further analyzed and
calculated in the following section to guide the SFID design.

I1l. OSCILLATING TRAJECTORY CHARACTERIZATION
AND DETECTION TIME CALCULATION

In this section, the islanding system characteristic equation
are analyzed first to simplify the time-domain model of PCC
voltage. Then, the time-domain oscillation trajectory of the
PCC voltage is characterized to facilitate the calculation of
detection time. Furthermore, the boundary of islanding
detection parameters considering the detection time effect is
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depicted to guide the SFID design. In this manner, the impact
mechanism of detection time can be revealed while the fast
detection speed is also ensured.

A. Analysis of Characteristic Equation

According to (1), (7) and (10), the PCC voltage dynamics
&(s) can be expanded as

o(s)=— Ais:+Azszz+Als (14)
S"+B,s”+B,s" +B;s+B,
where
Ay =a /b,
A, =23, /b,
A =a,} /b,
B, = (2b,, +b,)/b, (15)

B, = (b, + 2,0, +b, — 22K, @, ) /b,

B, = by} + 20y, ) Jo,
B, = boa)g /bz

The high-order characteristics of (14) bring great challenges
to the time-domain analysis. To simplify further, the high-

order characteristic equation is written as a combination of
standard second-order equations in the following.

(sz+as+ﬂ)(sz+ys+6):0 (16)
As for a standard second-order system, 5 and ¢ are positive;

thus, a and y determine the damping ratio of the system. Then
(16) can be expanded as

st+(a+y)s’+(B+ay+8)s’ +(ad+pr)s+ps=0 (17)
where

a+y=B,
B+ay+d6 =8, (18)
ad+ Py =B,
po =B,
Solving the four equations in (17), we can obtain six roots

of coefficient a. Ignore the imaginary roots and retain the two
real roots as

2 3 3G 3x2
(19)
1/3
a2—183+i B§—4 ﬁ_ﬁ_ Gll/S
2° 2 3 3G, 3x2

where G is defined as follows

1/3
G, (6, +/G 46} (20)

In addition, G2 and Gs in (19) and (20) are expressed as
G, = BZ —3B,B, +12B, (21)
G, =2B; +27B;B, +27B? -9B,B,B, ~72B,B,  (22)
Similarly, the solution of coefficient y has the same form as

a. It can be clearly seen from (19) that a2>0, but the
characteristic of aa requires further analysis. According to the

mechanism of SFID, PCC voltage dynamics is a divergent
oscillation process with a particular frequency. This means
that the islanding system poses negative damping. That is to
say, a1 must be negative, otherwise the system is stable.

Assuming that a<0, y>0, and thus a=a1, y=az. In this case,
and o are derived as

p=p = 0‘2“120[_ B22‘1 +B (23)
27
S=p, = By (a, — ) (24)

2
a0 — By + B

B. Oscillation Trajectory-Based Detection Time Calculation

In the dc microgrid model, the occurrence of islanding is
emulated by manually disconnecting the C.B. To characterize
the oscillating trajectory of PCC voltage triggered by an
islanding event, a step-perturbation is used to simulate
islanding events and describe the system dynamic response.
Thus, the PCC voltage @ (s) triggered by the islanding event
can be calculated by multiplying &(s) with the Laplace
function of the unit step as follows.

2
_ ASTHASTA (25)
(s +as+B,)(s” +a,5+,)
To facilitate time-domain analysis, (25) can be factored as
A4S+

qﬁ'(s):%@(s):

! _ /,iQS+772
?'(s)= P ras+f, SS+a,s+f, (26)
where
A= A3(a2ﬂl_a1ﬂ2)+A2(ﬂ2_ﬂ1)+Ai(al_a2)

ﬂf + ,810‘22 + ﬁzaf + ﬁzz -, f —aa,p, 285
A= A(afi—af)+ A (B —B)+ Al —a,)

ﬂlz + ﬂlazz + ﬂzalz + 1822 -, —aa,f, =25,
m=

A(BE=BB)+ A (B -auf)+ Ao + B, - ava, - )
ﬁf +ﬂ10{22 +1320‘12 +ﬂ22 -, B a0, f, =285,

=

Az(ﬂzz _ﬂ1ﬁ2)+ A, (alﬂz —0!2,32)+ A&(azz +p —aa, _:Bz)
B+ Ba; + Boas + By —ana, f— vy ff, =28,

@7)
Take the inverse Laplace transform of (26) and further
discuss two cases. If each characteristic equation has two real
roots, the PCC voltage amplitude in the time domain will rise
exponentially without oscillation, which is a simple and fast
special detection case that is not discussed in detail in this
article. In another general case, each characteristic equation

has a pair of conjugate roots, and the PCC voltage in the time-
domain model can be described as

@' (t) = 4™ cos(mpt) + 1 g2 gip (opt)
. (28)
+ 2,6 % cos( @yt ) + T2 geat/2 i (@pt)
®p;,
where wp1 and wp are the oscillation angular frequency.
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According to the previous analysis, a1 is negative and a; is
positive, which means that the amplitude of e 2 decreases
with time increasing, and the maximum amplitude appears
close to the beginning. Since the standard for SFID to indicate
an islanding condition is to detect three consecutive oscillation
cycles whose frequency agrees with the disturbance frequency,
the amplitude of e*Y2 at that moment has attenuated close to
zero. Thus, the last two terms can be ignored in (28), and wp:
is called the practical oscillation angular frequency as defined
in (29). It is also worth noting that (4f1-01%)>0 when the
system has a pair of conjugate roots.

1
Dy = E\/4ﬂ1 _0‘12 (29)

Hence, the oscillating trajectory of PCC voltage in time
domain can be rewritten as

' — -ont/2 i ~ont/2 o 30

@'(t) = 4™ cos(mpt) + o e“/2sin(wpt)  (30)

It can be seen from (30) that gaining the exact solution of

time t is quite difficult since it involves both amplitude and

frequency parts. According to the detection principle of SFID,

the detection time is determined by the oscillation start time,

which is indicated by the amplitude threshold. Thus, the

detection time problem can be transformed into calculating the

time for the PCC voltage amplitude envelope to reach the
target threshold. The envelope equation of &'(t) is given by

P (t)= &, X+ (771/‘%1 )2 g2 (31)

Assume that the voltage fluctuation threshold is set to n V
to indicate the occurrence of oscillation. It is worth noting that
the oscillation threshold should be larger than the voltage
ripple to avoid power quality problems caused by the ripple
[31], [32] that affect islanding detection and detection time

1 ‘ I 5
0
0
-5
B ‘
-10
vsn I
8
2.5
Ke Z:a(\JS)

0o or
Fig. 6. Dominant eigenvalues variation with resonant parameters changing.

Real part of dominant eigenvalues

16

—— Frequency-domain brid—connected boundary
——Frequency-domain islanding boundary
----- Time-domain islanding boundary

L ]

Effective Parameter
Selection Domain

0 2.51 5n
wy (rad/s)
Fig. 7. Effective parameters selection-domain.

calculation. Thus, when the amplitude of PCC voltage rises to
n V and experiences three consecutive oscillation cycles, the
detection time can be calculated as

2 6
At = _a_ln (nwp1/1[w§1/112 + 1} )+a)_ (32)
1 pl

It can be obtained from (32) that the detection time is
determined by the a1. According to (15) and (19), for a known
system, a1 a is a function composed of K, wr and wo. The
design method of wo has been given in (12), and thus the value
of a1 is determined by Kr and wr. To make the PCC voltage
oscillate in the islanding mode and reach the set amplitude
threshold within 2 seconds, the detection time analysis and
islanding detection parameters design considering the impact
of detection time will be given in the following.

C. Parameter Boundary Characterization

The envelope curves of PCC voltage with different K, and
wy are presented in Fig. 4. It can be seen from Fig. 4(a) that
the growth rate of the envelope becomes faster with K; rising
due to the increase of the exponent -a;. This means that with a
large K., the PCC voltage reaches the amplitude threshold
quickly, and thus the required detection time is less. Similarly,
with K, set as a constant, Fig. 4(b) shows that increasing wr
can also improve the rise rate of PCC voltage envelope, which
contributes to improving the detection speed.

According to (32), the relationship among detection time,
Kr, and oy is further demonstrated in Fig. 5. It can be seen
from this figure that the detection time decreases as K
increases from 0 to 16 and wy rises from 0 to 5= rad/s, which
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thanks to the increasing growth rate of the PCC voltage
amplitude shown in Fig. 4. The effective detection time
boundary is indicated by the red line in Fig. 5, and the case
above this line means that the islanding event can be detected
within 2 seconds.

It is worth noting that the design principle of the islanding
detection loop is to make the PCC voltage oscillate during
islanding events but maintain stable operation at grid-
connected states. Thus, the dominant eigenvalue analysis is
employed to describe the stability boundary of the grid-
connected system in the following.

When the DG operates in grid-connected modes, according
to Fig. 1, the dynamics of iqc is described as

i,\dc = _Vdg /( RIine + SLline) (33)
where Riine and Liine represent the resistance and inductance of

dc grid transmission line, respectively.

Then, the current balance equation is rewritten as

i\dg + i:ﬂlc = SCbusOdg +\7dg /RL (34)
Solving (4)-(6), (33) and (34), the disturbance model in

grid-connected modes will be

~ 2
G, (5) =y = 2> T (35)
lis  1038° +Db,s° +bs+Db,
where
aZ = RL I‘Iine
ai = RL Rline
b3 = Cbus I‘Iine RL + Cbus K pp I-Iine RLVO
bZ = I‘Iin(-z + Cbus Rline I:QL + Cbus K pp Rline RLVO
36
+ Cbus K pi I-Iine RLVO + 2 K pp I-IineVO ( )
bl = RIin(-z + RL + K pp RLVO + Cbus K pi RIin(-z RLVO
+ 2 K pp Rlinevo + 2 K pi I‘IineVO
bO = K inO RL + 2 K inO Rline

Thus, the dynamics of PCC voltage in grid-connected
modes can be described as
G, (s)

"6)=126 (5)6.(9

For different combinations of K, and wr, the dominant
eigenvalues of (37) are calculated in Fig. 6. The stability
boundary of the grid-connected system is indicated by a red
line, and the conditions corresponding to the area below this
line represent that the PCC voltage can preserve stability in
the grid-connected mode.

Based on Fig. 5 and Fig. 6, the effective parameters
selection domain of K, and wr are described between the blue
grid-connected boundary line and red dashed islanding
boundary line, as shown in the shadow area of Fig. 7. It also
can be seen that as the target detecting time reduces, the
effective parameter selection domain will narrow. Then, the
conventional frequency-domain-based islanding boundary
derived according to (13) is shown by the red solid line in Fig.
7. Compared with the conventional method, time-domain-
based islanding boundary can provide a more accurate and
effective parameters selection domain. This is reflected more

(37)

clearly when pursuing faster detection speed, because the
invalid parameter selection range based on the frequency
domain expands as the detection time decreases. Therefore,
the quantitative relationships between the detection time and
resonant parameters obtained from the voltage oscillation
trajectory can effectively guide the detection loop design and
detection speed regulation.

IVV. SIMULATION VERIFICATION

To verify the accuracy and effectiveness of the proposed
islanding detection calculation method, an 80kW, 400V time-
domain model of grid-connected dc microgrid is built. The
detailed parameters of the dc system are given in TABLE I.
Firstly, the proposed analytical calculation method is validated
during islanding events. Also, the stability boundaries of the
islanding system and grid-connected system are verified. Then,
the effect of changes in system power and resonant parameters
is evaluated. Moreover, the advantages of the proposed time-
domain-based design method are proved by comparative study.
Finally, the described parameter domain is validated in a two-
DG system.

TABLE |
PARAMETERS OF GRID-CONNECTED DC MICROGRID
Category Parameters Value
DC grid Rated bus voltage Vdc’ o 400V
Impedance of transmission line Ziine 0.29/0.3mH
Load Rated resistance R, 2Q
Rated output power Pyg 80kW
Equivalent bus capacitance Cpys 2000pF
Switching frequency 10kHz
DG Proportion item of power controller Ky, 2x10°
Integral item of power controller Ky 0.84
Proportion item of current controller Kj, 0.0125
Integral item of current controller Ki 18.6
DC-link smoothing capacitor Cgc 1880uF
Proportion item of voltage controller Ky, 0.1
VSC Integral item of voltage controller K; 25
Proportion item of current controller Kep 25
Integral item of current controller Kg 3

A. Validation of Calculation Methods

To validate the proposed oscillation trajectory-based
islanding detection time calculation methods, the simulated
and calculated dynamic responses are shown in Fig. 8 where
both the DG unit and load operate at the rated power
neutralization condition. K; is selected as 5, wr is set as 3n
rad/s, and fo (fo=wo/2m) is set as 65Hz according to (12). As
shown in Fig. 8(a), when islanding happens at t=1.2s, the PCC
voltage presents a divergent oscillatory response due to the
absence of voltage support. The time-domain simulation
waveform and the analytical calculation results of PCC
voltage are presented in a blue solid line and red dashed line in
Fig. 8(a), respectively. It clearly shows that calculation
waveforms match exactly with simulation results, which
indicates the correctness of the oscillating trajectory function
(30). Meanwhile, Fig. 8(b) shows the oscillation frequency is
65Hz, which matches extremely well with the theoretical
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Fig. 8. Simulated and calculated dynamic responses of the islanding system.
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Fig. 9. Islanding detection performance under large voltage ripple

conditions

resonant frequency. This is the most significant advantage of
the SFID because accurate frequency information allows the
dc microgrid to detect islanding events rapidly and avoid
severe voltage fluctuations. When the system detects three
consecutive oscillation cycles and the oscillation frequency is
consistent with the selected resonant frequency, it indicates the
occurrence of islanding. As presented in Fig. 8(c), the dc
system costs 0.24s to successfully detect islanding event, and
the detection time calculated by the envelope solution is also
0.24s. Moreover, This case validates the accuracy of the
proposed detection time calculation method.

Then, with the same K, and wy, a case in which the voltage
ripple is three times larger than that in Fig. 8(a) is tested to
demonstrate the impact of power quality on the proposed
method. As shown in Fig. 9, the PCC voltage and DG output
current present significant fluctuations in the grid-connected
mode. When islanding occurs, the voltage oscillation is more
severe than in Fig. 8(a). When the islanding is detected, the
DG stops supplying power to the dc system. It is obvious that
the detection time is much shorter than that in Fig. 8 because
the large voltage ripple increases the disturbance sensitivity.
Thus, the power quality would not affect the effectiveness of
the described parameter range.

B. Validation of Stability Boundary

In this test, wr is set to 4z rad/s, and K is set to the critical
stable value of the islanding system and grid-connected
system according to Fig. 7 to assess the described stability
boundaries. As displayed in Fig. 10(a), when K is set to 1.4,
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Fig. 10. Stability boundaries validation.

2t(s)

the PCC voltage is stable at both grid-connected states and
islanding states. Then, when K is increased to 1.5, Fig. 10(b)
shows that vgg also preserves stability at the initial grid-
connected state. However, once the islanding happens, the
PCC voltage presents a divergent oscillation response, and the
islanding condition is detected within 2 seconds. Furthermore,
when K is increased to 13, the disturbance component is
significantly strengthened, which causes the system to lose
stability in the grid-connected mode, as shown in Fig. 10(c).
The abovementioned cases prove that the practical stability
boundaries are consistent with the analytical results.

C. Impact of DG and Load Power

Since the output power of DG is random, this case will test
the impact of system power on detection time. In the rated
power case, K is selected as 3 and wr is set as 4n rad/s, the
successful islanding detection costs 0.27s and the practical
oscillation agrees with the disturbance frequency 65Hz, as
presented in Fig. 11(a) and Fig. 12(a). Then, when both the
power of DG and load decreases to 0.75 p.u, the DG output
current iag is sampled and substituted into (12) to update the
wo, and thus the resonant frequency is adaptively adjusted to
56Hz. As can be seen from Fig. 11(b) and Fig. 12(b), the
analytical dynamics of PCC voltage could remain in line with
the simulation waveforms in the face of different operation
states, and the detection time only takes 0.25s. When the
system power continues to decrease to 50% of the rated power,
the increase in voltage oscillation amplitude causes the
detection time to be further reduced, as shown in Fig. 11(c).
Meanwhile, as the resonant frequency is updated to 46Hz, the
actual oscillation frequency also tends to 46Hz, as presented in
Fig. 12(c). Finally, when the DG operates under the rated
condition and load power is 1.25 p.u, the PCC voltage drops
rapidly to the undervoltage threshold of 0.88 p.u to indicate an
islanding event, as shown in Fig. 11(d). Thus, the islanding
detection parameter boundary obtained in this paper can
effectively ensure accurate and fast islanding detection under
different DG power conditions.

D. Impact of Resonant Gain and Resonant Bandwidth

In addition to the system power, both resonant gain K, and
resonant bandwidth w, also have a great impact on the
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islanding time. Fig. 13 displays the dynamic response of PCC
voltage with different K during islanding events. In this case,
or is 5w rad/s, and K increases from 3 to 5. As shown in Fig.
13(a) to (c), the calculated dynamic responses of the three
cases fit extremely well with the simulation results, indicating
the accuracy of detection dime calculation. Moreover, the
oscillation amplitude of vag turns to be larger as K rises, which
also agrees with the envelop-based oscillation amplitude
analysis in Fig. 4(a) and means a faster detection speed. Then,
Kr is selected as 6, and wr is set to rise from 3x rad/s to 5n
rad/s to explore the effect of cr on the dynamic response of
PCC voltage. As shown in Fig. 14(a) to (c), the oscillation
amplitude keeps increasing significantly, and the detection
time is decreased. In consequence, the detection speed can be
greatly enhanced by increasing resonant gain and resonant
bandwidth as long as ensuring their values are in the effective
parameter selection domain in Fig. 7.

1.02 T
—— Simulation | | Detected
ER | R Calculation | | ‘VVV\j
R % |
5 Islandingj 0.27s
0.98 .
1 11 1. 1.3d/ 14 1.5
102 (a) Iﬁ,—B, ,=5n rad/s
- —— Simulation | | Detected
ER | Calculation | | \
s 1 ; _,\,\/W A
g Islanding | 0.19s
0.98 0
1 11 1, 1.3 14 15
(b) Ki=4, w,=5n rad/s
1.02 :
—— Simulation | Detected
R Calculation | ! Y
e 1 : .V\N ]
g Islanding | 0.155
0.98 |
1 11 14 1519

1.2 13
(c) Ki=5, w=5n rad/s
Fig. 13. Simulated and calculated dynamic responses of PCC voltage with
different K, during islanding events.
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E. Comparative Study

To further verify the advantages of the proposed time-
domain-based design method in accuracy and detection time
for the SFID, a comparative study is carried out in Fig. 15.
Firstly, K is selected as 2, and wr is selected as & rad/s, which
satisfies the conventional parameters selection domain
obtained form (13) based on frequency-domain. As shown in
Fig. 15(a), the PCC voltage loses stability during islanding
events, but the DG cannot detect the islanding event within the
maximum 2 seconds required by the IEEE standards. Thus,
conventional frequency-domain-based design techniques make
the detection time could not be designed accurately and even
still cause failure in islanding detection, resulting in damage to
equipment and injuries to maintenance personnel. According
to the proposed time-domain method, when wr is & rad/s, the
marginal value of K; that guarantees a detection time of 2
seconds is 2.4, which effectively avoids invalid parameter
ranges. Then, K; is increased to 2.5, and it can be seen from
Fig. 15(b) that the successful islanding detection costs only
1.91 seconds. The comparison results show that the proposed
time-domain method provides higher detection accuracy and
faster detection speed than conventional techniques.

It is also worth noting that the islanding detection parameter
domain is described under resistive load conditions, which is
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Fig. 17 Detection time of a two-DG system when K is 2.4 and w; is « rad/s

the most difficult case for islanding detection in dc microgrids.
To demonstrate the effectiveness of the described parameter
selection domain, constant power load (CPL) and constant
current load (CCL) conditions are considered for testing the
islanding detection performance. Setting K, to be 5 and wr to
be 3x rad/s, it can be seen from Fig. 16(a) that the detection
time is 0.24s. However, with the same K; and wr, the detection
time under CPL and CCL conditions only needs 0.19s and
0.17s, respectively, as shown in Fig. 16(b) and Fig. 16(c). This
means that the islanding detection parameter boundary
characterized under pure resistive load conditions is the most
conservative and is also effective for other load types.

Control center

TMS320F28379D

Electrical
signals

F. Multiple Sources Test

Finally, the effectiveness of the described islanding
detection parameters domain is also tested in a two-DG system
with bus configuration [30]. According to Fig. 7, when wris
rad/s, K, corresponding to the critical detection time 2s is 2.4
for a single DG system. However, Fig. 17 shows that in the
two-DG system, islanding detection only needs 1.5s with the
same K, and wy. The detection speed of the multi-DG system
is much faster than that of the single DG system because
multiple DGs participate in perturbing the PCC voltage at the
same time. Thus, the parameter boundary for dc microgrid
islanding detection described under a single DG system can
provide conservative constraints to ensure that the system with
multiple sources can also effectively and readily detect
islanding events.

V. EXPERIMENTAL VALIDATION

To further verify the correctness of the theoretical analysis
and simulation results, a HIL experimental platform with the
same parameters as time-domain simulations is built in the
laboratory, as shown in Fig. 18. The power components
including dc/dc converter and VSC are emulated by the
RTLAB 5700. The SFID algorithm is downloaded to a TI
TMS320F28379D digital signal processor (DSP) to test its
performance. The designed DSP controller features a 32-bit
C28x CPU core, which offers high computational performance
and efficiency for real-time control. Moreover, the
TMS320F28379D can operate within a wide voltage range of
1.71V to 3.6V, allowing it to generate the required gate-
switching pulses to control the dc/dc converter in RTLAB.

A. Validation of Calculation Methods

The accuracy of the proposed analytical calculation method
is first evaluated in Fig. 19, where the analytical results of
oscillation trajectory are also depicted in the same figure with
a red dashed line for comparison. It can be seen that when an
islanding event happens, the PCC voltage presents a divergent
oscillation at 65 Hz, and the analytical results agree with the
experimental waveform exactly. It is noted that after
successful detection, the DG stops supplying power to the
local load. As shown in Fig. 19, it takes 0.24 seconds to detect
islanding in this case, which is consistent with the theoretical
calculation results. Moreover, Fig. 19 shows that the voltage
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Fig. 21. Experimental and calculated dynamic responses in the islanding mode
when w is 4x rad/s and K, is 1.4.

fluctuation when the detection is successful is only 0.01 p.u,
indicating the advantage of the SFID method in power quality.
Thus, the correctness of the oscillation trajectory
characterizing and detection time calculation for the SFID has
been verified again.

Then, the voltage ripple is increased to test the effectiveness
of the proposed method. It can be seen from Fig. 20 that the
PCC voltage and DG output current show significant
fluctuations in the grid-connected mode, which means that the
voltage difference sent to the resonant controller will be larger
and the disturbance will be enhanced. As a result, the
detection speed is much faster than that in Fig. 19. Thus, the
proposed parameter design method would not limited by the
power quality.

B. Validation of Stability Boundary

Then, three different cases are tested to evaluate the
correctness of the stability boundaries. In the first case, Kr and
wr are set to 1.4 and 4x rad/s, respectively, as this parameter
combination is below the stability boundary of the islanding
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Fig. 22. Experimental and calculated dynamic responses in the islanding mode
when e is 4n rad/s and K; is 1.5.
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system, as described in Fig. 7. When islanding occurs, Fig. 21
shows that the PCC voltage vqq does not have any fluctuation
due to the neutralization between DG and load power. When
Kr is set to 1.5, this parameter combination is above the
islanding system stability boundary. As presented in Fig. 22,
Vgg can still preserve stability at the grid-connected state, but it
shows an oscillatory response in the islanding mode. After
1.83 seconds, the islanding condition is detected successfully.
Furthermore, rising K, to 13, this parameter combination is
above the grid-connected stability boundary. As a result, after
the IDM is enabled, Fig. 23 shows that the dc system loses
stability even in grid-connected states. These three cases are
evident that the practical boundaries are consistent with
theoretical analysis.

C. Impact of DG and Load Power

Furthermore, the experimental and calculated dynamic
responses of the PCC voltage with different system power are
investigated in Fig. 24. It can be seen that the analytical

10
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Fig. 26. Experimental and calculated dynamic responses with w; increasing.

waveform and experimental result are also well-fitted when
both the DG and load power are low. It is also worth noting
that the theoretical resonant frequency under 1.0 p.u, 0.75 p.u
and 0. 5 p.u DG power are set as 65 Hz, 56 Hz, and 46 Hz,
respectively. Under the power match condition, the oscillation
frequency matches the theoretical value well. Moreover, as
DG and load power decrease, the oscillation amplitude
diverges faster, and thus the islanding detection time reduces.
However, under power mismatch conditions, Fig. 24 shows
that the PCC voltage is quickly shifted out of the undervoltage
threshold without oscillation to indicate islanding, and the
detection speed is significantly faster than that under power
neutralization conditions. These cases further validate the
correctness of time-domain simulation results under different
power operating conditions.

D. Impact of Resonant Gain and Resonant Bandwidth

In this test, the impact of K; and w, on islanding detection
speed is investigated. The experimental waveforms and
calculation results in the case of different K, and cwr are
depicted in Fig. 25 and Fig. 26, respectively. As K, varies
from 3 to 5, it can be seen from Fig. 25 that the oscillation
amplitude of vgg becomes larger, and the islanding detection
speed turns faster. In each case, the analytical trajectory fits
well with the experimental waveforms. Similarly, with the rise
of wr, the oscillation amplitude increases significantly, and
thus the detection time is also decreased, as shown in Fig. 26.
These results evident that both increasing K, and w, are
effective in improving the islanding detection speed.

E. Comparative Study

Furthermore, a comparative experiment is conducted to
demonstrate the benefits of the proposed method in detection
accuracy and detection time, as shown in Fig. 27. According
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to the Routh—Hurwitz criteria, Kr is set as 2, and wr is set as ©
rad/s, which can make the islanding system loses stability.
However, the blue waveform in Fig. 27 shows that the
islanding event cannot be detected in time because the
detection speed is not accurately designed. Different from the
conventional frequency domain method, after using the
proposed method, it can be found that the critical value of K
is 2.4 when or is m rad/s to realize successful islanding
detection within 2 seconds. Then, as Kr increases to 2.5, the
red waveform in Fig. 27 indicates that the islanding can be
detected within 2 seconds. In summary, the proposed method
performs better in detection accuracy and detection time.

To validate the conservatism of the described parameter
selection domain, three load conditions are tested in Fig. 28. It
can be clearly seen that the detection time under both CPL and
CCL conditions is much shorter than that under resistive load
conditions as the pure resistance has the largest non-detection
zone. These experimental results prove that the islanding
detection parameter range obtained under resistive load
conditions is also applicable to other load conditions.

11
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F. Multiple Sources Test

In the end, a bus configuration of the dc microgrid with two
DGs is investigated in the HIL platform to demonstrate the
effectiveness of the described parameter selection domain.
According to the previous analysis, when the « of a single
DG is designed as = rad/s, the critical value of K to achieve
islanding detection within 2s is 2.4. On the other hand, with
the same K and wr, the detection time of a two-DG system is
much less than 2s, as shown in Fig. 29. This means that the
islanding detection parameter boundary obtained in the basic
single DG system is conservative and can also be applicable to
a multi-source system.

V1. CONCLUSION

In this paper, a detection time calculation method is
proposed based on the time-domain oscillation trajectory of
PCC voltage to characterize the boundary of islanding
detection parameters. Firstly, the steady-state dynamics of the
PCC voltage in islanding modes are explored to reveal the
limitations of the conventional frequency-domain-based
islanding detection parameters design method. With the
conventional method, there are always some values of
resonant gain and resonant bandwidth which make the
detection speed quite slow. The root cause of this problem is
the stability boundary of the islanding system obtained in the
frequency domain cannot consider the impact of detection
time. On the basis of this, the characteristic equation of the
islanding system is analyzed to simplify the expression of
PCC voltage dynamics. Furthermore, the detection time
calculation method is proposed based on the time-domain
oscillation trajectory of PCC voltage. Under the detection time
constraints, the boundary of the islanding detection parameters
can be accurately depicted. In this manner, the effect of
resonant parameters on the detection time can be evaluated
quantitatively, while the fast detection speed is also
guaranteed. In the end, the effectiveness and accuracy of the
proposed method are verified by both time-domain
simulations and hardware-in-loop experiments.
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