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Abstract—Driven by rising energy demand and the goal of
carbon neutrality, renewable energy generations (REGs), es-
pecially photovoltaic (PV) generations, are widely used in the
urban power energy systems. While the intelligent control of
microgrids (MG) brings economic and efficient operation, its
potential stability problem cannot be ignored. To date, most of
the research on modeling, analyzing and enhancing the stability
of MG usually assume the DC-link as an ideal voltage source.
However, this practice of ignoring the dynamics of DC-link may
omit the latent oscillation phenomena of autonomous PV-based
MG. First, this paper establishes a complete dynamic model of
autonomous PV-based MG including PV panels and DC-link. Dif-
ferent from previous conclusions of idealizing DC-link dynamics,
participation factor analysis finds the potential impact of DC-
link dynamics on system dynamic performance, and different
influence factors including critical control parameters and non-
linear V-1 output characteristic of PV array are considered to
further reveal oscillation mechanisms. Second, based on the av-
erage consensus algorithm, a distributed stabilization controller
with strong robustness is proposed to enhance stability of the PV-
based MG, which does not affect the steady-state performance
of the system. Finally, the correctness of all theoretical analysis
and the effectiveness of the proposed controller are verified by
time domain simulation and hardware-in-loop tests.

Index Terms—Average consensus algorithm, distributed
stabilization, microgrid, oscillation, photovoltaic (PV) generation,
stability analysis.
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I. INTRODUCTION

N order to meet the growing demand for energy and carbon

neutrality targets, renewable energy generations (REGs)
have been rapidly deployed all over the world because of their
clean and pollution-free characteristics [1]. In recent years,
continuous technological innovation has provided photovoltaic
(PV) panels with higher conversion efficiency as well as
lower price, making solar energy widely applicable in urban
power energy systems, such as PV rooftops [2]-[4], PV power
stations [5]-[7], PV charging stations [8]-[10], etc.

Microgrids (MGs) are a concept designed for coping with
high penetration of REG, providing an approach for integrating
distributed generations (DGs) and energy storage systems
(ESSs). According to actual needs, MGs can operate flexibly in
grid-connected mode or autonomous mode by introducing the
hierarchical control framework including primary control, sec-
ondary control and tertiary control into the control loop [11].
These intelligent control methods can effectively improve
reliability and economy of the microgrid (MG). Although the
above schemes have achieved satisfactory performance, the
autonomous MG still faces potential stability problems [12]-
[15], which pose a threat to effective operation and restoration
of MG and urban distribution power systems. Reference [12]
studied the influence of droop control on system stability,
pointing out that weak damping of dominant modes related
to power sharing dynamics may lead to oscillation and even
system collapse with increase of load. Meanwhile, as the in-
verter interface is adopted between DGs, wide use of inverters
will bring harmonic interaction with other devices, which may
trigger oscillation problems [13]. Negative incremental input
impedances caused by constant power loads will also reduce
system damping and make the system more prone to oscil-
lation [14]. In addition, application of distributed secondary
control may introduce new poor damping modes and causes
oscillatory responses [15].

Much work so far has focused on overcoming the aforemen-
tioned challenges [15]-[19]. In [15], the distributed optimal
controller was introduced to obtain desirable damping and
dynamic performance. Reference [16] presented an emerging
virtual impedance damping method to cope with power an-
gle oscillation. A hybrid damping controller including state
feedback control and PI control was used in [17]. Refer-
ence [18] proposed an active damping method based on a
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robust disturbance observer to dampen oscillations caused by
interactions between interconnecting passive filters, as well as
the presence of disturbing load. A supplementary controller
comprised of three lead-lag blocks was proposed in [19] for
handling oscillation caused by high gains of the droop control
loop.

The aforementioned studies can stabilize MGs effectively,
while most of them simplified the DC-link into an ideal
voltage source in the process of modeling and analysis. It
should be noted this simplified model may not be able to
accurately capture the actual dynamic response of MGs with
PV generation. Typically, control strategies of PV inverters
can be classified into grid-following control [20]-[23] and
grid-forming control [24]-[27]. As a result of the intermittent
nature of solar irradiation and the transient response of the
maximum power point tracking (MPPT) strategy, the voltage
of the DC-link will change continuously [28], [29]. Up to
now, a lot of studies have been carried out to address the
DC-link voltage fluctuation [30]-[32], and both [33] and [34]
have pointed out that simplification will lose critical dynamic
behavior of DC-link for grid-following PV inverters. On the
other hand, in order to achieve seamless switching between
autonomous MG mode and grid-connected MG mode, and
reduce the risk of outage caused by master power source
failure in autonomous MG mode, DGs are recommended
to operate in grid-forming control since it enables DGs to
regulate grid voltage and frequency [35]. For most conven-
tional grid-forming PV inverters, energy storage is needed
for connection to the DC-link to prevent the DC-link voltage
from collapsing [24]-[26]. Besides, a novel DC-link voltage
controller was proposed in [27] to make it possible for grid-
forming PV inverters to stabilize DC-link voltage without
assistance of energy storage. However, the common practice
for assuming the DC-link voltage to be constant due to
the energy buffer cannot simply be mapped straight onto
the latter for modeling. Otherwise, the analysis may lead
to inaccurate results [36]. In [36], comparison of PV-based
MG dominant modes with and without considering DC-link
dynamics shows that low-frequency eigenvalues are introduced
when considering DC-link dynamics. However, the mechanism
of the potential oscillation behavior of the PV-based MG
system under the solar irradiance fluctuation has not been
studied. Moreover, a tie-line flow and stabilization strategy
based on a centralized controller was proposed in [36] for
restraining oscillation caused by DC-links. Since the central
controller may suffer from computation burdens and risk of
single-point failure, reliability of the centralized controller is
lower than that of the distributed controller using the infor-
mation of neighboring nodes through a sparse communication
network [37].

So far, limited research has been conducted in applying
distributed structure for stabilization [38]-[40]. In [38], the
stability of inverter-based MGs is improved by a distributed
successive linear programming algorithm through tuning the
cut-off frequency of the low-pass filters. Reference [39] pro-
posed a distributed damping control unit (DCU) for wind
generators and load aggregators in power systems and the
parameters of DCU are tuned to improve the damping ratio
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of the critical low-frequency inter-area oscillations (LFOs).
A secondary frequency controller for VSG-based MGs with
event-triggered communication mechanism is proposed in [40]
and oscillation can be damped during frequency restoration.
Once again, the above studies do not involve PV generations
and DC-link dynamics. Therefore, the distributed stabilization
controller used for autonomous PV-based MGs deserves fur-
ther investigation.

Considering that urban power energy systems will integrate
a large number of PV generations in the near future, the
purpose of this paper is to reveal possible oscillation of
grid-forming PV unit in autonomous MG, and to propose a
distributed stabilization controller to enhance stability of MG.
Specifically, this paper establishes a detailed model of grid-
forming PV-based MG. Based on the small-signal dynamic
model, stability analysis is employed for discovering critical
dynamics, finding out essential influence factors and revealing
oscillation mechanisms of autonomous PV-based MG. Further-
more, to improve the system characteristics performance, a dis-
tributed stabilization controller based on the average consensus
algorithm is proposed. Finally, time-domain simulation is also
used to present undesirable oscillation. The correctness of the
above analysis and effectiveness of the proposed controller are
verified in hardware-in-the-loop (HIL) tests.

The main contributions of this paper are summarized as
follows:

1) A detailed model of autonomous PV-based MG con-
sidering solar irradiance changes, DC-link dynamics, primary
control, networks and loads, which can more accurately reflect
the dynamic characteristics of the PV-based MG.

2) Discovery of undesirable oscillation under specific solar
irradiance fluctuation conditions. Oscillation is caused by
DC-link dynamics and will be activated between different
PV generators by inappropriate control parameters and the
disturbance of uneven sunlight change with different initial
DC-link voltage, which cannot be observed in the model by
assuming DC-links as the ideal voltage sources.

3) An intelligent distributed stabilization controller with
strong robustness and good performance to restrain oscillation.
The proposed controller only works during the transient period
and does not affect steady-state performance of the system,
which is still effective in case of communication link failure.

The rest of this paper is organized as follows: A detailed
model of autonomous PV-based microgrid is developed in
Section II. Different influence factors on DC-link dynamics
are analyzed and the mechanism of the oscillation is revealed
in Section III. Section IV presents the proposed distributed
stabilization controller. In Section V, several comparisons are
made to test the analysis and proposed controller in time-
domain simulations. The HIL tests are provided in Section
VI. Finally, Section VII concludes the paper.

II. DYNAMIC MODEL OF AUTONOMOUS PV-BASED MG

A typical residential PV-based MG topology of the future
urban power energy system is presented in Fig. 1. Three DGs
are connected to the point of common coupling (PCC) to
supply power for users’ loads. PCC is connected with the
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urban distribution power systems through a transformer and
bypass switch. The on-off condition of the bypass switch
determines whether the MG works in grid-connected mode
or autonomous mode. This paper will study the autonomous
mode. DG1 is the battery energy storage system (BESS),
which can provide extra energy reserves under low irradiance.
DG2 and DG3 represent single-stage PV systems, which
generally work in MPPT mode to ensure highest utilization of
solar energy. It is worth noting that both PV systems and BESS
operate in grid-forming control strategy depicted in Fig. 2 and
each part of the MG system will be modeled in detail below.

A. Model of Individual DG

The non-linear V-1 characteristic of the PV array can be
described as the following mathematical equation:

= Npilpni — Npilsi [exp (¢Vbci/kTri Atr Nsi Nei) — 1]
)

where the variable zpy; or = in the following text refer
to the variable of the ith PV system.ipv; is the output current
of PV panel; Ny;, Ng; and N.; are the number of parallel
strings, the amount of series connection modules in each
string, and the amount of series-cells in each module; I;
and I, represent the diode reverse saturation current and the

1PV

PVi

short-circuit current per string; g and k are the value of the unit
electric charge and Boltzman’s constant, respectively; Tr; and
Arr are the temperature of the p—n junction and the ideality
factor.

Different from the ideal voltage source, the DC side voltage
of PV unit will change during transient and the power balance
equation of DC-link dynamic is:

Vb = (ipvi — inci)/Cpci
iDCi — ( PVi PVz + UPVz PV%)/VDCZ

where Cpc; is the capacitor of the DC-link, ipc; is the
inverter-side input currents, vf;"* and v{; V" are the inverter-side
output voltages, i5* and zPVl are the filter inductor currents.

The instantaneous actlve power ppy; and reactive power
gpv; of the PV unit are given by

2

PVi PVz PVz PV

PPVi = VUoq loq T Vo Loq 3)
PVi;PVi _ PVz ‘PVi

qrPvi = Uoq loq Vod toq

PVi PVi

and v
PVZ

where v,y
frame, Wh11e 1
system.

To ensure high-quality power injection, the filtered active
power Ppy; and reactive power Qpy; can be expressed as

are the output converter voltage in local
and ZPW are the output currents of PV

PV PVi oPVijPVi
Ppv; = wovby ibY + wevl VPV — we Ppy; @
PVz PV1 PVz ;PVi

Qpvi = wevhy LY — werlYUibY — weQpv;

where w, is the cut-off frequency of the low-pass filter.
DC-link voltage controller is essential for single-stage PV
systems to prevent DC-link voltage from collapsing due to
overload during transition and also provides the function for
PV systems to operate in MPPT mode, which is given by [27].

Awpvi = Kpvaei (Vbei — V&) + Kivaci / (Vbci — Vi5&,)dt
5)

where Awpy; is the output of this controller, while Kjpy4c; and
Kivqe; are gain values; Vpc; is the DC-link voltage and Vf)e(fjl
is the reference DC-link voltage offered by MPPT controller.
The droop control loop that makes PV systems obtain good
power sharing with other DGs can be seen as follows:

PVi PV’L(

Ppvi — Ppy,;) + Awpy;

ng " (Qpvi — Qpv;)
PVix

where wpy;, is the output angular frequency, and v is
reference signal for the voltage control loop; wk Ve and yPvi
are the nominal frequency and voltage, mb5V? and ng'* are the
active and reactive power droop coefﬁ01ents; Ppy,; and Qpy,

are the active and reactive power reference, respectively.

Wpy; = Wy,
PVl* —
v, =

(6)

PVi
VoVt —

Remark 1. The DC-link voltage controller is supplemented
in the droop control loop, and there is a zero upper limiter
at the output of the DC-link voltage controller, which can
be enabled or disabled according to the command issued by
the microgrid central controller (MGCC) under low-load or
high-load operating conditions. Enabling the zero upper limiter
means that each of the PV generation systems has excess
power reserve and can share the load, while the MPPT only
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works when the PV becomes overloaded. Disabling the zero
upper limiter can actively start MPPT to ensure full utilization
of solar energy under high-load conditions. To find out the
dynamic performance of autonomous PV-based MGs under
the worst-case scenario, this paper only focuses on high-load
operating conditions.

The voltage control loop and current control loop are given
in (7) and (8), respectively.

; _ (.pvi PVi , PVi PV
Parvi = (Zld * — Kiygapvi +wy,  'Crvgy " — Hi, z)

/Ky
quPw = (Zg\“* — Kiypqpvi — wEViCrlYt — HZ'OP(}”)
/Kpy
(7)
Yapvi = (0l — Kiyapvi + wPWLfiPW /Ky
Yqpvi = (Vi ™ — Kiiygpve — wy, ' Leify ") / Kpi
(®)
where ¢qpv; and ¢.pv; are dynamic states of voltage con-
troller; i}V and i}V are the output signals of the voltage

PI regulator; K}, and Kj, are gain values of the voltage
PI regulator; H and Cf are the feedforward gain and filter
capacitance, respectively. yqpv; and yqpv; are dynamic states
of current controller; vf,Y%* and UPV“‘ are the output signals
of the current PI regulator; K, and Kj; are gain values of the
current PI regulator, and Ly is the coupling inductance.

The mathematical model of LCL-filter is given as

ZE\M — ( Rf’Ll PVi + (UPV»LLfZPV’L + ,UPVz* PVi)/Lf
Zi)qu ( RfZPVz _ wPVszll V =+ ,UPVZ* _ PVz)/L
U(l)’s/z — (WPV'LCf/UPVZ + ZPVz _ PVZ)/Cf
cl)’(;/z _ ( wPVszU + ZPVZ _ PVZ)/C
PVL PVL PVix PVi
( od + wPVZL Z + Uod Ubd )/LC
PVz ( R ,LPVz _ wPVzL ,LPVZ + UPV’L* _ EXZ)/LC
)
where R¢, R. and L. are the filter resistance, damping resis-
tance and inductance, respectively; vf}* and vPVZ represent

the bus voltages in local frame.

Since the power calculation loop, droop loop, voltage-
current loop and LCL filter models of the BESS are the same
as those of the PV system, they will not be repeated here.
In addition, to transfer the state variables of each DG to the
common frame, DG1 (BESS) is assumed to be the reference
frame without loss of generality, and §,, (n = 2,3,---,N)
is defined as the power angle between the nth DG and the
common frame, thus

Sn = Wp — Wcom (10

B. Network Model and Load Model

The radiation type network shown in Fig. 1 contains node
i (1 = 1,2,3) and line j (j = 1,2,3), where the relation
between the line current #jpep; and éiineq;, Node voltage vpps
and vpq,, as well as the PCC voltage in the common frame
vpppce and vpgpcc, can be expressed as follows:
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tlineDj = (—Tlinejttinedj + Wi LiinejtlineQj + VbDi — VbDPCC)
/ Liine;

iineQj = (—TlinejlineQ;
/ Llinej

— w; Liinejtiinen; + UbQi — Vbpcc)

(an

where 7ine; and Lyne; are the feeder impedance of line j;
w; represents the angle frequency of DG:i (: = 1,2,3).
In addition, the mathematical equation of series RL load
connected at PCC shown in Fig. 1 are similar to those given
in (11).

C. Complete Dynamic Model of the Autonomous PV-based
Microgrid

Table I gives the nominal electrical parameters and control
parameters related to the MG, which can be used to derive
the steady-state operating point data of the model. Linearizing
the small-signal model of (1)-(11) around the steady-state
operating point and eliminating the intermediate variables
provides the small-signal dynamic model of the PV-based MG
system.

Azyg = AvcAzvg (12)
Azyg = [Azpessi Axpyvi Azpyve Azngr; ATpcciond)
(13)

Axpess1 = [APgess1 AQBess1 Adaqpesst  AVdgBESs1
AGBESSL ABESSL AGBESSLIT
odq odq
Azxpyi = [AVD01 Ads APpyvi AQpvi Aaypei
Agaqrvi Avagpvi Adigy ' Avgt Adgt T
Azxpye = [AVpca Ads APpva AQpvz Aavpc:

PV2 PV2 A ;PV2
Adggpve Ayagpve Alld Avodq Alodq ]

Aﬁl’»‘NETj = [AllineDQl AZlineDQz AZlmeDQ3]

AZpcciond = [Aipccioadna) T
(14)

TABLE I
SYSTEM PARAMETERS OF THE AUTONOMOUS PV-BASED MICROGRID

Parameter Symbol Value

Electrical setup
f WEVZ/BESSZ ,

Nominal values 50 Hz (314 rad/s), 380 V

1/ PVi/BESSi
n
LCL filter L, Cy, L 1.35 mH, 50 pF, 0.35 mH
Feeder impedance 721, Za, Z3 0.115 + j0.05 (€2)
DC-link voltage
capacitor Cpc 1000 wF
Control parameters
P*
Rated power DVi/BESSS 10 kW, 6 kVar
PVz/BESSz
P Vi/BESSi
Droop coefficient PPVZ/BESSZ 4.7e75,1.3¢73
"Q
DC-link voltage _ _
controller Kpvaer Kivac 3.15e74, 4572
Voltage controller Kpy, Kiv, H 0.05, 390, 0.75
Current controller  Kpi, Kijj 10.5, 16e3
Npls wa N 2, 16, 96
Lsi, Iy 1.1753e=8 A, 5.9602 A
PV rsis dphi 5
array 0k 1.6022e 19 C, 1.3806e 23 J/k
Tri, At 298 K, 1.3
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where Auwpgss; is the state variable collection of BESS;
Azpyi and Axpyo are the state variable collections of
PV1 and PV2; Axngrj and Axpccioad are the state variable
collections of the jth line and the PCC load, respectively.
Specific elements in the state variable collections represent
the corresponding linearized state variable in (1)-(11), e.g.,
the linearized DC-link voltage variable AVpcy, the linearized
integral item variable of DC-link voltage controller Aaypcs.
The system state matrix Ayig € R?3%%3 can be obtained from
the above ordinary differential equations.

III. STABILITY ANALYSIS OF AUTONOMOUS
PV-BASED MG

A. Participation Factor Analysis

The eigenvalue spectrum of the system state matrix Ay is
usually used for studying the stability and dynamic response
of the system [41]. According to classical control theory, the
damping ratio ( of a pair of conjugate eigenvalues —a =+ jb
(a > 0) can be calculated as

(=a/Va>+b?

where a represents the absolute value of the real part and b
is the imaginary part of eigenvalues. It should be noted that
a smaller ¢ means a slower dynamic response and a lower
stability margin, and a lower ( means the system will behave
with worse damping performance, i.e., the system is more
prone to oscillation after disturbance. Since the mid-frequency
and high-frequency eigenvalues of Ay are far away from the
imaginary axis and their damping ratio is relatively high, the
impact of these eigenvalues on the system after encountering
disturbances can be ignored. Dominant eigenvalues that mainly
determine the dynamics of the system are shown in Fig. 3. In
this paper, four pairs of low-frequency eigenvalues, also called
low-frequency oscillation modes [42], are numbered as mode
m (m = 1, 2, 3, 4) for differentiation according to their real
part value at the given steady-state operating point under the
parameters of Table I.
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Fig. 3. Low-frequency dominant eigenvalues spectrum of autonomous PV-
based MG in the complex plane (where different rays out from the origin
represent the constant damping ratios from O to 0.35 in steps of 0.05 for
eigenvalue locus plots).

Participation factor can further reveal the correlation be-
tween the mode and state variables, which can be calculated

from left and right eigenvectors of matrix Ayg. The partici-
pation factor matrix presented in [43] is given by

PF,; = &0, (16)

where @;; is the right eigenvector and W;; is the left eigen-
vector. The specific value of the participation factor matrix
PF;; reflects observability and controllability from each state
variable on every mode. To be more representative, only state
variables with normalized participation factors higher than
0.01 are included in Fig. 4. Besides, state variables AP,
AQ, and AJ which represent power controller dynamic, are
collectively defined as the power controller variables here.

[l Power Controller of BESS
[l Power Controller of PV 1
[ Power Controller of PV 2
B DC-Link Dynamic of PV 1
E DC-Link Dynamic of PV 2

T
0.4160.43

0404 0397
0.374 0359 ]

e Lo e e
S = o W B W

0.074 0.072

Participation Factor

Mode 1

Mode 2 Mode 3

Fig. 4. Participation factor of low-frequency dominant eigenvalues.

In [42], participation factor analysis shows that low-
frequency dominant modes are strongly correlated with the
power controller variable. However, the conclusion drawn
from Fig. 4 is different from that obtained by considering DC-
links as ideal voltage sources in [42]. Each dominant mode is
related to the DC-link dynamics of PV1 and PV2 to varying
degrees, which indicates that dominant modes are determined
by the joint effect of power controller variables and DC-link
dynamics. According to (2) and (6), power controller variables
are mainly determined by the droop coefficient, and DC-link
dynamics are determined by the output current of PV panel
ipv; and the inverter-side input currents ipc; since the capaci-
tor parameter has been set at nominal value. Furthermore, ipv;
is affected by the non-linear V-1 characteristic of PV array
while ipc; is related to load change and regulation of DC-link
voltage controller (see Section III-C). Therefore, the impact of
critical control parameters and non-linear V-I characteristic
of PV array on the dynamic characteristics of the autonomous
PV-based MG system will be analyzed in the following parts.

B. Impact of Critical Control Parameters

The proportional gain K, and the integral gain Kjyqc
determine the response speed of the DC-link voltage controller
and thus contribute to DC-link dynamics, and the DC-link
voltage controller is inserted into the active power droop
control loop to jointly determine output angular frequency.
To reveal the impact of critical control parameters and the
interaction between the DC-link voltage control loop and the
active power droop control loop, critical control parameters
used for sensitivity analysis are Kpyde, Kivde, and the active
power droop coefficient mp.

Figure 5 shows the traces of autonomous PV-based MG
dominant eigenvalues when increasing Koy, from O to
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Fig. 5. Traces of autonomous PV-based MG dominant eigenvalues when

increasing Kyqc from 0 to 1.26e73 (mp = 4.7e 75, Kivge = 4.5¢73 and red
circles are the dominant eigenvalues spectrum in nominal parameters shown
in Fig. 3).

1.26e~2 and the other parameters are maintained as nominal
control parameters. As proportional gain Ky is increased,
the most dominant modes (model and mode 2) move to the
left side and overall stability of the MG system is effectively
improved until the negative real part of mode 3 becomes
greater than that of mode 1 and mode 2. Enhancement of
the damping ratio and stability margin of mode 1 and mode
2 is at the cost of weakening the damping ratio and stability
margin of mode 3 and mode 4. Continuous increase in the
Kpyge will make mode 3 cross to the right-hand plane and the
system becomes unstable.

Figure 6 shows the trajectory of autonomous PV-based MG
dominant eigenvalues when K. is increased from 0 to 2e 2
and the other parameters are fixed as the nominal parameters.
Increasing the integral gain Kj,q. will change mode 1 and
mode 2 from overdamped to underdamped, i.e., introduce
two kinds of oscillation modes into the system. Besides, the
damping and stability margin of mode 3 decreases with the
increase of Kjyqc, and mode 3 will pass through the imaginary
axis and enter the right half plane if Kjq4. is too large, resulting
in system instability.

To study the interaction between the DC-link voltage con-
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Fig. 6. Traces of autonomous PV-based MG dominant eigenvalues when
Kiyde is increased from 0 to 2e=2 (mp = 4.7¢ 5, Kpvae = 3.15¢=% and
red circles represent the dominant eigenvalues spectrum in nominal parameters
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troller and the active power droop controller, the eigenvalue
loci of dominant modes under variation of mp (in the range of
3e75 to 1.19¢~%) in different Kpyae and Kiyge (0.6 times, 1 time
and 1.4 times of the nominal control parameters, respectively)
is presented in Fig. 7. Fig. 7(a), (b) shows that (i) increasing
mp always reduces the stability margin of mode 1 and mode 2
even under different Kpyg. and Kjyae, and (ii) the simultaneous
increase of Ky and Kjyg. improves the stability margin of
mode 1 and mode 2 in various setting of mp. This indicates
there is a conflict between the control parameter variation
of DC-link voltage controller and the active power droop
controller on the system stability margin. Fig. 7(c) shows that
(1) an increase of mp degrades the stability margin of mode
3 in the small settings of Ky and Kjae (8 = 0.6), and
(ii) enhances the stability margin of mode 3 in the former
part while reduces its stability margin in the latter part in
relatively large Kpyge and Kiyge (8 = 1.0, B = 1.4). There is
also a conflict for mode 3 in the former part (3 = 1.0, 5 =
1.4) since the increased Kpyg. and Kjyge make mode 3 move
towards the imaginary axis. However, in the latter part, both
the increase of mp and 3 reduce the stability margin of mode
3, and the traces of mode 4 shown in Fig. 7(d) is no exception.
In fact, a relatively large mp means that DGs can obtain better
power sharing performance, and relatively large K4 and
Kiyac mean the DC-link voltage controller is more powerful
to prevent DC-link voltage from collapsing. Thus, carefully
tuned parameters considering the conflict characteristic are
conducive to improving both the stability margin of the most
dominant oscillation mode and dynamic response speed.

C. Mechanism of the Oscillation Behavior under Solar Irra-
diance Change

Since I, is a linear function of the solar irradiation
level [21], the non-linear V-1 output characteristic of the PV
array will also vary according to change of solar irradiance.
When solar irradiance is sufficient, Ip; changes significantly
under different solar irradiation level at the MPP, while Vpc;
is approximately unchanged at MPP [24]. As a result, if only
light intensity increases, it can be seen from (1), (2) (5) and
(6) that the increase of I,,; will enhance the value of ipy; to
wpy; in turn. The increase of wpy,; means the power angle 6,
will be regulated and more active power should be provided by
the PV generation system. Then, the additional active power
output corresponds to a larger ipc;, which will further reduce
the DC-link voltage due to the power unbalance of DC-link.
Once the DC-link voltage is lower than the reference voltage
Vil the DC-link voltage controller will intervene again to
prevent the PV system from collapse caused by the continuous
drop of the DC-link voltage until it follows Vi5i,. The entire
dynamic interaction process when increasing solar irradiance
can be presented in Fig. 8 and vice versa.

As a result of the above analysis, the influence of the non-
linear V-1 characteristic of the PV array on the dynamic
characteristics of MG system can be studied by the relationship
between the output angular frequency deviation Awp,,; and
the short-circuit current deviation of the PV panel Aly;. Since
DG1 (BESS) is assumed to be the reference frame, the active
power transmission characteristic of the ith PV generation
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Fig. 8. Dynamic interaction process among relevant variables of PV
generation systems when enhancing the solar irradiation level.
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system can be expressed as [44]:

Epv; Vi V2
Hm:(Pgﬁ%m%_g?)m@
EpviVi . .

4 CPViTBESS 0y, 8in 0;

a7)

where Epy; is the output voltage amplitude of the ith PV
generation; Vpgss is the output voltage amplitude of BESS; Z;
and ¢; represent the magnitude and phase of the impedance
between the ith PV generation and BESS, respectively.

The transfer function Gpv;(s) between Awpy,; and Al
can be obtained by combining the small-signal model of
(1)-(3), (5), (6) and (17), which is expressed as

2

B KovaciNpi Vi + Kivaei Npi Vi s
CpciV5e;s2 + CociVSeimpeis? + Kpvacieis + Kivaci€i
(18)

_ —Epv;Vess R sin 6, + Epv;Vegss X; cos d,)
L RZ+ X2

19)

where R; and X are the resistance and reactance between the

ith PV generation and BESS, respectively; the variable with
superscript © is the value of the steady-state operating point.

Oscillation behavior of the studied autonomous PV-based
MG system under a sudden change of solar irradiance can be
assessed by the difference between Awpy; and Awpy,,, that is

AUJ;»VQ — Aw]’ng = Alpthpvg (8) — AlphlGPVl(S) (20)

It can be seen from (18)—(20) that if and only if Alyn =
AIth and Gpv1($) = GP\/Q(S), Aw;vz - Awi‘;w = 0.
Otherwise, Awpy, — Awpyy # 0 means the output angular
frequency variation of PV1 and PV2 are not in the same
step under the sunlight changes. This asynchronous dynamic
response will result in frequency oscillation and that will also
occur in the active power and DC-link due to the interaction
shown in Fig. 8. In fact, owing to partial shading, it is not easy
to ensure both Al = Alpne and Gpyi(s) = Gpva(s), ie.,
to ensure §5 = 49 and V5o, = V§cg, even if the network
parameters, control parameters, and PV array parameters of
these two PV generators are identical. Besides, if DC-link
voltage is simplified into constant in the modeling process,
Awpye — Awpyq = 0 during sunlight fluctuation, that is, the
model will not accurately reflect the oscillation behavior of
autonomous PV-based MG during sunlight fluctuation.

Remark 2. Please note the above derivation process is sim-
plified to avoid excessive complexity: (i) the dynamic of inner
voltage and current loop is omitted for no contribution to the
dominant oscillation modes, (ii) instantaneous active power
ppv; is considered equal to filtered active power Ppy; since
damping is mainly governed by the low damping nature of the
sinusoidal P— dynamics in (17) [12], (iii)) Ppy; is assumed



linear with §,, due to the fact that X; is sized to make J,, less
than 10° [45].

IV. DISTRIBUTED STABILIZATION CONTROLLER

Dynamic performance of autonomous PV-based MG will be
undesirable during sunlight fluctuation if the initial solar irradi-
ation level and irradiation change of each PV unit are different.
Continuous oscillations may threaten stable operation of MG
and future urban power energy systems integrated with a large
number of PV generations. Therefore, an intelligent distributed
stabilization controller based on average consensus algorithm
is proposed to suppress the oscillations here.

A. Review of Average Consensus Algorithm

Assuming there are n DGs in the MG, the communication
architecture of these DGs can be represented by a weighted
graph G(v,e, A), where v = {1,---,n} is the node set
representing n DGs, ¢ C v x v is the edge set standing for
communication links between any two DGs, and A = [a;;] €
R™ ™ is the weighted adjacency matrix. Further, if (i, ) € €
and there is a direct communication link between node 7 and
node j, a;; = aj; > 0, and a;; = aj; = 0 otherwise.

di=— Y ay(zi— ;)

JEN;

2L

Equation (21) is an average consensus algorithm, i.e., en-
sures collective convergence by local interaction, where x; and
x; are the variables of node ¢ and node j, and represent the
frequency f of DGi and DGj here, respectively.

B. Proposed Stabilization Controller

Mathematical expressions of the proposed stabilization con-
troller are:

BESS¢ . BESSi

WhEssi = Wy —mp ' (Peessi — Ppgssi) +Awpsci (22)
PVi PVi

waW = wn L mp Z(.Pp\/i — P;Vz) + Awpw + AwDSCZ-

(23)

Awpsci = —k Z aij(x; — x;) (24)
JEN;

where Awpscy; is the supplementary term proposed to stabilize

the system; k is the gain that determines the stabilization

effect.

The proposed stabilization controller is depicted in Fig. 9.
Each DG obtains its neighbor’s frequency via the distributed
communication layer. Adding a supplementary term to the
droop loop makes each DG accelerate to the consensus fre-
quency in transient process and undesirable oscillation caused
by the asynchronous dynamic response of each DG will be
well avoided. Since the frequencies of all DGs are consistent
in steady state, output value of the proposed controller is
zero and steady-state performance of the system will not be
affected. It should be noted there is no integral term in the
proposed controller, which is different from the active power
sharing control loop of the distributed secondary controller.
Therefore, the proposed controller will not increase the order
of the original system and bring unwanted side effects, such
as integral saturation phenomenon and oscillatory responses
caused by the distributed secondary controller [15].
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Fig. 9. Diagram of the proposed distributed stabilization controller.

C. Design of Crucial Parameter

The process of parameter tuning can be divided into two
steps.

Step I: Determine the element values in the weighted
adjacency matrix [a;;]. Element values in the weighted adja-
cency matrix [a;;] about PV to PV should be designed based
on network parameters, control parameters, and PV array
parameters to minimize the difference between output angular
frequency variation Awpy;; and Awp,; ;. Element values about
PV to BESS, and BESS to BESS should be designed according
to each rated power since the BESS will bear the responsibility
of restraining oscillation if communication links between PV
and PV fail, that is, the greater the oscillation energy in the
transient process, the greater the energy provided by BESS to
suppress the oscillation.

Step 2: Determine parameter k. Parameter k of the proposed
controller can be obtained by the trajectory of eigenvalues
to improve the specific oscillation mode with relatively low
damping ratio.

Suppose that bidirectional communication is provided be-
tween each DG in the autonomous PV-based MG. Since net-
work parameters, control parameters, and PV array parameters
of PV1 and PV2 are identical, and the rated power of BESS is
the same as that of PV in this paper, the element values except
for diagonal elements of [a,;] shown in Fig. 10 are considered
equal to 1. It should be noted, if the above parameters are
different, each element value in the matrix [a,;] should be
determined by the eigenvalue traces in turn or the optimization
algorithm to obtain an optimal solution.

Considering (22)—(24), the new small-signal dynamic model

of MG with the proposed controller can be expressed as
AiMG = A*MGA:BMG (25)

Figure 11 shows the eigenvalue traces of Ay;; when the
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Fig. 10. Distributed communication network of the MG and corresponding
weighted adjacency matrix [a;;].
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Fig. 11. Traces of dominant eigenvalues as the control parameter k changes
from O to 1.

value of k changes from O to 1. Although there is an inher-
ent trade-off between modes 1, 2 and 3, 4, we propose to
increase the damping of mode 3, which is more sensitive to
disturbances (see Fig. 14), rather than mode 1 and mode 2.
Thus, £ = 0.5 is an acceptable option for effectively increasing
the damping ratio of mode 3 by 50% while exerting a slight
impact on mode 1 and mode 2. Note the damping ratio of
mode 1 and mode 2 are reduced by only 8% and 6.8%,
respectively. Great changes of solar irradiance in a short time
will not induce oscillation by mode 1 and mode 2 because
the damping ratios of mode 1 and mode 2 are still higher
than the recommended value ({ = 0.1) [46]. Generally, the
eigenvalue condition is secure under the disturbance as long
as the dominant oscillatory modes are higher than that value.

V. TIME-DOMAIN SIMULATION RESULTS

In order to verify the above analysis, the PV-based MG
model is built on the MATLAB/Simulink 2017b platform,
where the simulation parameters are from Table I.

A. Dynamic Response without Solar Irradiance Fluctuation

Figure 12 shows the dynamic response of autonomous PV-
based MG when K. = 0 and the other parameters are fixed
as nominal parameters. Irradiance of PV1 and PV2 is set at
a constant value and 3 DGs work in the grid-forming control
scheme at the beginning. The DC-link voltage controller is
activated at ¢ = 1 s. The MG system oscillates for a long
time with a frequency of about 1 Hz and 2 Hz before it
reaches the steady state, which indicates the decay rate of
the dominant oscillation modes is slow and damping is poor.
These phenomena meet the eigenvalues spectrum in Fig. 5 that
mode 1 (1 Hz) and mode 2 (2 Hz) are close to the imaginary
axis when Ky = 0.
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Fig. 12.  Dynamic response of autonomous PV-based MG when Kpyge =
0 and the other parameters are fixed as the nominal parameters. (a) Solar
irradiation. (b) DC-link voltage. (c) Active power. (d) Frequency.

Figure 13 presents the dynamic response of autonomous
PV-based MG under nominal control parameters. The DC-
link voltage controller is activated at ¢ = 1 s, and a step load
of 2 kW increases in PCC bus at ¢ = 3.5 s and decreases
at t = 6.5 s. PV1 and PV2 soon reach their maximum
output power after activating the DC-link voltage controller.
Moreover, the system dynamic performance is acceptable, and
no apparent oscillation is observed under the disturbance of
step load. Comparison between Figs. 12 and 13 shows that
overall stability of the MG system is effectively improved,
which agrees with the sensitive analysis of Section III-B again.

B. Dynamic Response with Solar Irradiance Fluctuation

Figure 14 shows the dynamic response of autonomous PV-
based MG under solar irradiance fluctuation, where the initial
solar irradiation level and the irradiation change of two PV
generators are different. Control parameters are maintained
as the nominal values. Note, during this period, the power
and frequency of PV1 and PV2 oscillated several times. The
oscillation frequency is about 5.9 Hz, which exactly matches
the oscillation frequency of mode 3. In addition, .14partici-
pation factor results in Fig. 4 show mode 3 is mainly related
to the power controller variables of PV1 and PV2, but not to
the power controller variables of BESS. Thus, deterioration
of mode 3 may cause power oscillation of PV1 and PV2
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Fig. 13. Dynamic response of autonomous PV-based MG under the nominal
parameters. (a) Solar irradiation. (b) DC-link voltage. (c) Active power. (d)
Frequency.

under disturbance, while BESS still maintains smooth power
injection since it is unobservable from the power controller
variables of BESS on mode 3.

Figure 15 presents the dynamic response of autonomous
PV-based MG with the same initial solar irradiation level and
the same irradiation change. In this case, Al = Alppe
and Gpvi(s) = Gpya(s) is ensured since the steady-state
operating point value of 49 and V3, satisfy 65 = 45 and
VBec1 = ViSce- As aresult, Awpy,; (Awpy,; < A fpy;) of PV1
and PV2 is identical and Awpy — Awpy; = 0. Obviously,
there is no oscillation between PV1 and PV2 under disturbance
of solar irradiance fluctuation. Both Figs. 14 and 15 indicate
good agreement between the theoretical analysis of Section
III-C and time-domain simulation results.

C. Stabilization Effect of the Proposed Controller

The dynamic response of autonomous PV-based MG with
the proposed controller when £ = 0.5 and when k& = 0.2 are
shown in Figs. 16 and 17, respectively. As seen, the oscillation
attenuation effect with the proposed controller is better than
without the proposed controller by comparing Figs. 16 and 17
with Fig. 14, which verifies the effectiveness of the proposed
controller and the selection of k.

Since communication links are essential for the proposed
controller, communication link failure is tested to verify the
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Fig. 14. Dynamic response of autonomous PV-based MG under different

initial solar irradiation level and uneven irradiation change. (a) Solar irradia-
tion. (b) DC-link voltage. (c) Active power. (d) Frequency.

robustness of the proposed controller. Suppose a communica-
tion failure occurs between PV1 and PV2 for the proposed
distributed controller and a communication failure occurs
between traditional centralized controller and PV2. Figs. 18
and 19 present the dynamic response of autonomous PV-based
MG under communication link failure with proposed dis-
tributed controller and with traditional centralized controller,
respectively. Comparison of Figs. 18 and 19 with Fig. 14
indicates traditional centralized controller shows poor oscilla-
tion stabilization performance, while the proposed distributed
controller shows better robustness in case of communication
link failure.

To quantitatively analyze the effect of the proposed con-
troller, we use 7 = 100% x A(t)/A(0) to assess the attenuation
degree of the oscillation, where A(0) is the initial maximum
amplitude of the oscillation and A(t) is the minimum am-
plitude of the oscillation at a specified period of time. The
comparison results about the n of fpyo at three typical period
of times under different scenarios are shown in Table II. It
can be seen from Table II although the oscillations decay
to a certain extent in three different period of times, the
dynamic performance is still unsatisfactory since the 7 of
each period of time is still at a relatively large value. After
adopting the proposed controller, 1 can be well reduced to less
than 1% at the same time interval when k£ = 0.5 and when
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k = 0.2 under normal conditions. Moreover, compared with
a traditional centralized controller, the proposed controller
possesses more excellent performance on stabling oscillation
under communication link failure. Therefore, the proposed
stabilization controller can obviously suppress oscillation and
is able to provide high reliability and robustness under com-
munication link failure.
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TABLE II
COMPARISON RESULTS ABOUT THE 7] OF fpy2 AT THREE TYPICAL PERIODS OF TIME UNDER DIFFERENT SCENARIOS

Without proposed With proposed

With proposed

Communication link failure L . .
Communication link failure

Time - _ 7 (Proposed distributed o .
controller (k = 0) controller (k = 0.2) controller (k = 0.5) controller, k = 0.5) (Traditional centralized controller)
10s<t<1ls 16.7% 0.9% 0.6% 0.9% 6.7%
1Ms<t<12s 11.5% 0.9% 0.5% 0.8% 6.3%
14s<t<15s 122% 0.8% 0.5% 0.9% 6.8%
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Fig. 20. HIL experimental setup.

VI. HARDWARE-IN-THE-LOOP TEST

In this section, the hardware-in-the-loop (HIL) test is used
to verify oscillation caused by DC-link dynamics and the ef-
fectiveness of the proposed distributed stabilization controller.
Fig. 20 shows the experimental setup. The parameters of the
PV-based microgrid in the experimental process are the same
with theoretical analysis and simulations in Section III, as
given in Table L.

Participation factor analysis in Section III reveals the dy-

proposed controller. (a) DC-link voltage and active power of PV 1. (b) DC-link
voltage and active power of PV2. (c) Frequency of PV1 and PV2.

namics of the voltage loop and current loop are independent
of the dominant eigenvalues that determine critical dynamic
response of the system. Therefore, the proposed stabilization
controller, DC-link control loop, droop control loop and power
calculation loop are implemented in DSP (TMS320F28335)
controller. The main circuit, as well as other control loops are
compiled into C code by RT-LAB software installed in control
desktop and then downloaded to the OPAL-RT (OP5600)
simulator for real-time test.

The control desktop communicates with the OPAL-RT sim-
ulator through LAN and real-time electrical signals are sent
out by analog out modules of the OPAL-RT simulator, which
can be sampled and by the DSP controller. Then, the calculated
reference value of each DG, w;ESSi /PVi and UEESS /PV , are
sent to the DAC modules by the serial peripheral interface
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Fig. 22. Dynamic response of autonomous PV-based MG with the proposed
controller. (a) DC-link voltage of PV1 and PV2. (b) Active power of PV1
and PV2. (c) Frequency of PV1 and PV2.

(SPI). Here, the function of DAC is mainly two-fold: (i)
. . ‘ BESS* /PV*
to convert the digital signals wgp, /PVi and v,
into analog signals and send them back into the OPAL-RT
simulator, and (ii) to establish communication links between
DG through analog in modules. Communication links are
imposed on any two DGs, where the data interconnection is
represented by a blue dotted line in Fig. 10. The corresponding
DSP controller of each DG can acquire other’s frequency
signals by sampling the analog output signal wjp, /PVi of
DAC to simulate the communication process. Since the power
and frequency of BESS do not oscillate during the transient
process, the following analysis will focus on the dynamic
response of PV1 and PV2.

A. Dynamic Response without the Proposed Controller

Figure 21 shows the effects of irradiation changes on
the DC-link voltage, active power and frequency of the PV
systems. It takes 0.5 s from system startup to MPPT activation.
After reaching steady state, solar irradiation of PV1 and
PV2 starts to change again according to Fig. 14(a) at t =
2.5 s. It can be clearly observed that MPPT activation and
the moment of significant irradiance change, the DC-link
voltage fluctuates significantly, which arouses oscillations of
power and frequency corresponding to mode 3 again. At the
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Fig. 23.  Dynamic response of autonomous PV-based MG under communi-

cation link failure. (a) DC-link voltage of PV1 and PV2. (b) Active power of
PV1 and PV2. (c) Frequency of PV1 and PV2.

same time, this specific oscillation also slightly appears in
the DC-link voltage due to the dynamic interaction process
presented in Fig. 8. Experimental results are consistent with
the theoretical analysis once again. Hence, the above results
reveal the dynamics of the DC-link cannot be simply ignored
in the process of modeling and analysis.

B. Dynamic Response with the Proposed Controller

A comparison between Figs. 21 and 22 shows the effect of
the proposed controller. In the transient process, frequency
tends to oscillate. However, this poor dynamic response is
quickly and effectively improved under the action of the
proposed distributed stabilization controller, and smooth power
injection is realized. Notably, the introduction of the proposed
controller does not change the steady-state performance of the
system, nor causes oscillations related to mode 1 and mode 2.

C. Dynamic Response under Communication Link Failure

Suppose a communication failure occurs between PV1 and
PV2. Both cannot directly obtain the mutual frequency signal
at this time. Comparing Figs. 23 and 21 presents even in
case of communication failure, the remaining communication
network can still enable PV to obtain more desirable dynamic



performance. Therefore, the robustness of the proposed con-
troller is verified again in the HIL test.

VII. CONCLUSION

This paper reveals the undesirable oscillations that occur
during specific irradiance changes in autonomous PV-based
MG and provides a solution to the oscillation problem caused
by DC-link dynamics. A detailed dynamic model of au-
tonomous PV-based MG is built for analysis. Stability analysis
results show that: (i) DC-link dynamics also contribute to
dominant eigenvalues, unlike previous conclusions obtained by
ignoring DC-link dynamics and (ii) essential influence factors
of the DC-link dynamics include critical control parameters
and non-linear V-I characteristics of PV array. As a result,
oscillation will occur between different PV generators if
critical control parameters are not adjusted properly or under
disturbance of uneven sunlight changes with different initial
DC-link voltage. Based on the average consensus algorithm, a
distributed stabilization controller is proposed to overcome un-
desirable oscillation. Finally, hardware-in-the-loop test proves
the proposed controller can effectively suppress oscillation
without affecting the steady-state performance of the system
under normal and communication link failure conditions.
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