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Abstract—Voltage fluctuation suppression and reactive power
proportional sharing in islanded microgrids (MGs) are often diffi-
cult to maintain simultaneously. Hence, a dynamical reconfigurable
master—slave control architecture is proposed herein. When a load
fluctuates, the leader will be dynamically selected through specific
features (such as the output power, output voltage, and power
capacity); subsequently, the leader sends his information to all
other distributed generators (DGs) as a unified signal in the MG.
Meanwhile, the other DGs adjust their local output based on the
unified reference to achieve accurate power sharing in each DG.
Moreover, system voltage recovery can be realized simultaneously
since each DG contains closed-loop voltage control. In addition,
for the automatic selection of the leader, a dynamically selected
method based on a weight-voting-based differential delay method
is proposed herein; the method realizes the unicity and automatic
selection of the leader during communication failure. Additionally,
the stability of the proposed method is proven mathematically. The
results show that the proposed method is stable for any communi-
cation period and DG quantity. Furthermore, the communication
delay and communication failure are derived mathematically. The
results show that the proposed method demonstrates robustness
against communication delay. Finally, experimental results verify
the effectiveness of the proposed method under communication
delays, failures, and power failures.

Index Terms—Dynamical reconfigurable master—slave control,
islanded microgrid (MG), reactive power sharing, voltage
regulation.

I. INTRODUCTION

ICROGRIDS (MGs) are important for the rational uti-
lization of renewable energy sources and coping with
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energy crises [1]-[6]. However, the reactive power distribution
and bus voltage of MGs are significantly affected by the line
impedance since MG structures are relatively small and the
output of distributed generators (DGs) fluctuate frequently [7].
These factors render it difficult to achieve reactive power sharing
and voltage fluctuation suppression in MGs simultaneously;
hence, the long-term reliable operation of DGs and the safe
power supply for power users are affected significantly [2], [8].
Currently, two main classes of voltage control methods for
islanded MGs exist: strategies with and without communication.
The targets of the two methods are exactly opposite. The con-
trol strategy without communication is typically more reliable
because no communication is involved; as such, researchers
often focus on the performance optimization. Meanwhile, for
the control strategy with communication, because of the exis-
tence of communication, good performances can be guaranteed;
nonetheless, the possible unreliability of communication has
motivated researchers’ toy focus on reliability improvement [9].
Schemes without communication primarily employ local infor-
mation as much as possible and combine the network informa-
tion to achieve voltage control [10]-[14], e.g., in droop control,
virtual impedance control [2], [15], [16], and the virtual frame
transformation method [17]. Although these methods alleviate
the contradiction between voltage fluctuation suppression and
reactive power sharing to some extent, their performances are
sensitive to the line impedance and local parameters. A trade-off
remains between voltage recovery and accurate reactive power
sharing. In [18], a method for simultaneously realizing efficient
power sharing and the point of common coupling (PCC) voltage
control by introducing the PCC voltage into local controllers is
proposed. Nevertheless, it is noteworthy that as the MG scale
increases, the random distribution of line cables and loads will
result in an ambiguous PCC voltage. Therefore, the method
presented in [18] will not yield the desired control targets.
Meanwhile, schemes with communication to transmit the
state information of DGs for solving the contradiction between
voltage stability and reactive power sharing in islanded MGs
have been proposed by many researchers. These schemes can
be primarily categorized into two types. In the first type, an
additional central controller or a specific DG is employed as
the central control unit for obtaining/processing information
regarding all DGs, and after sending a feedback command to
ensure system voltage stability and power sharing [19]-[21].
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The advantage of this method is that the entire system com-
prises only one predefined leader. The system is more likely
to remain stable if communication is not severely affected.
However, its performance depends significantly on the central
control unit. Once the central control unit fails, the MG will lose
the ability to recover voltage; consequently, the reliability and
redundancy will be insufficient. The second type is primarily
based on the distributed consensus algorithm for achieving
MG voltage fluctuation control [22]-[27]. The basic principle
is to exchange information including those pertaining to the
voltage and reactive power through communication between
adjacent DGs, as well as achieve voltage fluctuation control and
reactive power sharing through internal closed-loop control. In
[22], a method for distributed secondary control using linear
input—output feedback was proposed. In [23], voltage recov-
ery and accurate reactive power sharing were realized by the
proposed consensus algorithm. In [24], consensus control and
local proportional integral (PI) compensation were combined
to solve problems pertaining to voltage recovery and reactive
power distributions under high R/X situations. Similarly, based
on consensus control, the problem of reactive power sharing in
an MG with an unknown topology was addressed in [25]. A two-
layer optimal consensus-based distributed control strategy is
proposed in [28]. In [29], a consensus-based distributed control
for accurate reactive, harmonic, and imbalance power sharing
is proposed. In [30], a hierarchical control scheme for accurate
load sharing and power quality enhancement in networked MGs
with unbalanced load currents is proposed. A distributed control
imposing a time-varying droop gain and specifying the virtual
voltage drop is proposed in [31]. However, this type of method
typically exhibits the following shortcomings.

1) The average-consensus-based consensus algorithm has

been widely used. However, information regarding all
surrounding DGs must be acquired to obtain the average
value. The reactive power and voltage information are
required simultaneously, and the local communication
bandwidth requirement is high.
The real-time requirements of communication are high
[32]-[34]. When the communication period or commu-
nication delay is long, system response confusion and
system instability will likely occur since all DGs are in
fact independent leaders, and each can influence the others
around it [32].

To address the issues above, we previously [33] proposed an
maximum power loading factor (MPLF)-based secondary fre-
quency regulation control method for island MGs; this method
achieves effective frequency control and reasonable distribution
of active power simultaneously. However, the method proposed
in [33] is limited to frequency control and cannot solve the
possible split-brain phenomenon due to communication line fail-
ure. Additionally, the authors of [33] failed to prove the system
stability under an increasing system scale and by considering a
longer communication period mathematically.

A dynamical reconfigurable master—slave control strategy
with low-bandwidth communication based on a previous study
is proposed herein [33]. In this strategy, only one leader exists
at each time instance in the MG. This preserves the advantages
of easy consistency realization in centralized control methods.

2)
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More importantly, the leader can be selected automatically based
on the MG status, thereby overcoming the leader failure problem
in centralized control. The contributions of this article are as
follows.

1) By fully utilizing the advantages of easy consistency re-
alization of conventional centralized control schemes and
combining them with the proposed automatic leader se-
lection method, a dynamical reconfigurable master—slave
control strategy is proposed. The strategy is suitable for
MG voltage fluctuation control and can overcome the
over-reliance upon a central controller in the conventional
master—slave architecture.

A new leader selection method is proposed. Not only the
maximum output information, but also other information
such as output voltage, DG capacity, PCC voltage, and
economic operation factors can be used as criteria for
selecting the leader to achieve effective control and mul-
tiobjective optimization of critical loads or PCC voltages.
3) The differential delay method is improved, and the leader
automation selection method based on the election vot-
ing principle is presented. When the communication line
is broken into two subsystems owing to fault, only the
subsystem with more votes can generate a new leader,
whereas the subsystem with fewer votes will switch from
secondary control to the droop control operation.

The stability of the proposed method under an infinite
system scale and communication period is proven, and
the conservative range of communication delay is deduced
to ensure the stability of the system, thereby providing a
theoretical foundation for the practical application of the
proposed method.

The remainder of this article is organized as follows. The basic
principle of the proposed dynamical reconfigurable master—
slave control strategy for voltage regulation in islanded MGs
as well as the differential delay and weight voting methods
(DDWVM) are discussed in Section II. The tolerance of the DG
quantity as well as the long communication period and delay of
the dynamical reconfigurable master—slave control architecture
(DRMSCA) are theoretically analyzed in Section III. Experi-
mental verifications are presented in Section IV. Finally, the
conclusion is summarized in Section V.

2)

4)

II. DYNAMICAL RECONFIGURABLE MASTER—SLAVE CONTROL
ARCHITECTURE

The basic structure of an islanded MG with communication
is shown in Fig. 1. A communication bus is applied to exchange
information among the DGs. As a grid-friendly interface, a
virtual synchronous generator (VSG), which is an improved
droop control that can realize medium-high frequency fluctua-
tion suppression of MGs, was utilized [35], [36]. Therefore, the
VSG was the main control in the distributed energy resources
(DERs) of islanded MG in this article.

A. Principle of Proposed DRMSCA

The primary regulation of the traditional islanded MG volt-
age can be automatically achieved by relying on the drooping
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Fig. 2. Scheme of proposed DRMSCA with low-bandwidth communication.

characteristics of the VSG. To further reduce the steady-state er-
ror of the MG voltage during power fluctuations, an islanded MG
voltage control method based on the dynamic reconfigurable
master—slave structure is proposed herein. The basic principle is
shown in Fig. 2.

In Fig. 2, iysq; is the inverter output current; AE; is the
compensation amount specified by the VSG voltage; E,, is the
inverter reference voltage; E; is the port voltage of the ith VSG;
F4; is the local output factor; F,, is the output factor of the
system leader; Q; is the reactive output of the local inverter;
QO 1s the rated reactive power of the local inverter; kg, is

the proportional coefficient; k;, and k; are the proportional and
integral coefficients, respectively.

As shown in Fig. 2, the DRMSCA voltage control method pro-
posed herein is primarily composed of three components, i.e., the
communication module, a distributed VSG secondary control
module, and the primary control module. The communication
module enables information exchange among the DERs; the
secondary control receives the reference signal transmitted by
the communication module to realize the secondary regulation
of the local DG voltage and the proportional sharing of the
system power; the primary control module primarily realizes
the primary voltage regulation of the MG.

The core idea is to achieve the parallel movement of the
droop characteristic curve by adjusting the reference voltage
of the primary control such that proportional power sharing and
effective voltage control can be achieved.

In a specific time period, the entire system comprises only one
leader. The leader coordinates the output of the entire system by
sending its own output information, and the main function of the
leader is to realize voltage recovery such that the average system
power distribution and system voltage recovery can be realized
simultaneously. Furthermore, the leader uses the differential
delay weight voting method to ensure that the unit with voting
rights in the system can become a leader; in this case, when
one of the systems or the leader errs, the second candidate unit
becomes the new leader immediately and continues to lead the
normal operation of the system. The differential delay weight
voting method will be discussed in detail in the next section.

It should be noted that accurate reactive power sharing and
zero-error voltage regulation cannot be satisfied at the same
time indeed, especially when considering the influence of line
impedance. The proposed method is dedicated to minimizing the
reactive power sharing error while keeping the system voltage
close to the rated voltage.

To achieve the secondary regulation of the voltage and the
proportional sharing of the reactive power by reducing the
communication complexity as much as possible, an output factor
is proposed herein. It is used as the reference information of the
system reference unit to the communication bus, and its formula
is shown in

F, = Qe .
Q’ll

In the formula, Q. is the active power output of the inverter,
and Q,, is the rated active power of the inverter. As shown in
(1), the output factor comprises both the rated power and actual
output power. When the output factors of the VSG units in the
system remain the same, it signifies that the reactive output of the
VSG has been achieved and is proportional to the rated capacity.

In addition, it is noteworthy that the addition of sharing
approximates the magnitude of the output factor to the standard
value, i.e., generally between 0 and 2, thereby significantly
reducing the requirement for the data transmission bit width of
the communication system. The bus is only required to transmit
a signal with the maximum output factor, and this can signif-
icantly reduce the requirements of communication and realize
low-bandwidth communication.

D
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Fig. 2 illustrates the operating principle of the proposed
method comprehensively:

qu:f(FqlaFQQa"'7Fqn) (2)
E'refi = En + kqv(qu - qu) (3)
AE; = ky(Eyegs — Ei) + ki / (Erepi — Endt  (4)

where F,, is the output factor of the leader in the MG, E,cf;
is the reference value of the voltage, and E; is the actual port
voltage of the ith inverter.

The O-V dynamic characteristics of the proposed method are
shown in Fig. 3. The primary control can be regarded as a lateral
movement along the curve, whereas secondary regulation as a
vertical translation of the curve. Assume that the system is oper-
ating ata point in the initial state. When the load power increases,
the power balance of the system is broken, the system voltage
is reduced gradually, and the operating point of the system
moves from point a to b. At this time, in the secondary control
module, the voltage control inner loop will quickly generate the
regulation of the voltage based on the voltage differences of
the system and then transmit it to the primary control module
such that the system operation point moves from point b to
c. Finally, under the primary control, the system work point
shifts from point ¢ to point d to achieve voltage recovery. In the
entire regulation process, the main function of communication
is to transmit the reference information to adjust the voltage of
the non-F,,, DER to yield E,¢f, adjust the power allocation of
each VSG unit of the system, and finally realize the secondary
regulation of the system voltage and the proportional sharing of
the power.

After the system stabilizes, two situations are encountered.

When the system is finally stable and the communication is
unobstructed, the output factor of the leader is the same as the
local output factor. At this time, the output factor ratio of the
outer loop is zero, and its control is degraded to the tracking of
the local voltage to a specified voltage. Moreover, owing to the
integral effect of internal loop compensation, the local voltage
can always be maintained equal to the voltage of the system.

If a fault occurs in the system communication, then the
system will select a leader, and the normal communication can
still achieve the secondary regulation of the voltage, whereas
the communication fault exits the secondary regulation and
maintains the droop characteristic; for the part with a leader,
the secondary regulation of the voltage can still be achieved
to ensure that the system voltage is always stable within the
required range.
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In particular, the voltages in the system are not exactly equal
due to the impedance of the line. Therefore, the proportional part
of the secondary regulation part cannot completely eliminate the
steady-state error; however, because of the zero-error tracking
of the leader of the output voltage, the system voltage will
still approach the rated value, thereby reducing the voltage
fluctuation range.

B. Dynamical Leader Selection Method

In the previous section, the basic principles and implementa-
tion process of the proposed method were presented. However,
in practical applications, the independent selection of the leader
presents technical difficulties—particularly, the automatic seam-
less switching of the leader and the communication system
splitting problem when the communication fails. To solve these
problems, a differential delay weight voting method is proposed
herein.

1) Basic Principle of Differential Delay Weight Voting
Method: In this article, the CAN communication bus is used
as the physical basis, and the communication interface of each
VSG in the MG is uniformly adopted by the CAN bus protocol.
According to the communication principle of the consistency
algorithm, a differential delay weight voting method is proposed
to realize the automatic selection of the leader.

The core of the method consists of two parts: the differential
delay part and the weight voting part. The differential delay part
can obtain the communication right and determine the length of
delay times through the combination of local feature quantities.
Moreover, the DG with shorter delay gives priority to the leader,
considering the different delay times of the DGs in the MG.
The weight voting part is used to prevent the whole system
from splitting into two communication subsystems when the
communication system is faulty. When the leader changes, the
system initiates a vote, and the weight coefficient of different
DGs s reflected in the difference in votes. When the unit receives
more than half of the votes, it can become a new leader, ensuring
that there is only one or zero leader in the entire system. The
two core parts are studied further in the next section.

Fig. 4 presents a detailed flowchart of the proposed method,
where F, is the received output factor, Fy; is the local output
factor, and F 'y, is the selected leader output factor. fp is defined
as follows:

tp = f(Dq) ®)

where 1 represents the differed delay time, and D represents
the output-factor difference between the local and the leader.

The workflow of the differential delay weight voting method
is as follows.

When the system does not select the leader, each DG sub-
stitutes the current local feature information (such as output,
frequency, voltage, and capacity) and calculates a local delay
time according to the same rules. The delay time of the DG
is different, and the unit with the shortest delay time may
become the new leader. When the unit with the shortest delay
reaches the delay time, it sends its current output factor to the
communication bus. When the other DG receives the output
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Fig. 4. Flowchart of the differential delay and the weight voting method.

factor sent by the unit for the first time, it sends the number
of votes representing the weight information of this DG to the
unit. Once the candidate of the leader receives more than half of
the votes within the specified time, the unit officially becomes
the new leader and sends its output information to other DGs
again. When other DGs receive the output information of the
same unit twice in a row, it can be considered that a new leader
is selected, and the output information of the leader is used as a
local reference to make the system output consistent.

When the leader receives less than half of the votes within the
regular time, it withdraws from the election of the leader, and the
second DG, which has the second-longest delay time, continues
to participate in the election of the leader, and so on. If there is
no fault in the system, the unit with the shortest delay time can
always be selected as the only leader. While the communication
failure occurs in the system, only the number of votes in the
communication network reach more than half, the only leader

DG, i pa DG,
V=2 Vo4 V=3
Vlu{dl 1 2 Vlo!a1277
vltﬂdl_g

Fig. 5. Voting principle of the subsystem leader when communication fails.

can be selected. However, the other subcommunication networks
with fewer votes are unable to select the leader and then exit the
secondary regulation.

2) Principle of the Distribution of Votes of Different DGs:
The workflow for the election voting process is as follows. When
the candidate first reaches the delay time, it sends its own output
factor as defined in (1) to the others, and the other units reset
the local delay timer after receiving the information and issue
approval votes to the candidate. The votes sent to the leader
by others are continuously received within a set time after the
information is sent. When the number of votes is greater than
half in a set time, the change of the leader can be considered
valid. Then, the unit becomes the new leader, and when no new
leader takes over, no new election process is conducted. The unit
sends only its own output information to other units to ensure
system coordination.

Additionally, the unit is allowed to allocate a certain number
of votes to different units in advance. For example, a larger
capacity energy-storage station gains more votes. Thus, when the
communication fails, it is beneficial to ensure that the secondary
regulation of the portion with a large capacity maintains a normal
state to the greatest extent possible

Vote =f(Qun)- 6)

In practice, the allocation of votes can consider various fac-
tors, such as the type of device, economy, and security. This is
an open point, and more research can be conducted in practical
applications. In this article, only the output power factor is
considered as an example [33].

Each time a new leader is selected, the priority order is
determined according to the delay information, and then the new
candidate must obtain more than half of the votes to become the
official leader.

In Fig. 5, V, represents the number of votes assigned to the
micro-source, Viota1; represents the total number of votes of the
subsystem (i = 1, 2); and Vit represents the total number of
votes of the system.

When the communication fails, the communication system is
decomposed into two subsystems. At this time, the total number
of votes of the subsystems where DG, and DGg are located is
7, which is 4.5 votes more than half. It is possible to select a
new leader, which will still maintain secondary voltage control.
For the subsystem where DG; is located, because the number of
votes is 2, the requirement of having more than half of the votes
is not satisfied, and the new leader is not selected. Therefore,
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because the unit cannot be selected as the leader in multiple
elections, it withdraws from the secondary control later and
returns to the droop control state. The total number of votes
is set to an odd number for ensuring that the system does not
have exactly the same number of votes for the two subsystems.

The choice of the delay function in the differential delay
method is used to determine which unit has the priority to be
the leader for ensuring that the critical load of the system or the
voltage of the PCC bus is stable. The allocation of the number
of votes is used to determine that if the system is split into
two systems, one subsystem can become a secondary regulation
system, and the other subsystem degenerates into droop control,
avoiding the selection of two leaders and resulting in the safety
of the system.

III. STABILITY ANALYSIS OF THE PROPOSED DRMSCA

In this part, the system stability is verified in the case of the
increased DG quantity and the communication influence. Hence,
the tolerance and stability of the proposed method at the system
scale are derived. Then, the communication delay is theoretically
derived.

A brief introduction to the mathematical methods is presented
in this part. The traditional consensus convergence judgment
theory based on small-signal analysis is difficult to apply in
cases of discontinuous intermittent communication and long
delays systems [34], [37]. Thus, considering the characteristics
of periodic communication, this article proposes a method to
prove the stability of the system according to whether there is
a convergence solution for the system steady-state equation.
Because the power-adjustment process of the local primary
control is far shorter than that of the secondary control, the
following three assumptions are made for the convenience of
analysis.

1) The system has reached a stable state before each com-

munication occurs.

2) The load of the system is stable for a period of time after

one or more fluctuations.

The state of the entire system at this time depends on the
iterative process of the periodic communication under the initial
conditions. Therefore, the stability of the proposed method can
be analyzed by referring to the iterative convergence judgment
condition in the numerical calculation, as indicated by

lim x(™ = x*.
n—o0

(N

Clearly, when n tends to infinity, if xx exists, the system con-
verges. The following derivations are based on this mathematical
foundation.

A. Effect of Communication Delay on Differential Delay
Weight Voting Method

For the CAN bus protocol, only one device can occupy the
communication bus at a time. Thus, when a VSG is sending data,
the other VSGs are unable to perform this action, because the
communication will fail owing to the data conflict. The operation
process of the DDWVM with a communication delay is shown
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Fig. 6. Operation process of DDWVM in one cycle when there is communi-
cation delay.

in Fig. 6 [33]. VSG; is assumed to be the leader in the previous
cycle.

In Fig. 6, F,""~ represents the output factor of the previous
cycle; F " represents that of the current cycle; 72 and 3 represent
the total communication delays from VSG; to VSGs and VSGg,
respectively (including the delays in the communication bus,
equipment, and DSP controller); and 71,  p2, and ¢ p3 represent
the differential delays, which are defined by (5), in the current
cycle of three VSGs.

Assuming that VSG; is the leader in the previous cycle, it will
be the first VSG to complete the differential delay according to
(5). Then as shown in Fig. 6, it will occupy the communication
bus to broadcast its own output factor, i.e., F;1™, atz = 0. The
situations of VSGo and VSGs are analyzed in the following
sections.

After VSG; completes the previous differential delay, it
immediately occupies the communication bus and restarts the
current differential delay (zp;) before sending data to VSGo
and VSGgs. During the period of 7p1, the controller forbids the
data-sending request from VSGs and VSGg to the bus.

When VSGs, receives the data successfully before the end of
tp1, VSGy first cancels the request to send itself data and sets
F, as the reference F .« Then, the differential delay #po can
be started. If VSG» wants to occupy the communication bus and
become the system leader for the next period, the following must
be satisfied:

to +tpo < tpi. (8)

Similarly, after VSG, becomes the system leader, if VSG;
wants to regain the communication right from VSGo, (9) must
be satisfied by assuming that the time-delays of data sending
between VSG; and VSGs, are equal

to +tp1 <tpo. )

Therefore, even when there is a communication delay, the
current leader can effectively send signals to other VSGs. The
main consequence is that VSGs with a longer communication
delay have more difficulty obtaining the communication right
than those with no delay, as indicated by (8). Nonetheless, once
a VSG becomes the system leader, the foregoing situation will
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be reversed, as indicated by (9). Thus, a certain communication
delay grants the leader a hysteretic nature, which can prevent
frequent changes of the leader and is beneficial to the system
stability.

The foregoing analysis involves the situation where the leader
does not change during one period, and there is no need to
consider the delay effect of the voting process. When the leader
changes and voting is needed, the main process is similar to
that described above; however, the candidate who reaches the
difference delay time first sends its own information to other
VSGs. After other units receive the information and perceive
the leader change, they send the votes that they hold to the new
candidate when the CAN bus is idle. The communication delay
here determines whether the candidate can receive sufficient
votes within a limited time. If the communication delay is short
and the candidate can receive sufficient votes, it will become the
new leader. If the communication delay is too long, the candidate
cannot receive sufficient votes for becoming the new leader, and
the previous leader continues to play the leading role.

Generally, the CAN-bus-based DDW VM can ensure that the
system only has one unified reference signal under the condition
of communication delay, which can ensure the voltage regulation
and reactive power-sharing characteristics.

B. Effects of DG Quantity and Communication Period on
Stability of DRMSCA

When the system is stable, from the perspective of power bal-
ance, the following equations should hold (for the convenience
of analysis, take the first unit as the leader, and the 2nd to nth
units as the followers):

Erefl + leg

(kl + Dpl + E f1 )Ql + Upcc
Erefa + k2Q"

= (ko + Dp2 + £2)Qa + Upee

: (10)
Erefn + kn gn) —

éQizQ

In (10), E\ef; represents the internal reference voltage of the
ith inverter, k; is the adjustment coefficient of the DRMSCA,
Q; represents the reactive power output of the ith inverter, X;
represents the reactance between the inverter port and the PCC,
Uy represents the voltage at the PCC point, and Q represents
the reactive load.

At the same voltage level, the internal voltage reference value
of the DGs can be easily set to the same value, thus the following
can be easily satisfied:

(kn + Dpn + 5,2-)Qn + Upec

Erofl = Ercf2 == (11)

Therefore, by introducing (10), (11) can be simplified and
transformed into (12).

For (12) further deformation, substitute (12) into (10), (13) can
be obtained. Then, (13) can be modified to obtain the iterative
expression of (14).

According to (14), the output of the leader in each communi-
cation slice can be solved when the output of each DG reaches

refn-

a stable state; then, using (10), the output of all DGs can be
solved. Therefore, the system converges to a unique solution
and is stable.

Obviously, the convergence condition of (14) can be obtained
in (15).

The convergence region of the convergence condition must
be judged according to the actual system information, which
can be considered when designing the system parameters. Here,
considering that the number of degrees of freedom k is larger
than the droop coefficient D,,, there is no need to consider the
local power characteristics in detail. Therefore, a conservative
but simpler and more suitable sufficient condition of (15) can be
obtained as (16).

Clearly, because k differs from the droop coefficient, it has
little relationship with the local DG capacity. In actual applica-
tions, it can be set to a uniform value for the entire system, and
the convergence expression is given by (17)
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> v

=1 (ki +Dp1+E - )

When (17) holds, the system remains stable. Additionally,
it should be noted that the derivation and solution here do not
involve the communication period or specify the DG quantity;
thus, the convergence condition can always be satisfied in any
long communication period with any DG quantity.

The following conclusions can be drawn through the mathe-
matical derivation.

1) In the case of a constant load, the proposed DRMSCA is

stable.

2) When the communication period is longer than the local

response time, the proposed DRMSCA is stable for any
communication period.
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Fig. 7. Simulation results for the DRMSCA with different communication
periods: (a) 0.2's; (b) 1s;(c)Ss.

3) For any quantity of DGs, the proposed DRMSCA can
remain stable.
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To validate the mathematical derivation, two sets of simula-

tions with different communication periods and DG quantities
were conducted. The results are shown in Figs. 7 and 8

X
Uﬁ—ki‘< k1 +Dp1+71 (16)
Eref
- k1—ki
; (ki+Dypit g L)
— =0 < 1. (17)
Z 1+Dp1+ Bref
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The communication period is extended in the scenario of n =
4, and the DG quantity is increased in the scenario of 7= 0.5 s.

When the communication period increases continually, the
response of the system becomes slower, as shown in Fig. 7(from
T = 0.2 to 5 s). When the quantity of DGs increases, the
response of the system remains stable, as shown in Fig. 8
(from n = 2 to 10).

As indicated by the simulation results, when the commu-
nication period increases, the system remains stable, even the
communication period reaches to 5 s, but with degradation
of longer regulation time. Additionally, when the quantity of
DGs increases, the system always remains stable. Therefore,
the simulation results validate the analysis and conclusions.

C. Effect of Communication Time Delay on Stability of
DRMSCA

When there is a communication delay, we can still refer to the
foregoing analysis for further research. Here, according to the
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communication delay time, three scenarios are considered for
analysis.

To simplify the processing, it is considered that the commu-
nication delays from the leader to all other units are identical,
i.e., 74-

When 7q < =T (T represents the communication period):

When a communication period is reached, t= kT (k =0, 1,
...), the reference of the leader is updated, and the second to nth
DGs remain unchanged. Then, the following can be obtained:

Eret + k1Q" = (ky + D
Eref + k2Q5n7 ) =

EX;f )Ql + UpCC
(k2 + Dp2 + %)QQ + Upcc

: (18)
Eref + kn (n V= (k + Dpn + E )Qn + Upcc
;Qi =Q

When the delay time is expired and one communication is
complete, i.e., t= kT+74, the reference of the leader remains
unchanged, and the reference of the second to nth DGs is up-
dated, then (19) can be obtained. Referring to the mathematical
derivation in the previous section, deform and simplify (19) to
obtain (20).

Clearly, (20) only represents an intermediate state, and the
obtained result can represent the power fluctuation amplitude of
the leader caused by communication delay. However, according
to (19), it will not affect the system iteration. Referring to the
formula (18) in the previous section, it is clear that this formula
must converge. Therefore, it can be proven that when the delay
time is shorter than the communication period 7, the system is
stable

Erey +k1Q" =

(kl + Dpl + %)Ql + Upcc
Eref + kQan) =

(k2 + Dyz + 5,%)Q2 + Upee

: (19)
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(20)

WhenT' < 1q < 2T":
When a communication period is reached, immediately (k =
0, 1, ...), the reference of the leader is updated, and the second

to nth DGs remain unchanged, yielding

Eref + le(n) (kl + D;Dl + E' f )Ql + Upcc

Breg +k2Q1" = (k2 + Dy + 5.5)Q2 + Upee
: (1)
Erey + k@ = (kn + Dpn + 2)Qn + Upeo
Z:l Qi=Q
Erep +k1QVY = (ki + D %»@+@m
Ereg +ksQ" ™V = (ks + Dpo + £2)Q2 + Upee
(22)

Eref + an(n =
;Qi =Q

(k +Dpn+ E, f)Qn+Upcc

When the delay time is expired and one communication is
complete, i.e., t= kT+7q , the reference of the leader remains
unchanged, and the reference of the second to nth DGs is updated
to the previous reference value, as indicated by (22).

When the communication period is reached for the second
time, the reference of the leader is updated again, and the
second to nth DGs remain unchanged, then the following can
be obtained:

Eref + le(1"+1)

= (kl + Dpl + %)Ql + Upcc
Eref + kZan_l)

= (kQ + Dp2 + %)Q2 + Upcc

: (23)
Eref + Ky, (n-1) = (kn + Dpn + %)Qn + Upcc
21 Qi=Q

When the delay time 74 is reached again, the reference of the
second to nth DGs is updated again.

Eref + leanrl)

Eref + kZQj(Ln)

(kl + D )Ql + Upcc
= (k2 + Dp2 + Eref )Q2 + Upcc

: (24)
7ef +k Q(n)

ZQZ—

(k +DZDTL+ E, f)Qn+Upcc

Further deformation and simplification can be performed, as
indicated by (25).

There is no doubt that the convergence of (25) indicates that
the system has a stable solution, that is, the system can be finally
stable. However, whether (25) converges mainly depends on the
coefficients of Q17 and Q1"*~V; here, a and b are the iteration
coefficients. Because the iterative format contains the former two
steps of iterative information, the actual iterative forward sweep
is complex. When the values of a and b change, the system
has countless possibilities. To draw meaningful conclusions and
promote the practical application of the proposed method, we
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refer to the assumptions presented in the previous section
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Thus, (27) and (28) can be easily obtained:
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Considering conditions (27) and (28), we can derive the only
solution (25) that will converge, and the system converges.

When 2T < 74 (T represents the communication period), an
expression similar to (23) can be derived. However, the iterative
expression has more terms, and each term is multiplied by a
coefficient. With a longer delay, there will be more terms, and the
expression will be more complex. It can be difficult to determine
whether the solution converges and thus impossible to judge the
stability of the system. However, we have drawn a relatively
conservative conclusion; that is, when the communication delay
is shorter than 27, the system must remain stable. Recall the pre-
vious conclusion that the communication period does not affect
the stability of the system. Therefore, when the communication
delay is long, there can be a theoretical basis to alleviate the
contradiction by increasing the communication period.

In summary, when there is a communication delay, the con-
servative delay stability limit can be obtained as 7q < 27
When the delay is longer than 27, the system may be stable
or unstable, and no clear conclusion can be drawn. However,
the analysis presented in the previous section indicated that
the communication period of the DRMSCA can generally be
adjusted according to requirements and has little effect on the
system stability. Therefore, when there is a long communication
delay, the communication period can be extended, which can
significantly improve the communication delay tolerance

n k;

Dizn (/gi+Dpi+Efeif)
k1t D1+ 5

Z’ﬂ, ref

=1 (ki+Dpi+ E):éf )

0< <1

(28)

To verify the correctness of the analysis, simulations involving
the communication delay were conducted. As shown in Fig. 9,
even when the communication delay is increased to twice the
communication period, i.e., approximately 10 s, the system can
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Fig. 9. Simulation results for the DRMSCA with different communication

delayS: (a) tdelay = 0.1s;(b) tdelay = 5s;(c) tdelay = 10s.

remain stable. Therefore, the simulation results validate the
analysis.

D. Parameter Selection of DRMSCA

The key parameters of the DRMSCA include the proportional
coefficient kg, of the outer loop and the PI parameters k,, and k;
of the inner loop. The basic principles of their selection include
two aspects as follows:

1) ensure the stability of the local controller;

2) ensure the stability of the MG system;

3) ensure that the steady-state error of power sharing is

reduced to the greatest extent possible.

For the stability of the local controller, the acceptable range
of kqy, k;, and k; can be determined by establishing the local
controller small signal model. For detailed methods, please refer
to the author’s previous work [33].

To ensure the stability of the system—particularly in cases of
a long communication delay—(27) and (28) must be satisfied.
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Because the selection of kin the DRMSCA has weak correlations
with local information such as the capacity and voltage of the
micro-sources, it is easy to set the k values of all the micro-
sources to be equal, so that (27) and (28) are always satisfied,
ensuring the stability of the system when the communication
cycle is relatively long and there is a long communication delay
within 27.

To ensure that the steady-state error of power sharing is as
small as possible, kg, should be as large as possible, on the
premise of ensuring the system stability.

Using the three foregoing conditions, appropriate DRMSCA
control parameters can be selected.

IV. EXPERIMENTAL VERIFICATION

The experimental verification mainly included the verification
of the basic functions, power-sharing performance in multiple
operating scenarios (voltage regulation, load fluctuation, com-
munication delay and fault, DG fault and clearance), voltage
recovery, communication delay, and failure.

To verify the feasibility of the proposed method, a control
hardware in the loop test platform of the island MG was estab-
lished, as shown in Fig. 10.

The main circuit part of the system was simulated using the
RT-LAB real-time simulator, the control part was implemented

TABLE I
VSG PARAMETERS

Parameter VSG, VSG, VSGs;
J 0.5066 0.8106 1.0132
K 6283.185 9424.778 15707.963
D, 5.066 8.106 10.132
D, 200 300 500
P, (kW) 5 8 10
0O,(kVar) 4 4 5
1-(Hz) 50 50 50
Vu(V) 220 220 220
TABLE II
DRMSCA PARAMETERS OF VSGS
Parameter VSG,; VSG, VSG;
kg 28 30 30
k, 10 15 20
k; 500 300 200

using three DSP controllers (TMS320F28335), the communica-
tion part was implemented using a CAN bus, the communication
line was a copper core shielded twisted pair, and the communi-
cation speed was set as 10 kbps. The difference delay coefficient
was k = 0.025, with Ty, = 0.2 s. The rated frequency of the
MG was 50 Hz, the rated single-phase voltage was 220 V, the
rated active power was 23 kW, and the rated reactive power was
13 kVar.

A. System Parameters

When the proposed method is adopted, the missing power
caused by the failure of the VSG can be automatically shared
with other DGs according to the capacity ratio. To verify this
advantage, three VSGs were used in the experiment to construct
an MG platform. Tables I and II present the VSG parameters and
the new link part PI parameters. The VSG switching frequency
was 6.4 kHz, the output filter L = 3 mH, C = 6 uF. The power
calculation low-pass filter parameters were G; = 1 and T, =
0.02 in the DSP program [33], [38]-[40].

To fully verify the performance of the proposed method, three
experimental settings were applied, as explained in the following
subsection.

B. Voltage Regulation Experiment Results

The main objective of this group of experiments was to verify
the voltage fluctuation function of the proposed method with
power fluctuation. The process was as follows. In the initial
stage, the VSG MG had a light load of 12 kW and 5 kVar. At 50
s, the active load of 10 kVar was input. The reactive load became
15 kVar. At 65 s, the DRMSCA was put into operation. At 80 s,
the reactive load of 10 kVar was removed, and the total reactive
load became 5 kVar. At 95 s, the active load of 10 kVar was
reapplied, and the total active load became 15 kVar. At 110 s,
VSG1 was disconnected because of a fault.

Fig. 11(a) presents the regulation of the system voltage under
the fluctuations of different loads. As shown, in the first stage
(<50 s), the DRMSCA was not put into operation. At this
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Fig. 11. DRMSCA performance test waveforms: (a) voltage recovery char-

acteristics; (b) output factor; (c) voltage reference regulation. Blue, green, and
purple correspond to VSG1, VSG2, and VSG3, respectively.

time, the system was lightly loaded. Because of the drooping
characteristics of the VSG, the PCC voltage was stable at ap-
proximately 314.5 V, which was slightly higher than the rated
voltage. In the second stage (50—-65 s), the system load increased
to 6 kVar, which exceeded the rated power of the system. The
system voltage decreased to approximately 307.2 V, which was
slightly lower than the rated voltage. In the third stage (>65 s),
the DRMSCA started at 65 s. At this time, the system operating
voltage was lower than the rated value. The voltage inner loop
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of the DRMSCA in each VSG outputted the voltage given
compensation amount and adjusted the reactive output of the
inverter, and finally the voltage of the system recovered to near
311 V. Then, when 80 s 18 kW load shedding, 95 s 18 kW load
input and 110 s VSG1 exit operation, the regulation process is
similar. Clearly, the DRMSCA can achieve secondary voltage
control performance when the system load fluctuates.

Fig. 11(b) presents a waveform diagram of the output factor,
which reflects the distribution of the output for the three VSGs.
As shown, from 0 to 65 s, the DRMSCA was not put into
operation. At this time, although the VSGs of the system had
droop characteristics, the output factors of the VSGs were not
equal, owing to the influence of the line impedance. Because
the DRMSCA was not put into use in this stage, the output
compensation amount, i.e., the voltage reference given regu-
lation amount, was always 0. At 65 s, the DRMSCA was put
into operation, which affected the power allocation in the steady
state of the system, and each VSG could achieve the power ratio
according to the principle of equal output factors.

Fig. 11(c) presents the voltage reference regulation amount
for the three VSGs. As shown, when the DRMSCA was put
into operation, the voltage setting of the VSG could be reg-
ulated (the regulation value was approximately 5:8:10), and
the proportional distribution of the output power of each VSG
was achieved. Furthermore, as shown in Fig. 12, after 110 s,
even if VSG3 was out of operation, the load power could be
redistributed according to the rated-power ratio of VSG2 to
VSG3. At 140 s, VSG3 was put back into operation, three VSGs
could still be restored to the state of power sharing.

According to the foregoing analysis, the proposed method
achieved voltage control and reactive power sharing when the
load fluctuated.

C. Effects of Communication Delay and Failure

The main objectives of this group of experiments were to
verify the impact of the low-bandwidth performance of the
proposed method on the system reliability and to compare it
with the traditional consistency [34]. The communication delay
of VSGI was set as 0.2 and 1 s, and the communication was
completely invalid, and the comparison was demonstrated. The
change process of the system was as follows. In the initial stage,
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the VSG-based MG had a light load of 12 kW and 5 kVar. At 50
s, an active load of 18 kW was input; thus, the total active power
became 30 kW. At 65 s, the DRMSCA was put into operation.

According to Fig. 13, when the proposed method is used,
even if the communication period is 0.1, 0.5, or 1 s, the system
can achieve voltage recovery and equalization of the reactive
power under load fluctuations. As the communication period
increases, the regulation performance of the system voltage and
the power distribution accuracy remain almost unchanged, but
the response time of the power distribution increases. There are
two main reasons for this. First, the voltage regulation function of
the proposed method is independently completed by the control
systems of the DGs. Second, the communication system only
transmits a unified reference signal to each unit to coordinate the
DGs. When the communication period is long, the number of
times that other units simultaneously receive valid information
becomes small, which reduces the number of regulations of other
units, resulting in a slower response of the outer-loop power
sharing.

Additionally, we compared the proposed DRMSCA with the
conventional consensus-based control method [29], as shown in
Figs. 13 and 14. When the communication delay was 0.1 s, both
methods remained stable. However, when the communication
delay reached 0.5 s, the traditional method became unstable,
and the system oscillated. The proposed method remained stable
even when the communication delay reached 1 s, confirming its
advantages.
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Therefore, even if there is a delay in communication, it will
only affect the response speed of the system power proportion-
ally. It will not affect the accuracy or speed of the controllers’
voltage regulation. The system can still operate reliably.

According to the foregoing analysis, this set of experiments
verified the advantages of low-bandwidth communication meth-
ods and their effects on the system voltage recovery and distri-
bution reliability.

V. CONCLUSION

To overcome the trade-off between voltage control and reac-
tive power sharing in islanded MGs, a dynamical reconfigurable
master—slave control strategy is proposed in this article. The
following conclusions are drawn.

1) DRMSCA can control the voltage fluctuation of island

MGs under a low communication bandwidth more effec-
tively than existing methods.
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2)

3)

4)

The quantity of DGs and communication period have little
effect on the DRMSCA; even if the communication period
is around the “s” level or above, the proposed DRMSCA
can operate normally.

The DRMSCA is hardly affected by communication de-
lays, and when the communication delay is shorter than
2T, the system remains stable.

When the communication fails, the DRMSCA can always
ensure that there is only one leader in the MG. Thus, there
is no brain splitting caused by communication failure, and
the system is safe and reliable.
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