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Abstract

The introduction of virtual resistance can effectively suppress the circulating current between microsources and improve power

allocation in low-voltage microgrid, but it also causes the voltage deviation of microsources’ inverters. An optimization method of

virtual resistance based on hybrid index is proposed in order to suppress circulating current and improve voltage deviation at the

same time in this paper. The gradient descent method is used to design the virtual resistance optimization process, aiming at the

optimization of hybrid index composed of circulating current and voltage deviation. The constraints are deduced with power quality

requirements, capacity limitation and static stability, and then virtual resistance values are optimized. The effects of switching load

and microsource on the optimization results are analyzed through the simulation of low-voltage microgrid, and the simulation results

show that the virtual resistance optimization method can significantly suppress circulating current while improving power quality.
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1 | Introduction

Microgrid is a small power generation and
distribution  system which integrates distributed
generators, load, energy storage equipment, converter and
monitoring protections [1-2]. When distributed generators
are connected to utility grid through inverters and feeders,
differences in feeder parameters and inverter control
strategies easily cause circulating current and uneven
power distribution among micro-sources. The serious
circulating current causes power oscillation and even
system collapse, and uneven power distribution causes
long-term insufficient output of some micro-sources in
the system with a large number of micro-sources [3].
Improvements to the control of inverters are investigated
in relevant literatures in order to solve the above
problems, and the introduction of virtual impedance is a
typical improvement method.

The design of virtual impedance is generally based on
feeder Impedances and droop-control curves of different
voltage levels. The traditional P-f and Q-V droop control
does not meet system characteristics because of the large
resistive component of the feeder impedance in the low-
voltage microgrid. The existing virtual impedance design
methods can be divided into two categories according to

whether the droop characteristic curve is improved. It is
commom to adopt the P-f and Q-V droop controller and
design a virtual inductor in order to change the
impedance ratio, which make it inductive to meet
traditional droop characteristics. Zhu Y et al. adopt
virtual reactance to improve the resistance-inductance
ratio, and the output active power is adopted to modify
the virtual resistance to achieve the purpose of optimal
distribution of active power [4]. Zhu G et al. introduce
virtual reactance to increase the overall reactance value,
and the deviation between inverter voltage and bus
voltage is introduced into the Q-V droop characteristic
curve to improve the allocation accuracy of reactive
power [5]. Wen C et al. propose a virtual impedance
control method based on dq conversion, and verify that
the application of virtual impedance can effectively
suppress the circulating current [6-7]. Cai H et al. propose
the metod of virtual negative impedance, which adopts
negative virtual resistance to make the overall impedance
inductive and improve the accuracy of power decoupling
[8]. Hoang et al. obtain the average output power based
on the droop coefficient of each inverter, and realize the
output power share control of micro-sources [9]. The
other researchers adopt P-V and Q-f droop controller and
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designing a virtual resistor to improve power allocation.
Fixed virtual resistors are adopted to verify the
effectiveness of the proposed method for circulating
current suppression [10]. Dou C et al. propose a method
of adjusting virtual resistance value with active power to
suppress circulating current and improve power
decoupling accuracy at the same time [11]. In summary,
the circulating current can be suppressed and the active
and reactive power can be reasonably distributed by
reasonably designing virtual impedance.

Virtual impedance has the characteristics of high
flexibility and no power loss, but it can cause static
voltage deviation. Therefore, many scholars have carried
out research on the improvement methods of voltage
deviation. Zhang H et al. propose to improve voltage
quality by adjusting virtual resistance and virtual
reactance with reactive power, but it requires high
reliability of communication between micro-sources[12].
Zhang Y et al. introduce the output voltage of the inverter
into the droop control loop or voltage loop, which
reduces the voltage drop caused by virtual impedance to
a certain extent [13-14]. Han Hua et al. proposes a
voltage recovery mechanism, which means that voltage
compensation is performed immediately when voltage
drop is detected [15]. However, the selection of
compensation deviation lacks reasonable basis, and the
timeliness can not be reliably guaranteed. Xia Y et al
adopt double-loop controller instead of traditional three-
loop controller, and improve voltage deviation by
reasonably designing virtual resistance[16]. Augustine S
et al propose a method of adjusting virtual resistance by
feeder impedance and micro-source capacity and verify
its effectiveness in reducing voltage deviation[17-18].
Peng Z et al. apply an intelligent optimization algorithm
to find the optimal parameters to ensure that the
frequency and voltage change and rate of change are
minimal in the transient process[19]. Wang et al. propose
the consensus algorithm to achieve the frequency
adjustment and improve the distribution accuracy of
active power[20-21]. It can be seen that the existing
research generally improves the voltage quality by
adjusting the droop characteristic curve or adding new
controllers and control mechanisms, but the above
methods do not coordinate the design of improving the
voltage quality, suppressing circulation current and
improving the power sharing, which fails to achieve the
coordinated control effect of suppressing the circulation
current and improving the voltage quality.

In this paper, the value of virtual resistance is
optimized by optimizing the hybrid index based on
circulating current and voltage deviation, so that the
performance of the system can reach an optimal state in
the contradiction between power allocation and voltage
deviation. In addition, the design of the virtual resistance
meets the system operation constraints and static stability
requirements. It further limits the value range of virtual
resistance and ensures that the virtual resistance can be
adjusted quickly until the optimal value is obtained. The
virtual resistance optimization design method is
compared with other design methods in the simulation of
low-voltage microgrid with multi-sources, which verifies
the effectiveness of the optimization design in improving
the quality of micro-source voltage and significantly
suppressing the circulating current.

2 | Photovoltaic System

The introduction of virtual resistance aims at suppressing
circulating current and improving power allocation, but it
also causes output voltage deviation. Therefore, the hybrid
index is selected to optimize the design of virtual resistance
by combining these two factors. In this section, the
selection of hybrid index and the derivation of its
mathematical model are elaborated, the corresponding
relationship between mixing index and virtual resistance is
analyzed, and the design basis of weighting factor of hybrid
index is designed.

2.1 | Selection of hybrid index

An islanded low-voltage microgrid can be regarded as a
system of parallel micro-sources, and its circulating
current can be analyzed according to the circulating
current of the inverter parallel system [22]. There are
differences in the definition of circulating current in
different literatures, but the definitions in [23] are
identical and widely used, which can be derived as:

Ih:IDGI _IDGZ (1)

2
where I is the circulating current between the micro-
source DGj and DGo. In the system with a large number
of micro-sources, the circulating current of the nth micro
-source is defined as:

1, = ve —Ioea 2
where l.g is the RMS of all the micro-source output
currents in the system and /pg, is the RMS of the nth
micro-source output current. Three-phase symmetric
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feeders and loads are adopted in this paper and therefore
the RMS of single-phase micro-source output current is
adopted as lavg.

The voltage deviation refers to the static voltage

deviation caused by the introduction of virtual resistance.

The product of the output current of the micro-source
and the virtual resistance is used as the adjustment of the
reference value in the outer loop voltage, which is as
follows.

Uaref = U:z _Rv ‘IDGa
U,Bref = U; —-R, 'IDGﬁ

where R, is the value of virtual resistance and the

)

voltage drop is the deviation between the voltage
reference value and the actual voltage reference value.
And the expression above is in stationary reference
frame. Based on the analysis, the voltage deviation of
the nth micro-source can be expressed as:
U,, =R, " Ing, “)

The concept of hybrid index is proposed based on the
analysis above and the hybrid index of the nth micro-
source is defined as:

Tn:Th +Tv:kl (]avg _IDGn )2 +k2 (Rvn 'IDGn )2 (5)

where ki and k> are the weight factors of circulating
current and voltage deviation in the hybrid index
respectively. The two weight factors are not comparable
in the unit, so they need to be designed reasonably and
the design principles are shown in Section 2.3.

The increase of circulating current reflects the
increase of circulating current between the micro-source
and all other micro-sources, corresponding to the
increase of hybrid index. When the capacity and the
control of the inverters are the same, the circulating
current can reach the minimum value of zero in theory,
which means there is no circulating current among micro
-sources. The larger the voltage deviation is, the larger
the voltage drop caused by the virtual resistance and the
hybrid index are. Therefore, the hybrid index can reflect
the comprehensive effect of circulating current and
voltage deviation.

2.2 | Hybrid Index Mathematical Model

The micro-source and its inverter are equivalent to the
Thevenin model, as shown in Figure 1. The equivalent
impedance of the inverters and loads near inverters are
neglected in the low-voltage microgrid topology.
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FUGURE 1 Frame diagram of low-voltage microgrid

As can be seen from Figure 1, the current and voltage
equations are as follows.

DI —UpeelOye 1 Z,=0 (6)

J=1

E'DGnZ 971 - Upccé epcc

DGn —

; (7)
Rvn +R In +]Xln

When the capacity and the control of the inverters are
the same, the Epg £ € is approximately equal. In addition,
Ry is much larger than L, in the impedance of the low-
voltage feeder. Therefore, the hybrid index of the nth
micro-source is expressed as:

T,=N* (klof +k,R,M, ) (®)
where

N:@/(LJF ZM/‘)
Z, Z, 5

anl/(Rvn +Rln) (9)

0, :liMj—Mn
n

=1

When the virtual resistance of the nth micro-source is
analyzed, it is assumed that virtual resistances of all
other micro-sources are constant. As shown in Equation
(8), when loads and feeders are fixed and the weight
factors k1 and k» are selected, 7, is related to the unique
variable Rv,. Assuming that the feeder resistance of DG
is 0.1Q; the feeder resistance and the virtual resistance
of DG are both 0.2Q in the low-voltage microgrid with
two micro-sources, the correspondence between 77 and
Ry1 is shown in Figure 2.
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FIGURE 2 Diagram of the correspondence between virtual

resistance and hybrid index

As can be seen from Figure 2, when the sum of Ry
and Ry is equal to the sum of Rv2 and Rp in the process
of Ry increasing, which means Ry is 0.3Q, the
circulation index 7h reaches the minimum of 0. However,
the voltage drop caused by the virtual resistance
increases gradually, and the voltage deviation index 7y
increases continuously. Therefore, T decreases first and
then increases. That is, there is a unique value of the
virtual resistance making the hybrid index minimize.
Considering that the feeder reactance of the micro-
source, the virtual resistance corresponding to the
minimum value of the hybrid index is approximately
equal to the resistance difference.

2.3 | weight factor

There is no comparability between two weight factors’
units for ki corresponding to Th, whose unit is A%and k>
corresponding to 7y, whose unit is V2. Therefore, the
values of ki and k> is different from that of the typical
weight factors, of which the units are the same and the
values are from 0 to 1. Two weighting factors are
designed based on the analysis above.

Virtual resistances are introduced in all inverters’
control in the low-voltage microgrid, so the first inverter
is taken as an example to describe the value design
processes of k1 and k» in the hybrid index 71. All virtual
resistors except Ryi are taken as constants in the weight
factor design of 7. From Equation (8), the optimal value
of Ry corresponding to the extreme point of 77 is as
follows.

(n-1-R,X)Y
vaz: (10)
R
k 1+ 2+ R, X |[+YX
k Zz

1 p

where

X=3M,
- 1)
n-1+nZ, X (
- n*Z

p

The value of Ryi, is negatively correlated with the
ratio of k2 to k1 in Equation (10). It must be noted that,
Equation (10) is only used to analyze the first inverter,
and cannot be used to acquire the global optimum
solution of the virtual resistance Ryi. Assuming that the
feeder resistances of DG and DG> are 0.1Q and 0.4Q
respectively in the low-voltage microgrid with two
micro-sources, the correspondence between the ratio of
k2 to ki1 (set as ky) and Ryi, is shown in Figure 3.
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FIGURE. 3 Correspondence diagram of weight factor ratio

and optimum value of virtual resistance
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FIGURE 4 Diagram of the correspondence between virtual

resistance and hybrid index

In order to ensure that the value of Ryi, can basically
achieve accurate power allocation , the value range of
Rz 1s as follows.

%(sz R, ) —R; <R,, <R,*R, - R, (12)

According to Equation (12), k, ranges from 0 to 1.3 in
Figure 3. When the R\, value is negative, its variation
does not affect the lower bound of 4, so the value range
of ky includes the negative value of the virtual resistance.
The smaller the &y value is, the larger the proportion of
circulating current in the hybrid index is, which means
that the power allocation degree is more important in the
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balance between suppressing circulating current and
reducing voltage deviation. Similarly, the larger the kv
value is, the more important the voltage quality is. When
kv is 0.2, the relationship between the weight factor and
the hybrid index is as shown in Figure 4.

As shown in Figure 4, the small value of k1 makes the
hybrid index small, which increases the difficulty of
optimization convergence. k, ranges from 1 to 100 in
order to reduce the difficulty of convergence.

{oskz/k1 <13
(13)
1<k <100
3 | Optimum Design Method of Virtual
Resistance

The gradient descent method is used to optimize the
virtual resistance with the objective of optimizing the
hybrid index. The process of virtual resistance
optimization, constraints and convergence are described
in detail.

3.1 | Optimizing process

The gradient descent method is applied to optimize the
virtual resistance, and the iteration formula of the virtual

resistance is as follows.

den . dT;7 kt
=—a - S1gn e
i )

where o is the learning rate and a positive constant; k is

(14)

the attenuation coefficient and a negative constant. Both
of them need to be reasonably designed to avoid non-
convergence. In addition, the convergence condition in
the iteration process is as follows.

|dT, [di| < & (15)

According to the iteration algorithm above, taking the
micro-source DGy as an example, the overall flow chart
of the virtual resistance optimization is as shown in
Figure 5.

As shown in Figure 5, the R,1 optimization process
needs Ry1 and 71 as the input to start the iteration. 71 is
calculated by the current Ipgi through local
measurements and the output current of all other
inverters transmitted by the communication line, which
depends on the highly-reliable communication line. In
case of communication failure, 71 only acquires the local
current Ipgi, which results in the optimization value of
Ry being 0. In case of communication delay, the delay

effect is equivalent to the corresponding feeder length
decreasing, which leads to a larger optimization value.
This indicates that the communication problem affects
the accuracy of the optimization results.

inverter primary control of DG, |

communication

X InGip)
N . x
R, after iteration > R local measure
InGi1
!
gradient I T "
calculation | calculation
convergence
condition|
:LE o« iterative
-&le algorithm

FIGURE. 5 Flow diagram of iteration algorithm

Compared with other peer-to-peer control based on
the voltage and current transmitted by the
communication line, the iteration process proposed only
needs current, which reduces the transmission volume of
communication lines and alleviates the pressure of
communication transmission. In general, solving 7 and
iterating are regarded as the secondary control of the
inverters. The optimization value of Ry is entered into
the primary control to realize the hierarchical control of
the inverters.

3.2 | Constraint Condition

The constraints in the virtual resistance optimization
process include the power quality requirements of micro
-sources, the capacity limitation of the inverters and the
static stability requirements. The power quality of the
low-voltage microgrid includes voltage deviation,
voltage harmonics and frequency allowable deviation.
Three-phase symmetrical load is adopted, so three-phase
unbalance is not considered. Voltage harmonics are
constrained by the design of QPR controller in primary
control of inverters, and frequency allowable deviation is
constrained by the design of droop coefficient in the
droop control. Therefore, voltage deviation and power
angle limitation are described in detail, and the rests of
power quality requirements are not elaborated.

The allowable fluctuation range of three-phase
voltage in low-voltage microgrid is £7%, corresponding
to the limit range of Upcc in Figure 1. In addition, there is
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the maximum power angle deviation between the output
voltage of the micro-source inverter and Upce.
Considering the symmetry of three-phase load and three-
phase line parameters, the single-phase constraints of the
nth micro-source are obtained based on the constraints
above.

(1-7%) <UL, < (1+7%)

16
0<6, =0, <O (16)

In addition, the output power P and Q of the micro-
source inverters are limited by the capacity of the
inverters, which are expressed as:

Q}’l S Qmax

where, P, and Q, are calculated from the output power
of the nth micro-source, whose specific expressions can
be found in reference [8]. The impedance, appearing in
the expression of P, and Q,, includes the equivalent
output impedance, the feeder impedance and the virtual
resistance. Equation (16-17) are virtual resistance
constraints based on the power quality constraint and the
inverter capacity limitation. Assuming that the
maximum power angle deviation is 10 degrees and the
maximum power limit is 20 kW and 10 kvar, the
permissible range of Ry, is shown in Figure 6.
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FIGURE 6 Diagram of bus voltage and permissible range of

virtual resistance

As shown in Figure 6, the range of virtual resistance
gradually increases with the increase of bus voltage,
corresponding to the range of arrow pointing. The closer
the bus voltage is to the equivalent voltage of the micro-
source, the more difficult it is for the output active
power to reach the limit value. Therefore, the allowable
virtual resistance range increases with the bus voltage
increasing. In order to ensure that the power constraints
are satisfied within the allowable voltage fluctuation
range, the minimum allowable range is taken as the
value range of the virtual resistance, corresponding to

the virtual resistance with a lower limit of 0.03Q in
Figure 6. It should be noted that there is also an upper
limit constraint on voltage phase angle 6, besides bus
voltage fluctuation. The simulation results show that the
phase angle has little influence on the virtual resistance,
so the voltage phase angle is not used as a variable but a
constant.

The method of judging the small signal stability is the
small signal analysis of the inverter output equation. The
droop characteristic and output power characteristic can
be linearized when small interference occurs in
equilibrium state, which is expressed as:

AEy;=—k,AP
Af =k, AQ
AP=k AE,; + k,AQ
AQ=k;AE, + k,AO
where ke and kr are the droop coefficients of P-V and Q-f
droop characteristic curves, which can be designed based

(18)

on the output power limit and power quality
requirements of the inverters. ki, k2, k3 and k4 are
variables including virtual resistance and line parameters,
which can be derived from the partial derivative of the
output power equation of the micro-source, shown in
Figure 1. Consequently,
sS’A+ As*AO + BsAO + CAO =0 (19)
where
A= (kk +2)
B = (w; + ok k- 2nkik,) (20)
C = 2rk,w} (k, +k Jk, — k Jks)
where wr is the cut-off frequency of the low-pass filter
and a constant. Therefore, the small interference stability
of micro-sources can be judged by the characteristic
equation. In order to ensure good small interference
stability, all real parts of the eigenvalue of Equation (19)
should satisfy:
Re(root) < -k, (21)

where £ is a positive constant.

Tab.1 Table of system parameters

system parameter value
ke/kV-MW-1 0.25
kiHz-Mvar 0.667
wirad-s! 62.83
ki1 2.5

By substituting the parameters in Table 1 into the
small disturbance stability constraint Equation(21), The
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root locus diagrams under different virtual resistances is
shown in Figure 7. The characteristic equation
corresponds to three real roots. The values of root; and
roots are always very small, which have little influence
on the stability. root, gradually approaches 0 with the
increase of R, and has great influence on the stability of
small interference. When the virtual resistance increases,
the value of root, approximates to zero, and the static
stability becomes worse. As shown in Figure 7, the
virtual resistance should be less than 0.67Q in order to
satisfy the stability constraints, which means that there is
an upper limit for the virtual resistance. It should be
noted that the value of 4; affects the upper limit of virtual
resistance due to the fluctuation of subjective factors.
Considering that the optimal value of virtual resistance is
basically less than half of 0.67Q, it will not affect the
final result of the virtual resistance optimization.

60 - : i ; " 2.5

-8 — rool; |
i — rool
rootz |

characteristic root/1

_] 20 1 1 1 | Il 1 1 1 | Il
-0.25 05 1 L5 2 25 3 35 4 45
R./Q

FIGURE 7 Root locus plot with different virtual resistances

The value range of the virtual resistance is obtained
by analyzing the constraints of power quality, capacity
constraints and small disturbance stability constraints,
which is in favor of reducing the impact of initial
iteration values and ensuring the fast convergence.

3.3 Optimal Convergence

According to the optimization process of the virtual
resistance, the convergence analysis of the hybrid index
in the iteration process is carried out. The hybrid index
T of the first micro-source is a function about
independent variables Rvi, Rv2... Rwa in the low-voltage
microgrid with many micro-sources. Therefore, the
derivation of 71 is as follows.

% _ et | sign( a1, )+ af,
dr ar, AR, T aR,,
(22)
a1, T, . dT,
sign Hoeot sign
g (dRV2) R, e (den)

where

NO.Z -1
2MfN2{k101[ e +”—j+

DGI n
M\NZ R,
k2M1Rv1 —+R11 ,J=1
al; _ DGI (23)
dR,, - NOZ, |
2M;N kO, —— |+
DG n

k,NM} R, % } j=l
EDGI

If the sum of all the items on the right side of
Equation (22) is positive, there exists a negative
derivative for the hybrid index. It means that increasing
the virtual resistance can ensure the hybrid index is close
to the optimal value. The best value of iteration
convergence is the virtual resistance value corresponding
to that Equation (22) is 0. Therefore, the virtual
resistance optimal value of the first micro-source is the
Ry1 corresponding to that Equation (22) is 0. The
optimum virtual resistance of other micro-sources can be
determined by the same process. Assuming that the
feeder resistances of two micro-sources are 0.1Q and
0.4Q respectively in the low-voltage microgrid with two
micro-sources, the convergence of the hybrid indexes Ti
and 7> affected by virtual resistors is shown in Figure 8.
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FIGURE 8 Convergence diagram of hybrid index

The white areas from A; to Az and from B; to B>
correspond to that the convergence condition is greater
than 0 in Figure 8. In Figure 8(a), both A; (0.21, -0.05, 0)
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and A (0.04, -0.27, 0) satisfy the convergence condition
of 0, which corresponds to the minimum of the hybrid
index. Corresponding to the point A> which satisfies the
convergence condition, Ry is basically equal to the line
impedance, so the voltage deviation caused by R, does
not meet the original design purpose, and the constraints
described in the previous section can also avoid the
virtual resistance converging to the point As.Therefore,
the virtual resistance value corresponding to Ap is the
only optimal value satisfying the constraints. In Figure
8(b), The point B> (0.29, 0.05, 0) is similar to Az, which
means the best value satisfying the constraints is only
the point By (0.22, -0.06, 0).

In conclusion, the optimal convergence values A; and
B after the iteration of 77 and 7> corresponds to Ry
,which are unique and basically consistent, and the two
virtual resistors are 0.21Q and -0.05Q respectively. This
shows that the optimization process of the virtual
resistance can converge to the only optimal value in the
dual micro-source system.

4 | Simulation analysis of virtual
resistance optimization

The simulation model of the low-voltage microgrid with
micro-sources is built to analyze the effect of virtual
resistance optimization. The simulation structure of the
0.4kV islanding microgrid is shown in the appendix.

Tab.2 System parameters used for simulation

system parameter value
Uac/kV 0.8
Rn+jXn/Q 0.6+j0.078
Re+jXe/Q 0.9+j0.117
Re+jXis/Q 0.7+j0.091
P+jQ/IMVA 0.5+j0.3
LimH., CduF 0.5, 150
K1, Kpal1 0.8. 0.8
ke ksl 50, 20
ko1, tis 06. 1.2
Ki/KA™ | kalkV"! 9. 1
ks, alQ? -0.009. 0.006
els’! 0.005

Some of the control parameters are shown in Table 1
and the other system parameters are shown in Table 2.
Specific design principles of the filter inductance and the
filter capacitance can be found in reference [24]. Design

principles of droop control coefficients can be found in
reference [25]. Design principles of of QPR controller
parameters can be found in reference [26-27].

4.1 | Load switching simulation

The simulation parameters of the dual micro-source
system are shown in Table 2, and the feeder parameters
of DGs are not included. The first simulation case is set
as follows. the virtual resistances of two micro-sources
are fixed to 0.09Q at the initial time. The optimization
process of virtual resistances is started at 0.5s and the
public load of the system is increased by 0.1+j0.08MVA
at 2s. The optimization process and hybrid indexes of
virtual resistances are shown in Figure 9. The output
power is shown in Figure 10. The second simulation
case is set as follows. Virtual resistances of the two
micro-sources is fixed to specific values. While 0.09Q is
chosen at random, 0.3Q and 0Q are selected based on
circulation suppression. The index comparsion of
simulation cases is shown in Table 3. The circulating
current of random-selected resistances is taken as the
denominator of I,/% and the voltage allowable range,
which is £7% rated voltage, is taken as the denominator
of Uv/%.
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FIGURE 9 Diagram of virtual resistance and hybrid index

during optimization

In Figure 9, the virtual resistances Ry1 and Ry» iterate
from 0.5s to 1.5s. During the iteration process, the
virtual resistance Ryi, corresponding to R, increases to
0.216Q, whereas Ry» decreases to -0.05Q. The hybrid
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indexes 71 and T3 reduce to the equilibrium state. That is
consistent with the analysis of the corresponding
relationship between virtual resistance optimization and
the hybrid index, which means the optimal values of
virtual resistances correspond to the minimum points of
hybrid indexes. It can be seen that, hybrid indexes
change while virtual resistances are not optimized after
the increase of the public load, which shows the change
of the public load has little influence on the optimization
results of the virtual resistance.
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FIGURE 10 Diagram of output power during optimization

As shown in Figure 10, the deviation of output active
powers is reduced from 0.11MW to 0.06MW with the
same public load after virtual resistance optimization,
which greatly improves the degree of active power
sharing. The slight increase of reactive power deviation
has little effect on the degree of reactive power sharing.
Therefore, optimizing the virtual resistance can
significantly improve the power sharing degree of the
system and avoid the problem of long-term insufficient
output power of some micro-sources.

Tab.3 Indexes comparison with different values of virtual

resistances

casel case2 HLILrEE
Ry, R2/Q 0.09. 0.09 03. 0 0.216, -0.05
Iv/kA 0.1032 0.001 0.0075
1In/% X 0.9% 7.2%
Uw/kV 0.0076 0.0159 0.0131
Un/% 25% 51% 42%
Uwn/kV 0.0065 0 0.0048
Uva/% 21% 0 16%

In Table 3, the first case is selected randomly, and its
circulating current value is large, which easily causes
power oscillation between inverters. It corresponding to
Figure 10, the difference of active power output between
the two micro-sources is 0.11MW, which shows the

active power allocation is seriously unbalanced. In
contrast, the second case and optimized resistance can
greatly reduce the circulating current and improve the
power sharing. However, the voltage deviation of the
second case reaches 51%, and the voltage quality does
not meet the requirements. It means the voltage quality
must be increased with other methods, so the design of
the second case is unreasonable. Comparing the second
case with the optimized resistance, it is found that the
the voltage quality is improved with optimized virtual
resistance while the circulating current is greatly
suppressed. Generally, virtual resistance optimization
with the hybrid index can achieve the balance of
suppressing circulation current and improve voltage
quality, which is superior to other designs.

4.2 | DG switching simulation

The simulation parameters of three micro-sources
system are shown in Table 2. The first simulation case is
set as follows. the virtual resistances of all micro-sources
are fixed to 0.115Q at the initial time. The optimization
process of virtual resistances is started at 0.5s and DG3
quits running at 2.2 s, when the optimization iteration
process is carried out again. The optimization process
and hybrid indexes of virtual resistances are shown in
Figure 11. The output power is shown in Figure 12. The
second simulation case is set as follows. Virtual
resistances of the three micro-sources is fixed to specific
values, shown in Table 4. The first case is selected based
on the improvement of voltage deviation and the second
case is chosen at random, while the last two cases are
selected based on circulation suppression. The index
comparsion between the first case and the second case is
shown in Table 5.

Tab.4 Values of virtual resistances without optimum design

Rui/Q Rw/Q Rv3/Q
casel 0 0 0
case2 0.115 0.115 0.115
case3 0.3 0 0.2
case4 0.1 -0.2 0

In Figure 11, the virtual resistances Ryi, Ry and Ry3
iterate from 0.5s to 1.5s for the first time. During the
iteration process, the virtual resistance Ryi increases to
0.25Q, while R\, decreases to -0.045Q. Rys increases
first and then decreases under the influence of the other
two virtual resistances, and finally stabilizes at 0.14Q.
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The initial value of 73 below the steady value indicates
that the global optimum value is the result of the joint
optimization of all virtual resistances rather than single
is the
iteration process of Ryvi and Rz after DG3 quits running.

local optimum value. The second iteration
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Fig. 12 Diagram of output power during optimization

After the first iteration, the virtual resistance is close
to the optimal value, resulting in the second iteration
process being very short, only 0.1s. After the first
iteration, the virtual resistance is close to the optimum

10

value, resulting in the second iteration process being
very short, only 0.1s. The final stability values of R
and Ry are 0.219Q and -0.052Q respectively, which are
basically consistent with the results of virtual resistance
optimization in Section 4.1. It shows that the results of
virtual resistance optimization are affected by the
number of micro-sources, but not by the switching
process of micro-sources.

In Figure 12, the first iteration process significantly
improves the power allocation of the system, while the
second iteration does not significantly improve the
power allocation because the quitting of DGz is
equivalent to directly increasing the total public load.
The improvement of reactive power equalization is more
obvious than that of active power after DGz quits
running. The reason is that the realization of active
power equalization needs to satisfy the magnitude
difference of output voltage among micro-sources in the
low-voltage microgrid, which is more rigorous than the
condition of realizing reactive power equalization.
Generally, the optimization of virtual resistances can
improve the power allocation of the system.

Tab.5 Indexes comparison with different values of virtual
resistances

1n/% In/% /% Ua/% Uva/% Uis/%
casel 121.7 100 21.5 0 0 0
case2 79.8 81.6 1.8 29 14 21
case3 6.4 4.7 2 56 0 35
case4 1.6 1 0.1 21 -47 0
Op.ﬁmi_ 5.6 07 68 37 -8 26
zation

In Table 5, the circulating currents of the first two
cases are larger than that in other resistance values. The
circulating currents of the third and fourth case are
suppressed, but the voltage deviation does not meet the
requirements and the power quality is poor. Generally,
only optimizing resistance can improve power quality
and obviously suppress the circulating current. It shows
that optimizing virtual resistance based on the hybrid
index is better than other schemes.

5 | Conclusion

In this paper, a virtual resistance optimization method
based on the hybrid index is proposed. The hybrid index
is defined with the circulating current level and voltage
deviation, the optimization iteration process is designed
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with the hybrid index as the objective function, and the
constraints are deduced according to the power quality
requirements, capacity constraints and static stability
requirements. The main conclusions are as follows:

(1) The method of optimizing virtual resistance based on
the hybrid index can achieve the effect of restraining
circulating current and improving power sharing degree
on the premise of guaranteeing power quality and
satisfying system stability.

(2) The lower limit of virtual resistance can be obtained
by analyzing power quality constraints and capacity
constraints of inverters. The upper limit can be obtained

Appendix

by analyzing static stability, and the range of virtual
resistance optimization can be determined by both.

(3) The optimization of virtual resistance is affected by
the number of feeders. It is necessary to re-optimize the
virtual resistance after changing the number of feeders,
but the process of switching micro-source and adjusting
load does not affect the optimized resistance value.

(4) In the process of virtual resistance optimization of
multi-source system, There exists a hybrid index whose
resistance value is lower than that of its optimal
resistance value, which indicates that the optimization
process is the process of all virtual resistors optimizing
together.

The simulation block diagram of the whole system is shown in Figure A1.
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FIGURE A1 Diagram of low-voltage microgrid used for simulation
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