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In this work, the loss (including wire loss and converter loss) of island three-phase AC
microgrid is modeled as a quadratic function of the current distribution coefficient, that is, a
concave function with equality and inequality constraints. On the basis of the concave
optimization principle, the optimal current distribution coefficient of the distributed energy
unit (DEU) is calculated online by the double ascent optimization method (DAOM) to
minimize the distribution loss. It is proven that the concave function with multi-variables can
be optimized by the DAOM. Using the average reactive power distribution scheme, the
optimal active power distribution coefficient with the minimum distribution loss of the AC
microgrid can be obtained in real time. In addition, given the high R/X ratio in the short-
distance AC microgrid, the active power–frequency (P-ω) droop control and reactive
power–voltage amplitude (Q-E) droop control are not suitable for power distribution among
DEUs. Thus, an advanced strategy comprising active power–voltage amplitude (P-E)
droop control and reactive power-frequency (Q-ω) droop control is proposed to dispatch
the output active powers and reactive powers of DEUs. Simulation examples are provided
to verify the convexity of the proposed model and the effectiveness of the control strategy.

Keywords: AC microgrid, concave optimization, distributed energy unit (DEU), distribution loss, double ascent
optimization method (DAOM)

INTRODUCTION

To reverse the trend of the greenhouse effect and reduce carbon emission, reducing loss in modern grid
systems is an important research topic (Qian et al., 2020; Jiang et al., 2021a; Li and Roche, 2021).
Theoretically, the power loss in the grid can be expressed by the function of the wire resistancematrix and
node voltages of distributed energy units (DEUs). Thereby, some studies are carried out on the basis of the
wire loss model, such as bus voltage searching (Jiang et al., 2021b) and power flow distribution (Yang
et al., 2019). This traditional loss model is easy to change due to the influence of temperature and
humidity. Furthermore, only the wire loss can be reduced, whereas the loss of the power converter is not
considered. In fact, in an AC microgrid, converter loss may occupy over 50% of the total loss in the
distribution network system (Beerten et al., 2012). Therefore, taking this part of loss into account in the
control scheme is very important for minimizing the power loss in the distribution network.

Distribution Loss Modelling
As introduced in many research studies and technical manuals, the loss of power in a power
electronics converter can be described as a function of the output power. It has been studied in some
research works. In the study by Yuan et al. (2021a), the converter loss is further approximated as a
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quadratic function by the output powers of DEUs. Then, the
output active powers and reactive powers of the individual
converter are dispatched by the concave allocation algorithm.
In the study by Wang et al. (2010) and Teng et al. (2016), one
converter-discarding strategy is used to adjust the number of
operating converters. In this way, the overall efficiency of parallel-
connected inverters is improved according to the demanding
power. However, in these works, the potential for reducing
converter loss has not been fully developed (Yuan et al.,
2021b). Therefore, considering this in the control scheme is
very important to minimize the power loss in the distribution
network. For the AC microgrid with parallel DEUs, the output
current of DEU flows through the corresponding converter and
wire resistance to supply power to the load. Compared with a
mesh network, there is no complex coupling relationship between
output currents. As mentioned earlier, the distributed loss of a
single DEU is a quadratic function. The sum of them is the total
loss, which is naturally a concave function. Given the balance of
energy supply and consumption, this loss model is one concave
function. Through the on-line adjustment of current coefficients,
the loss of the distribution network can be accurately minimized.

Concave Optimization Algorithms
Inspired by the work on the concave optimization–based
economical dispatch for generation cost minimization (Akbari-
Dibavar et al., 2021), the concave optimization technique such as
the dual ascent optimization method (DAOM) is applied in this
work to solve the loss minimization problem. In recent years, the
concave optimization algorithms, that is, Lagrange multiplier
algorithm (Jiang et al., 2021c), dual decomposition algorithm
(Jiang et al., 2021d), DAOM (Chen et al., 2017), and alternating
direction method of multipliers (ADMM) (Chen and Yang, 2018)
have attracted lots of attention for its wide implementations to
solve problems in real systems, that is, parallel calculation, power
dispatch, machine learning, and game theory. However, some
practical problems for the implementation of power electronics
should be considered. For example, the computation complexity
of the applied algorithm should not affect the closed-loop PWM
control of the MCU. By using a centralized data-exchange
network, the Lagrange multiplier needs division operation and
global data to obtain results (Jiang et al., 2021d), which reduces
the scalability in large-scale AC microgrids. In the dual ascent
algorithm, the division operation is necessary for current
coefficient calculation. By adding a quadratic term of the
constraint function, the convergence rate of ADMM is
accelerated. However, such operation leads to an increase in
computational complexity, which reduces its applicability in
real-time high-frequency PWM control. For the DAOM, both
Lagrange multiplier and current coefficients can be obtained
through simple addition and subtraction iteration for
implementation. Thereby, it is reasonable to select the DAOM
for concave optimization.

Secondary Control
After obtaining the optimal current coefficient, the three-phase
converter shall adopt an appropriate active and reactive power
distribution strategy. So far, different strategies have been

proposed. To achieve accurate power distribution, the droop
scheme regulates the output voltage and frequency to
compensate for the imbalance among output powers from
DEUs (Sun et al., 2017), (Loh et al., 2013). In the study by
Sun et al. (2017), the adaptive voltage term is introduced by using
active sharing error to regulate the bus voltages. Moreover, this
droop scheme is combined with an integrator for power quality
improvement (Loh et al., 2013). When inductive reactance plays a
leading role in the line, the virtual inductance is generated by the
active power dispatch term for frequency regulation (Morstyn
et al., 2018).

In the hybrid microgrid, the power balancing control is
achieved by one proper-designed interconnection control
scheme (Wu et al., 2018). A multi-agent–based power sharing
control is used to allocate the power flow to enhance voltage
quality (Yang et al., 2020). The voltage error and frequency
control are used to regulate the power distribution and bus
voltage simultaneously (Yao et al., 2011). Vijay et al. (2021)
used the consensus algorithm to adaptively regulate the bus
voltage of DEUs according to the measured values of DEU
nodes so as to achieve realize bus voltage restoration. So far,
relatively little work has been carried out in considering the power
loss as the control parameter. Generally, for the scenarios of long-
distance AC networks, the wire inductance is large. Thereby, the
active power-frequency control is usually applied by considering
the inductive impedance. According to the different types of wire,
the modified droop strategy has been designed and implemented
in the case of pure inductance (Jiang et al., 2021e; Keyvani-
Boroujeni et al., 2021; Huang et al., 2022) and pure resistance
impedance (Luo et al., 2022), but few research studies explore the
complex impedance of the system. In applications, the distance
between different converter units is a little far, and the inductance
and resistance wire impedance cannot be ignored through the
parallel connection of different wires. In addition, due to the
possibility of multi-feedback design, the impedance of the power
converter is actually very complex. Due to the coupling between
the active and reactive power, traditional control cannot achieve
efficient power sharing.

Contributions
As mentioned earlier, the distributed losses of one single DEU in
the AC microgrid can be written as a quadratic function. As a
combination, the total loss function of the AC microgrid can be
obtained. As a multi-variable function, it is proven that the total
loss is a concave function with respect to the current distribution
coefficients. Furthermore, considering the supply-consumption
balance, the proposed total loss model is an equality constrained
concave function. In this work, the double ascent optimization
method (DAOM) is designed to find the optimal current
coefficient. By conducting the Lagrangian model, the optimal
current coefficient can be iteratively calculated by the DAOM by
simple addition and subtraction. In order to apply the current
coefficient to the general PQ control structure, the calculation
method of conversion between the current coefficient and power
coefficient is designed. With the help of average reactive power,
the active power distribution coefficients are obtained by using
the voltages and currents of DEUs. For short-distance AC
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microgrids with a high resistance-to-reactance ratio (for example,
R/X = 7.7), the conventional P-ω droop control and Q-E droop
control are not suitable for power distribution among DEUs. In
this work, an improved adaptive droop control strategy,
composed of P-E droop control and Q-ω droop control, is
proposed to dispatch the output active powers and reactive
powers of DEUs. In this way, a multilayer control structure is
proposed, including the DAOM in the top layer, P-E droop
control and Q-ω droop control in the second layer, and
voltage-current control in the lower layer. Simulation results
verify the effectiveness of the proposed control strategy in
reducing distribution losses.

AC MICROGRID CONFIGURATION AND
LOSS MODELLING

Figure 1 shows the typical configuration of the autonomous AC
microgrid. In the system, multiple distributed generation (DG) is
integrated into one common bus. Power electronic devices such
as inverters are generally used as they can provide flexible control
of the DGs. To simplify the analysis, we assume that the DGs are
all driven through voltage source inverters.

The power loss in an AC microgrid can be divided into two
parts: converter loss Pconv

loss and wire loss Pline
loss. Although the power

loss in a practical converter may also be affected by parasitic
parameters and auxiliary circuits (e.g., protection circuits of the
input current), the main power loss of converters is caused by the
i) average conduction loss of switches, ii) average conduction loss
by bypass diodes, iii) average switching loss, iv) reverse recovery
loss in bypass diodes, and v) power loss on resistive elements in
general operating conditions. The general mathematical
expression of the main power loss in the converter is given as

Pconv
lossi � PconSi + PconDi + Pswi + Preci + Presi. (1)

The average conduction loss power in diodes and switches
(i.e., PconDi and PconSi) can be given as

PconSi � RONiI
2
Ci rms + VONiICi ave, (2.1)

PconDi � RONiI
2
Fi rms + VFOiIFi ave, (2.2)

where RONi is the ON-state resistance of the semiconductor
devices of the ith converter. VONi is the voltages across the
semiconductor devices. VFOi is the forward voltages of the
diodes. ICi_ave, IFi_ave, ICi_rms, and IFi_rms are the average and
root mean square currents of the switches and diodes,
respectively. For simplification, the average and root mean
square currents of the semiconductor devices can be
considered in linear relationships to the output currents of the
grid-connected converters. Thus, the average conduction loss of
diodes and switches can be expressed as

PconSi � A1iI
2
i + A2iIi, (3.1)

PconDi � A3iI
2
i + A4iIi. (3.2)

The average switching loss consists of the turn-on and turn-off
loss, which can be calculated based on

Pswi � Poni + Poff i � 1
6
VONiICi avetonifswi + 1

6
VONiICi avetoffifswi,

(4)
where toni and toffi are the turn-on and turn-off time, respectively.
fswi is the switching frequency. For simplification, the conduction
currents can be considered in linear relationships to the output
currents of the converters. Therefore, the average switching loss
can be expressed as

Pswi � A5iIi. (5)
The reverse recovery loss power of bypass diodes can be

calculated based on

Preci � VgiIFi avetrifswi + VgiQrrifswi, (6)
where Vgi is the dc-link voltage of the ith grid-connected
converter. tri is the reverse-recovery time. Qrri is the reverse
recovery charge of the diodes in the ith grid-connected
converter. In a system-level analysis, the average switching loss
can be expressed as

Preci � A6iIi + A7i. (7)
In addition, the power loss on resistive elements can be

calculated based on

Presi � RreI
2
i , (8)

where Rre is the equivalent resistance of the converter.
As given in (1–8), the total power loss of the converter in the

DEU system can be expressed as follows

Pconv
loss � PconS + PconD + Psw + Prec + Pres. (9)

As proposed in the study by Fooladivanda et al. (2021) and
Beerten et al. (2012) and the aforementioned analysis, by defining
the loss coefficients as ai, bi, and ci, the converter loss is written as

FIGURE 1 | Typical AC microgrid.
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Pconv
lossi � aiI

2
i + bi|Ii| + ci. (10)

In addition, by adding the wire loss, the total loss is written as

Plossi � Pconv
lossi + Pline

lossi � RiI
2
i + aiI

2
i + bi|Ii| + ci, (11)

where Ri is the equivalent wire resistance. Based on (11), the loss
of the AC microgrid is given as

Ploss(Ni) � ∑n

i�1Plossi � ∑n

i�1[(Ri + ai)(NiItol)2 + bi|NiItol| + ci],
(12.1)

Itol � ∑n

i�1Ii, (12.2)
where Ni is the current distribution coefficient of DEUi, NiItol = Ii,
and Itol is the total load currents. Thus, one equality constraint
can be obtained as

∑n

i�1Ii � ∑n

i�1NiItol � Itol0g(Ni) � ∑n

i�1Ni − 1 � 0. (13)
To reveal the concave characteristic of the loss function, its

first-order derivative and second-order derivative are given as

zPloss(Ni)/zNi � 2Ni(Itol)2(Ri + ai) + bi|Itol|≥ 0, (14.1)
z2Ploss(Ni)/zN2

i � 2(Itol)2(Ri + ai)≥ 0. (14.2)
As proven in (14), the loss function is strictly concave. In this

work, the cost function to be optimized is given as

minimize J � Ploss(Ni),
subject to ∑n

i�1
(Ni) � 1,

Pmin i ≤Pi ≤Pmax i,

(15)

where Pmini and Pmaxi are the output power limits.

CONTROL STRATEGY FOR LOSS
MINIMIZATION
DAOM for Current Distribution Coefficients
Optimization
As presented in Figure 2, the sketch map of the concave function
is presented, where the concave function Ploss (Ni) can be seen

graphically. Here, the one concave optimization algorithm
DAOM is selected for iterative optimization.

Based on (15), an augmented Lagrange function is defined as

Lρi(Ni, λ) � (ai + Ri)(NiItol)2 + biNi|Itol| + ci + λ⎛⎝∑n
i�1
Ni − 1⎞⎠

+ρ
2
⎛⎝∑n

i�1
Ni − 1⎞⎠2

, (16)

where λ is the Lagrange multiplier and λ ≠ 0, ρ is a coefficient. As
given in the study by Jiang et al. (2021d) and Boyd and
Vandenberghe (2004), all calculations for λ and optimal
current allocation coefficients are completed in the central
controller. With a large number of DEUs, the heavy
calculation burden affects the scalability of the given Lagrange
multiplier method. Instead of solving the function directly, the
DAOM is proposed as an iterative optimization. The idea is to
start at an initial guess, take a small step in the direction of the
gradient, and repeat. Specifically, we use gradient ascent on the
dual variables. The current coefficients can be updated as follows:

Nk+1
i � argmin L(Nk

i , λ
k). (17)

The following equation should be satisfied as

∇Ni,λL(Nk
i , λ

k) � ( zL

zNk
i

,
zL

zλk
) � 0 (18)

which yields

Nk+1
i � −

bi|Itol| + λk + ρ(∑n
i�1
Nk

i − 1)
2(ai + Ri)(It)2 . (19)

Updating λ based on the residual of the linear constraint, the
update rule in the central controller for λ can be expressed as
follows:

λk+1 � λk + α⎛⎝∑n
i�1
Nk+1

i − 1⎞⎠, (20)

where α is a coefficient. The main advantage of the DAOM is the
parallel execution of Ni updates. It is noteworthy that this
inequality constraint will not change the convexity of the
proposed loss model. Due to inequality constraints, some
current coefficients will be set to constant values. Interestingly,
the new loss function formed by the remaining DEUs is still a
concave function with respect to the remaining Ni. Thereby, the
DAOM can still be used for optimization.

P-E Droop Control and Q-ω Droop Control
As designed earlier, the current coefficient is obtained for loss
minimization. Given the generally used PQ control structure, the
current coefficient cannot be applied directly in the AC microgrid.
Therefore, the current coefficient should be converged to the power
distribution variables for power dispatch. Hence, the relationship
between the output current and output power in a DEU is discussed
for further control development. In an AC microgrid, the injection

FIGURE 2 | Sketch map of the concave optimization.

Frontiers in Electronics | www.frontiersin.org July 2022 | Volume 3 | Article 9268654

Jiang and Yang Advanced Hierarchical Control for DERs

https://www.frontiersin.org/journals/electronics
www.frontiersin.org
https://www.frontiersin.org/journals/electronics#articles


power is determined by the ratio of resistance and inductive
reactance in the wire. As summarized in Table 1, in a short-
distance AC microgrid, the injection active power is determined
by the voltage amplitude of the DEU, and the injection reactive
power is determined by the frequency of the DEU. The equivalent
circuit of DEUi is plotted in Figure 3: Zi = Ri + jXi is the wire
impedance, θi is the wire impedance angle, Ei∠φi is the terminal
electromotive force of the converter, andVbus∠0◦ is the voltage of the
common AC bus.

As given in Table 1, the injection power by DEUi is given as

Pi ≈
VbusEi

Ri
− V2

bus

Ri
, Qi ≈ − VbusEi

Ri
ϕi, (21)

As given in (21), the output active power of the converter is
positively correlated with the amplitude of the terminal
electromotive force. The output reactive power of the
converter is negatively correlated with the operating frequency
of the converter. In this way, one droop control is designed as

Eref i � Enom −miPi, mi � (Emax − Emin)/Pmax i, (22.1)
ωref i � ωnom + niQi, ni � (ωmax − ωmin)/Qmax i, (22.2)

where ωrefi and ωnom are the reference value and nominal value of
angle frequency, respectively, and Erefi and Enom are the reference
value and nominal value of angle frequency voltage amplitude,
respectively. Meanwhile, the limits of angle frequency and voltage
amplitude are also considered in (22): mi and ni are the droop
coefficients, Qmaxi is the reactive power limit of the DEUi, ωmin

and Emin are the minimum values of angle frequency and voltage
amplitude, and ωmax and Emax are the maximum values of angle
frequency and voltage amplitude, respectively. According to the
apparent power, the output current of the DEUi is

Ii �
�
2

√ �������
P2
i + Q2

i

√ /Ei �
�������
P2
i + Q2

i

√ /Vi, (23)

where Vi is RMS values of voltage Ei∠φi. Based on (23), it yields

(Vi)2(NiItol)2 � (NPiPtol)2 + (NQiQtol)2, (24.1)
where Ptol and Qtol are the total demanding powers. NPi and NQi

are defined as the active power and reactive power coefficients of

DEUi, respectively. Thus, the average reactive power distribution
is adopted as

NQi � 1/n. (24.2)
Given the power generation limitation, the active power can be

dispatched as

NPi �
⎧⎪⎪⎨⎪⎪⎩

Pmin i/Ptol Pi <Pmin i

Pmax i/Ptol Pi >Pmax i���������������������
(Vi)2(NiItol)2 − (Qtol/n)2√ /Ptol others

(24.3)

Moreover, a secondary adaptive control layer is
implemented as

ePi � −∑n

i ≠ j
(xPi − xPj), eQi � −∑n

i ≠ j
(xQi − xQj), (25)

where xPi = Pi/NPi and xQi = Qi/NQi. xPi and xQi are defined as the
inter-media variables for power distribution. Then, the adaptive
voltage and frequency terms are generated as

Eadpi � (kEPi + kEIi/s)ePi,ωadpi � (kωPi + kωIi/s)eQi, (26)
where kEpi, kEIi, kωPi, and kωIi are the gains of controllers. Thus,
the secondary control is formed as

Eref i � Enom −miPi − Eadpi,ωref i � ωnom + niQi + ωadpi. (27)
As plotted in Figure 4, the proposed P-E and Q-ω control are

presented in (a), and the diagram is given in (b). Based on the
concave loss model, the optimal current distribution coefficients
of each inverter are computed according to the DAOM. By using
average reactive power sharing, the active power distribution
coefficients are calculated. In addition, the output power of each
DEU is calculated locally. Then, these coefficients are
incorporated into the local droop controller to perform
optimum power sharing. The reference values of angle
frequency and voltage amplitude by adaptive droop control
are further used for local voltage and current closed-loop
control. In this way, the concave optimization–based current
and power sharing for distribution loss minimization is achieved.

CASE STUDIES

The simulation-based case study is conducted in MATLAB/
Simulink with four DEU systems. The main parameters of the
AC microgrid are shown in Table 2. In this work, the loads are
considered current sinks whose current. The allowable voltage
deviations areVmin = 209 V andVmax = 231 V. The rated power of
the four DEU systems is given as 4 kW. The algorithm execution

TABLE 1 | Injected powers under different types of impedances.

Types of impedance Pure inductance Zi � jXi Pure resistance Zi � Ri Complex impedance Zi � Ri + jXi

Active power Pi ≈
VbusEiϕi

Zi Pi ≈ VbusEi
Ri

− V2
bus
Ri

Pi ≈ Vbus
Zi

[(Ei − Vbus) cos θi + Eiϕi sin θi]
Reactive power Qi ≈ Vbus(Ei−Vbus)

Zi
Qi ≈ − VbusEi

Ri
ϕi Qi ≈ Vbus

Zi
[(Ei − Vbus) sin θi + −Eiϕi cos θi]

FIGURE 3 | Equivalent circuit of the DEUi.
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period of the DAOM is set to 1s. The PWM frequency and the
sampling frequency of the local closed-loop control are 10 kHz.
For DEU systems 1, 2, 3, and 4, the converter loss coefficients are
presented in Table 3.

Convexity Verification of the Distribution
Loss Model
The convexity of the loss model is preliminarily verified by the
exhaustive search method in the simulation model. By fixing the
change step of the current coefficient, the new coefficient is

continuously brought into the AC microgrid to obtain the loss
value. For example, the DEU2 andDEU3 are selected to form an AC
microgrid. Then, the distribution losses with respect to current
coefficients under different load currents (8, 12, 16, and 20 A) are
plotted in Figure 5A. The loss curves of another AC microgrid with
DEU1 and DEU4 are also presented in Figure 5B. Due to the
equality constraint, only one coefficient can be adjusted for an AC
microgrid in the case of twoDEUs. As can be seen, both eight curves
in Figure 5 are conic with one minimum point.

Furthermore, two current coefficients can be regulated in the
searching process for the three DEU-based AC microgrid under 30
A load current. Therefore, the system loss can be drawn as a three-
dimensional surface. As given in Figure 6, four loss surfaces
correspond to four different DEU combinations: DEU1, DEU2,

FIGURE 4 | (A) P-E droop control and Q-ω droop control, (B) proposed schematic control diagram of three-phase power converters.

TABLE 2 | Parameters of AC microgrids.

Parameters Value

Nominal electromotive force (Enom) 220
��
2

√
V

Nominal angle frequency (ωnom) 100 π rad/s
Total load (S) 9.65 kW + 3.76 kVar
Generation capacity (Pmaxi) 4 kW
Wire impedance of DEU1 (R1 + jX1) 0.963 + j0.125 Ω
Wire impedance of DEU2 (R2 + jX2) 2.568 + j0.334 Ω
Wire impedance of DEU3 (R3 + jX3) 1.926 + j0.250 Ω
Wire impedance of DEU4 (R4 + jX4) 1.284 + j0.167 Ω

TABLE 3 | Converter loss coefficients.

Converter number ai bi ci

1 1.162 2.960 12.14
2 0.577 1.250 32.14
3 0.277 0.956 44.36
4 1.430 1.403 20.61
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and DEU3 in Figure 6A, DEU1, DEU2, and DEU4 in Figure 6B,
DEU1, DEU3, andDEU4 in Figure 6C, andDEU2, DEU3, andDEU4

in Figure 6D). The contours of the losses are also projected onto the
bottom surface. Apparently, both surfaces with openings upward are
smooth, which are the typical concave surfaces.

For the systemwith four DEUs, the loss surface cannot be plotted
directly with three adjustable variables. Therefore, we can fix the
current coefficient value of oneDEU so as the lossmodel degenerates
into a three-dimensional surface. The total load current is 48 A. By
fixing the one current coefficient at 0.1 in turn, four three-
dimensional loss surfaces are obtained in Figure 7. Obviously,
both surfaces with an opening upward are smooth, which are
typical concave functions. For an AC microgrid with more
DEUs, the convexity of the proposed loss model cannot be
graphically illustrated. However, as shown in the previous figures,
the theoretical proof has been provided in Section 2

Case 1: Normal Operation
Optimal control studies by the proposed DAOM and the P-E and
Q-ω control are also presented based on the aforementioned

analyzed AC distribution network. In case 1, the traditional
control and the proposed control are adopted for the four
DEUs in the periods from 0 to 3 s and 3–32 s, respectively.
Figure 8 shows the waveforms of the voltages, output
currents, current distribution coefficients, active powers, active
power allocation coefficients, reactive powers, reactive power
allocation coefficients for the DEUs in the AC microgrid, and
the loss. At the initial condition, the current coefficients of DEUs
are N1 = 0.33, N2 = 0.18, N3 = 0.21, and N4 = 0.28, and the output
active power allocation coefficients of DEUs areNP1 = 0.34,NP2 =
0.17, NP3 = 0.21, and NP4 = 0.28. The output powers are P1 = 3.3
kW, P2 = 1.6 kW, P3 = 2.0 kW, and P4 = 2.75 kW and Q1 = Q2 =
Q3 = Q4 = 0.94 kVar. These output power and current allocation
rates are determined by the different wire impedances and voltage
for DEUs. Meanwhile, b uses the converter loss coefficients and
wire resistances in Tables 2 and 3, and the loss is calculated as
1097W (converter loss is 812W, and the wire loss is 285W).

When the proposed DAOM is applied at 3 s, the current
distribution coefficients, active power allocation coefficients,
and reactive power allocation coefficients are continuously
updated in a cycle of 1 s. At the same time, the distributed

FIGURE 5 | AC microgrid loss with two DEUs. (A) DEU2 and DEU3, (B) DEU1 and DEU4.

FIGURE 6 | Loss with three DEU systems. (A) DEU1, DEU2, and DEU3,
(B) DEU1, DEU2, and DEU4, (C) DEU1, DEU3, and DEU4, (D)DEU2, DEU3, and
DEU4.

FIGURE 7 | Distribution loss with respect to current coefficients for fixed
(A) N1, (B) N2, (C) N3, and (D) N4.
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secondary control regulates the output active powers and
reactive powers according to the updating power ratio.
After iteration, the current distribution coefficients are
optimized at N1

p = 0.29, N2
p = 0.20, N3

p = 0.28, and N4
p =

0.23 at steady state. The results are coincided with the
minimum point of the proposed loss model by the concave
optimization theory. With the help of NQi = 0.25, the optimal
active power allocation coefficients are obtained as Np

P1 = 0.29,
Np
P2 = 0.19,Np

P3 = 0.29, andNp
P4 = 0.23. Then, the output powers

from DEUs are distributed as 2.8, 1.85, 2.83, and 2.17 kW by
the designed P-E and Q-ω droop controls. By using the
aforementioned parameters, the coefficient updating process
of the DAOM is smooth, with the well regulation of output
currents. The corresponding wire loss, converter loss, and
distribution loss by the designed control are 306 W, 680 W,

and 986 W, respectively. By comparing with the conventional
method, the wire loss is increased by 21 W, while the converter
loss is decreased by 132 W. Therefore, the total distribution
power loss of the proposed control is reduced by 111 W
(reduced by 10.12%). Furthermore, the output powers and
bus voltages of DEUs are controlled within the limitations
during the whole control process. The final convergence values
of current coefficients and active power coefficients are
presented in Table 4. These values are consistent with the
theoretical minimum point of the loss model. Therefore, both
DAOM P-E droop control and Q-ω droop control are proven.

Case 2: Wire Resistance Variation
In case 2, the study on the variation of wire resistance is carried
out: R3 is revised as 0.214Ω (Pecht et al., 2017; Zhang et al., 2019;

FIGURE 8 | (A) Voltages, (B) output currents, (C) current distribution coefficients, (D) active powers, (E) active power allocation coefficients, (F) reactive powers,
(G) reactive power allocation coefficients, and (H) power loss.

TABLE 4 | Control results of case 1.

Current distribution
coefficients

Initial value Optimal value Active power
allocation coefficients

Initial value Optimal value

N1 0.33 0.29 NP1 0.34 0.29
N2 0.18 0.20 NP2 0.17 0.19
N3 0.21 0.28 NP3 0.21 0.29
N4 0.28 0.23 NP4 0.28 0.23
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Singh et al., 2020). Figure 9 shows the control results of the
voltages, output currents, current allocation coefficients, active
powers, active power allocation coefficients, reactive powers,

reactive power allocation coefficients for the DEUs, and the
loss. At the initial condition, the current coefficients of DEUs
are N1 = 0.30, N2 = 0.22, N3 = 0.22, and N4 = 0.26 and the output
active power allocation coefficients of DEUs areNP1 = 0.30,NP2 =
0.21, NP3 = 0.22, and NP4 = 0.26. The output powers are P1 = 2.9
kW, P2 = 2.05 kW, P3 = 2.05 kW, and P4 = 2.65 kW andQ1 =Q2 =
Q3 = Q4 = 0.94 kVar. These output power and current allocation
rates are determined by the different wire impedances and voltage
for DEUs. Meanwhile, b using the converter loss coefficients and
wire resistances in Tables 2 and 3, the loss is calculated as 999W
(the converter loss is 748W, and the wire loss is 251W).

When the proposed DAOM is applied at 3 s, the current
distribution coefficients, active power allocation coefficients,
and reactive power allocation coefficients are continuously
updated in a cycle of 1 s. At the same time, the distributed
secondary control regulates the output active powers and

FIGURE 9 | (A) Voltages, (B) output currents, (C) current distribution coefficients, (D) active powers, (E) active power allocation coefficients, (F) reactive powers,
(G) reactive power allocation coefficients, and (H) power loss.

TABLE 5 | Control results of case 2.

Current distribution
coefficients

Initial value Optimal value Active power
allocation coefficients

Initial value Optimal value

N1 0.30 0.25 NP1 0.31 0.250
N2 0.22 0.25 NP2 0.21 0.255
N3 0.22 0.30 NP3 0.22 0.305
N4 0.26 0.20 NP4 0.26 0.190

FIGURE 10 | Loss comparison.
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reactive powers according to the updating power ratio. After
iteration, the current distribution coefficients are optimized at
N1

p = 0.25, N2
p = 0.25 N3

p = 0.30 and N4
p = 0.20 at steady state.

The results are coincided with the minimum point of the
proposed loss model by the concave optimization theory.
With the help of NQi = 0.25, the optimal active power
allocation coefficients are obtained as Np

P1 = 0.250, Np
P2 =

0.255, Np
P3 = 0.305, and Np

P4 = 0.190. Then, the output
powers from DEUs are distributed as 2.40, 2.46, 2.94, and
1.85 kW by the designed P-E and Q-ω droop control. By
using the aforementioned parameters, the coefficient
updating process of the DAOM is smooth, with the well
regulation of output currents. The corresponding wire loss,
converter loss, and distribution loss by designed control are 271,
628, and 899 W, respectively. By comparing with the
conventional method, the wire loss is increased by 20W, while
the converter loss is decreased by 120W. Therefore, the total loss of
the proposed control is reduced by 100W (reduced by 10.01%).
Moreover, the bus voltages and output powers of DEUs in Figure 9
are regulated within the limitations. The iteration results by the
DAOM of case 2 are given in Table 5. The optimal values of the
current and active power allocation coefficients coincide with the
theoretical analysis.

Figure 10 shows the loss comparison. Compared with the
traditional method, this control scheme reduces the power loss of
the distribution network by about 10.12 and 10.01% in case 1 and
case 2, respectively.

CONCLUSION

The wire loss and converter loss in the ACmicrogrid are modeled
as a function of the current distribution coefficient. As analyzed,
the loss model is a concave function with constraints. By applying
the DAOM, the optimal current coefficients for DEUs are
obtained by iteration. Then, according to the wire impedance
in a short-distance AC microgrid, the novel P-E droop control
andQ-ω droop control are proposed to dispatch the output active
powers and reactive powers of DEUs. Hence, real-time loss
minimization control is achieved. Case studies are provided to
verify the convexity of the proposed model and the effectiveness
of the control strategy.
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