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ABSTRACT In this paper, the decentralized economic scheduling problem of multi-micro grid is studied on
the basis of considering the uncertainty of wind power and photovoltaic output. Firstly, in order to meet the
independent and autonomous requirements of decentralized scheduling, the decoupling method of public
connection points, which is more suitable for the multi-micro grid structure, is adopted to partition the
multi-micro grid regions. Then, considering the uncertainty of wind-wind output, a decentralized economic
dispatching model of multi-micro grid with robust optimization participation is proposed to minimize
the economic cost. Finally, the improved Alternating direction method of multipliers is used to solve the
decentralized economic scheduling problem of multi-micro grid. The feasibility and superiority of the
improved algorithm are verified by simulation test and comparative analysis. The decentralized autonomy
of multi-micro grid scheduling can be realized, and the random uncertainty of landscape can be effectively
dealt with.

INDEX TERMS Alternating direction method of multipliers (ADMM), decentralized economic scheduling,

multi-micro grid, wind power generation.

I. INTRODUCTION
In recent years, the emergence of microgrid provides an
effective technical means for the comprehensive utilization
of renewable energy [1]. Compared with a single microgrid,
though, the structure of a multi-microgrid system is more
complex. However, its operation mode is more flexible and
the scheduling of electric energy is more reasonable [2]. How-
ever, the strong stochastic uncertainty of wind power brings
challenges to the economic scheduling problem of multi-
micro grid. In addition, the decentralized optimal power flow
solution and economic dispatching method has the advan-
tages of high reliability, strong robustness, sharing the com-
puting and communication burden, etc., and is an ideal way
for the optimization dispatching of smart grid in the future [3].
In recent years, as a kind of comprehensive integrated
low-voltage and medium-voltage power distribution system
including renewable energy and other distributed power
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sources, microgrid has received extensive attention [4].
Therefore, it is of great significance to study the eco-
nomic scheduling problem of microgrid [5]. At present,
the solving algorithm of multi-micro grid scheduling model
is mainly centralized optimization method [6]. Common opti-
mization methods include linear programming method [7],
dynamic programming method [8], particle swarm optimiza-
tion algorithm [9], genetic algorithm [10], etc. Literature [11]
proposed a microgrid scheduling method based on evolution-
ary game. Literature [12] adopts the time-varying acceler-
ation coefficient particle swarm optimization (TVAC-PSO)
algorithm to study the day-ahead scheduling problem of
microgrid. Literature [13] proposed mixed integer linear
programming and particle swarm optimization (MILP-PSO)
algorithm to study the scheduling of isolated microgrids.
However, centralized optimization scheduling of microgrid
has disadvantages such as large difference in power sup-
ply operation characteristics, difficulty in meeting the net-
work communication requirements of centralized control,
and insufficient protection of dispatcher privacy data [14].
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Therefore, the optimal scheduling mode of multi-micro grid
is gradually changing from centralized to decentralized [15].

At present, the commonly used methods to deal with
output uncertainty mainly include stochastic programming
method [16], multi-scenarios method [17] and robust opti-
mization method [18]. In the stochastic programming
method, the probability information of wind power output
is used for modeling, which can ensure that constraints are
satisfied with certain confidence probability. Literature [19]
used mixed probabilistic uncertainty set to model the uncer-
tainty of renewable energy according to the output prob-
ability within the scope of long-term planning. Scenario
method represents the uncertain output of wind power with
a limited number of discrete scenarios and corresponds to
different scenarios’ occurrence probabilities. Literature [20]
adopts the improved limit scenario method to establish a
multi-source coordinated optimization model for peak reg-
ulation of power system with wind power access. Robust
optimization method is an uncertain decision-making method
based on interval disturbance information. Literature [21]
applies the robust optimization method to the economic dis-
patching problem of electrical energy system, and establishes
atwo-stage dispatching model with gas turbine and power-to-
gas device as coupling components. Literature [22] proposed
a market-oriented wind power dispatching strategy based on
the adaptive planning method. Literature [23] compensated
for the fluctuations of wind power generation and the predic-
tion errors of participating in the power market by adopting
a battery energy storage system with short-term operating
standards to deal with the prediction error effect. Litera-
ture [24] studied the interval scheduling method considering
the dynamic cost of wind power based on interval plan-
ning method. Although the uncertainties of renewable energy
output were taken into account in the system dispatching
operation, the above studies were all carried out under the
centralized dispatching framework.

There are few researches on decentralized optimal schedul-
ing of micro grid. Literature [25] combines the character-
istics of centralized control and decentralized control, and
proposes a hierarchical control architecture of DC micro-
grid. Literature [26] proposes an optimal scheduling model
and solution method based on objective cascading analysis
theory in view of the decentralized autonomous characteris-
tics of active distribution systems with multiple micro-grids.
Literature [27] proposes a new agent-based model to solve the
Distributed Constraint Optimal Scheduling (DCOP) problem
in microgrids. Alternating Direction Method of Multipliers
(ADMM), as an important Method in the field of distributed
optimization, is a distributed optimization algorithm based on
non-traditional gradient. Compared with general subgradient
methods, ADMM has an advantage in that its convergence
speed is greatly improved [28]. The core of ADMM is to
decompose a complex problem into several subproblems,
then carry out alternating iterations on several groups of dif-
ferent variables and update the corresponding dual variables,
and finally achieve convergence [29]. As a decentralized
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method for solving optimization problems, ADMM has good
convergence and strong robustness, and has attracted more
and more attention in recent years [30]. Literature [31] pro-
posed a distributed optimization framework based on ADMM
to solve the problem of optimal size of multiple schemes in
power systems. Literature [32] adopts synchronous ADMM
to optimize the optimal power flow problem of intercon-
nected grid system with different dispatch centers. Litera-
ture [33] proposes a completely decentralized ADMM to
solve the reactive power optimization problem of active dis-
tribution network. However, the deterministic optimization
strategy is adopted in the above related studies of decentral-
ized dispatching, ignoring the influence of the uncertainty of
renewable energy output on the dispatching in micro-grid.

In this paper, the decentralized optimal scheduling problem
of multi-micro grid is studied on the basis of considering the
uncertainty of wind power and photovoltaic output. In this
paper, a decentralized economic scheduling model is estab-
lished to minimize the economic cost of multi-micro grid.
Then, the uncertainty problem is dealt with by the robust
optimization method. Finally, the improved ADMM is used
to carry out the alternating iterative parallel computation
between adjacent microgrids, and the decentralized schedul-
ing of multiple microgrids is realized.

Il. DECENTRALIZED ECONOMIC SCHEDULING MODELING
OF MULTI-MICRO GRID

A. ECONOMIC DISPATCHING MODEL OF MICROGRID

The micro-grid system studied in this paper mainly includes
distributed power supply such as photovoltaic power genera-
tion system, wind power generation system, emergency diesel
generator and energy storage system. The structure of the
micro-grid system is shown in Fig. 1. Among them, the pho-
tovoltaic power generation system is affected by temperature,
light intensity and other factors; Wind power generation sys-
tem is affected by wind speed, weather and other factors,
there are output uncertainties. The output of the diesel unit
is stable and controllable, which can be used as the backup
of the micro grid system, and also ensure the safe and stable
operation of the micro grid. In the energy storage system,
the storage battery energy storage system is only considered
in this paper, but not the heat storage. For the conventional
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FIGURE 1. Wiring diagram of an actual microgrid.
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FIGURE 2. Wiring diagram of multi-micro grid.

micro grid as shown in Fig. 1, the economic scheduling model
of micro grid is constructed with the goal of minimizing
economic cost, as shown below:

min F=F+F,+F3+F4 (1)

In the formula: F; is the operating cost of diesel unit;
F5 is the cost of abandoning photovoltaic; F3 is the cost of
abandoning wind power; F4 is energy storage cost.

G
Fi =) agP; +bePg +cq )
g=1

In the formula: Py is the active power output of the g diesel
unit, ag b, are the secondary and primary terms of the cost of
the g diesel unit, G is the total number of diesel units, ¢, is a

constant term.

S
FZZZ(FS_PS)CA' 3
s=1

In the formula: P; is the output of the s-th photovoltaic
power station, P; is the predicted output, C; is the cost of light
abandonment, S is the number of photovoltaic power stations.

w
F3=Z(PW_PW)CW 4
w=1
In the formula: P,, is the output of the w-th typhoon power
station, P,, is the predicted output, C,, is the unit wind aban-
donment cost, W is the number of wind farms.
B
Fy = Z CpPp ©)
b=1
In the formula: Pj, is the active power output of the b-th
energy storage device, C,, is the operating cost of the unit
power stored/emitted by the energy storage device, B is the
total number of energy storage devices.

B. MULTI-MICRO GRID DECENTRALIZED

SCHEDULING MODEL

The decentralized computing method of multi-micro grid
does not require a control center, and the PCC (Public Con-
nection) among each micro grid can undertake information
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exchange and computing tasks. In this way, the delay of
calculation is avoided and the data privacy between the micro
networks is guaranteed.

Before constructing the decentralized economic schedul-
ing model, the system should be partitioned first. At present,
the two common partitioning methods are divided according
to “region” or “‘joint node” division. In order to adapt to
the structural characteristics of the multi-micro grid system,
the partitioning method of single node decoupling is chosen
in this paper. Each node is considered as an independent
sub-problem for optimization calculation. This partitioning
method only requires four variables, namely the real part,
the imaginary part and the corresponding multiplier of the
voltage interacting with the adjacent nodes. Compared with
the centralized algorithm, it has obvious advantages over the
mass data transmission and operation. To realize the decen-
tralized scheduling of multi-micro grid as shown in Fig. 2,
the first step is to partition the region. The voltage phase
Angle of the PCC is the node coupling variable. By copying
node information, as shown in Fig. 3, node decoupling can be
realized.

Micro ~ Micro
Grid 1 ~ Grid 2
]
Micro \ X,
Grid 1
+
1
zZ Z,

FIGURE 3. Microgrid node partition.

According to the partitioning method of decoupling PCC,
the decentralized scheduling model of multi-micro grid is
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constructed as follows:

R
min ) " F,(X,)

r=1
s..&/(Xr) =0 (©6)
hrmin < 7 (X)) < By max
gr(xy, . ..., ,x)=0

In the formula: R is the total number of microgrids.

C. THE CONSTRAINT
1) THE UPPER AND LOWER LIMITS ON THE ACTIVE POWER
OUTPUT OF THE POWER SUPPLY
The output of diesel units, photovoltaic power stations, wind
power stations and accumulators in the microgrid is between
the upper and lower limits at all times:

Pgmin = Pg = Pgmax @)

In the formula: Pgpmin and Pgmax are the lower limit and
upper limit of the output of the g diesel unit respectively.

The active power output constraint of photovoltaic power
station is:

0<P; <P ®)
The active power output constraint of wind power station
is:

0<P, <P, )

2) ENERGY STORAGE CONSTRAINT
SOCbmin =< SOCb,t =< SOChmax (]0)

In the formula: SOC} ; is the charge of battery b at time ¢;
SOCpmin and SOCpmax are the lower limit and upper limit of
battery b charge.

SOCpmin = PminSOCyp (1)
SOCpmax = pmaxSOCb (12)

In this formula, 0, and o4y are the minimum and max-
imum SOC of the battery respectively.

3) STANDBY CONSTRAINT OF DIESEL UNIT
Pg +R§] = ungmax
Py — RY > ugPymin (13)
In the formula: R and R are the positive and negative

reserve regulation quantities of the diesel unit respectively,
ug refers to the start-stop state of the diesel unit.

4) BOUNDARY COUPLING CONSTRAINT

In addition to the equality constraints and inequality con-
straints that need to be satisfied within a single micro grid, itis
also necessary to make the phase angles of the PCC between
adjacent micro grids equal.

01 =06, (14)
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01 and 6, are respectively the voltage phase angles of the two
microgrids at the common coupling point.

Ill. MULTI-MICRO GRID DECENTRALIZED SCHEDULING
MODEL CONSIDERING WIND AND PHOTOVOLTAIC
OUTPUT UNCERTAINTY
A. WIND AND PHOTOVOLTAIC OUTPUT
UNCERTAINTY PROCESSING
Robust optimization is an improvement of stochastic opti-
mization method. A new model is established to deal with the
uncertainty problem by setting the uncertain parameters as a
bounded and closed uncertain set U. Compared with other
common algorithms for dealing with uncertain problems,
it has unique advantages. The robust optimization algorithm
only needs to determine the set of the range of uncertain
parameters, which requires less data and is easy to calculate.
Robust optimization can reduce the sensitivity of the result to
disturbance and ensure good robustness.

Then the model with the uncertainty robust optimization is
as follows:

mineegnF(x,9), x€R", 0e€U (15)
st h(x,0)<0, VaeU, (i=1,...... . m)

Or:
minsupF (x, 3), xeR", 3eU (16)
s.t.sup(x,0) <0, VoeU, (i=1,...... , m)

Compared with other stochastic optimizations, the robust
optimization based on uncertain sets is more convenient to
calculate. The result obtained by using robust optimization
to deal with uncertain problems is the optimal solution under
all scenarios including the worst scenario, which has strong
anti-interference and conservatism, so it is also called strong
robust optimization.

B. DECENTRALIZED SCHEDULING MODEL OF
MULTI-MICRO GRID CONSIDREING OUTPUT
UNCERTAINTY

Considering the random uncertainty of wind power and pho-
tovoltaic power generation, the output formula is as follows:

Pwr = Pyr + Pyr a7
s.t. Pwimin < Pwr < Pwrmax (13)
Ppy = Ppy + Ppy (19)
s.t. Ppvmin < Ppv < Ppviax (20)

In the formula: Py, Ppy are respectively wind power out-
put and photovoltaic output in the microgrid; i’wr, i’pv are
respectively the output errors of wind power and photovoltaic
power in the microgrid; i’WTmax, IBPVmax are the upper limits
of the error of wind power output and photovoltaic power
output of the microgrid; PWTm,-n, i’mein are the lower limits
of the error of wind power output and photovoltaic power
output of the microgrid.
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The objective function adds the penalty cost of the uncer-
tainty of renewable energy forecast to the cost, as follows:

mnF =F +F,+F3+F4s+ 1 (f’wr +13pv) 2D

In the formula: p is the uncertainty penalty coefficient
of renewable energy output forecast; Cy,; and C,, are the
economic cost of abandoning wind energy and photovoltaic
energy.

C. CONSTRUCTION OF UNCERTAIN SCENARIO SETS

The wind farm reports the forecast value of wind power out-
put from O to 24 o *clock the next day to the dispatching center
every day. In this paper, the scheduling cycle T is divided into
24 periods, and the predicted value of wind power output is
regarded as a certain quantity to construct the uncertainty set
of wind power. Therefore, the actual output of wind power
can be expressed as:

Pl e Py, ~Twhl P, + TwPl). Twel0.1] (22)
In the formula: ﬁ,‘?’t is the prediction error of wind power
output at time #; 'y is the robustness coefficient of wind
power. The fluctuation range of wind power output can be
controlled by adjusting the value of I'y within its interval.
Similarly, the actual output of photovoltaic power genera-
tion can be expressed as:

Py, e[Py, —TpPy, Py, +TwPp,1. Tpel0,1] (23)

In the formula: IA’f  1s the prediction error of photovoltaic
power output at time ¢; ['p is the robustness coefficient of
photovoltaic power. The fluctuation range of wind power
output can be controlled by adjusting the value of I'p within
its interval.

The multi-micro grid decentralized scheduling model con-
structed above, which takes into account the uncertainty of
wind power and photovoltaic output, is an interval model and
cannot be solved by the model. At present, effective objective
function is one of the commonly used methods to solve robust
optimization problems. First, the original objective function
is written into the form of effective objective function, and
then the effective objective function is solved. Some sam-
pling methods are usually used to approximate the effective
objective function, such as Monte Car-lo Integra and Latin
Hypercube Sampling (LHS), etc. Comparatively speaking,
the LHS method makes the sampling results more uniform,
which is in line with the actual situation of this paper. In this
paper, the LHS method is used for sampling approximate
calculation.

IV. IMPROVED ALTERNATE DIRECTION

METHOD OF MULTIPLIERS

A. THE ORIGINAL ALTERNATING DIRECTION

METHOD OF MULTIPLIERS

ADMM is mainly used to solve optimization problems with
separable variables. ADMM originally came from the solu-
tion of the dual ascent problem. When the objective function
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of the convex optimization problem is separable, the dual
decomposition is needed to construct the Lagrange equation.
But the Lagrange multiplier method cannot do dual decom-
position. Therefore, the ADMM is obtained by improving the
Lagrange multiplier method.

Two - variable standard ADMM forms are as follows:

minf(x) + g(z)

(24)
st.Ax+Bz—c=0

f and g are real numeric convex functions; x and z are all
optimization vectors, x € R",z € R™; A, B, ¢ are coupled
matrices, A € RP*", B € RP*™, c € RP.

When functions f and g are convex functions on R" —
R U {+00}, the algorithm converges to the optimal solution.
In addition, f and g can represent not only the objective
function of A single micro grid, but also the equality or
inequality constraint of each micro grid. In this case, if the
constraint of each subnet does not exceed the limit, f = 0,
g = 0. Otherwise, f = 400, g = +00.

By using the Gosseidel method, Lagrange equation in the
following form is constructed, and its iterative equation can
be obtained as follows:

T = argminL,(x, 7', y")
ZtJr] — arg mian(xt+l ) Z, yf)
nyrl — yf + p(Axl+1 _ ZI+1) (25)

In this formula, y is expressed as A Lagrange multiplier, p
is the penalty factor. x and z are the original variables. Alter-
nate iterative optimization updates between original variables
are called alternate directions. When f and g are separable
objective functions, ADMM algorithm is still able to optimize
the solution of the problem.

In the standard ADMM, the optimization iterations
between the two areas are carried out alternately in a pre-
arranged order. The latest optimization value of the former
region is substituted into the latter region for optimization
solution. The global iteration variable is updated through the
global coordination center after the optimization of all regions
is completed successively. The optimization process is shown
in Fig. 4.

B. THE IMPROVED ADMM

The asynchronous iteration ADMM can update each
sub-variable very fast when solving the optimization
problem.

However, the iteration of all sub-variables is carried out
in a certain sequence, so the solving time is long and the
efficiency is not high. Therefore, in order to realize the syn-
chronous optimization of ADMM, the following Jacobian
iterative equation ADMM is obtained:

2
1 _ i)+ Pl A o Y
x; T = argminf;(x;) + > Aixi + Zj#l_A]xj —c— ol
N
Y =y = AT o) (26)
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Coordination
center

FIGURE 4. Schematic diagram of standard ADMM between two regions.

That is, on the basis of the original algorithm, each sub-
variable takes into account the updated value of the last
iteration of the adjacent sub-variables related to the existence
of its own equality constraints when updating the variables
in this iteration. This enables parallel optimization. How-
ever, when the sub-variable is optimized in this iteration
(t + 1), it can only obtain the updated value of the previous
iteration(t) optimization of the adjacent sub-variable. In this
way, the information exchange and update between adjacent
subproblems are not timely enough, and the calculation time
increases.

The identity matrix E is selected for matrix A, and the
Lagrange multiplier y’ is the updated value after the optimiza-
tion of the t iteration in the optimization process. Therefore,
this whole term is regarded as a constant in the t + 1 iterative
optimization, which can be ignored and can be simplified into
the following form:

= arg min(f (x) + g ||x —Z+u “2

2
Z*! = argmin(g(z) + g P 27
Mz+1 — ,ut + (xt+l _Zz+1)
In this formula:
u=1/py' (28)

The mathematical meaning of the variable p can still be
understood as the generalized Lagrange multiplier.

In order to simplify the calculation, the average value of the
boundary variable corresponding to the calculation results of
the t iteration of the two regions was selected as the fixed
value of the t + 1 iteration. It is only used to replace the
standard ADMM to select the boundary variable value of the
adjacent region in the t 4 1 iteration:

xt Zt
K; =K!= +

: > (29)
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In this formula, K| and K! are fixed reference values used
in the iterative calculation of the t + 1 time of the subproblem
with adjacent correlation constrained by equality.

Through the above improvements, the final iteration form
of the two-region synchronous ADMM is obtained:

X' = arg min(f (x) + g [« — K"+ u' ||2)

o 2 (30)
¢ = argmin(g() + 7 K — 2= )
In this formula:
M[+1 — MZ +()Ct+1 _ZT-'rl)
K — X 47 a3
2

The above is the principle of the improved synchronous
iteration ADMM of the two regions. Its basic idea is as
follows: each region is divided for independent solution, and
variables of the boundary should be exchanged and updated
after each solution of each region. Each region can realize
parallel computation in each solution process. In addition,
the iteration variables of each region are calculated indepen-
dently, thus eliminating the role of coordination center to
achieve fully decentralized control. The optimization process
is shown in Fig. 5.

C. MODEL SOLUTION PROCESS
The solving steps of the model are as follows:

1) Based on the scenario method, independently generate
the prediction scenario and error scenario values of
wind power in each region;

2) Initialize the initial value of each variable and define
the original residuals;

3) The ¢ + 1 iteration of micro-grid 1: the objective func-
tion z;, Lagrange multiplier u, in the adjacent micro-
grid 2 and the objective function x; of microgrid 1 to
update the x; 1 of this region;

4) The t + 1 iteration of the microgrid 2: the objective
function x;, Lagrange multiplier u,; of the adjacent
microgrid 1 and the objective function z; of the micro-
grid 2 are used to update the z;41 of this region;

5) Lagrange multiplier u; is updated in each microgrid
region;

6) Convergence judgment. If the calculation results meet
the termination conditions, the iteration is ended. If not
convergent, the calculation step is repeated.

V. SIMULATION ANALYSIS OF CALCULATION EXAMPLES
A. INTRODUCTION OF SIMULATION EXAMPLES

The renewable energy equipment in each microgrid includes
two photovoltaic power stations and one wind power station.
At the same time, it is equipped with a storage battery as an
energy storage device and 1-2 emergency diesel generator.
In the case that the renewable energy cannot meet the load,
the diesel unit will be started to provide support.
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k+1 k+1
update X update X,

FIGURE 5. Schematic diagram of improved ADMM between two micro grids.

TABLE 1. Micro power supply parameters.

Diesel engine parameters

Storage battery parameters

B kW Uy /(kWth) — Dy [(kWLh)  af/(kW’Th)  b/(kWIh) P.Jkw  SOC,. [(kW(h) SOC,, [(kWlh)
numerical 600 300 300 0.000463 1.69 Parameters 1500 0 500
of battery 1
Parameters 300 0 1300
of battery 2
In this paper, the algorithm is applied to a practical micro- 700 T T T T
grid, and the micropower parameters are shown in Table 1. Microgrid 1

The charging efficiency of the storage battery is 0.85. In the
micro grid, the light abandoning cost of photovoltaic power
station is taken as 1 ¥/(kW-h), and the wind abandoning cost
of wind power station is taken as 0.61 ¥/(kW-h). The number
of periods in day ahead of economic schedule is T = 24, that
is, AT = 1 h. It is assumed that the predicted error of wind
power generation obeys the mathematical expectation is the
predicted value of wind power, and the standard deviation is
the normal distribution of 30% of the predicted value. On the
basis of wind power prediction scenarios, 10 error scenarios
are generated independently for wind farms in each region,
and the probability of each error scenario is 1/10. The global
constant of the decentralized algorithm is 50000, and the
convergence criterion is 107°,

The load curve of the microgrid is shown in Fig. 6. At a
low level in the early morning, the load increases during
the day and reaches its peak at night. The predicted output
curves of photovoltaic and wind power of microgrid are
shown in Fig. 7. The predicted photovoltaic output is related
to the operating law of the sun, and reaches the peak of
photovoltaic output at noon. Wind power forecast output is
relatively average at all times.

Fig. 8 is the output curve comparison diagram of each
power supply of the micro grid. At noon, the output of
photovoltaic power station is the maximum, the diesel engine
is shut down, and the battery unit is charged. At this time,
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Power/kW
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5 10 15 20

Time/h

FIGURE 6. Load curve.

the output of photovoltaic and wind power is still greater
than the load. Wind abandonment measures are taken because
of the higher cost of light abandonment. At night, the load
of the microgrid increases. At this time, the output of
photovoltaic

B. COMPARISON OF CENTRALIZED ALGORITHM AND
IMPROVED ADMM ALGORITHM

Fig. 9 shows the convergence curve of the objective function
of decentralized scheduling in microgrid. The curve oscillates
at the beginning of the iteration and converges to the optimal
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FIGURE 7. Forecast curve of photovoltaic and wind power output.
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FIGURE 8. Output curve of each power supply.

solution quickly and stably at the end of the iteration. It has
strong stability.

In order to reflect the performance of centralized opti-
mization scheduling algorithm, ADMM algorithm and the
improved ADMM algorithm proposed in this paper, the same
set of data is used to compare the following three schemes.

Scheme A: The centralized optimal scheduling algorithm
is used to solve the economic scheduling model of multi-
micro grid.

Scheme B: Admm algorithm is used to solve the decentral-
ized economic scheduling model of multi-micro grid.

Scheme C: The improved ADMM algorithm is used to
solve the decentralized economic scheduling model of multi-
micro grid.

The comparison of the abandoned air volume of the opti-
mal solution between scheme A and scheme C is shown
in Figure 10. The time period of wind abandonment measures
were all taken around noon (11:00 to 15:00), with an error of
only 2.9%.

104100

The same original data is used to solve the multi-micro
grid economic scheduling model through three different
optimal scheduling algorithms. The simulation results are
shown in Table 2. It is obvious that the results of centralized
scheduling algorithm and decentralized scheduling algorithm
are very close. The total cost error of the final results was
only 0.12% and 0.23%. Thus, compared with the centralized
scheduling algorithm and the standard ADMM algorithm,
the improved ADMM algorithm proposed in this paper can
also accurately reflect the optimal scheduling results of the
multi-micro grid.

TABLE 2. Performance comparison of centralized and decentralized
optimization algorithms.

Algorithm Cost Number of iteration Iteration time
centralized 6579 — 223
ADMM 6587 1179 845.4
improved ADMM 6594 1853 707.1

By comparing the relevant data of iteration time and iter-
ation number in Table 2, it can be seen that the centralized
optimization algorithm has the shortest iteration time. The
standard ADMM method needs to optimize the solution of
each region in sequence, and the number of iterations is
relatively small, but it needs a coordination center to update
the global iteration variable when it is iterated. The improved
ADMM method can update the iterative variables within
each microgrid region by itself, so there is no need for the
control of the coordination center, and the parallel optimiza-
tion iterative solution of each microgrid region is still com-
pletely decentralized. Although the number of iterations of
the improved ADMM algorithm is relatively more, the time
of optimal scheduling can be shortened by parallel iterative
calculation between each microgrid region in the calculation
process. In addition, the model in this paper is only a compu-
tational task performed on a single computer. When the dis-
tributed scheduling method is applied in practice, the power
generation plan of each microgrid will be carried out by mul-
tiple computers distributed in different geographical locations
simultaneously. This practical working mode can make up for
the disadvantage of distributed scheduling algorithm in terms
of computation speed.

C. ANALYSIS OF SIMULATIONRESULTS CONSIDERING
THE UNCERTAINTY OF OUTPUT

Fig. 11 and Fig. 12 respectively show the generated pho-
tovoltaic output prediction scenario and wind power output
prediction scenario.

In order to show the superiority of multi-micro grid decen-
tralized scheduling model considering the output uncertainty
of wind power and photovoltaic in robust environment,
the same set of original data is used to compare the following
two schemes in this paper.
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FIGURE 10. Comparison diagram of the abandoned air volume of the two
schemes.

Scheme A: The improved ADMM algorithm is used
to solve the decentralized economic scheduling model of
multi-micro grid without considering the uncertainty.

Scheme B: The improved ADMM algorithm is used
to solve the decentralized economic scheduling model
of multi-micro grid in a robust environment considering
uncertainty.

The power output curves of the optimal solution after
considering the uncertainty of wind and photovoltaic output
are shown in Fig. 13. For the model without considering
uncertainty solved by the improved ADMM algorithm and
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FIGURE 11. Generated photovoltaic power scenarios.

TABLE 3. Simulation results in two scenarios.

Scenario Cost Number of iteration Iteration time
1 6584 1753 718.2
2 6607 2045 971.6

the multi-micro grid decentralized scheduling model with
considering uncertainty in a robust environment, the results
are shown in Table 3.
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FIGURE 13. The power output curves after considering the uncertainty
output.

It can be concluded from Table 3 that the total cost is
3.1% higher when uncertainty is considered. This indicates
that when the influence of uncertainty on generation planning
and output is considered in the model, the total operating cost
of the system is slightly greater than the result of the model
without uncertainty. The total cost is increased because the
initial unit output plan is changed to take into account the
error scenario. By adjusting the start-stop state of the diesel
engine set, all the scenes in the error scene set can meet
the requirements as far as possible. And with the increase
of the prediction error range, it will inevitably increase the
economic cost. Therefore, when solving the decentralized
dispatching model of multi-micro grid considering uncer-
tainty through robust optimization, decision makers should
reasonably plan the renewable energy output according to the
local conditions.

In addition, the solution time when considering uncertainty
is longer than that of the decentralized multi-micro grid
scheduling model without considering uncertainty. This is
because the calculation of error scenarios is included in the
calculation, resulting in a significant increase in the calcu-
lation time. And the more error scenarios, the higher the
computational complexity will be.
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VI. CONCLUSION

Based on the uncertainty of wind power and photovoltaic out-
put, a decentralized optimal scheduling model of multi-micro
grid is established in this paper. The improved ADMM algo-
rithm was used to solve the problem, and the following con-
clusions are drawn:

1) Decentralized scheduling model has high stability.
It can reliably converge to the global optimal solution
consistent with the centralized optimization, which ver-
ifies the feasibility of the model.

2) Considering the robust optimization method to deal
with the uncertain problems, it increases the economic
cost to some extent. However, it can better deal with
the random uncertainty problems faced by multi-micro
grid scheduling in real life.

3) The improved ADMM can realize the parallel calcu-
lation among the micro grids, which can shorten the
iteration time compared with the traditional ADMM
method. Moreover, there is less information exchanged
among the micro networks, which realizes the decen-
tralized autonomy of the micro network scheduling.
This proves the superiority of the model in this paper.
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