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ABSTRACT With the rapid growth of installed capacity of photovoltaic (PV), the PV power stations
equipped with energy storage (ES) have become a new type of black-start power supply. Taking the
Photovoltaic-Battery Energy Storage Systems (PV-BESS) as the black-start power source can improve the
black-start ability of the regional power grid and broaden the application prospect of PV power generation.
In this paper, a stratified optimization strategy for black-start of PV-BESS is proposed, which combines
the key issues in the process of black-start of PV-BESS. Stratified optimization strategy is divided into
data analysis layer, optimization coordination layer and scheduling control layer. The data analysis layer
combines the requirements of the black-start process. Firstly, the similarity matrix ranking method is used to
improve the PV power prediction method. Secondly, based on probability inclination, the PV power index is
designed to evaluate the feasibility of black-start by calculating the PV lower limit power and the executable
probability inclination. The optimization coordination layer is based on the state space model of black-
start of PV-BESS, combined with the control strategy of PV as the main part and ES as the auxiliary part,
the optimization objectives of the maximum utilization rate of PV and tracking the ideal value of state
of charge (SOC) of ES is formulated. The optimal model is solved by model predictive control, and the
output power of PV and ES is controlled to complete the black-start process. The actual historical data in the
power grid with a high proportion of PV sources are used as the basic data for simulation. The simulation of
black-start based on MATLAB/Simulink verifies the rationality of the stratified optimization strategy, which
provides a reference for the realization of black-start of PV-BESS.

INDEX TERMS Black-start, stratified optimization strategy, photovoltaic-battery energy storage systems,
photovoltaic & energy storage coordination, photovoltaic power prediction.

NOMENCLATURE
PV Photovoltaic
ES Energy storage
PV-BESS Photovoltaic-Battery Energy Storage

Systems
LSSVM Least squares support vector machine
MPC Model predictive control

The associate editor coordinating the review of this article and approving
it for publication was Eklas Hossain.

SVM Support vector machines
Nr The number of PV units
PESS The charge/discharge power of ES(kW)
PPV−unit The predicted output power of

PV unit(kW)
PL The auxiliary power of thermal power

units(Load power of black-start) (kW)
PPV The total PV power
SOC state of charge
PPV−lim The lower limit of PV units power(kW)
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η The executive probability inclination of
black-start

N The total number of PV units in
PV power stations

NWF Numerical weather forecast
xdk The solar radiation intensity or tempera-

ture of d-day in historical day
xk The solar radiation intensity or tempera-

ture of the day to be predicted
n The sampling point of the solar radiation

intensity and temperature in a day
M The similarity matrix
mid The similarity between each factor

affecting the d-day and the predicted
day.

Fd The total similarity between the d-th his-
torical day and the day to be predicted

R The correlation coefficient
T The black-start period
x(k) The state variables at k time
u(k) The control variables at k time
r(k) The disturbance input at k time
y(k) The output variables at k time
PPV(k) The total PV power at k time(kW)
PPV−unit(k) The power prediction value of PV units

at k time(kW)
PPV−unit(k+1) The predicted PV unit power at

k+1 time(kW)
PPV−unitN The rated power of PV units(kW)
PESS(k) The charge/discharge power of ES at k

time(kW)
EESS(k) The capacity actually collected at k

time(kWh)
EESS(k+1) The ES capacity at k+1 time(kWh)
EESSL The ideal capacity of ES(kWh)
PL (k) The load power at k time(kW)
PL(k+1) The load power at k+1 time(kW)
1TESS The conversion coefficient from kW to

kWh
Nr(k) The number of PV units actually col-

lected at k time
Nr(k+1) The number of PV units actually col-

lected at k+1 time
1Nr The change value of PV unit number
1P The compensation power(kW)
PESSN The rated power of ES
SOCmax The upper limit of SOC of ES
SOCmin The lower limit of SOC of ES
SOC (k) The SOC of ES at k time
M The rolling period
β The change limit of the number of

PV units

I. INTRODUCTION
In recent years, several large-area blackouts have taken place
in the United States, Italy, China, India, Brazil and other
places [1]–[3]. The blackout in India on 30 July 2012 directly

affected the lives of more than 600 million people, which
are the largest power failure affecting the population in his-
tory [4]. In March 2018, the 3.21 blackout in Brazil affected
more than 53 million people, more than a quarter of the
national population, and caused 9300 MW of blackout load
loss. Large blackouts bring huge losses to the national econ-
omy. Black-start, the procedure to restore the power supply
by self-starting black start units (BSU), is the first task after
a severe blackout occurs [2], [3]. Fast and effective black-
start schemes can minimize the losses brought about by large
blackouts in power grids [5], [6].

Conventional black-start schemes use hydropower turbine
and gas turbine with great self-starting ability as black-
start sources, and relevant experiments have been carried out
in [7], [8]. Reference [9] presented the black-start experi-
ment using pumped-storage units as the power supply in the
Shandong power grid, China. Reference [10] analyzed the
black-start experiment using hydropower turbine and gas
turbine as the power supply in India. However, the uneven
distribution of water resources and the lack of water resources
in some areas limit the construction of hydropower units;
gas turbines require high-power diesel generator sets to pro-
vide start-up power and need to be turned on regularly for
maintenance. The high investment cost is not appropriate
for widespread use. Therefore, the participation of renewable
energy in the black-start process can effectively utilize nat-
ural resources and select different black-start power sources
according to the distribution of resources in different regions
[11], [12]. Reference [13] chose micro-grid as black-start
power supply and proposed an optimized restoration method
for a distribution network. A control method is proposed for
the power quality problem of micro-grid used as the black-
start source for [14], [15]. The participation of renewable
energy sources will greatly accelerate the process of black-
start development.

Nowadays, the installed capacity of PV is increasing year
by year [16], [17]. ES technology and PV power generation
technology are developing rapidly. For areas with abundant
lighting resources, more and more studies have been done on
the participation of PV power generation systems in power
system restoration. Reference [18] proposes an optimization
method to improve the restoration efficiency of the power
grid by using PV power plant as a black-start power supply.
In reference [19], a black-start strategy based on hierarchical
control is proposed for micro-grid with PV-BESS, which
improves the black-start capability of micro-grid. Because
of the fluctuation of PV power generation, it is necessary to
configure ES to suppress the fluctuation of PV output power
[16], [20]. Reference [21], [22] studies the control strategy
of PV-BESS under island operation mode, ES provides sta-
ble voltage and frequency for PV inverters. Reference [23]
presents a method to reduce the fluctuation of PV power
by hybrid ES. The black-start capability of a micro-grid is
enhanced by configuring ES in the micro-grid [24]. The
above research shows that the PV-BESS offers the opportu-
nity to act as a black-start power supply.
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When the PV-BESS is used as black-start power supply,
because of the randomness and uncertainty of PV power
generation [25], [26], the PV-BESS can only be the black-
start power supply in the executable period. Before the
start of a black-start process, it is necessary to determine
whether the PV-BESS is in the executable black-start period.
The influence of uncertainty of renewable generation on the
black-start process has been considered in previous studies.
In reference [27], the access time and capacity of wind power
are determined by the black-start value evaluation method to
determine whether the output power of wind power meets
the requirements of the black-start process. However, ref-
erence [27] regards wind power as an auxiliary black-start
power source. After the main black-start power source has
formed a small stable parallel system with the thermal power
unit, the follow-up process is accelerated by connecting wind
power. It is not suitable for the black-start process of the
main black-start power supply of wind power. In the pro-
cess of black-start of a micro-grid, reference [28] models
the uncertainty of black-start of micro-grid by discretizing
the probability distribution of prediction error and chooses
typical scenarios of black-start of the micro-grid to establish
probability function to determine the reference value of out-
put power of micro-grid. However, in reference [28], whether
renewable energy generation supports black-start process has
not formed a quantitative standard, which is not appropriate
for the black-start of PV-BESS. Reference [29] introduced
a black-start power supply selection method for renewable
energy generation systems in distribution networks. A renew-
able energy source which can assist the black start process
is chosen by power prediction and maximum likelihood esti-
mation. However, reference [29] divides the large power grid
into several small power grids for service recovery, aiming at
the maximum priority load recovery, which does not apply to
the feasibility assessment of specific systems. The reference
value of PV power can be obtained by PV power prediction
technology [30].

Because the ES device with charge/discharge power con-
straint and capacity constraint, when the PV output is insuffi-
cient or fluctuates violently during the black-start process,
there may be over-charging and over-discharging of ES,
which leads to the failure of the black-start. Also, the auxiliary
load changes frequently, so the energy coordination control
in black-start becomes more complex. How to coordinate the
output of PV and ES to ensure adequate load supply and keep
the SOC of ES at a reasonable level directly determines the
success of black-start. Reference [31] combines load tracking
with maximum power point tracking control to effectively
control PV output power and complete the black-start pro-
cess. However, in the process of choosing the PV control
strategy, the SOC of ES is not taken into account, which may
lead to over-charging and over-discharging of energy storage.
In reference [19], a black-start strategy based on hierarchical
control is proposed for PV/ES micro-grid. Different control
strategies are applied to single-phase micro-grid and three-
phase micro-grid respectively to coordinate the output power

of PV and ES to achieve black-start. However, the method
proposed in reference [19] is to assist three-phase micro-grid
with black-start through single-phase micro-grid, which is
not suitable for single PV-BESS. Reference [28] proposes
an optimization strategy for black-start power supply based
on MPC to reduce the time spent in the black-start process
by controlling the starting sequence of black-start units.
However, reference [28] solves a planning problem for black-
start of a micro-grid, which does not specify the coordinated
control between black-start power sources and is not suitable
for the coordinated control of PV and ES. In the above study,
no research has been carried out on the problems in the
process of the black-start of PV-BESS.

The above research on black-start of PV-BESS is to take
PV power generation as part of the micro-grid and the whole
micro-grid as the black-start power supply. Without consider-
ing the black-start power supply of PV-BESS, the feasibility
of black-start of PV-BESS and the coordinated control of PV
and ES are studied. Therefore, a stratified optimization strat-
egy for black-start of PV-BESS is proposed in this paper. The
stratified optimization strategy is divided into data analysis
layer, optimization coordination layer and scheduling control
layer. The data analysis layer combines with the requirements
of the black-start process. Firstly, based on the similarity
matrix sorting method, the training sample selection method
of the PV power prediction method is improved, and the PV
power prediction method suitable for a black-start process
is obtained. Based on the reference value of the PV output
power obtained from the prediction, the lower limit power of
PV and the executable probability inclination are calculated.
To evaluate the feasibility of black-start of PV-BESS. In the
optimization coordination layer, the control strategy of PV
as the main part and ES as the auxiliary part is formulated.
Based on the mathematical model of black-start of PV-BESS,
the optimal number of PV cells and the charge/discharge
power of ES are obtained through MPC to solve the opti-
mization objective. The actual historical data of the actual
power grid are taken as the basic data of simulation, black-
start simulation based on MATLAB is carried out to verify
the effectiveness and rationality of the proposed strategy.

The remainder of this paper is organized as follows:
Section II introduces the black-start process of PV-BESS and
describes the structure of black-start of PV-BESS. Section III
presents the stratified optimization strategy for black-start of
PV-BESS. Section IV is to verify the effectiveness of the
strategy by simulation. Finally, key conclusions are offered
in Section V.

II. PV-BESS USED FOR BLACK-START
A. BLACK-START PROCESS OF PV-BESS
After the PV power station receives the black start instruction,
Firstly, the output power of PV power station is evaluated
to determine the feasibility of black-start of PV-BESS. After
determining that the output power of PV power station can
meet the requirements of black-start. Second, the ES assist
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FIGURE 1. The black-start process of power grid based on PV-BESS.

FIGURE 2. Structural of black-start system with the PV-BESS as main power supply. The PV-BESS is mainly composed of PV and ESS.
The PV-BESS as black-start power to start auxiliaries of thermal power station.

the start-up of the PV power station, and the PV-BESS will
be used as the black-start power source to charge the transmis-
sion line. Finally, the PV-BESS gradually starts the auxiliary
engine of the thermal power plant until the output power of
the whole thermal power plant resumes.

The black-start process of power grid based on PV-BESS
is shown in Fig. 1.

B. STRUCTURE OF PV-BESS
The PV-BESS is mainly composed of PV generation system,
ES. Among them, the PV generation system is consisted of
N PV units, and a single PV unit is connected to the house-
service bus through an inverter to provide power for the
load [32]. The PV-BESS is formed by disposing the ES at
the bus of the PV power station. which is shown in Fig. 2.

After the power grid blackout, the PV-BESS as the main
control power supply of power grid system, the PV power
station operates in the maximum power output mode. Energy
Storage maintains voltage and frequency stability.

III. THE STRATIFIED OPTIMIZATION STRATEGY
At the beginning of black-start of PV-BESS, the randomness
of PV output power leads to the uncertainty of the feasibil-
ity of black-start of PV-BESS. In the process of black-start

of PV-BESS, the batch input of high power load and the fluc-
tuation of PV make the over-charging and over-discharging
of ES. Therefore, a stratified optimization strategy for black-
start of PV-BESS is proposed in this paper, which can ensure
that the PV output power meets the requirements of black-
start power and provide enough power for the load at the same
time.

A. FRAMEWORK OF STRATIFIED OPTIMIZATION STRATEGY
The Framework of stratified optimization strategy is shown
in Fig. 3, which is divided into data analysis layer, optimiza-
tion coordination layer and scheduling control layer. Among
them, the data management mainly collects PV unit power,
load power, ES status, and black-start operation instructions,
as well as retrieves historical data of PV unit and numer-
ical weather forecast information for the period to be pre-
dicted. The data analysis layer combines the data in the
data management and evaluates the black-start of PV-BESS
through the PV power prediction and PV power index to
determine whether the black-start of PV-BESS is feasible.
Optimizing coordination layer optimizes the system through
MPC based black-start of PV-BESS control strategy, out-
puts reference values of PV cell number (Nr) and ES power
(PESS). The scheduling control layer combines the reference
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FIGURE 3. The framework of stratified optimization strategy for the PV-BESS. The framework of stratified optimization
strategy is divided into data analysis layer, optimization coordination layer and scheduling control layer. Firstly,
the feasibility of black-start of PV-BESS is calculated by data analysis layer. Then the optimal control quantity (Nr and PESS)
is obtained by optimization coordination layer, and the scheduling control layer judges and controls the PV unit controller
and the ES converter.

values of the number of PV cells and the reference values
of charge/discharge power of ES to realize the switch-on
management of PV cells and the charge/discharge power
management of ES.

Among them: the data analysis layer is mainly based on
the similarity matrix sorting method, designed a PV power
prediction method suitable for black-start, and obtained the
PV unit power reference value. Combining the lower limit
power of PV power index, the probability inclination of
black-start is calculated, and the feasibility of black-start is
evaluated. The optimal coordination layer is mainly based on
the correlation among PV, ES and load to establish a black-
start mathematical model. Rolling optimization and real-time
feedback are used to improve the accuracy of the model. The
optimization objective is solved by MPC, and the optimal

charge/discharge power of ES and the optimal number of PV
cells at the k+1 time are obtained.

B. FUNCTIONAL DESIGN OF DATA ANALYSIS LAYER
Before the start of black-start, because of the randomness and
uncertainty of PV power generation, whether the PV power
station has sustained output capacity and whether the output
power of PV power station meets the requirements of black-
start load power are the key issues of black-start of PV-BESS.
Therefore, this paper designs the data analysis layer. The data
analysis layer is divided into two parts: PV power predic-
tion and PV power index. Firstly, the reference value of PV
output power is predicted by PV power prediction. Based
on the reference value of PV output power, the PV power
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index is calculated to evaluate the feasibility of black-start
of PV-BESS.

1) IMPROVED PV POWER PREDICTION BASED ON
BLACK-START PROCESS
The requirements of black-start process for PV power pre-
diction are as follows: the black-start process lasts 30 to
60 minutes [16], so the ultra-short-term PV power prediction
method is selected; in order to recover the load as soon as
possible, the black-start process time should be reduced as
much as possible, so the PV power prediction method needs
shorter time and faster solution speed; and high accuracy of
PV power prediction is required.

As a intelligent algorithm, Support Vector Machine (SVM)
has been applied in PV power prediction in recent years,
and the prediction accuracy based on SVM is relatively
high [33]–[36]. Least Square Support Vector Machine
(LSSVM) is an improved algorithm of Support Vector
Machine (SVM), which can reduce the computational com-
plexity and speed up the solution while ensuring the accuracy.
Therefore, based on the similarity matrix sorting method,
this paper improves the least squares support vector machine
(LSSVM) prediction method so that the data analysis layer
can predict the PV power of the next hour at the fastest speed
with the premise of ensuring the accuracy.

The data analysis layer obtains the weather information of
the future period through numerical weather forecast and fil-
ters the historical data by comparing the seasons and weather
types and ranking the similarity matrix. The training sam-
ples with the highest similarity with the predicted days are
obtained to improve the prediction accuracy. The prediction
time scale is 1h, and the prediction flow chart is shown
in Fig. 4.

FIGURE 4. Flow chart of PV power prediction.

The selection of training samples and influencing fac-
tors (input variables) has a great impact on the prediction
accuracy. The selection of training samples is to select the
most similar data as training samples from the perspective of
influencing factors (input variables).

2) SELECTION OF PREDICTIVE TRAINING SAMPLES
Considering four factors (including season, weather type,
solar radiation intensity, and temperature), the similarity
between each historical day and the day to be predicted is
calculated, and the optimal training sample is selected.

Select the same season and weather type, the similarity
matrix can be calculated in the same season and weather type
data. According to the type of season, it can be divided into
spring, summer, autumn, and winter. If the predicted day is
the same as the historical day, m = 0, otherwise m = 1.
According to the type of weather, it can be divided into
sunshine, cloudy, and rain. If the predicted day is the same
as the historical day, m = 0, otherwise m = 1.
Euclidean distance is used to describe the similarity of

solar radiation intensity and temperature between historical
and predicted days, as in (1).

md =

√
n∑

k=1
(xdk − xk )2

n
(1)

where: xdk is the solar radiation intensity and temperature of
d-day in historical day; xk is the solar radiation intensity and
temperature of the day to be predicted; n is the sampling point
of the solar radiation intensity and temperature in a day.

The similarity matrix M is as shown in (2).

M = [mid ] (2)

where: M is the similarity matrix; mid is the similarity
between each factor affecting the d-day and the predicted day.

Then the data in the table are normalized and the total
similarity is as shown in (3).

Fd =
4∑
i=1

Rmid (3)

where: Fd is the total similarity between the d-th histori-
cal day and the day to be predicted; R is the correlation
coefficient.

Through sorting the total similarity of historical data,
the training samples of SVM are selected.

The correlation coefficients of PV output power, solar
radiation intensity and temperature are calculated by Pearson
correlation coefficient formula, which are shown in Table 1.

The training samples selected by similarity matrix and the
weather information obtained by numerical weather predic-
tion are used as input of the least squares support vector
machine (LS-SVM) prediction model to predict the output
power of photovoltaic cells during the black-start process.
After the reference output power at the factory bus of PV unit
is predicted from PV power prediction, whether the PV power
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TABLE 1. Correlation coefficient between PV power output and input
variables.

meets the requirement of black-start power is calculated by
the PV power index in the following section.

3) PV POWER INDEX
After predicting the reference value of PV output power, it is
necessary to form a quantitative standard to evaluate whether
the PV output power meets the requirement of black-start.
For this reason, this paper designs an evaluation index of PV
power based on probability inclination. Firstly, the lower PV
limit power of black-start is determined. By calculating the
probability inclination of PV power reference value, the fea-
sibility of black-start of PV-BESS is obtained.

In the process of black-start, the output power of photo-
voltaic power station should satisfy the power of self-service
system and provide power to the black-start load, as in (4).

NPPV-unit ≥ (1+ α)PL (4)

where: N is the number of PV units in PV power stations;
PPV−unit is the predicted output power of PV unit; PL is
the auxiliary power of thermal power units; coefficient α a
includes house-service electricity rate of PV, line loss per rate,
and reserved margin, α is taken as 0.072.

This paper defines the lower limit of PV power in black-
start, which is the minimum power PPV−lim of PV units
meeting the requirements of black-start power, as in (5).

pPV−lim =
(1+ α)PL

N
(5)

The execution process of the black-start is continuous in
time. The power curves of PV cells predicted by PV power
prediction are PV power function f (PPV−unit ), PV power
function f (PPV−unit ) and PV lower limit power function
f (PPV−lim), as shown in (6) - (7).

P+ = P(PPV−unit ) =
∫ T

0
f (PPV−unit )dv (6)

P− = P(PPV−lim) =
∫ T

0
f (PPV−lim)dv (7)

where: T is the black-start period; the relative size of the two
indicates the degree of bias to execute feasibility, the inclina-
tion of execution probability is as shown in (8).

η =
P+
P−

(8)

where: η is the executive probability inclination of black-
start; When η ≥ 1, the PV-BESS in black-start is relatively
carried out. When η < 1, the PV-BESS in black-start is not
relatively carried out. the over-charging and over-discharging
of ES.

C. FUNCTION DESIGN OF OPTIMIZATION
COORDINATION LAYER
In the black-start process, due to the input of high-power load
and the fluctuation of PV output power, over-charging and
over-discharging of ES occur, which leads to the failure of
ES to continue to use. Model predictive control (MPC) can
overcome the influence of time-varying and environmental
uncertainties and is gradually applied to power system opti-
mization control. At the same time, MPC can easily incorpo-
rate multiple constraints and can track multiple optimization
objectives simultaneously. It is suitable for solving the prob-
lem of the coordinated control of PV and ES in black-start
process.

The three elements of MPC are predictive model, rolling
optimization and feedback correction. The principle of MPC
is shown in Figure 5. Each axis represents time, the pre-
dictive time contains P time moments, and the control
time contains M time moments, and P ≥M. At the current
k-time, the optimal control command for the black-start of
PV-BESS in the control time is obtained by solving the
optimal problem in the control time on-line with the predicted
data of the corresponding predictive time (P), and only the
optimal control command for the first time (t=k+1) in the
control time is executed.

FIGURE 5. Rolling optimization time horizon of MPC. The predicted value
of the predicted time (P) is solved at k time, and the optimal output
control quantity (Nr and PESS) of the control time (M) is solved by the
predicted value, and the control command (Nr and PESS) is applied at
k+1 time.

In the black-start scene, the PV-BESS tracks the load
directly. The PV-BESS needs to provide sufficient power for
the load while maintaining the SOC of ESwithin a reasonable
range until the black-start is completed. For this reason, this
paper designs an optimal coordination layer based on Model
Predictive Control (MPC). Firstly, the state-space model of
black-start of PV-BESS process is established. Then, an opti-
mal control method for load tracking by switching PV cells
and ES assistant is proposed. In order to maximize the utiliza-
tion of PV and the SOC of ES tracking the ideal value as the
optimization goal, The number of PV cells and the power of
energy storage is optimized by MPC, the reference values of
the number of PV cells and the power of energy storage are
obtained.
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1) STATE SPACE MODEL
According to the theory of state space, assuming that the
current time is k time, the state variables x(k), the control
variables is u(k), the disturbance input is r(k), the output
variables is y(k), the state space equation can be established,
as in (9).{

x(k + 1) = Ax(k)+ B1u(k)+ B2r(k)
y(k) = Cx(k)+ D1u(k)+ D2r(k)

(9)

Based on state space theory, a load tracking model of
PV-BESS based on MPC is established. The power balance
equation is as shown in (10).

PL(k + 1) = PPV (k)+ PESS (k) (10)

where: PL(k+1) is the load power at k+1 time; PPV (k) is
the total PV power at k time; PESS (k) is the charge/discharge
power of ES at k time.

Considering the real-time feedback in the process of energy
optimization, the energy balance equation of ES is estab-
lished, as in (11).

EESS (k + 1) = EESS (k)−1TESSPESS (k) (11)

where: EESS (k+1) is the ES capacity at k+1 time; EESS (k)
is the capacity actually collected at k time; 1TESS is the
conversion coefficient from kW to kWh.

Considering the method of switching PV units in conjunc-
tion with ES to track load, the number Nr (k+1) of PV units
at k+1 time can be obtained, as in (12).

Nr (k + 1) = Nr (k)+1Nr (12)

where: Nr (k) is the number of PV units actually collected at
k time; 1Nr is the change value of PV unit number.
Equations (10), (11), and (12) are transformed into state

space models, as in (13).

 x1(k + 1)
x2(k + 1)
x3(k + 1)

 =
 0 0 0
0 1 0
0 0 1


 x1(k)
x2(k)
x3(k)


+

 1
−1T
0

0
0
1

 [
u1(k)
u2(k)

]
+

 1
0
0

 [r(k)]

 y1(k)
y2(k)
y3(k)

 =
 1 0 0
0 1 0
0 0 1


 x1(k)
x2(k)
x3(k)


(13)

where: the state variables x1, x2, and x3 are PL , EESS , and Nr ;
the control variables u1 and u2 are PESS and 1Nr ; the distur-
bance input r is PPV ; the output variables y1, y2, and y3 are
PL , EESS , and Nr .

2) OPTIMIZING OBJECTIVES
In each optimization cycle, The optimal values of the control
variables (PESS and 1Nr ) are solved, which converted to
static optimization in a fixed time. The optimization objec-
tives are as follows:

In the black-start process, PV is the main black-start
power supply. First, the difference between source and load
is reduced by switching PV cells. Then, the fluctuation of
PV output power is suppressed by ES. Therefore, the sub-
objective function J1 is designed: as in (14).

J1=min
k+M∑
k

(Nr (k+1)PPV−unit (k+1)−PL(k+1)−1P)2

(14)

where: PPV−unit (k+1) is the predicted PV unit power at
k+1 time; 1P is the compensation power.

Considering the power error caused by the PV power pre-
diction error, the PV power at k+1 time is used to compensate
the power error at k time. as in (15).

1P = PPV − Nr (k)PPV−unit (k) (15)

where: PPV−unit (k) is the power prediction value of PV units
at k time.

ES is an auxiliary black-start power supply. From the
point of view of ES itself, avoiding over-charging and over-
discharging of ES is an important factor affecting the com-
pletion of black-start of PV-BESS. From the control point of
view, controlling the ES capacity near the ideal value is con-
ducive to the safe and smooth start of black-start of PV-BESS.
Therefore, the sub-objective function J2 is designed by:

J2 = min
k+M∑
k

(EESS (k + 1)− EESSL)2 (16)

where: EESSL is the ideal capacity of ES.
The objective function at all times should satisfy power bal-

ance constraints, ES output power constraints, PV unit output
power constraints, and the SOC of ES constraints, which are
shown in (17∼21), respectively. In order to prevent frequent
switching PV units from introducing PV unit number change
limit β, the reference value of PV unit number is given after
optimizing the objective. By comparing the reference value
with the current number of PV units, when the difference is
greater than or equal to beta, the PV unit moves, and if it is
less than beta, the PV unit does not move as shown in (21).

nPPV−unit (k)+ PESS (k) = PL(k) (17)

−PESSN ≤ PESS (k) ≤ PESSN (18)

0 ≤ PPV−unit (k) ≤ PPV−unitN (19)

SOCmin ≤ SOC(k) ≤ SOCmax (20)

1Nr ≥ β (21)

where: PL(k) is the load power at k time; PESSN is the rated
power of ES; PPV−unitN is the rated power of PV units;
SOCmax and SOCmin are the upper and lower limit of SOC
of ES; SOC (k) is the SOC of ES at k time; β is the change
limit of the number of PV units.

The optimal charge/discharge power of ES and the optimal
number of PV units at k+1 time are obtained by solving the
optimization objective.
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IV. SIMULATION VERIFICATION
Aiming at verifying the feasibility and validity of the strat-
ified optimization strategy in different working conditions,
the black-start process using the PV-BESS as the black-
start power source is simulated by MATLAB/Simulink. The
simulation time is 1 hour, Data sampling interval is 1 min.
The numerical examples in this paper are derived from the
measured data of a PV power station and a thermal power
station in Hohhot. The load in the black-start process is
auxiliary machines of the thermal power plant. In this paper,
the simulation process is designed according to the starting
sequence of auxiliary machine of thermal power plant. Take
starting a 300MW thermal power unit as an example. The
black-start simulation process is shown in Table 2.

TABLE 2. Black-start simulation process.

In the simulation, the capacity of PV power station is
40 MWp, consisting of 40 1MWp PV units, and PV units
number change limit β is 3. The rolling period M is 10min.
The type of ES is lithium battery with 5.5 MW·h, the maxi-
mum charge/discharge power of ES is 15MW, the initial SOC
is 0.6, the SOCmax is 0.9, and the SOCmin is 0.1. The auxiliary
units of thermal power plant are put into by batch operation,
which is shown in Fig. 6. The total power of auxiliary units
is 12.915 MW.

FIGURE 6. Load change curve in the black-start.

In this paper, the simulation process, first of all, the data
analysis layer evaluates the PV output power during the

black-start period to determine the feasibility of the black-
start of PV-BESS. Then, the coordinated distribution of the
output power of each power source and the status of the ES
during the load input process are analyzed. In this paper, two
power coordination modes are set up: mode one is to use
the black-start control strategy in this paper, and to solve the
optimal number of PV units and ES power through MPC;
mode two is to use the traditional control method, select a
certain number of PV units, start all at the beginning of the
black-start process, and only use ES to assist the PV power
station to track the load.

In order to verify the applicability of stratified optimiza-
tion strategy for different PV output power, according to the
influence of different weather types on PV output power,
the weather types of Hohhot in 2016 are classified into sunny
days, cloudy days, rain and snow days and overcast days [37].
Among them, the proportion of 157 days in sunny days is
42.9%, 118 days in cloudy days is 32.2%, 89 days in rain
and snow days is 24.3% and 2 days in overcast days is 0.6%,
as shown in Fig 7.

FIGURE 7. The proportion and days of weather types in Hohhot in 2016.

Among them, sunshine is abundant and PV output power
is abundant in sunny days; PV output power decreases while
fluctuation increases in cloudy weather affected by cloud
shading; PV output power is the smallest and the largest fluc-
tuation in rainy and snowy weather. Sunny, cloudy and snowy
weather accounted for 99.4% of the year. Because of the small
proportion of overcast days and the small fluctuation of PV
output power, this paper chooses sunny, cloudy and snowy
weather as typical weather types to simulate and verify.

Selecting 30 June 2016 (sunny), 5 May 2016 (cloudy) and
4 June 2016 (rainy) as typical days, assuming a blackout at
11:00, 11:00-12:00 is the black-start time. First, the output
power of PV units in the black-start on typical day is pre-
dicted by LSSVMand back propagation neural network (BP).
Meteorological information data are obtained from actual
measurements of PV power stations. In this paper, the relative
root mean square error rate (eRMSE), the relative maximum
error rate (eRmax) and accuracy rate are used as the basis
for judging the prediction effect. Table 3 shows that the
accuracy of the LSSVM method is higher than that of the BP
method. The results obtained are in agreement with those in
reference [33], [34].
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TABLE 3. PV power prediction results.

A. BLACK-START SIMULATION ANALYSIS ON SUNNY DAY
With the PV output power predicted by the data analysis
layer as a reference, the PV output power during the black-
start period is evaluated to determine whether the PV output
power meets the requirements of the black-start in sunny
days. The predicted results are shown in Fig. 8. According
to the method of Section 2, the lower limit power of PV is
346.1 kW, and the probability inclination of black-start of
PV-BESS is 2.62 in typical sunny days from 11:00 to 12:00.
Because the probability inclination of black-start of PV-BESS
is greater than 1, it is known that the output power of PVmeets
the requirement of black-light storage start-up.

FIGURE 8. 1-hour power prediction curve of 1MWp PV cell on typical
sunny day.

After confirming the feasibility of PV-BESS as black-start
power supply, the simulation of black-start process of PV-
BESS is carried out by combining two power coordination
modes.

Under sunny conditions. In mode one, the optimization
coordination layer controls the number of PV units and the
charge/discharge power of ES, so that the PV-BESS tracks
the load change. Fig. 9 shows that when t is 10 min, 20 min,
and 30 min, the optimization coordination layer controls the
PV unit controller, increases the corresponding number of PV
units, and controls the output power of ES to suppress the
fluctuation of PV output power fluctuation. When t is 40 min
and 50 min, the number of PV units required to be increased
is less than the limit of PV unit number change (β), in order
to prevent frequently switching PV units, the number of PV

FIGURE 9. Output power of the PV-BESS running in mode one on typical
sunny day.

units remains unchanged. When t = 55 min, the difference
between load power and PV output power increases as PV
output power decreases, so the optimization coordination
layer controls the PV unit controller to increase three PV
units, and the ES mode is changed from discharging mode
to charging mode to maintain the SOC of ES at a reasonable
level. The SOC of ES has been controlled between 0.5 and
0.7, following the ideal value of 0.6, as shown in Fig 11.

Under sunny conditions. In mode two, 16 PV units are
determined according to formula (4) to meet the power
requirement of black-start load, so 16 PV units are started at
the beginning of black-start, and only ES is used to assist PV
power station to track load. At t is 0-10 min, no load input,
PV output power for ES charging, which is shown in Fig. 10.
When t = 9 minutes, the SOC of ES reaches the upper limit
of 0.9, as shown in Figure 11. Because there is no load input,
the PV output power continues to charge the ES. After the ES
reaches the upper limit of 0.9, the ES cannot absorb the excess
PV output power, the power of the system is unbalanced, and
the black-start of PV-BESS is forced to stop.

In the process of black-start of PV-BESS, according to
the stratified optimization strategy in this paper, the feasi-
bility of the black-start of PV-BESS is determined by data
analysis layer, and then the number of PV units and the
charge/discharge power of ES are controlled by the optimiza-
tion coordination layer. By comparing and analyzing the two
power coordination modes in black-start process, we can see
that: the mode one is to coordinate ES and PV output power
by optimizing the coordination layer so that the PV-BESS
can track load well, and SOC of ES are kept in a reasonable
state. In mode two, due to the sufficient PV output power
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FIGURE 10. Output power of the PV-BESS running in mode two on typical
sunny day.

FIGURE 11. SOC curve of ES.

and small load input in the early stage, when the ES state
reaches the upper limit of 0.9, the ES cannot absorb the
excess PV output power, resulting in power imbalance, and
the black-start process is forced to stop. The feasibility and
effectiveness of the proposed strategy are verified.

B. BLACK-START SIMULATION ANALYSIS ON CLOUDY DAY
The probability inclination of typical days is calculated to
determine whether the PV output power meets the require-
ments of black-start in cloudy weather. The predicted results
are shown in Fig. 12. The method of Section 2 that the
probability inclination of black-start of PV-BESS is 1.73 at
11:00-12:00 in the typical cloudy day. Since the probability
inclination of black-start of PV-BESS is greater than 1, it is
known that the output power of PV meets the requirement of
black-start and can be used for black-start of PV-BESS.

After confirming the feasibility of PV-BESS used as
black-start power supply, combining two power coordination

FIGURE 12. 1-hour power prediction curve of 1MWp PV cell on typical
cloudy day.

modes, the simulation of black-start process is carried out on
cloudy day.

Under Cloudy conditions. In mode one, the optimization
coordination layer controls the number of PV units and the
charge/discharge power of ES to make the PV-BESS follow
the load change. As shown in Fig. 13, When t = 10 min,
20 min, and 30 min, due to the increase of load, the optimiza-
tion coordination layer increases the corresponding number
of PV units. At the same time, the output power of ES is
controlled to suppress the fluctuation of PV output power
fluctuation. When t = 40 minutes, the number of PV units
needed is less than the limit of PV unit number change (β).
In order to prevent frequent switching of PV units, the num-
ber of PV units remains unchanged. When t = 49min, due
to the increase of PV output power and ES capacity, the
optimization coordination layer cut off four PV units, and

FIGURE 13. Output power of the PV-BESS running in mode one on typical
cloudy day.
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FIGURE 14. Output power of the PV-BESS running in mode two on typical
cloudy day.

FIGURE 15. SOC curve of ES.

the ES mode is changed from charging mode to discharging
mode. The SOC of ES has been controlled between 0.5 and
0.7, following the ideal value of 0.6, as shown in Fig 15.

Under Cloudy conditions. In mode two, 22 PV units are
determined according to formula (4) to meet the power
requirement of black-start load, so all 22 PV units are started
at the beginning of black-start, and only ES is used to assist
PV power station to track load. In t is 0-10 min, no load input,
PV output power charge for ES, which is shown in Figure 14.
When t= 10 minutes, the SOC of ES reaches the upper limit
of 0.9, as shown in Figure 15. Because there is no load input,
the PV output power continues to charge the ES. After the ES
reaches the upper limit of 0.9, the ES cannot absorb the excess
PV output power, the power of the system is unbalanced, and
the black-start of PV-BESS is forced to stop.

The above simulation shows that in typical cloudy weather,
the data analysis layer determines the feasibility of the

black-start of PV-BESS firstly, and then through the com-
parison of mode one and mode two, it can be seen that the
stratified optimization strategy can reasonably coordinate and
control the output power of PV and ES to meet the load
demand to achieve black-start, which verifies the feasibility
and effectiveness of the proposed strategy.

C. BLACK-START SIMULATION ANALYSIS ON RAINY DAY
Taking the PV output power predicted by the data analysis
layer as a reference, it is determined whether the PV output
power meets the requirement of black-start on rainy days.
The predicted results are shown in Fig. 16. The method of
Section 2 that the probability inclination of the black-start of
PV-BESS is 0.87 at 11:00-12:00 in typical rainy days.
Because the probability inclination of the black-start of
PV-BESS is less than 1, the output power of PV cannot meet
the requirement of black-start, so the black-start of PV-BESS
cannot be carried out.

FIGURE 16. 1-hour power prediction curve of 1MWp PV cell on typical
rainy day.

From the above simulation, we can see that in typical rainy
days, the data analysis layer first evaluates the feasibility of
the black-start of PV-BESS, because the PV output power is
insufficient, so the PV-BESS cannot be used as the black-start
power supply in this period.

From all the above simulations, it can be seen that in
the typical sunny and cloudy days, the data analysis layer
calculates that the probability inclination of black-start of
PV-BESS is greater than 1, so the black-start of PV-BESS
can be carried out; in the typical rainy days, the data analysis
layer calculates that the probability inclination of the black-
start of PV-BESS is less than 1, so the black-start of PV-BESS
cannot be carried out. This is shown in Table 4.

TABLE 4. Feasibility assessment results for typical days.
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TABLE 5. Comparison of two power coordination modes.

In the black-start process on a typical sunny day, by com-
paring the two power coordination modes, it can be seen that
the average and maximum difference between the PV and
the load in mode one are 2.4% and 14.6% of that in mode
two. The maximum and minimum SOC values of ES in mode
one are 0.62 and 0.56, within the range of 0.5-0.7. In mode
two, the maximum and minimum SOC values of ES are
0.9 and 0.6, and the ES is overcharged. Mode one completes
the black-start, whereas mode two fails to complete the black-
start due to overcharging of ES.

In the black-start process on a typical cloudy day, by com-
paring the two power coordination modes, it can be seen that
the average and maximum difference between the PV and the
load in mode one are 3.3% and 15.3% of that in mode two.
The maximum and minimum SOC values of ES in mode one
are 0.68 and 0.6, within the range of 0.5-0.7. In mode two, the
maximum and minimum SOC values of ES are 0.9 and 0.6,
and the ES is overcharged. Mode one completes the black-
start, whereas mode two fails to complete the black-start due
to overcharging of ES. From the comparison of different
modes of the PV-BESS under different weather conditions,
it can be seen that the optimization coordination layer reduces
the depth of charge/discharge power of ES, prevents the
over-charging and over-discharging of ES, and improves the
utilization of PV. This is shown in Table 5.

The stratified optimization strategy proposed in this paper
firstly evaluates the feasibility of the black-start of PV-BESS
through data analysis layer, which can determine whether the
output power of the PV-BESS can meet the power require-
ment of black-start load. Then the optimization coordina-
tion layer can effectively coordinate the output power of PV
and ES, make the output power of the PV-BESS meet the
load requirement, and prevent the over-charging and over-
discharging of ES. The stratified optimization strategy in this
paper can effectively evaluate the feasibility of the black-start
of PV-BESS, and coordinate the output power of PV and ES
to complete black-start.

V. CONCLUSION
When the PV-BESS is used as black-start power supply, due
to the randomness of PV power generation, the uncertainty of
the feasibility of black-start of PV-BESS, and the fluctuation
of high-power load input and PV output power, the problem
of over-charging and over-discharging of ES appears. In this
paper, a stratified optimization strategy suitable for the black-
start of PV-BESS is designed to make the output power of
PV-BESS meet the requirements of black-start power, while
the SOC of ES is kept in a reasonable range. A simula-
tion verification of black-start of a local power grid with a
high proportion of PV power supply is carried out based on
MATLAB/Simulink.

The results of this study can be summarized as follows:
1) In this paper, a stratified optimization strategy suitable

for the black-start of PV-BESS is designed, which
mainly solves the uncertainties of the feasibility of the
PV-BESS as black-start power supply and the prob-
lems of over-charging and over-discharging of ES. The
data analysis layer based on PV power index and PV
power prediction and the optimization coordination
layer based onMPC are established respectively, which
can ensure that PV output power meets the requirement
of black-start power and provide enough power for
load, and provide a reference for renewable energy to
participate in black-start.

2) In view of the uncertainty of the feasibility of the
PV-BESS as a black-start power source, the data analy-
sis layer of stratified optimization strategy is designed
in this paper. Firstly, based on similarity matrix sort-
ing and combining the characteristics of black-start
process, a PV power prediction method suitable for
black-start is designed. Then, aiming at meeting the
black-start load, a PV power index for the black-start of
PV-BESS is proposed based on probability inclination,
and the PV lower limit power of black-start is defined.
The probability inclination of black-start is calculated
by combining the PV lower limit power. The feasibility
of black-start of PV-BESS is evaluated.

3) Aiming at the problem of over-charging and over-
discharging of ES in the process of the black-start of
PV-BESS, in this paper, an optimal coordination layer
of stratified optimization strategy is designed. Firstly,
the state-space model of the black-start of PV-BESS
is established. Then, an optimal control method for
load tracking by switching PV cells and ES assistant
is proposed. The multi-objective optimization function
is solved byMPC to control the output power of PV and
ES so that the PV-BESS can provide sufficient power
for the load under the condition of energy storage con-
straints.

In this paper, the feasibility of the black-start of PV-BESS
and the coordinated operation of PV and ES are preliminarily
studied, but the effects of load input and fluctuation of PV on
voltage and frequency are not considered. Therefore, the con-
trol strategies of PV and ES need to be further studied in the
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future. At the same time, after the black-start of PV-BESS,
how the PV-BESS can be used for the subsequent restoration
of the power grid needs to be further studied on the parallel
technology between the PV-BESS and thermal power units in
the future.
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