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Abstract-The power flow of micro-grid containing wind-light
complementary system shows greater uncertainty due to it is
affected by wind speed and irradiance. Therefore the
prediction of probabilistic power flow is of great significance
for micro-grid energy management. In the paper, on the basis
of wind power and photovoltaic power prediction, a
conditional joint probability prediction technique is put
forward to predict probabilistic power flow considering the
correlation between wind and irradiance. The prediction
technique is not only consider the affection that wind speed
and irradiance put on the power flow, but also consider the
co-constrains between wind speed intervals and irradiance
intervals at the prediction moment. The simulation results
show that the probabilistic intervals achieved by the proposed
prediction methods are narrower than unconditional joint
probability prediction technique and of more reference value.
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l. INTRODUCTION

Micro-grid connects some distributed generation
equipments such as fuel cell, micro gas turbine, photovoltaic
generation and wind generation in a certain area to supply
power to users [1-3]. Micro-grid can make full use of all
kinds of generation equipments to alleviate the pressure of
power supply, and improve the reliability and economy of
power supply system. Therefore, carrying out the research on
the micro-grid is of important practical significance [4].

Due to the geographical distribution, seasonal changes
and day-night alternate, wind and solar energy are
complementary to a certain extent. So setting up wind-solar
generation complementary system in a micro-grid can make
up for the weakness of independent solar or wind generation
system. The strong intermittent and randomness of wind and
irradiance put more complex influence on micro-grid which
comprises wind and photovoltaic generation than that
comprises independent wind or photovoltaic generation.

Although the power flow of a micro-grid can be
predicted further based on the prediction of wind and
photovoltaic generation, wind and photovoltaic generation
prediction are usually of larger errors that result in more
complicated predictive errors of power flow. Therefore, it is
of practical significance to assess the risk of the predictive
power flow by solving the probability distribution and
confidence interval based on the evolution characteristics of
wind and irradiance.

Some scholars have studied the probabilistic power flow
of micro-grid and distribution network. The Newton method
had been adopted to solve the three-phase power flow of
islanding micro-grid in reference [5].

The randomness of wind generation, photovoltaic
generation and load had been studied firstly and then the
probabilistic models are set up respectively with half
invariant method to calculate probabilistic power flow of
distribution network in reference [6]. Yu Kun established the
dynamic probability model of random variables such as wind
speed, irradiance and load, and applied the approximate
method to calculate the probabilistic power flow of area
power grid [7].

The adverse impacts of wind speed and irradiance in
micro-grid can be prevented by prediction of wind
generation and photovoltaic generation. Due to the impacts
which the wind speed and illumination put on each node
voltage and branch power of micro-grid are not same, so the
directly prediction of micro-grid power flow is able to
provide a more direct and comprehensive information for
energy management system of micro-grid.

Few researches related to the power flow prediction of
micro-grid concluding distributed generations were carried
out at present. Although reference [8] predicted the wind
generation and calculated the probabilistic power flow of
power system, it did not study the probability distribution
and confidence interval of power flow at each prediction
moment. Deterministic and probabilistic power flow in
micro-grid are predicted in reference [9], but the author did
not take into account the correlation between wind speed and
irradiance when the micro-grid comprises wind and
photovoltaic generation simultaneous.

As we known, the power flow of a micro-grid is a
function of wind speed and irradiance, and their influences
on power flow have certain correlation and mutual constraint.
One of the difficulties in the research is how to calculate the
probability distribution of wind speed and irradiance.
Another difficulty is how to solve the conditional joint
probability of power flow about wind speed and irradiance at
the prediction moment.

For the first difficulty, reference [10] pointed out that
wind speed obeys weibull distribution and irradiance obeys
normal distribution. In fact, the probability distribution of
wind speed and irradiance are often different during different
time even at same place. So using uniform distribution
function to describe wind speed or irradiance is not
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appropriate. For the second difficulty, few researches related
to the topic are carried out at present all over the world.

In view of the present researches, the paper analyzed
the Markov characters of wind speed and irradiance firstly,
and then calculated the conditional joint probability
distribution (CJPD) and the confidence intervals of
micro-grid power flow at the prediction moment by Markov
process model and Latin hypercube sampling.

The proposed CJPD technology considering the mutual
constraints between wind speed intervals and irradiance
intervals at predicted moment can effectively assess the risk
of predictions of power flow. The probabilistic prediction
results achieved by CJPD are more in line with the actual
and of more significance for the energy scheduling of
micro-grid than that achieved by unconditional joint
probability distribution (UJPD) without considering the
correlation between two random variables.

1. POWER FLOW PREDICTION OF
MICRO-GRID
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Figure 1. Power flow prediction procedure diagram.

Figure 1 is the power flow prediction procedure that
consists of deterministic prediction and probabilistic
prediction.

(a)Deterministic power flow prediction

The predictions of wind speed and irradiance are
performed firstly according to the historical wind speed,
irradiance and other meteorological data. After that, the
predicted wind speed and irradiance are respectively
transformed to wind generation and photovoltaic generation.
Finally, these predicted wind and photovoltaic generation are
substituted into power flow equations of the micro-grid to
predict deterministic power flow.

(b)Probabilistic power flow prediction

There are two probabilistic power flow prediction
methods are proposed in the paper. One is the unconditional
joint probability distribution prediction which is performed
by independently sampling wind speed and irradiance.
Another is the conditional joint probability distribution
prediction which considering the mutual constraints between
wind speed intervals and irradiance intervals at the predict
moment. The state transition probability matrix of wind
speed and irradiance is solved by markov chain model
according to the historical data of wind speed and irradiance
intensity. Their state transition probability matrix and the
prediction values are combined to solve the probability
distribution functions (PDF) of wind speed and irradiance.
According to the PDF, the samples of wind speed and
irradiance are achieved by Latin hypercube sampling to
calculate CJPD, UJPD and confidence intervals of power
flow.

Deterministic power flow prediction values usually
comprise certain risk due to their predicted errors.
Probabilistic power flow prediction is helpful to assess the
risk in micro-grid energy manager.

1. DETERMINISTIC POWER FLOW
PREDICTION OF MICRO-GRID

A. Prediction of Wind Speed and Wind Generation

In the following research of probabilistic power flow, the
predicted wind speed will be used to solve the PDF of wind
speed, so we adopt the indirectly prediction method of wind
power. We predict wind speed using ridgelet neural network
based on historical meteorological data firstly [11], and then
get the wind power according to formula (1).

0, VLY,

p_ kv+k,, v,;<v<yv, 1)
P, V, <VSV,
0, V>V,

In formula (1), P. is rated power; V. is rated wind

r r
speed; V is wind speed; V is cut-in speed; V_ is cut-out
speed; k=P, /(v, =) 5 Ky ==K,V

B. Prediction of Irradiance
Generation

There are lots of influence factors related to the
prediction of photovoltaic generation such as irradiance,
temperature, efficiency of PV array, installation angle,
atmospheric pressure and types of weather, etc. For
photovoltaic generation prediction, there are two factors
should be concerned.

(a) Micro-grid is usually developed just in recent years,
which results in that the long-term historic data of
photovoltaic generation is lack.

(b) The irradiance should be predicted to calculate the
state transition probability in following probabilistic power

and Photovoltaic
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flow prediction. So we predict the irradiance by least squares
support vector machine (LSSVM ) based on similar day
method according to the weather condition firstly [12], and
then predict photovoltaic generation by photoelectric
conversion relations by following formulas[13].

PPV = nAsnmpptninv (2)
Qpy =By -tane @)

Where P, ,Q,, are active power and reactive of the

PV system, 7 is efficiency of PV array, A is effective area
of PV array, S is irradiance,77mppt is tracking efficiency of

maximum power point, 7, is efficiency of the inverter,

@ is inverter power factor angle of photovoltaic power
station.

C. Deterministic power flow prediction

Deterministic power flow prediction is achieved by
substituting the predicted wind power and photovoltaic
power into following power flow equation.

U, =¢ +jf; (4)

R =62 (Gye; ~B;f))+ i X (G f; +Bye)) ©)
= =

Q=12 Ge -B,f)-e 2 (G, f,+Bpe) (6)
= =

Where,Ui '€, fi separately denote node voltage, real
part of node voltage and imaginary part of node voltage,
G, B; denote conductance and susceptance, P,Q, denote

active power and reactive power.

(AVA PROBABILITY DISTRIBUTION PREDICTION
OF WIND SPEED AND IRRADIANCE

A. Markov property of wind speed and irradiance time
series

Markov prediction can reveal the future trend of a system
based on the state transition probability. The state transition
probability is able to reflect the inherent regularity that
system changes from a status to anther status. Reference
[14-15] has analyzed the Markov property of wind speed and
irradiance time series. Statistics ;(2 is usually used to test
the Markov property of discrete sequence [16]. Statistics

;(2 described as formula 7.

|nﬂ
Py

x :ZZZNik

j=1 k=1

Y

Assume that formula (7) obey y? distribution whose
freedom degree is(n—1)*. For a confidence level ¢, we
look up the value of »2((n-1)*) from statistical table.
When »° > y2((n-1)°) , we judge that the time series
behave Markov property. In the paper, we assume that
a =0.05 and freedom degree equal to 4. For wind speed
time series, we get 2 ((4-1)?)=0.711, x*=9.463. For
irradiance time series, we get 2 ((4-1)?)=0.207 ,
x> =47.544. It can prove that the wind and irradiance time
series are of Markov property.

B. Probability distribution of wind speed and irradiance

The probability distribution of wind speed and irradiance
at predicted moment are easily calculated by the state
transfer probability matrix. Taking wind speed as an
example, the historical wind speed data are divided into m
intervals that represent m states. The original states p, is

defined as:

P(Vn = Vl)

p — P(Vn:: v,)

n

, =012 (8)
P(Vn :Vm)

Where P, is the column vector including all state

probabilities of wind speed at the n moment, P( . ) is event
probability, V, is random variable, v,(i=1,---,m) is the

state of a system. Assuming Py =PV, =V, |\/n =V;) is the
state transfer probability which denotes the probability that
wind speed transforms from state V; to stateV, . The p;, can

be achieved as following two steps.
(a) Assuming that the length of wind interval is AV,

wind speed range is [v,,v,], 1=1---,m, thus the
intervals given by

D, =[v,+(i—-1)-Av, v, +i-Av] 9)

m=[(v, —Vv,)/ Av]+1 (10)

(b) Determining which interval the historical wind speed
belongs to and calculating the transfer frequency matrix N by
counting the number that wind speed evolution from interval
DJ' to Dy.

N11 N12 Nlm
N = :N21 N:zz :NZm (11)
le Nm2 Nmm
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Assuming that P, is the transition probability from the

other state to k state, P, is an element of the state transition
probability matrix.

P= (12)

—
k& (13)
Z N JIS
k=1
The state transfer probability matrix written as
R R, P
P, P P
P _ [pjk] _ 21 2? 2N (14)
PNl PNZ PNN

The wind speed PDF of all state at all moment can be
calculated by

P.=PP

n+l n

(15)

Wherep,, is the original states, P is the state transfer

probability matrix.

Assuming that v(t) is the measured wind speed at time t,
v*(t+d) is the predicted wind speed at time t+d. Then we
calculate the transfer probability from state v(t) to other
states according to formula (15) on the base of the known
wind speed v(t). Thus, we can finally calculate the PDF of
v*(t+d). By the same way, the PDF of irradiance at predicted
moment also can be solved.

V. PREDICTION OF PROBABILISTIC POWER
FLOW

A. Latin Hyper-cube Sampling (LHS)

Monte Carlo sampling technique is often used to
calculate the probabilistic power flow. It will get a high
calculation precision under the condition that the sample size
is large enough. Obviously, it demands amount of
calculation.

Latin hyper-cube sampling not only applies stratified
sampling technique to ensure that the samples can fully
cover the distribution range of the input random variables,
but also can eliminate the correlation of multiple random
variables by sorting the samples. At present, LHS has been
used in reliability calculation of power system [17].

In this paper, LHS is applied to sample wind speed and
irradiance according to their PDF. The samples of wind

speed and irradiance are separately transferred to wind
power and photovoltaic power, which are then substituted
into power flow equation to calculate probabilistic power
flow of micro-grid.

B. Joint probability Distribution Prediction

There is no obvious correlation between wind speed and
irradiance at same place. Even if there is some correlation, it
is hard to find a mathematical model to describe it. Although
the correlation of wind speed and irradiance is weak, but the
power flow of micro-grid is a function of wind speed and
irradiance. At a certain moment in the future, once the
distribution interval of wind speed and irradiance are
identified, the calculated distribution interval of power flow
is identified also. So we propose two calculation methods of
probabilistic power flow for micro-grid which are
unconditional and conditional joint probability distribution
technique.

(a) Unconditional joint probability distribution (UJPD)

Firstly, we apply LHS for the PDF of wind speed and
irradiance that are achieved by the approach proposed above.
Wind speed and irradiance samples are randomly combined
into sample couples on the condition that their weak
correlation is ignored, such as {V,,S;}, -+-,N, where

n is sampling size. Then these sample couples are
transformed to wind power and photovoltaic power to
calculate power flow. Finally, we solve PDF and confidence
intervals of node voltage or branch power at predict moment
with kernel density estimation method. For example, The
PDF of node voltage can be calculated by

1 N
f (Uq) —N—Z Huug (16)

Where, k(x) is kernel function, uy, is the sample of node
voltage, h is bandwidth coefficient, N; is total number of
samples. In the same way we can also calculate the PDF of
active and reactive power.

(b)Conditional Joint Probability Distribution (CJPD)

Unlike UJPD, the intervals D, and D, of predictive wind
speed V; and irradiance S; are used as constraint conditions to
select the sampling subset from all sample couples that meets
the conditionsy, e D, and S, e D,.

After the subset samples are converted to wind
generation and photovoltaic generation, we can further
substituted them into the power flow equations to calculate
the samples of power flow. Finally, kernel density estimation
method is applied also to calculate the PDF, CDF of node
voltage or branch power at predictive moment.

C. The confidence interval of predictive power flow

The confidence interval of predictive power flow can be
solved based on PDF of power flow achieved by above
UJPD and CJPD technique.

Taking node voltage u for example,
a O<a<l) meet P’ <u<u’

if parameter
y=1-a , then the

min
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interval [u” . ,u’,. ]is called confidence interval of u with
confidence coefficient 1—¢ , which denotes that the interval
comprise the observed value with probability of 1— ¢ .

According to the PDF of node voltage, we select
intervals whose cumulative probability are greater than or
equal to confidence level 1— ¢« . Inall eligible intervals, the
narrowest one is selected as the confidence interval of
predictive node voltage to ensure the precision and
credibility.

VI. RESULTS AND VALIDATION

BenchMark 0.4kV low-voltage micro-grid as showed in
figure 2 is adopted in the paper to verify the proposed
approach of probabilistic power flow prediction. There are
20 nodes and 19 branches in the micro-grid system. The line
parameters can be found in the literature [18]. We assign that
the reference direction of branch power is from the node of
small label to the node of large label.

O 20kv
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0.4KV 2 UL
noo
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3 100
3
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Figure 2.  BenchMark 0.4kV low-voltage micro-grid.

In figure 2, the network parameters are three-phase
symmetrical. The WT connected to node 14 is an
asynchronous wind power generator whose rated power is
50kW. The PV connected to node 20 is photovoltaic power
station of rated power 50kW, and the MT connected to node
12 and 18 are gas turbines. The all loads connected to the
grid are of constant power. Usually, micro-grid is connected
to the power grid through the public access point. In power
flow calculation progress, the node 1 connected to power
grid is regarded as balance node. Because photovoltaic
devices and gas turbine are of voltage control strategy, so
they are regarded as PV nodes. On the contrary,
asynchronous wind power generator is regarded as PQ node
due to it is not of voltage adjustment ability. In following
simulation example, Newton-Ralph algorithm is adopted to
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calculate power flow.
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Figure 6.

Figure 3 and Figure 4 are the PDF and CDF of the 14th
node voltage at the 12th hour during a day, which
respectively achieved by the technologies of UJPD and
CJPD of the. It can be seen that because the sample couples
are constrained by the intervals of wind speed and
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illumination, The CJPD is more concentrated than the UJPD.
The node voltages achieved by CJPD prediction technique
are distributed in the range of [0.997, 1], which present lower
uncertainty. However, due to this constraint condition is not
taken into consideration in UJPD predictive technique, the
node voltages are distributed in the relatively large range of
[0.992, 1.001], which present higher uncertainty.

Figure 5 and Figure 6 provide voltage predictive curves
of the 14th node and probability intervals achieved by CIPD
and UJPD technique at confidence level 90%. It is obvious
that the range of conditional joint probability interval is
narrower than that of unconditional joint probability interval
at the same confidence level. We can find that the predicted
error of the 14th node at 17th hour is large, and the predicted
results of two techniques are obviously different. The
predictive value with UJPD technique can fall within the
interval at 90% confidence level, but the predictive value
with CJPD technique fall outside the interval at the same
confidence level. The comparison shows that the CJPD is
stricter than the UJPD in credibility evaluation of predictive
results. The proposed CJPD technique can effectively reduce
the risk, and provides more apparent reference meaning.

VIl. CONCLUSIONS

The power flow of micro-grid is affected by wind speed
and irradiance at the same time. Therefore the research about
probabilistic power flow should not only consider the
transition characteristics of the wind speed and irradiance
themselves, but also regard the intervals of predictive wind
speed and irradiance as constraint conditions for screening
sample couples. Visibly, the CIPD technique based on above
ideas is more in line with the actual in uncertainly analysis of
predictive results in micro-grid which containing wind and
photovoltaic generations.
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