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Abstract

The rapid increase of photovoltaics causes serious problems in Kyushu area. Renewable energy output has fluctuation
and it becomes more difficult to ensure reserves, so a risk of power suppression has been considered now. The
forecast for PV power output is developed, by using multiple regression and lasso regression analysis. Uncertainties
of renewable energy must be taken into consideration when modeling the power system. In this study, uncertainties
are taken into consideration as stochastic unit commitment. In addition, it is shown that rescheduling of UC can
adjust generation units schedule when forecast error is large.
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1. Introduction

Now, a lot of renewable energy resources are introduced in order to reduce CO2 emission. However, it
causes some problems at the same time.

It is difficult to store electric power, so the balance between demand and supply is important. The
outputs of renewable energy resources, especially photovoltaics and wind power generations, depend on
natural conditions. For example, solar irradiance, the amount of clouds and the speed of wind have much
influence on the fluctuation of renewable energy outputs. Introducing a large amount of renewable energy
threatens the stability of the power system.

From the report of Kyushu electric power company [1], photovoltaic is rapidly increasing. As a result,
the output of PV reaches 66% of all electricity demand in the daytime. The fluctuation of PV output is
absorbed by thermal power plants and pumped storage system. If more amount of PV is introduced, the
suppression of PV output cannot be avoided [2].

2. Forecast Model of PV Output

Forecasting method is important to operate the power system with safety and efficiency. It is classified
into several types: simulation of weather based on the meteorological model, analysis of satellite images,
and statistical analysis [3][4]. This research adopts the statistical method.

2.1. Multiple regression analysis

In the forecasting method used in [5], multiple regression analysis is adopted. It calculates the relative
equation of PV output and weather conditions from the actual output and forecasted weather conditions in
the past. This method is used in this research and equation is set as equation (1). PV output, X(t), is
explained variable. Solar irradiance X0 (t), the amount of clouds (TCDC) and rain dummy (DA) are
explanatory variables.
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X(E) =X 0(f) » (a 0+ al1+TCDC + a2 « DA + a_3+DA +TCDC + ) Q)

Input data is GPV/GSM data provided by the Japan Meteorological Business Support Center [6]. This
data is provided 4 times a day (3, 9, 15, 21 o’clock) and includes temperature, the amount of clouds and
precipitation which forecasts from 1 hour to 84 hours ahead. The data for 1 year is used, and 2/3 of it is
used as training data of regression and 1/3 is used as test data. PV power output is estimated based on
actual solar irradiance, precipitation and air mass using the method in [7][8][9]. In this regression model,
24 grid points observing weather in Kyushu area are considered and PV output is forecasted from 1 hour
to 39 hours ahead.

2.2. Lasso regression analysis

Although the regression equation is calculated now, the number of explanatory variables is 73. Some
of them are not statistically significant because p-values are large. When explanatory variables are too
many, the model fits training data and it can cause overfitting. Therefore, it is important to extract
significant variables. This research uses lasso regression for extracting variables. The norm of the
regression coefficient is added to the minimized function of least-square method as equation (2). By using
this method, coefficients of some variables become zero. If the coefficient is zero, the variable has no
influence and is excluded from explanatory variables.

MinT|¥ — Y(a_i X _i)| + AT |a_i| 2
2.3. Result of PV forecast

Fig. 1 shows the result of the forecast. Forecasted output and test data are compared, and then RMSE
(Root Mean Square Error) is calculated. RMSE of lasso regression is relatively smaller than that of
multiple regression and RMSE is larger when forecast time is large. Average values of RMSE are 9.1%
for multiple regression and 8.1% for lasso regression. Previous researches from METI’s report say that
RMSE is about 8.2%-12.2% [10]. This research’s result is not so different from that referred values.

3. Unit Commitment with Uncertainties

In this chapter, an operational solution is researched. The power company has to make an operational
plan of supplying electricity because some kinds of power plants cannot start or stop rapidly. Based on
forecast of next day's demand, power system operators decide an optimal combination of power
generation units which have various costs or characters. The objective function is operational cost and
fuel cost, and constraints include reserve capacity. This optimization problem is called Unit Commitment
(UC). It is an important thing that UC is based on forecast data on demand or renewable power. Forecast
in the day before is not perfect, so it includes forecast error. In the case that forecast error is larger than
considered, it can cause shortage or surplus of electricity.
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Fig. 1. RMSE of multiple regression and lasso regression
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3.1. Stochastic unit commitment

There is a type of unit commitment in which uncertainties are added to calculate function [11].
Stochastic unit commitment is now adopted. This is the method to apply stochastic analysis to UC. Some
scenarios with certain probability distribution are assumed and the expectation value of cost multiplied by
each probability is minimized. Equation (3) shows the objective function of the optimization problem.

Min [eT = u + T{Prob_s « F(u,5)}] 3)

Vector ‘U' is decision vector of unit commitment and is a binary variable. Vector ‘c' is start-up cost of
the unit, and the first item means start-up cost of started units. The second item is calculated by
summarizing fuel cost function ‘F' multiplied with probability for each scenario. Constraints of
optimization are balancing demand and supply power, upper/lower limit of the output of generation units,
upper/lower limit of ramping rate and reserve capacity.

The constraint of reserve capacity is important. The definition of the amount of capacity is explained.
Forecast error is approximated by Laplace distribution in [13]. The equation (4) is probability based on
RMSE and error from the average value. The error from forecasted value is represented as ‘dx’ and
RMSE is sigma. From this distribution function, scenarios are divided into 6 groups as shown in Table 1.
For example, PV output has forecast error [-4.16~-2.16] in scenario ‘S1’ and this scenario happens with
2.1% probability.

Pidx) = exp(—2]dx|fo)/v20 4)

Table 1. Error band and probability for each scenario

Scenarios Error band Probability
S1 -4.16~-2.1c 2.1%

S2 -2.16~-0.80 13.6%

S3 -0.86~0 34.1%

S4 0~0.8c 34.1%

S5 0.86~2.1¢ 13.6%

S6 2.10~4.1c 2.1%

3.2. Setting of parameters

Table 2 shows the parameters of generation units. These settings are influenced by the real situation in
Kyushu area [14]. Fig. 2 shows load factor of thermal power generation with partial load. Load factor
curve is investigated in [15] and is approximated by a step function in order not to be non- linear. Hydro,
biomass and geothermal power are assumed that they have a constant output by referring to the
simulation by Kyushu electric power company [2].

Table 2. Parameters of generation units

The number of units  Available load factor Fuel cost Start-up cost
(total capacity) [yen/kWh] [yen/MW]
Coal 4 (2.46GW) 35-100% 55 -
LNG 17(4.55GW) Combined Cycle : 40-100% 10.8 2000
Conventional : 25-100%
Oil 4(2.00GW) 25-100% 21.7 2000
Nuclear | 5(4.70GW) 100% 15 -
Pump 1(2.30GW) 0-100% -

3.3. Result of unit commitment

Fig. 3(a) shows the result of unit commitment calculated from optimization. When PV power output is
small in the morning and evening, nuclear, coal and LNG thermal power supply electricity. In the daytime,
PV output is large, and then coal and LNG power plants work at partial load in order to provide reserve
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power. Pumped storage power plant absorbs surplus PV power in the daytime and generates electricity at

other times.
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Fig. 2. Load factor of thermal power generation units

4. Rescheduling of Unit Commitment

Unit commitment is based on forecast data created at 9 a.m. of the previous day. However, forecast
error is small when forecast time is short as shown in fig. 1. Based on this information, unit commitment
of the day before is adjusted intraday. The intraday forecast is more accurate, so less amount of reserve is
needed. Specifically, the forecast of PV output is performed again at 3 a.m. of the day, the time when
GPV data is provided. By using this forecast data, the operation plans after 6 o'clock can be rescheduled.
Oil, LNG, LNG combined cycle plants can start or stop in a relatively short time and can adjust operation.
On the other hand, coal thermal power and nuclear power plants cannot operate at daily start and stop, so
rescheduling of them is not considered in this research.

Fig. 3(b) shows the result of the rescheduled unit commitment. This is the case that the output of
intraday forecast is larger than that of the previous forecast. In unit commitment planed in the day before,
LNG power plants can operate at partial load in the daytime, but PV output becomes larger and then LNG
plants stop. Moreover, coal power plants reduce their output as around minimum output. In the evening,
LNG combined cycle plants are started up. This is because multi-shaft combined cycle has a lot of
generators with small capacity in parallel, and some combined cycle plants are started up and each can
operate at around rated output efficiently.
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Fig. 3. Unit commitment (a) planned on the previous day, and (b) rescheduled on the day
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5. Conclusion and Future Works

Renewable energy is rapidly increasing and it causes the problem of power system stability. This
research focuses on the strategy to deal with uncertainties of renewable energy outputs. Multiple
regression and lasso regression models are proposed and RMSE is analyzed. In addition, seasonal effects
and detailed analysis considering weather condition should be studied more, and the accuracy of the
forecast can be improved.

Unit commitment model taking uncertainties into consideration is proposed as the operational strategy.
Uncertainties are assumed as scenarios and the economically optimal plan is made. Moreover, unit
commitment is rescheduled based on the difference between the previous day and intraday forecast
accuracy. In the case that PV output becomes larger than forecasted, the optimal operation changes in the
daytime and evening. In this research, PV is focused on and forecast error of demand and wind power is
not considered. All factors should be included in analysis and model influenced by real situation should
be built by annual simulation.
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