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Abstract: In order to play a positive role of decentralised wind power on-grid for voltage stability improvement and loss reduction of distribution network, a multi-objective two-stage decentralised wind power planning method is proposed in the paper, which takes into account the network loss correction for the extreme cold region. Firstly, an electro-thermal model is introduced to reflect the effect of temperature on conductor resistance and to correct the results of active network loss calculation; secondly, a two-stage multi-objective two-stage decentralised wind power siting and capacity allocation and reactive voltage optimisation control model is constructed to take account of the network loss correction, and the multi-objective multi-planning model is established in the first stage to consider the whole-life cycle investment cost of WTGs, the system operating cost and the voltage quality of power supply, and the multi-objective planning model is established in the second stage. planning model, and the second stage further develops the reactive voltage control strategy of WTGs on this basis, and obtains the distribution network loss reduction method based on WTG siting and capacity allocation and reactive power control strategy. Finally, the optimal configuration scheme is solved by the manta ray foraging optimisation (MRFO) algorithm, and the loss of each branch line and bus loss of the distribution network before and after the adoption of this loss reduction method is calculated by taking the IEEE33 distribution system as an example, which verifies the practicability and validity of the proposed method, and provides a reference introduction for decision-making for the distributed energy planning of the distribution network.
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1  Introduction

At present, wind power as a new energy green energy using distributed power grid-connected has been widely used, the increase in the penetration rate of wind turbines, the voltage quality of the distribution network, and other reliability issues bring many impacts [1–3], and wind turbines access to the distribution network will affect the line loss and operational stability [4,5], and the degree of its impact with the wind turbines in the distribution network access location and access capacity related [6]. In addition, with the in-depth study of the optimal allocation problem of WTGs, the considerations are more comprehensive, and it gradually develops towards the direction of a multi-objective optimization problem [7–9].

As the problem of optimal allocation of distributed power supply heats up in the academic world, more efficient mathematical models and optimization algorithms are gradually applied in engineering calculations [10]. Reference [11] modeled the distribution network’s own load as well as the distributed power output with the objective of minimum operating cost and minimum network loss and used an improved particle swarm algorithm to solve the problem effectively. Reference [12] based on bacterial foraging optimization algorithm, to minimize network loss and economic cost of installing a distributed power supply in the distribution network, reduces the power loss and investment cost by optimizing the site selection and capacity size of distributed power supply. Reference [13] established a multi-objective two-layer optimization model for the optimal capacity and location optimization problem of distributed power supply, the upper model selects the grid-connected location, the lower model adjusts the capacity of distributed power supply, and the multi-objective model is transformed by using the multi-weight method, which not only simplifies the problem but also improves the power supply reliability of the distribution network. Reference [14] used a particle swarm algorithm to solve the Pareto non-inferior solution set of the wind turbine grid-connected optimization problem to obtain the ideal solution. For some of the theories involved in the multi-objective model described in the paper, Reference [15] proposed an input cost model for power supply equipment based on the whole life cycle theory, in which the variable investment cost, operation and maintenance cost, failure cost, and abandonment cost are taken into account to improve the economics of the siting and capacity planning problem. Reference [16] established an expression for the electro-thermal link between temperature and resistance based on the foundation of electro-thermal coordination theory. Reference [17] showed that the ambient temperature has a large effect on the line resistance, which can cause some errors in the calculation of grid parameters. The above studies provide guidance for the model construction and optimization algorithm selection in this paper, but the objective function consideration is one-sided, and it does not optimize the configuration from the investment cost, operation cost power supply voltage quality, etc. In addition, the above algorithms do not have strong convergence, and the computational efficiency and accuracy still need to be optimized.

Considering the application of different optimization algorithms to the problem of wind turbine siting and capacity allocation can reasonably plan the access to wind turbines to reduce the distribution network line losses, based on which the use of reactive power control methods can to a certain extent solve the problem of the random volatility of the wind speed, but also be able to further enhance the node voltage and reduce line losses [18–21]. Combining the research results with the impact of extremely cold weather on the calculation of network losses is an important guide for the field implementation of research on the topic of decentralized wind power grid integration. Based on the above analysis, this method aims to optimize the planning of decentralized wind power siting and capacity set in extremely cold areas to minimize network loss, considering the effect of temperature on the conductor resistance value to improve the calculation accuracy of active network loss in the distribution network, and introducing the theory of full life cycle to calculate the investment cost of wind turbines to fit the actual operation and maintenance situation and to respond to the national goal of “double carbon”, and to establish a multi-objective planning model for the siting and capacity setting of decentralized wind power in conjunction with the quality of the power supply voltage. In this paper, the manta ray foraging optimization (MRFO) algorithm is used to obtain the Pareto solution set, which has an advanced optimization mechanism to avoid falling into the local optimum and improve the optimization accuracy. By selecting the solution with the lowest total network loss in the Pareto solution set and formulating the reactive voltage control strategy for wind turbines on this basis, a grid-connection optimization method based on decentralized wind turbines is finally obtained.

2  Modification of Network Losses to Take into Account Extreme Cold Climates

The temperature has a non-negligible impact on the properties of the conductor in the power grid, for some climatic conditions more stringent areas, there will be a lower average temperature and the phenomenon of a large temperature difference between day and night, Figs. 1 and 2 are respectively the average monthly temperature curve in Hulunbuir City in 2022 and the average daily temperature curve on behalf of August, from the figure can be seen in the city of Hulunbuir, the average annual maximum temperature of 5.75°C, the minimum temperature −4.42°C, the overall average temperature of only 0.67°C throughout the year, far from the reference ambient temperature of 20°C, which is commonly used resistance value. The overall average temperature throughout the year is only 0.67°C, and the conductor commonly used resistance value of the reference ambient temperature of 20°C is far away. At the same time, the single-day maximum temperature difference in August reaches 17°C and the minimum temperature is 6°C, which is a large temperature difference. When carrying out transmission line parameter calculations, the conductor resistance is often regarded as a constant value, ignoring the effect of temperature on the conductor properties. Electrothermal-related theory shows [22,23] that the ambient temperature has a certain effect on the line resistance, if the effect is ignored in the actual calculation, it will lead to a large deviation between the final line loss accumulation calculation results and the actual deviation.
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Figure 1: Monthly mean temperature profile for Hulunbeier City 2022
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Figure 2: Average daily temperature profile for August in Hulunbeier City

Based on the above analyses, the network loss correction problem needs to be considered when studying the distribution network operation problems in extremely cold regions. The power system electro-thermal model noting the influence of temperature factors can describe the relationship between conductor resistance and temperature as follows:

R=Rref×Tc+TFTref+TF(1)

where: Rref for the conductor at the reference temperature resistance; Tc for the conductor temperature; Tref for the reference temperature, generally taken as the ambient temperature Ta; TF for the temperature constant, generally taken as a copper conductor 234.5°C.

In the electro-thermal modeling, the thermal resistance model of the electrical components is shown in Fig. 3.
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Figure 3: Thermal resistance model of electrical components

The model in Fig. 3 simulates the thermal response of power equipment and reflects the relationship between conductor temperature and ambient temperature. For transmission lines, the ratio of temperature rise to loss at steady state is defined as the resistance temperature coefficient Rθ, as shown in Eq. (2):

TRiseΔP=Rθ(2)

Obviously, the TRise of the transmission line of the distribution network is higher than the ambient temperature, and the PLoss corresponds to the active loss on that line when the conductor temperature can be expressed as:

Tc=Ta+ΔP⋅Rθ(3)

Combining Eqs. (1) and (3), the corrected active loss for a single transmission line considering the temperature factor can be derived as shown in Eq. (4):

ΔP=I2Rref(Ta+TF)Ta+TF−I2RrefRθ(4)

Since the temperature parameters of the conductor are difficult to measure directly in practical engineering, in this paper, the Nether-McGrath formula [24] for the thermal limit as shown in Eq. (5) is used to define Rθ:

Rθ=Tmax−(Ta+ΔTD)RDC(1+YC)Imax2(5)

where: Imax is the maximum current allowed for the line; Tmax is the maximum temperature of the line environment; ΔTD is the temperature correction coefficient; RDC is the DC resistance of the line; YC is the correction factor of the line considering the skin effect. Expressing all irrelevant parameters in Eq. (4) as constants, the cold region of Hulunbeier City, for example, has a lower Tmax, and therefore the resistance temperature coefficient Rθ is small so that the corrected active loss calculation result value of the transmission line in Eq. (4) must also be smaller than the conventional calculation result value without considering the temperature factor.

3  Two-Stage Decentralised Wind Power Planning Model

Considering the limitations of the traditional model, this paper proposes a two-stage planning model for decentralized wind turbine siting, capacity setting, and voltage control, which firstly solves the optimal solution of the multi-objective optimization problem through mathematical algorithms, and then further applies the reactive voltage control method to optimize the allocation of turbine capacity between nodes, to achieve the optimal results of the planning of the decentralized wind turbine grid-connection to the distribution network to lower the loss and raise the voltage, and the specific process is shown in Fig. 4.
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Figure 4: Flowchart of the two-stage optimization model

3.1 First-Stage Wind Turbine Siting and Capacity Modelling

3.1.1 Dynamic Multi-Objective Function Based on Full Life Cycle

The construction of a decentralized wind power siting and capacity search model needs to consider the economic, quality, and environmental protection of distribution network operation, in which the economic issues include the investment cost of the unit and the overall network operating costs. In the traditional investment cost objective function construction process, often ignoring the unit into operation after the maintenance, depreciation, and decommissioning costs, resulting in the calculation of the optimal solution being high and the actual implementation of the loss. Applying the whole life cycle management method to the economic model calculation of decentralized wind power includes all the costs of the wind turbine in the whole life cycle into consideration, and the expression is as follows:

CLCC=CCI+CCO+CCF+CCD(6)

where: CCI is the initial input cost; CCO is the operation and maintenance cost; CCF is the trouble-shooting cost; and CCD is the decommissioning and disposal cost.

In the actual calculation, taking into account the fluctuation of the economic efficiency of the present value of the expected future investment income for a limited period and the inevitable mechanical aging depreciation phenomenon in the operation of the wind turbine, using the economic constraints based on the whole life cycle by adding the discount rate coefficient constitutes a dynamic expression of the whole life-cycle objective function, which will be divided into four phases of the unit’s operation: the construction period, the trial period, the stabilization period, and the aging period, as shown in Eq. (7):

f1=CLCC=∑k=14[BkVOk−CDCkVlk−CICk−∑k=24(CPCk+COCk+CMCk+CFCk+CNCk)VOk](7)

VOk=[(1+r)g(k)−1]/[r(1+r)g(k)](8)

Vlk=1/(1+r)f(k)(9)

where: k is the stage number of the life cycle; Bk is the benefit of stage k; VOk is the benefit coefficient of stage k; Vlk is the discounted residual value coefficient at the end of stage k; CDCk is the end-of-life cost of stage k; CICk is the investment cost of stage k, which occurs mainly in the construction period; CPCk is the cost of wear and tear; COCk is the cost of operation; CMCk is the cost of maintenance; CFCk is the cost of failure; CNCk is the penalty cost, which mainly includes the penalty for network disturbance in the trial operation stage, while this paper innovatively introduces the attribution of carbon emission cost as CNCk,C, in combination with the “dual-carbon” policy advocated by the state; r is the social discount rate; g(k) is the duration of the kth stage; and f(k) is the operating life of the WTGs before the operation of the kth stage.

For the penalty cost CNCk, in addition to the fixed cost in the commissioning and aging period, this paper also considers the promotion effect of decentralized wind power on the low-carbon trading of the system under the “dual-carbon” target. The impact of a high proportion of clean energy connected to the grid on the carbon trading market, i.e., the carbon cost, is expressed by the wind power consumption satisfaction index discounting the carbon emission factor, as shown in Eq. (10):

CNCk,C=PCt(δi−η)∑i=1NPsi+(0−η)∑i=1NPwi(10)

where: PCt is the carbon trading price per unit of electricity; η is the emission allocation per unit of electricity [25]; δi is the carbon emission intensity of unit i, which should be higher than the baseline to pay the carbon emission cost. The carbon trading cost of WTGs is negative, and the corresponding carbon emission cost should be subtracted when calculating the penalty cost to reflect the positive response to the national “dual carbon” policy.

For the operating cost COCk, it is necessary to consider the overall network loss through the temperature correction, under the premise of ensuring the reliability of the algorithm to improve the speed of calculation, and to ensure that the algorithm is practically operable, the forward-back generation method is used to calculate the current of the distribution network, and according to the measured active readings of the load meter to get the branch currents, and further to derive the overall line loss of the distribution network as shown in Eq. (11):

f2=PLOSS=3∑i=1nIi2Ri(11)

where: Ii and Ri denote the current of the ith branch and the resistance value based on the temperature correction.

Finally, considering the benefits of decentralized wind power grid integration on voltage quality improvement, the geometrical distance between the measured node voltages and the rated voltage is used to represent the voltage offset as a way of describing the voltage quality of the power supplied by the distribution network, as shown in Eq. (12):

f3=∑i=1N(Ui−UNUN)2(12)

where: N is the number of nodes in the distribution network; UN takes the value of 1.05; Ui is the voltage amplitude at node i. The distribution network operating near the rated voltage has a higher quality of supply, while for constant power loads, the line losses can be reduced by reducing the current.

In summary, through the optimal configuration of the distribution of reactive current to effectively reduce the distribution network losses while maximizing the turbine to meet the economy of operation and take into account the power quality, the comprehensive objective function to meet the system constraints, the minimum optimization of the above three objective functions, the expression is as follows:

F=min{f1,f2,f3}(13)

3.1.2 Restrictive Condition

Eq. (14) indicates that the active and reactive power supplied by the original distribution network with the newly connected WTGs should still be normally consumed by the loads.

{Qs+∑i=1NQwi=QLoad+QLossPs+∑i=1NPwi=PLoad+PLoss(14)

where: Qs and Ps are the reactive and active power provided by the distribution network, respectively; Qwi and Pwi are the reactive and active power provided by wind turbines, respectively; QLoad and PLoad are the reactive and active power consumed by the loads, respectively; and QLoss and PLoss are the reactive and active losses of the distribution network, respectively.

In addition to the current equation constraints, the access of WTGs should ensure the stability of the original system operation, and the voltage fluctuation of each node is between the minimum and the maximum value; for the node access to the WTGs themselves, the active capacity provided should meet the lower limit of the turbine’s grid-connected capacity and at the same time does not exceed the maximum value of the active power that can be emitted; moreover, to ensure the safety of the system operation, the current flowing in each branch does not exceed the maximum value of the regulations, and the expression is as follows:

{Uimin≤Ui≤UimaxPwimin≤Pwi≤PwimaxPsmin≤Ps≤Psmax0≤Il≤Ilmax(15)

where: Uimin and Uimax are the lower and upper limits of the voltage magnitude at node i, respectively; Pwimin and Pwimax are the lower and upper limits of the active capacity of the wind turbine at node i, respectively; Psmin and Psmax are the upper and lower limits of conventional wind turbine output, respectively; Ilmax is the maximum value of the current flowing through branch circuit l. These four aspects constitute the operational boundary of the WTG siting and capacity optimization problem.

3.2 Two-Stage Wind Turbine Reactive Power Control Strategy Modelling

Based on selecting the WTG nodes and total demand capacity according to the optimal configuration scheme, combined with the independent parameters of each WTG, the loss reduction and voltage boosting effect of the distribution network can be further improved by the fine control of its reactive power output [26–28]. Therefore, a wind turbine reactive power control strategy is proposed, and its flow chart is shown in Fig. 5.
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Figure 5: Flow chart of reactive power control strategy

3.2.1 Wind Turbine Reactive Power Regulation Characteristics

In wind power generation, a doubly-fed wind turbine exchanges energy with the grid through the stator and rotor, and the rotor is connected to the grid by an inverter, and the active and reactive output can be adjusted by controlling the inverter [29–31]. The reactive power output from the stator-side and grid-side converter of a doubly-fed wind turbine is adjustable, in which the reactive power from the stator-side has less influence on the rotor-side active power and does not cause large fluctuations in the DC bus voltage, while the reactive power output from the grid-side converter has a larger influence on the rotor-side active power.

The expressions for the grid-side reactive power regulation range [Qgmin,Qgmax] and the stator-side reactive power regulation range [Qsmin,Qsmax] are given below:

{ Qgmax=Sg2−[ s(Popt−Pm')1−s±Pr']2Qgmin=−Sg2−[s(Popt−Pm')1−s±Pr']2(16)

{Qsmax=−1.5Us2ωnLs+(1.5LmLsUsIrmax)2−(Popt1−s−△P)2Qsmin=−1.5Us2ωnLs−(1.5LmLsUsIrmax)2−(Popt1−s−△P)2|Qs|≤Sn2−(Popt1−s−△P)2(17)

where: Sg is the rated capacity of the inverter; s is the size of the slew rate; Popt is the optimal active power value; Pm' is the mechanical loss and rotor loss of the wind turbine, respectively; Qs is the reactive power output from the stator side; Us is the stator-side voltage; Ls and Lm are the value of the stator inductance and mutual inductance between the stator and rotor, respectively; ωn is the rated value of the wind turbine’s angular speed; Irmax is the upper limit value of rotor current; Sn is the rated capacity of the unit; ΔP is the change value of active output.

According to Eqs. (16) and (17), the expression of the reactive power regulation range [Qmin, Qmax] of the wind turbine can be obtained as follows:

{Qmax=Qsmax+QgmaxQmin=Qsmin+Qgmin(18)

3.2.2 Reactive Power Control Strategy

For the optimal control of reactive power in wind turbines, the traditional control modes such as the constant voltage control mode will reduce the voltage quality and wind energy utilization, and it is more difficult to control [32], the strategy proposed in the paper can effectively solve the above problems.

Firstly, according to the system load prediction and unit power prediction of the next period, ensure that the voltage quality of the control point is within the normal range, calculate the interval value of the reactive power adjustment quantity, and take the part that does not satisfy the adjustment of the reactive power compensation device as the interval value of the reactive power output change. According to the result, the reactive power control quantity is allocated to each wind turbine according to the sensitivity optimization principle, so that the wind energy utilization rate can reach the highest.

If the total reactive power output change interval of the WTGs keeping the system control point voltage in the qualified range [Umin, Umax] for the next period is [ΔQmin, ΔQmax], then there are:

∑i=1M∑j=1NΔQi,j=△Q, △Q∈[ΔQmin,ΔQmax](19)

∑j=1NΔQi,j=∑j=1Nki,jΔQi=ΔQi(20)

∑i=1MΔQi=∑i=1MλiΔQ=ΔQ(21)

ki,j=∂Qi,j/∂Upcc(22)

where: ΔQi,j is the reactive power output adjustment of the jth unit in system i; ΔQi is the reactive power output adjustment of the system i; ΔQ is the total reactive power output adjustment of the WTGs; M and N denote the number of systems and the number of WTGs in the systems; Upcc is the voltage of grid-connected points; ki,j is the sensitivity coefficient; and λi is the reactive power sharing factor of system i.

4  Manta Ray Foraging Optimisation Algorithm

The manta ray foraging optimization (MRFO) algorithm mainly includes three optimization methods: chain foraging, spiral foraging, and tumbling foraging, which have the advantages of fast convergence speed and strong optimization capability. For the multi-objective mathematical planning problem involved in the paper, the manta ray foraging optimization algorithm is used to find the optimal solution to obtain a set of Pareto solutions, and the solution with the smallest bus loss in the Pareto solution set is selected as the optimal configuration of wind turbines.

4.1 Chain Foraging

During foraging, the manta ray population forms a foraging chain in which manta rays move towards the target tract. That is, during the iterative process, each individual is updated according to the existing optimal solution as well as the position of the previous individual, with the following expression:

xi,j(t+1)={xi,j(t)+r×(xbest,j(t)−xi,j(t)]+α×[xbest,j(t)−xi,j(t)],i=1xi,j(t)+r×(xi−1,j(t)−xi,j(t)]+α×[xbest,j(t)−xi,j(t)],i=2,3,⋯,n(23)

α=2r|log⁡(r)|(24)

where: xi,j(t) and xbest,j(t) are the j-dimensional position of individual i as well as the optimal individual at iteration t, respectively; α is the weight factor; r is the random generator between (0,1].

4.2 Spiral Foraging

The manta ray population spirals towards the target when it finds a quality target, and the population position is further updated with the following expression:

xi,j(t+1)={xi,j(t)+r×(xbest,j(t)−xi,j(t)]+β×[xbest,j(t)−xi,j(t)],i=1xi,j(t)+r×(xi−1,j(t)−xi,j(t)]+β×[xbest,j(t)−xi,j(t)],i=2,3,⋯,n(25)

β=2er1Tmax−t+1Tmax×sin⁡(2πr1)(26)

where: β is the weighting factor; Tmax is the maximum iteration; r1 is a random quantity in the interval (0,1].

To enhance the global search capability of the MRFO algorithm, a random position can be used as an extended search space with the following position update expression:

xi,j(t+1)={xrand,j(t)+r×(xrand,j(t)−xi,j(t)]+β×[xrand,j(t)−xi,j(t)],i=1xrand,j(t)+r×(xi−1,j(t)−xi,j(t)]+β×[xrand,j(t)−xi,j(t)],i=2,3,⋯,n(27)

xrand,j=Lbj+r×(Ubj−Lbj)(28)

where: xrand,j is the randomly generated position in the search space; Ubj and Lbj are the upper and lower limits of the individuals in the j-dimensional space, respectively.

4.3 Tumble for Food

In this process, the manta ray uses the target position as a pivot point and rolls around the pivot point to a new position, thus searching between the original position and the new position with the following position update expression:

xi,j(t+1)=xi,j(t)+S×[r2×xbest,j(t)−r3×xi,j(t)],i=1,2,⋯,n(29)

where: S is the rollover factor; r2 and r3 are random quantities between (0,1].

5  Calculus Analysis

The IEEE33 node distribution network system is selected for simulation, and the model structure is shown in Fig. 6. Using MATLAB R2019a simulation, the effectiveness, and reliability of the method proposed in this paper are verified by calculating and comparing the loss of each branch line and the distribution network bus loss before and after using this loss reduction method.
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Figure 6: Topology of IEEE33 distribution network

5.1 Optimal Configuration of Wind Turbines

The manta ray foraging optimization algorithm is used to solve the multi-objective optimization problem of wind turbine siting and capacity setting, and after considering the temperature effect, multiple Pareto solution sets are obtained, as shown in Fig. 7. From the figure, if the minimum investment cost is the main objective, the corresponding total voltage deviation and total network loss of grid-connection optimization are larger, then the total voltage deviation and network loss results of grid-connection optimization are not satisfactory; if the minimum value of the total network loss is the main objective, then the obtained results of the total network loss and the investment cost are better than the results obtained by taking the minimum value of the total voltage deviation as the objective. Therefore, priority is given to the stability and economy of distribution network operation after grid connection, and the solution with the smallest bus loss value output from the centralized Pareto solution is selected as the optimal configuration scheme for wind turbines, at which time the corresponding wind turbine grid-connected configuration nodes and the corresponding capacity are shown in Table 1.

[image: images]

Figure 7: Schematic of the Pareto solution set considering the effect of temperature
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Without considering the effect of temperature, the solution yields multiple sets of Pareto solution sets, as shown in Fig. 8, whose corresponding grid-connected turbine configuration schemes are shown in Table 2. A comparison of the results in Figs. 7 and 8 and Tables 1 and 2 shows that the temperature factor affects the configuration and scheduling of WTGs, and after considering the temperature effect, a WTG configuration scheme with a smaller value of total network loss can be obtained.

[image: images]

Figure 8: Schematic of the Pareto solution set without considering the effect of temperature
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Fig. 9 shows the convergence curve of the model solution, in which the adaptation value is the algorithm convergence adaptation value, and the adaptation value refers to the value of the objective function. The objective function in this paper is the minimum optimization of the three objective functions of the entire cost of the wind turbine in the whole life cycle, the overall line loss of the distribution network, and the offset of the voltage, so the smaller the value of the algorithm’s convergence fitness is the better. From Fig. 9, it can be seen that the algorithm in this paper converges quickly within 10 iterations and stabilizes at 120 iterations. This shows that the solution algorithm used in this paper has good convergence, and also verifies the feasibility of the method.

[image: images]

Figure 9: Convergence diagram

After the WTGs are connected to the grid according to the optimal configuration scheme under the consideration of the temperature effect, the voltage of each node and the loss of branch lines are compared with the original distribution grid, as shown in Figs. 10 and 11. The comparison shows that the node voltage is improved after accessing the optimally configured WTGs, which proves that the method can improve the stability of distribution network operation. At the same time, some of the high-loss branches compared to the original line loss decreased significantly, the total network loss is only 102 kW, proving that the access of wind turbines has played a certain degree of loss reduction effect.

[image: images]

Figure 10: Voltage at each node obtained by applying the optimal configuration scheme considering the effect of temperature

[image: images]

Figure 11: Losses in each branch line obtained by applying the optimal configuration scheme that takes into account the effect of temperature

Without considering the influence of temperature, after the WTGs are connected to the grid according to the optimal configuration scheme, the voltage of each node and the branch line loss are compared with the original distribution grid results, as shown in Figs. 12 and 13. As shown by the comparison of Figs. 10 and 12, the voltage of each node affected by temperature is higher than that without considering the effect of temperature, therefore, considering the effect of temperature can improve the stability and reliability of distribution network operation. As shown by the comparison of Figs. 11 and 13, the branch line losses are relatively low in the case of temperature influence, therefore, considering the temperature influence can reduce the line losses of the distribution network, which is beneficial to the operation of the distribution network.

[image: images]

Figure 12: Voltage at each node obtained by applying the optimal configuration scheme that does not take into account the effect of temperature

[image: images]

Figure 13: Losses in each branch line obtained by applying the optimal configuration scheme that does not take into account the effect of temperature

Considering the extremely cold weather conditions, the operating temperature of the distribution network is set to −20°C, then the results of the optimal configuration of decentralized wind power under different temperatures are shown in Table 3. From the table, it can be seen that the total network loss of the distribution network is 222 kW and the total configured capacity is 870 kW in the case not affected by the temperature; after temperature correction, the network loss is 211 kW and the total configured capacity is 910 kW in the case of 5°C; 203 kW and the total configured capacity is 940 kW in the case of −5°C; and in the case of the limiting temperature of −20°C, the total network loss is 193 kW and the configured capacity is 980 kW. Therefore, the total distribution network loss without considering the effect of temperature has a difference of 5% and the total configuration capacity has a difference of 4% compared to the temperature-corrected network loss. As the temperature decreases, the corrected total distribution network loss gradually decreases and the total allocation capacity gradually increases, proving that the temperature factor affects the allocation and dispatch to some extent. As the distribution network operating in extremely cold temperature conditions has a smaller calculated network loss, the distribution network can be consumed by the abandoned wind power is also larger, allowing a larger capacity of wind turbines connected to the grid to play a more reactive power allocation role, which explains the necessity of decentralized clean energy in the northwest and northeast of China, such as vigorously pursued.

[image: images]

5.2 Optimal Control of Reactive Voltage

After considering the effect of temperature on network losses in extremely cold regions, the optimized optimal configuration capacity of WTGs is obtained. Under this capacity configuration, the reactive voltage control strategy for WTGs is formulated. Through calculations, node 6 accesses a WTG with a rated capacity of 100 kW, and node 30 accesses five WTGs with a rated capacity of 100 kW. Combined with the reality of the production conditions, there is no extremely close wind turbine capacity, and there is a security risk when the turbine accessed by the same node operates with too large a gap in capacity, therefore, the demand for 10 kW is ignored at node 14, and only three WTGs with a rated capacity of 100 kW, the specific parameters of the wind turbine and the operating environment are shown in Table 4.

[image: images]

Before and after the adoption of wind turbine reactive voltage control strategy of the node voltage and the branch line loss, as shown in Figs. 14 and 15. The node voltage value without the reactive voltage control strategy is significantly lower than the result of adopting the reactive control strategy, and the loss value of each branch line without the control strategy is significantly higher than the result of adopting the reactive control strategy. The use of a reactive voltage control strategy can reach the optimization goal of minimum line loss. Wind turbines connected through decentralized capacity can further increase the nodal voltage and improve the stability of distribution network operation. This simulation result verifies the effectiveness of the multi-objective two-stage decentralized wind turbine siting and capacity allocation and reactive voltage optimization control method considering the network loss correction in extremely cold regions.

[image: images]

Figure 14: The voltage curve after applying the reactive power control strategy

[image: images]

Figure 15: The line loss curve after applying the reactive power control strategy

6  Conclusion

In this paper, a two-stage decentralized WTG planning method considering temperature-corrected distribution network losses, WTG life cycle investment costs, and supply voltage quality is proposed based on the distribution network topology, an optimal allocation scheme for WTG siting and capacity determination in the distribution network is obtained by solving the problem using the MRFO algorithm, and a reactive voltage control strategy for decentralized integration of WTGs into the network is formulated, as shown in the simulation results:

(1) Decentralised wind power as a distributed power grid connection can improve the overall voltage level of the distribution network through reasonable planning, and promote the reliability and security of distribution network operation.

(2) The reactive power issued by the wind turbine as reactive power compensation can effectively reduce the line loss of each branch of the distribution network, reasonable distribution of access to the location and capacity of the wind turbine, not only to meet the power demand of the load to enhance the distribution network scheduling capacity but also to promote the distribution network operation economy, in response to the national energy-saving emission reduction call.

(3) Areas with sufficient clean energy such as wind and light are often accompanied by extreme weather factors that need to be accounted for, such as large temperature differences between day and night, and in the case of lower temperatures, the low-temperature environment in cold regions can reduce the total system network loss, thus enhancing the configurable capacity of local wind turbines. As the temperature decreases, the corrected network loss of the distribution network gradually decreases and the total allocated capacity of wind turbines gradually increases, the amount of wind power generation that can be consumed by the distribution network is greater, allowing larger capacity WTGs to be connected to the grid to play more of a reactive power allocation role. The method described in the paper provides an effective solution to the problem of voltage uplift and loss reduction in the operation of distribution networks in extremely cold areas, which is of guiding significance for the future planning of distribution networks in China.
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Table 3: Optimal capacity configuration for different temperatures

Temperature/°C Total network loss/kW Total configured capacity/kW
20 (Reference temperature) 222 870
5 (Example temperature) 211 910
—5 (Example temperature) 203 940

—20 (Extreme temperature) 193 980
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Table 4: Specific parameters of wind turbines and environment

Parametric Value
Polar logarithm 2

Mutual inductance/H 0.00973
Stator resistance/S2 0.00579
Stator Leakage Inductance/H 0.0002645
Rotor resistance/S2 0.0021
Air density/kg-m~* 1.25
Rotor leakage inductance/H 0.0003982
Inlet reactance/H 0.0008
Wind wheel radius/m 38.5
Gearbox ratio 104
Capacitance/uF 8640
Original wind speed (m/s) 4.792362
Minute wind speed change 0.648208
Minute power change 0.034489
Representative daily maximum temperature/°C ~ 23.2
Representative daily minimum temperature/°C  10.0
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Table 1: Optimal wind turbine configurations considering temperature effects

Node number Configuration capacity/kW

6 100
14 310
30 500
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Table 2: Optimal configuration of wind turbines without considering the effect of temperature

Node number Configuration capacity/kW

12 90
19 280
30 490
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