

  symmetry-13-01894




symmetry-13-01894







Symmetry 2021, 13(10), 1894; doi:10.3390/sym13101894




Article



Analysis and Suppression of Voltage Violation and Fluctuation with Distributed Photovoltaic Integration



Yahui Li 1, Yuanyuan Sun 1,*, Kejun Li 1,*[image: Orcid], Jingru Zhuang 1, Yongliang Liang 1 and Yanqing Pang 2





1



School of Electrical Engineering, Shandong University, Jinan 250061, China






2



Shandong Taikai Robot Co., Ltd., Taian 271000, China









*



Correspondence: sunyy@sdu.edu.cn (Y.S.); Lkjun@sdu.edu.cn (K.L.)







Academic Editor: Albert Ferrando



Received: 18 August 2021 / Accepted: 28 September 2021 / Published: 8 October 2021



Abstract

:

In recent years, the violation and fluctuation of system voltage has occurred with greater frequency with the integration of high-penetration distributed photovoltaic generation. In this paper, the voltage violation and fluctuation in a high-penetration distributed photovoltaic integrated system is analyzed, and then a corresponding suppression strategy is proposed. Firstly, based on solar cell and photovoltaic control system models, the influence factors of photovoltaic output are analyzed. Secondly, the voltage violation and fluctuation caused by photovoltaic integration is analyzed, and the quadratic parabola relationship between bus voltage fluctuation and photovoltaic power variation is constructed. Next, according to the virtual synchronous generator characteristic of distributed photovoltaics, a double-hierarchical suppression strategy is proposed to make full use of reactive power regulation capability, which can maintain the symmetry of power supply while meeting standard requirements. The proposed strategy can conveniently realize quick response and support the photovoltaic extensive access. Moreover, with the employment of the proposal, the system voltage violation and fluctuation can be suppressed effectively. Finally, considering the photovoltaic access location, capacity, and partial shading, the effectiveness of the proposed strategy is verified in IEEE 33-bus distribution system with field measured data. After distributed photovoltaic accesses the system, more than 60% of buses appear to have undergone bus voltage violation. With the proposed method, more than 20% of the voltage deviation and more than 6% of the voltage fluctuation are effectively suppressed so that the system voltage can be kept below 1.07 p.u. and the voltage fluctuation can be kept within 4%, meeting the requirements of power quality standards.
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1. Introduction


In recent years, under the circumstances of global energy shortage and serious environmental damages which urgently need to be addressed, renewable energy generation has maintained a rapid development trend all over the world [1,2,3]. China proposes to achieve the goal of proportion of non-fossil energy in total energy consumption reaching about 20% by 2030 [1] while striving to achieve carbon neutrality by 2060. The European Union plans to achieve at least a 32% share for renewable energy by 2030 [2]. The United States predicts that renewable energy will account for more than 36% in 2050 [3]. As a major type of renewable energy, photovoltaic (PV) power generation has been widely studied [4,5], due to its characteristics of green, clean, widespread, etc. At present, a large-scale distributed grid-connected photovoltaic system is gradually developing, and the penetration of distributed photovoltaic generation is increasing in the distribution network [6,7].



However, the integration of high penetration of distributed photovoltaic generation has high potential to cause the violation and fluctuation of system voltage, thus endangering the safe and stable operation of the power system and strengthening the asymmetry issue of the distribution network [8]. Notton et al. [8] synthesized the reasons to predict solar fluctuations, and showed that variability and stochastic variation of renewable sources have a cost, sometimes a high cost. In the paper, voltage violation indicates that the voltage deviated to be larger than its upper limit, and voltage fluctuation refers to the change or continuous change of RMS value over a given period of time. According to the Chinese standards, the voltage deviation needs to be kept within the range of +7% to −10% of the nominal voltage, and the voltage variation range shall not exceed 4%. Thus, when the voltage is higher than 1.07 p.u. and the voltage variation exceeds 4%, the suppressed strategy for voltage needs to be taken.



Due to natural environment influences—e.g., insolation, temperature, and clouds—the photovoltaic power output continues to change and has obvious uncertainty characteristics. Large-scale grid-connected distributed PV generation with uncertainty characteristics causes an asymmetry of power supply and demand, and intensifies the power fluctuation during power system operation, and this may cause the system voltage to exceed the safe operation range [9], resulting in safety problems such as frequency stability [10]. Moreover, although the voltage fluctuation may be within the voltage range, due to the rapid change frequency, it may also interfere with the normal operation of load or equipment, or even result in voltage flicker. Correspondingly, with PV integration, voltage violation and fluctuation has become the main power quality problem and it cannot be ignored. Previous research has resulted in lots of beneficial studies on the measures of power fluctuation suppression—including system control, power prediction, and so on. Guo et al. [11] proposed a double-time-scale active distribution network voltage control strategy to coordinate and optimize the state of reactive power compensation equipment and the output of distributed generation based on different time scales, so as to reduce the average voltage deviation of the system. Liu et al. [12] proposed an improved whale algorithm based on a support vector machine model to predict photovoltaic power accurately, which is conducive to the symmetry of system supply and demand and the application of clean energy and sustainable development. Eftekharnejad et al. [13] proposed a method for obtaining the optimal operation state of a system with high PV penetration by investigating the impact of generation redispatch or displacement. With the improvement of photovoltaic penetration, the voltage violation and fluctuation in the distribution system under the influence of PV location, capacity, and weather will be further aggravated. However, with high-penetration of distributed photovoltaic access—especially partial shading—the impact analysis in the existing studies is not comprehensive enough. Therefore, the penetration and insolation influences on the voltage level of distributed PV integrated distribution systems cannot be ignored and this subject is further analyzed in this paper.



Moreover, the employment of large-scale photovoltaic inverters will also reduce the stability of distribution systems [8]. With the large-scale integration of distributed PV generation in the distribution network, the whole distribution system has gradually developed into an active network, which not only results in system voltage violation and fluctuation, but also causes the change of system power flow and voltage distribution. In the distribution system, distributed PV generators are mostly connected to the network through power electronic converters which lack the rotating inertia of traditional generators, and whose low inertia and weak damping [14] reduce the stability margin of the system. Thus, power fluctuations caused by asymmetry of power supply and requirement will further aggravate the instability risk of power systems. In order to improve power system stability, reasonable control and compensation measures should be taken, and virtual synchronous generator (VSG) technology provides an effective solution. Through the VSG technology, the system components such as renewable energy [15], energy storage [16], electric vehicle [17], and direct current transmission converter [18] can simulate the inertia of rotating motors to obtain a certain inertia and support system frequency modulation. Combining PV generation with VSG technology, the active power reserve scheme can be used to effectively improve the inertia of distribution systems with high-penetration PV generation [19,20,21,22]. Du et al. [19] examined the small-signal angular stability affected by VSG and also proposed a modal proximity method to avoid the VSG detrimental impact. Li et al. [20] constructed a novel VSG system based on a transfer function, and then optimized the model parameters to improve the frequency control ability. Asrari et al. [21] developed the VSG-based vector-controlled converter impedance model to analyze the effectiveness on power transfer capability, while the weak AC power grid voltage is asymmetric and traditional control method has no corresponding measures. Chen and O’Donnell [22] proposed a VSG control method constrained by stability considerations when the converter and line dynamic features are considered. While the existing studies mainly focused on the control method of the converter, ignoring the effect of system coordinated control. On the basis of existing studies, the voltage violation and fluctuation can be suppressed more effectively with the combination of VSG and system control method.



Considering high-penetration and partial shading affect, the voltage violation and fluctuation caused by photovoltaic integration is analyzed, and a double-hierarchical suppression strategy is proposed in this paper. Firstly, the influence factors of photovoltaic output are analyzed by using solar cell model and photovoltaic control system model. Secondly, through the simplified PV system model, the relationship between system voltage and distributed photovoltaic location and capacity is analyzed to further clarify the impact of power fluctuation on system voltage. Then, a double-hierarchical voltage violation and fluctuation suppression strategy is proposed by using the characteristics of virtual synchronous generator of distributed photovoltaic inverter. Finally, the effects of photovoltaic access capacity and partial shadow on the system voltage are analyzed in IEEE 33-bus distribution system, and the improvement effect of the proposed control method on the voltage level under high penetration and partial shadow is verified. Compared with the traditional method, the contributions of the proposed strategy are as follows:




	
The proposed strategy not only reduces the harmful effect of high-penetration photovoltaic integration on voltage, but also deals with the voltage violation and fluctuation caused by partial shadow effectively;



	
According to the bus voltage value, the local control hierarchy of the proposed strategy is convenient to realize a quick response, and also easy to support distributed generation extensive access;



	
By ranking the reactive power output capacity, the proposal with global control can make full use of reactive power regulation ability of photovoltaic inverters under various conditions, especially the partial shadow situation, to improve the voltage stability of the system.








The remainder of the paper is depicted as follows: the photovoltaic generation model—including solar cell and control system under partial shadow condition—is introduced in the following section. Moreover, the voltage with distributed photovoltaic access is analyzed in Section 3, and the double-hierarchical voltage violation and fluctuation suppression strategy is proposed in Section 4. Case studies and the results to demonstrate the effectiveness are carried out in Section 5. Section 6 presents the conclusions.




2. Photovoltaic Generation Model


2.1. Solar Cell Model


The spectral distribution and sunlight irradiance will directly affect the output current and voltage of solar cells, thus affecting the output power of solar cells. When sunlight shines on the surface of the solar cell, it can be regarded as a current source, and the equivalent circuit is shown in Figure 1. In the figure, the photogenerated current Iph is generated by the solar cell under illumination, which is affected by the cell material, illumination intensity, and ambient temperature. ID represents the reverse saturation current of the diode. RSH is the bleeder resistance, and RS is the series resistance, which contains the resistance between two electrodes, the surface resistance, and the body resistance.



Generally, the bleeder resistance RSH is thousands of ohms, and RS is relatively small in practical projects. The influence of parallel branch current ISH and series resistance RS are usually ignored. Therefore, the relationship between the short-circuit current ISC and the open circuit voltage UOC for solar cells can be obtained as


   U  o c   =   A k T  q  1 n (    I  S C      I D    + 1 )  



(1)




where A is the PN-junction ideality factor; k donates the Boltzmann constant and its value is 1.38 × 10−23 J/K; T is Kelvin thermodynamic temperature; q represents unit of electric quantity and its value is 1.6 × 10−19 C.



According to the short-circuit current ISC and open circuit voltage UOC, the output power of solar cell Pout can be obtained by


   P  o u t   =  I  s c    U  o c    F  f i l l    



(2)




where Ffill is the fill factor which is used to measure the solar cell output characteristics and related to the series and parallel relationship for solar cells. Generally, the fill factor Ffill is in the range of 0.7~0.85. The solar cell output efficiency Rrate can be obtained by


   R  r a t e   =    P  o u t    P   



(3)




where P is the rated power of a solar cell.




2.2. Photovoltaic System Model


The voltage level for single solar cell is low, which is not enough to meet the grid connection requirement. Therefore, multiple solar cells need to be connected in series to increase the voltage to meet the grid connection requirement, and multiple solar cells in series can form the PV power generation unit to obtain higher power by parallel connection. Furthermore, with the continuous scale expansion of PV generation, the mismatch between load and source characteristics for solar cells will cause a significant power loss [23]. Thus, maximum power point tracking (MPPT) technique has become the main control method with respect to maximum power at present [23,24]. The MPPT algorithm features few hardware requirements and simple maintenance. Its implementation mainly depends on a specific microcontroller, which is programmed to generate the duty cycle required to reach the maximum power point and control the boost circuit. The control system model for PV generation is shown in Figure 2. In the figure, sinusoidal pulse width modulation (SPWM) is employed, and it is the most widely used modulation method in photovoltaic inverters.



The main MPPT algorithms include constant voltage method, pilot cell method, look up table method, perturb and observe (P&O) method, etc. Among these, the P&O method is the most widely used algorithm in engineering [23,24], and the flowchart is shown in Figure 3. In the figure, U(k) and I(k) are respectively the voltage and current of the kth recording time, and P(k) is the power of the kth recording time. D is the duty ratio, and ΔD is the adjustment quantity of duty ratio.



According to the characteristics of solar cells, photovoltaic power generation is related to the irradiance and temperature. When the temperature is constant, the I-U (current-voltage) curve and P-U (power-voltage) curve clusters of photovoltaic cells under different insolation are shown in Figure 4.



From the figure, it can be seen that the maximum output power Pmax of solar cells changes obviously with the change of insolation, and set the corresponding voltage Umax of maximum output power point. The greater the insolation of the environment, the corresponding I-U curve will shift upward, that is, the short-circuit current will increase. When the voltage is between 0 and close to Umax, the current basically does not change with voltage variations, and the corresponding P-U curve is also almost linear. However, when the voltage exceeds Umax, the current drops rapidly, thus the overall P-U curve presents single peak state. Moreover, the intersection of the I-U or P-U curve and the x-axis represents the open circuit voltage UOC, and the insolation has little impact on UOC form the above figure.



When multiple solar cells connect in series and in parallel, the PV array is formed and can generate greater voltage and current. In the case of shading, the photovoltaic output will drop sharply, resulting in large voltage fluctuation. Due to shading, cloudy and changing weather, etc., the illumination on the surface of solar cells will be uneven distribution in the natural environment, affecting the efficiency of PV power generation. Under the influence of clouds, partial shadow conditions have a great impact on photovoltaic characteristics. In the PV array, several solar cells are connected in series, when one of the solar cells is partially sheltered, the illuminations received by solar cells are different, and consequently the maximum output power of PV generation is affected.



The photovoltaic array in four insolation conditions are set in the paper, which contains five solar cells connected in series. The illuminations accepted by each cell are different, and the specific parameter settings are shown in Table 1. The P-U curves for the photovoltaic array output under the four insolation conditions are shown in Figure 5.
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Figure 5. PV array characteristic under different insolation conditions. 






Figure 5. PV array characteristic under different insolation conditions.
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It can be clearly compared from the figure that, due to the partial shadow, the output power of PV generation system has strong fluctuation, and will further affect the power quality. Moreover, under partial shadow conditions, there may be a certain gap between the local maximum power point and the real global maximum power point. In this figure, the intersection of the horizontal dotted line and the P–U curve is the local maximum power point, and it is also the power point in actual operation. While the local maximum power point is not the real global maximum power point in the P–U curve. The probability of falling into the local maximum power point will increase, also resulting in a lot of energy waste and power fluctuation. Therefore, the partial shading cannot be ignored when analyzing the bus voltage of PV generation system.





3. Voltage Analysis with Distributed Photovoltaic Integration


The simplified equivalent circuit for distribution system with distributed photovoltaic generator connected is shown in Figure 6. In the equivalent circuit, E∠0˚ and UL∠δ represent the bus voltage of point of common coupling (PCC) and PV access bus. ZT∠θ is the equivalent branch impedance. PPV and QPV are respectively the active and reactive powers of PV generator, PL and QL are respectively the active and reactive powers of load.



Generally, distributed photovoltaic power generation operates in constant power factor control mode. With the power factor F, the following relationship of active and reactive powers of the PV generator is


   Q  P V   = ±   1 −  F 2       P  P V    F   



(4)







Based on the principle of power flow calculation, the relations of voltage and power can be obtained as


    P =  P L  -  P  P V   =   E  U L     Z T    cos ( δ + θ ) -    U L 2     Z T    cos θ     Q =  Q L  −  Q  P V   =   E  U L     Z T    sin ( δ + θ ) −    U L 2     Z T    sin θ    



(5)







where P and Q are respectively the active and reactive powers of bus with PV generator and load. Then, based on the Equation (5), the relationship between UL and powers can be calculated as


    U L 4  +  U L 2  ( 2 P  Z T  cos θ + 2 Q  Z T  sin θ -  E 2  ) + (  P 2  +  Q 2  )  Z T 2  = 0     U  o c   =   A k T  q  1 n (    I  S C      I D    + 1 )   



(6)







When the active and reactive powers change form P and Q to P + ΔP and Q + ΔQ, the bus voltage will transfer to ULC = UL + ΔUL with the change of power symmetry. The relationship between bus voltage ULC and changes of active and reactive powers is


     U  L C  4  +  U  L C  2  ( 2 P  Z T  cos θ + 2 Q  Z T  sin θ −  E 2  ) + (  P 2  +  Q 2  )  Z T 2      +  U  L C  2  ( 2 Δ P  Z T  cos θ + 2 Δ Q  Z T  sin θ ) + ( 2 P Δ P + Δ  P 2  + 2 Q Δ Q + Δ  Q 2  )  Z T 2  = 0    



(7)







From the equation, the voltage fluctuation ΔUL causing by PV generation integration can be obtained as


    Δ  U L 4  + 4  U L  Δ  U L 3  +  C 2  Δ  U L 2  +  C 1  Δ  U L  +  C 0  = 0     s . t .  C 2  = 6  U L 2  + 2 P  Z   T     cos θ + 2 Q  Z T  sin θ −  E 2  + 2 Δ Q  Z T  sin θ      C 1  = 2  U L  ( 2  U L 2  + 2 P  Z T  sin θ + 2 Q  Z T  sin θ −  E 2  + 2 Δ P  Z T  cos θ + 2 Δ Q  Z T  sin θ )      C 0  =  U L 2  ( 2 Δ P  Z T  cos θ + 2 Δ Q  Z T  sin θ ) + ( 2 P Δ P + Δ  P 2  + 2 Q Δ Q + Δ  Q 2  )  z T 2      Δ  U L 4  + 4  U L  Δ  U L 3  +  C 2  Δ  U L  +  C 0  = 0     s . t .  C 2  = 6  U L 2  + 2 P  Z T     



(8)







From the analysis, the distributed photovoltaic generation has great impact on the PV access bus and is obviously affected by the change of photovoltaic capacity and location. With the increase of photovoltaic capacity, the voltage will change, especially when the load demand is small and the photovoltaic output is large. With the decrease of the electrical distance, the impact on PCC voltage will increase. Under the partial shading, the change of insolation will also cause output power variation and then affect the system voltage. Furthermore, because the voltage fluctuation reflected by ΔUL is relatively small, cubic and quartic terms can be ignored in Equation (8), thus the relationship between voltage and active and reactive power represents a quadratic parabola.



Moreover, it can be seen that when active and reactive powers have the opposite change trends for by adjusting ΔQ, the bus voltage violation and fluctuation can be suppressed which is caused by the change of active power ΔP. Under the condition of given load capacity, the voltage variation trend of PV access bus caused by the change of photovoltaic capacity is shown in Figure 7, and the curves in Figure 7 are calculated for the fixed load.



From the results in Figure 7, under different power factor F for PV inverter, the voltage variation trends of PV access bus are different. The overall variation trend with the specific power factor presents a quadratic parabola. When the photovoltaic inverter outputs reactive power, the smaller the power factor is, the greater the maximum voltage is. When the photovoltaic inverter absorbs reactive power, the smaller the absolute value of power factor is, the smaller the maximum voltage is. Thus, by adjusting reactive power of PV inverter, the bus voltage violation and fluctuation can be suppressed effectively.




4. Voltage Violation and Fluctuation Suppression Method


Currently, the photovoltaic inverter has certain reactive power regulation ability so that it can absorb or deliver reactive power, according to the current voltage situation of the PV access bus [15,16], as shown in Figure 8. In the figure, SPV,1, SPV,2, and SPV,3 represent the apparent power of photovoltaic inverters with different capacities, respectively. φ is the power factor angle, and power factor F = cosφ. φmax and φmin represent the maximum and minimum allowable power factor angle φ of photovoltaic inverter.



It can be seen from the above figure that, under different PV inverter capacities, the PV access bus can operate in different quadrants, which may absorb or deliver reactive power, and thereby the PV inverter shows the VSG characteristics. According to the above voltage analysis, the voltage can be controlled effectively with the injected reactive power. Considering that if only a large amount of reactive power is injected to suppress the voltage drop, it will lead to the overheating of the inverter and the mis-operation of the overcurrent protection. Thus, the local control method for power factor can be employed to ensure the reactive power remains within an acceptable range.



In this local control method, the reactive power of the photovoltaic inverter is adjusted by changing the power factor. The reactive power QPV adjusts in the opposite direction according to the rise or fall of the bus voltage UL caused by the active power PPV, which can control the bus voltage UL within the specified range. Namely, when the bus voltage rises, the photovoltaic inverter has leading power factor and absorbs reactive power; when the bus voltage reduces, the photovoltaic inverter has lagging power factor and delivers reactive power.



However, when some photovoltaic generators are affected by clouds, shadows, etc., it will affect the output of the PV power supply, resulting in the bus voltage reduction of the PV access bus. At this time, the influence on the bus voltage with the highest value may be relatively small. If only the local control of photovoltaic inverter is adopted, the reactive power absorbed by the photovoltaic generator will be reduced, which may further increase the maximum bus voltage in the system. Furthermore, the global voltage control measure is introduced to reduce the high-penetration and partial shading influences on system voltage violation and fluctuation. Consequently, a double-hierarchical voltage violation and fluctuation suppression strategy for a distributed PV integrated system is proposed in the paper. The framework of the suppression strategy is shown in Figure 9. Four bus voltage reference values are set in the proposal, including maximum and minimum acceptable voltages Uacc,max and Uacc,min, and maximum and minimum adjustable voltages Uadj,max and Uadj,min. k1 and k2 are the adjust slopes for power factor angle φ, as shown in Figure 9. It should be noted that different setting parameters may have different improvement effects.



The specific implementation for the double-hierarchical voltage violation and fluctuation suppression strategy is listed as follows:




	
Local Equipment Control: Set the initial value of power factor angle φ to zero. Compare the PV access bus voltage UL with the four bus voltage reference values. If UL is in the range of Uacc,min and Uacc,max, keep the power factor angle φ constant. Otherwise, according to the voltage change ΔUL, set the power factor angle φ of PV inverter as follows. After the power factor angle φ is set, maintain the power factor angle φ for a period of time, until the voltage change ΔUL in the next time-period is detected.




	
 When bus voltage UL is smaller than Uadj,min, set the power factor angle φ to φmax;



	
 When bus voltage UL is in the range of Uadj,min and Uacc,min, the power factor angle φ = φ + k1ΔUL and φ changes from φmax to 0;



	
 When bus voltage UL is in the range of Uacc,max and Uadj,max, the power factor angle φ = φ + k2ΔUL and φ changes from 0 to φmin;



	
 When bus voltage UL is larger than Uadj,max, set the power factor angle φ to φmin.








	
Global System Control: Judge the maximum bus voltage UL,max in the power system whether less than the maximum acceptable voltage Uacc,max. If so, keep the power factor constant, and the global control is not performed. Otherwise, UL,max is not acceptable, and rank all PV access buses with the electrical distance between maximum voltage bus and PV access location. The electrical distance is determined by the branch impedance between the between maximum voltage bus and PV access location. The greater the branch impedance value, the farther the electrical distance. Then the electrical distance is arranged from small to large. According to the ranking results, set power factor angle φ to the minimum adjustable power factor Fadj,min of each PV access bus one by one to further improve reactive power, until the maximum bus voltage UL,max reduces to an acceptable range or all PV inverter power factor angles have been set.








With the combination of VSG and system control, the suppression for voltage violation and fluctuation is more effective. On the one hand, since only the local bus voltage value is employed, the control complexity is reduced, and the local control is convenient to realize the quick response of photovoltaic inverter. It is easy to support extensive access for distributed photovoltaic generator. Moreover, additional loss of PV inverter will not increase with power factor change. On the other hand, the global control makes full use of the reactive power regulation ability and virtual synchronous characteristics of the photovoltaic inverter. The strategy can effectively suppress the impact of partial shadow on the system voltage. Although the local control strategy may decrease up to about 5% of the active power output and reduce the photovoltaic operation efficiency, it can effectively ensure the system voltage within the limit, and enhance the safe and stable operation ability of the power system.




5. Case Studies


In this section, the impacts of distributed PV integration partial shading are further analyzed, and the effectiveness of proposed voltage suppression measure is verified. Firstly, the relationship between bus voltage and PV access location and capacity is analyzed. Then, the partial shadow affect is analyzed under different PV output conditions in the four areas. Finally, by employing practical PV generation and residential load output characteristics, the effectiveness of the proposed double-hierarchical voltage violation and fluctuation suppression strategy is verified.



The IEEE 33-bus distribution system is used as the test case [25], as shown in Figure 10. In the system, Bus 1 is set to the balance node and the other buses are set to PQ nodes. The distribution system is divided into four areas to further analyze the influence of partial shading.



According to the analysis of bus voltage with distributed photovoltaic integration, the photovoltaic access location and capacity has a great impact on the system voltage. To facilitate analysis the impact of PV generation, the PV penetration RPV is defined as in the paper,


   R  P V   =    P  P V , total      P  L , t o t a l     × 100 %  



(9)







5.1. Analysis of Photovoltaic Access Capacity


In order to verify the impact of photovoltaic access location and capacity on system voltage, Bus 12 and Bus 29 in IEEE 33-bus distribution system are selected. The comparisons of the voltage variation trends without and with 0.3 MW, 0.9 MW, and 1.2 MW photovoltaic capacity access are shown in Figure 11 and Figure 12, respectively.



According to the results in the above figures, the increase of accessed distributed photovoltaic capacity has an obvious effect on the voltage. Meanwhile, for any bus in the system, the voltages of all buses in the system will be affected when distributed photovoltaic generation connected to the grid. However, when different buses are connected to the same photovoltaic capacity, the voltage variation trends of each bus are different, that is, the voltage sensitivity is different.



Figure 13a,b show the variation curve of bus voltage with photovoltaic penetration when PV access to Bus 12 and Bus 29, respectively. Under the same photovoltaic permeability, the voltage variation trends of each bus are different, and the PV access bus has the highest sensitivity. Regardless of the time-series fluctuation of photovoltaic output, it can be seen that the voltage variation trend of each bus is similar, showing quadratic parabola variation characteristics to the previous theoretical analysis.



In practice, the photovoltaic location and capacity configurations may be different. To obtain the maximum photovoltaic power generation capacity that the distribution system can accommodate under the condition that the voltage does not exceed the limit, the capacity of all photovoltaic access buses is randomly allocated. In the random process, the uniform distribution is used in assignment of PV capacity, and the change of the maximum bus voltage in the distribution system is observed, as shown in Figure 14.



From the figure, when the PV penetration is less than 20%, the system voltage is lower than 1.10 p.u. and the system can remain relatively stable. When the PV penetration is in the range of 20% and 40%, the maximum system voltage is related to the PV access position. When the PV penetration is more than 40%, the system voltage will exceed the limit, which will cause severe voltage fluctuation. Therefore, the PV location is also a critical factor affecting system voltage violation and fluctuation. For further improving the photovoltaic access capacity of distributed system, it is necessary to propose reasonable voltage violation and fluctuation suppression measure.




5.2. Analysis of Partial Shadow


In order to further analyze the influence of photovoltaic output change on system voltage when partial shadow phenomenon occurs, four cases with different partial shading conditions are set in this paper. Different insolation conditions are set in different areas shown in Figure 10 to simulate the partial shading phenomenon in the actual system operation. The specific parameters of photovoltaic output in different areas of each case are listed in Table 2.



When partial shadow occurs under the parameter settings of Table 2 and photovoltaic capacity are randomly distributed in different areas, the maximum bus voltage variations of the four cases in the distribution system are shown in Figure 15.



Through the comparison of Figure 14 and Figure 15, the change of the maximum bus voltage value can reflect the degree of system voltage violation and fluctuation. The greater the change of the maximum bus voltage, the more obvious the system voltage violation and fluctuation. From the comparisons, it can be seen that the influence of shading in different areas on system voltage is different. Among them, the photovoltaic output setting of Case 2 has the greatest impact on the maximum value of system voltage, which will also cause more obvious fluctuation of distribution system voltage.



In addition, in order to analyze the influence of partial shadow in different areas on system voltage violation and fluctuation, photovoltaic generator is connected to the end bus of each area—i.e., Buses 6, 18, 22, and 33—with the same capacity of 2 MW. Under different photovoltaic access locations, the comparison of voltage values of all buses in the distribution system is shown in Figure 16.



It can be seen that the access of the photovoltaic generator at the end bus of Area 2 has the greatest impact on the overall voltage of the system, reflecting that when partial shading occurs in Area 2, the system voltage violation and fluctuation will be more obvious. Moreover, the access of photovoltaic generation at the end buses of Area 3 and Area 4 also has a relatively large impact on the system voltage, while the access of photovoltaic generation in Area 1 has a relatively small impact on the system voltage. According to the theoretical analysis in Section 3, when the electrical distance between the photovoltaic bus and PCC bus is closer, the impact on the PCC bus voltage will be more obvious.




5.3. Analysis of Voltage Suppression Strategy


In order to verify the effectiveness of the proposed strategy in the paper, the field measured photovoltaic output and residential load powers in Shandong Province somewhere are employed for analysis, and the photovoltaic output and residential load powers are recorded every 15 min. Figure 17a shows the measured photovoltaic output power curves of a typical sunny day and a typical cloudy day, and Figure 17b shows the residential load power on a typical working day. In the figure, PPV,max and PPV,min are the maximum and minimum photovoltaic output powers, respectively, and the minimum output power PPV,min is 0. PL,max and PL,min are respectively the maximum and minimum powers of residential load.



For photovoltaic output, whether it is in the sunny or cloudy day, the output peak power will be reached around 13:00 (hour:minute). Due to sunrise and sunset, the photovoltaic output power is zero at the period before 5:30 and after 19:00. For residential load, the load power consumption is relatively large during the daytime and relatively small at nighttime, and the residential load power consumption will reach the peak value around the times of 11:00 and 20:00.



Assume that Area 2 and Area 3 are under normal illumination, and partial shadow occurs in Area 1 and Area 4 in IEEE-33 bus distribution system. Therefore, the PV output curve on a sunny day is adopted for the PV access in Area 2 and Area 3, while the PV output curve on a cloudy day is adopted in Area 1 and Area 4. Nine buses are accessed with PV generator of the same capacity of 2 WM, which contain Buses 6, 10, 12, 13, 17, 21, 25, 29, and 32. The IEEE 33-bus distribution system with PV integration is shown in Figure 18.



All loads in the system adopt the residential load power consumption curve in Figure 17b. The load varies from 50% to 120%, so as to simulate the load power consumption from light to heavy of the system. The time-varying voltage of each bus can be obtained through power flow calculation, and the time-varying bus voltage of each area in one day is shown in Figure 19.



As shown in the figure, the obvious voltage violation and fluctuation in the system mainly appears in Area 2 and Area 4. Bus voltage violation occurs in 21 buses, more than 60%. At about the time of 13:00, due to the peak photovoltaic output, the system bus voltage exceeded the limit seriously, up to about 1.20 p.u. According to the relevant standard of the allowable voltage range in distribution network, the voltage at noontime has seriously exceeded the allowable range. Meanwhile, in the time period of 11:00 to 15:00, the voltage difference at each measured time is relatively large, which will cause serious voltage violation and fluctuation. At about the time of 20:00—that is, the photovoltaic output is zero and the load power consumption reaches the peak value—the voltage shortage is serious. The voltage fluctuation is defined as the percentage of voltage change based on the previous time in the paper, and the voltage fluctuation is more than 6% by calculation. However, due to the lack of regulation capacity of photovoltaic at night, the paper mainly analyzes the time period from 7:00 to 18:00, which demonstrates obvious impact from photovoltaic power, and the time period after 20:00 is not considered.



The proposed voltage violation and fluctuation strategy in the paper is then applied to the distribution system, and the bus voltage of each area in one day by employing the proposed method is shown in Figure 20.



For the double-hierarchical voltage violation and fluctuation suppression strategy—referred to the relevant standards of the allowable voltage range in distribution network, including relevant Chinese standards—the maximum and minimum acceptable voltages Uacc,max and Uacc,min are respectively set to 1.04 p.u. and 0.96 p.u., and the maximum and minimum adjustable voltages Uadj,max and Uadj,min are set to 1.07 p.u. and 0.90 p.u., respectively. In order to improve the PV active power output, the power factor of photovoltaic inverter is set to 0.95 to −0.95 in local equipment control hierarchy, and the adjustable power factor is set to −0.8 in global system control hierarchy. The time-varying system voltage only adopting local equipment control strategy is shown in Figure 20a, and the time-varying voltage after using the double-hierarchical voltage violation and fluctuation suppression strategy is shown in Figure 20b.



According to Figure 20a, when the distribution system only adopts the local control strategy, the system voltage can be effectively suppressed and the voltage violation and fluctuation is relatively small. However, due to the peak photovoltaic output at about noontime, only local control strategy cannot effectively suppress the voltage, and some bus voltages are still out of the range of 1.07 p.u. and 0.90 p.u. As shown in Figure 20b, when the proposed double-hierarchical control strategy is employed, it can make full use of the reactive power regulation ability of the photovoltaic inverter to control the voltage for each system bus within the allowable voltage range. Consequently, the proposal can effectively solve the issue of voltage exceeding specified limits.



Furthermore, the voltage fluctuation trend after applying the double-hierarchical voltage fluctuation suppression strategy is shown in Figure 21. It can be seen that the voltage variation is less than 4%, and thus the suppression of voltage fluctuation is verified.



With the above analysis, the voltage violation and fluctuation are obvious with the high-penetration PV integration. The voltage violation and fluctuation may result in safety problems, and interfere with the normal operation of load or equipment, which is harmful to the distribution system operation. By employing the proposed strategy, the suppression effectiveness of voltage violation and fluctuation is verified, and the harmful effect of high-penetration photovoltaic integration on voltage is reduced.





6. Conclusions


In terms of different proportion and partial shadow influences of distributed photovoltaic integration, the resulting voltage violation and fluctuation issue is analyzed, and then a double-hierarchical voltage violation and fluctuation suppression strategy is proposed in this paper. The proposed approach is examined in a IEEE 33-bus distribution system. The following conclusions can be drawn from the work:




	
 The quadratic relationship between photovoltaic power output change and bus voltage fluctuation is analyzed and verified in this paper. With the relationship, the system voltage level can be effectively measured under various influence factors, such as distributed photovoltaic location and capacity, partial shading, etc.;



	
 In order to make full use of the reactive power regulation ability of photovoltaic generator and keep the symmetry of power supply and demand, the double-hierarchical voltage violation and fluctuation suppression strategy is proposed, which is not only convenient to realize quick response for voltage violation and fluctuation suppression, but also can support extensive access.



	
 The proposed strategy is employed in distributed photovoltaic generation access power system in this paper, and the proposal verifies the effectiveness in suppressing voltage violation and fluctuation in the IEEE 33-bus distribution system.








Future research will focus on considering renewable energy and load uncertainty in system control with high-penetration distributed photovoltaic generation, and it is interesting to carry out the proposal combined with engineering practice. Moreover, due to the extensive application of distributed photovoltaic generation and power electronic conversion devices, the power quality issues—which include harmonic, sag and swell, and so on—are also of great significance topics. With this topic, future research directions mainly include the frequency fluctuation, the harmonic coupling mechanism, the influence analysis of power electronic converter, the location and traceability method for power quality disturbance, the low voltage ride through capability of converter, and so on.
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Figure 1. Equivalent circuit of solar cell. 
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Figure 2. Control system model of PV generation. 
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Figure 3. Flowchart of P&O method. 
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Figure 4. Solar cell characteristic with different insolation and constant temperature. 
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Figure 6. Simplified equivalent circuit with distributed PV generator. 
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Figure 7. Comparison of bus voltage variation trend with different power factors. 
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Figure 8. Power vector diagram of photovoltaic bus. 
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Figure 9. The framework of voltage violation and fluctuation suppression strategy. 
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Figure 10. IEEE 33-bus distribution system with regional division. 






Figure 10. IEEE 33-bus distribution system with regional division.



[image: Symmetry 13 01894 g010]







[image: Symmetry 13 01894 g011 550] 





Figure 11. Voltage variation with different PV capacity access in Bus 12. 
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Figure 12. Voltage variation with different PV capacity access in Bus 29. 
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Figure 13. Voltage variations of different buses with PV permeability: (a) PV access in Bus 12; (b) PV access in Bus 29. 
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Figure 14. Maximum voltage variation trend under random PV capacity distribution. 
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Figure 15. Maximum voltage variations with PV penetration under different output conditions: (a) Maximum voltage variations of Case 1; (b) Maximum voltage variations of Case 2; (c) Maximum voltage variations of Case 3; (d) Maximum voltage variations of Case 4. 
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Figure 16. Comparison of bus voltages when PV access in different areas. 
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Figure 17. Voltage variations of different buses with PV permeability: (a) PV access in Bus 12; (b) PV access in Bus 29. 
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Figure 18. IEEE 33-bus distribution system with PV integration. 
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Figure 19. Time-varying voltages of distribution system in one day. 
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Figure 20. Time-varying voltages of distribution system in one day after employing voltage violation and fluctuation strategy. (a) Voltages after using local equipment control strategy; (b) Voltages after using the double-hierarchical voltage violation and fluctuation suppression strategy. 
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Figure 21. Voltage fluctuation trend of distribution system after employing voltage violation and fluctuation strategy. 
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Table 1. Parameters of different insolation conditions.
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	Insolation Conditions
	Solar Cell 1
	Solar Cell 2
	Solar Cell 3
	Solar Cell 4
	Solar Cell 5





	No Shadow Condition
	1000 W/m2
	1000 W/m2
	1000 W/m2
	1000 W/m2
	1000 W/m2



	Partial Shadow Condition 1
	1000 W/m2
	900 W/m2
	800 W/m2
	700 W/m2
	600 W/m2



	Partial Shadow Condition 2
	700 W/m2
	500 W/m2
	800 W/m2
	400 W/m2
	900 W/m2



	Partial Shadow Condition 3
	400 W/m2
	300 W/m2
	500 W/m2
	500 W/m2
	300 W/m2
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Table 2. Parameters of different output conditions in four areas.
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	Output Conditions
	Area 1
	Area 2
	Area 3
	Area 4





	Case 1
	90%
	100%
	70%
	100%



	Case 2
	80%
	30%
	100%
	90%



	Case 3
	60%
	90%
	60%
	70%



	Case 4
	20%
	70%
	50%
	30%
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