

  energies-15-05901




energies-15-05901







Energies 2022, 15(16), 5901; doi:10.3390/en15165901




Article



Voltage Rise Mitigation in PV Rich LV Distribution Networks Using DC/DC Converter Level Active Power Curtailment Method



Pankaj Verma 1[image: Orcid], Nitish Katal 2[image: Orcid], Bhisham Sharma 3,*[image: Orcid], Subrata Chowdhury 4[image: Orcid], Abolfazl Mehbodniya 5,*[image: Orcid], Julian L. Webber 5[image: Orcid] and Ali Bostani 6[image: Orcid]





1



Poornima College of Engineering, Jaipur 302022, Rajasthan, India






2



Indian Institute of Information Technology, Una 177209, Himachal Pradesh, India






3



Chitkara University School of Engineering and Technology, Chitkara University, Baddi 174103, Himachal Pradesh, India






4



SVCET Engineering College & Technology, Chittoor 517127, Andhra Pradesh, India






5



Department of Electronics and Communication Engineering, Kuwait College of Science and Technology (KCST), Doha Area, 7th Ring Road, Kuwait City 7207, Kuwait






6



College of Engineering and Applied Sciences, American University of Kuwait, Salmiya 20002, Kuwait









*



Correspondence: bhisham.pec@gmail.com (B.S.); a.niya@kcst.edu.kw (A.M.)







Academic Editor: J. C. Hernandez



Received: 2 July 2022 / Accepted: 9 August 2022 / Published: 15 August 2022



Abstract

:

In low voltage (LV) distribution systems, the problem of overvoltage is common during the lower load intervals. This problem arises because of the high value of R/X ration of these systems. Many techniques are available in literature to cope up with this problem at the converter level; mostly these methods control the reactive or active power of the photovoltaic (PV) systems. However, there are certain restrictions and complications with the reactive power control of PV systems. Most of the active power control methods have been implemented at the inverter stage of the PV system, resulting in implementation complexities and excessive oversizing of the converter. Therefore, in this paper, a simple, de-rating based voltage control algorithm is proposed to overcome the problem of overvoltage. So far de-rating technique has been used to enable frequency support functions in PVs; in a first of its kind, de-rating technique is used here to control the voltages in PV rich LV distribution systems. The entire control is implemented on the dc/dc converter stage of the PV system and the inverter stage is kept untouched. The effectiveness of the control is verified by simulating a sample PV-rich three bus LV distribution system on the MATLAB software. The proposed control avoids the overvoltage by approx. 700 V for the best-case scenario.
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1. Introduction


The photovoltaic (PV) systems installed in residential and office buildings are connected on low-voltage (LV) distribution networks. During the peak load hours, this system maintains an optimal voltage profile; however, during the off-peak load hours, the voltages increase at the end of the line. The voltage rise problem is becoming a major setback for PV connected LV distribution systems [1], resulting in deterioration of the power quality of the system [2]. Sometimes, this voltage rise triggers the internal protection system in PVs which automatically disconnects the PV units from the network [3]. This leads to mandatory monitoring of the system to restore it to the original power capacity levels.



The literature is rich with solutions to the problem discussed above. These extend from active power curtailment and reactive power control (RPC) to usage of on load tap changer (OLTC) and energy storage systems. A modified damping based control was proposed in [4], wherein initially system damping is increased to control the voltages, and if the overvoltage persists, active power drooping is then used. A multi objective optimal (MOO) power flow to control the inverter active and reactive power was performed in [5]. The method improves the voltage profile and balances the voltage. Similar to [5], an optimal inverter dispatch (OID) strategy to control the active and reactive power set points of PV inverter was proposed in [6]. A reverse power flow based reactive power droop control was discussed in [7]; in this technique, the customers in a feeder causing the over voltages are made to absorb the excessive VARs to mitigate the overvoltage. An active power dependent (APD) voltage regulation method was proposed in [8], where the level of active power decides magnitude of reactive power. The voltage sensitivity matrix was further used in this method to quantify the magnitude of voltages w.r.t to active and reactive power. The researchers in [9] discuss a five-mode distributed control scheme to control the active and reactive power of PV inverters in a coordinated manner. In this scheme, communications between the controllers were used to update the inverters power points. A power–voltage (P–V) droop control based overvoltage mitigation control was coined in [10]; in this method, P–V droop control is used to find the set power of PVs. A sensitivity based active power curtailment method was discussed in [11] in which the amount of PV inverter active power to be curtailed is computed based upon the voltage/active power sensitivity calculation. Similar to [10], a droop based active power control (APC) method was coined in [12], where the active power is reduced upon the increase in the system voltage beyond the critical value. Active power–voltage (P–V) and reactive power–voltage (Q–V) droop control techniques were used in conjunction in [13,14] to limit the voltages; the effectiveness of the control was tested by collecting the real time data from various trial sites in [13]. With the increase in the system voltage, reactive power of the system was decreased in [15] using a pre-defined set of rules: if the reactive power curtailment is not sufficient, active power of the system is further contained in above technique. Sometimes the active power curtailment can result in unfair power reduction amongst PV inverters. To overcome this problem, a sensitivity matrix-based fairness power sharing algorithm is proposed in [16]. To make the optimal utilization of PV reactive power for overvoltage compensation, the parameters of the local controllers were updated in regular time intervals using a centralized optimization algorithm in [17]. A fair power sharing based real power capping method was discussed in [18]. The method aims at achieving the same percentage real power curtailments for PV units operating under diverse irradiance conditions. In [19], an adaptive droop based active and reactive power control strategy was proposed, wherein the reactive power is controlled first to reduce the voltages. The active power curtailment is used as the secondary option for controlling the PV voltages. A two-level overvoltage mitigation control was proposed in [20,21]; in lower-level control, Q-V and P–V droop controls are included, whereas in higher-level control a sparse based communication network is integrated in which the state variables of the PV inverters are shared with the neighboring units. A sensitivity analysis-based method where the location dependent power factors values are assigned to PV inverters was discussed in [22]. The method claims to achieve overvoltage mitigation with lesser reactive power consumption.



In recent methods, a power compensation algorithm was proposed in [23], where the RPC and APC order is obtained with the help of sensitivity comparison of the principal node. A new configuration of dynamic voltage restorer to cope with the unsymmetrical faults is given in [24]. The technique extensively utilizes the PID based control for accurate error estimation. A detailed investigation of the arising volt-var methods is given in [25]. Use of a grey wolf optimizer algorithm for tuning the PID controller of a dc/dc converter is illustrated in [26,27]



The overvoltage mitigation can be carried out using energy storage systems. In this context, [28] has compared various voltage mitigation techniques for the LV distribution system with high level of PV penetration. Post review, Chaudhary and Rizwan have indicated the usage of energy storage devices as the best solution to mitigate the voltage rise problem in such networks. However, the installation cost of these devices is very high and the overvoltage problem in not a permanent issue of the distribution networks. Therefore, the converter level control is most optimal. Various autonomous inverter control strategies were compared with some OLTC and grid reinforcement-based techniques in [29]; these were compared both on economic and technical aspects. The results indicated that the converter level controls are more efficient.



A comparison of the reviewed voltage rise mitigation methods is given in Table 1. Many of the methods have opted for the RPC to fulfill the purpose. However, there are certain issues with RPC in PV systems such as: (a) some national standards (IEEE 1547) forbid the reactive power control of low voltage inverters [6], (b) reactive power absorption by PV inverters may lead to overloading of the distribution transformers [30], (c) the provision of reactive power decreases the active power flow of PV generators [7], (d) the APC method is slightly more cost-effective as compared to a coordinated APC–RPC method [30], and (e) the reactive power support has a lower impact on the system voltage profile and moreover leads to additional losses in the feeder [5]. Moreover, there are some methods where the optimizations have been used; these methods require micro inverters which communicate with the power management system, and these micro inverter units add to the cost of the system [6]. In contrast, most of the APC methods were implemented on the inverter stage of the PV system, which results in: (a) implementation complexities, and (b) excessive oversizing of the converter.



Therefore, based upon the above-mentioned shortcomings, a simple, less complex de-rating based voltage control algorithm (VCA) is proposed in this paper to overcome the problem of overvoltage in LV distribution systems. So far, de-rating technique has been used to enable frequency support functions in PVs [31,32,33,34,35,36,37]; in a first of its kind, de-rating technique is used here to control the voltages in PV enrich LV distribution systems. The end-of-the-line voltage of the distribution system is continuously sensed and the de-rating of the PV system is coordinated with the sensed voltages. The entire control is implemented on the dc/dc converter stage of the PV system and the inverter stage is kept untouched. The effectiveness of the control is verified by simulating a sample three bus PV-rich LV distribution system on the MATLAB software.



The structure of the paper is as follow: Section 2 defines the problem and gives the overview of the proposed control, the detailed explanation of the de rating-based voltage control is given in Section 3, simulation results are accounted in Section 4, and conclusions are given in Section 5.




2. Problem Analysis and Overview of Proposed Control


The problem of voltage rise in high PV penetrated low voltage distribution system arises because of the high value of R/X ratio. The high value of this ratio causes a direct dependency of system voltages on the active power of the system. Whereas for high voltage (HV) transmission system, the value of ratio R/X is low, therefore the dependency of voltages is only on the reactive power of the system. The phenomenon can be illustrated by using the network shown in Figure 1.



With the line impedance of   R + j X  , the voltage difference between sending and receiving end can be expressed as:


   Δ V = I  (  R + j X  )     =     ( P + j Q )  *     V R     (  R + j X  )     =   P R + Q X    V R    + j   P X − Q R    V R      



(1)







For high voltage transmission system, the value of R/X is low, therefore, resistance effect can be ignored in Equation (1):


  Δ V =   Q X    V R    + j   P X    V R     



(2)







Neglecting the imaginary part, Equation (2) transforms to:


  Δ V ≅   Q X    V R     



(3)







Whereas, for LV distribution systems, the resistance cannot be ignored because of high value of R/X ration, Equation (1) transforms to:


  Δ V ≅   P R + Q X    V R     



(4)







A close observation of Equations (3) and (4) depicts that for HV transmission systems, the voltage dependency is largely on the reactive power, whereas for LV distribution systems there is a direct dependency of system voltages on the active power. For LV distribution systems, the control of active power, reactive power or both can be practiced to control the system voltages.



Due to the reasons mentioned in Section 1, active power of the PV system is controlled in our proposed method to regulate the feeder voltages at the end of the line. The de-rating control method of PV systems is used here to control the active power of PVs at the dc/dc conversion stage. In de-rating control of PV systems, the operating point of PVs is not limited to only maximum power point (MPP); the PVs can be operated above or below MPP to control the flow of active power. Figure 2 depicts the de-rating regions on the power versus voltage (P–V) curve of PVs. The region on the left side of MPP has a wider control area as compared to right side, however, in this region the rate of change of active power (ΔP) with system voltage (ΔV) is low. Therefore, the right side region is selected in our method because of convenience of high     △ P   △ V     ratio. For precise control of ΔP with ΔV, the left side region is more suitable.



The de-rating technique of PVs is a well-used technique; a neural network based reserve generation algorithm was used in [31] for de-rating the PVs, and a Newton-quadratic interpolation algorithm was used in [32,33]. A PI controller for de-rating method was used in [34], and a fuzzy logic controller based de-rating scheme was discussed in [35,36,37]. However, in these techniques the PV system is de-rated with the aim to achieve frequency regulation capabilities, whereas in our proposed control de-rating is used to compensate the overvoltage at the line end. The feeder voltages are sensed and de-rating control is coordinated with the sensed voltages. For example, if the voltages on bus 2 of Figure 1 are above the rated value, the PV voltages are pushed above the maximum power point voltages    V  m p p     to control the flow of active power in the distribution system. The detailed control is discussed in Section 3 of the paper.




3. De-Rating Based Voltage Control


The description of the model is given in Section 3.1 and the detailed discussion on the proposed voltage control algorithm (VCA) which de-rates the PVs is given in Section 3.2.



3.1. Description of the Model


The proposed control was implemented on a LV distribution system as shown in the Figure 3. Three buses (   B 1   ,    B 2   , and    B 3   ) are considered in the system with corresponding voltages (   V 1   ,    V 2   , and    V 3   , respectively). The system is connected to the utility grid using a step-up transformer. Two PV generators are considered in the system which are connected to bus    B 1    and    B 2   . Load    L 3    is a variable load whereas loads    L 1    and    L 2    are the fixed load in the system. Normally the overvoltage problem arises at the end of the line, therefore, voltage    V 3    is controlled by varying the active power generation of PV generators. The detailed rating and values of the parameters are given in the Appendix A of the paper.




3.2. Voltage Control Algorithm


A detailed insight of the control is shown in Figure 4. A two-stage control is adopted for the PV system, wherein a step-up chopper is used for stage-I and a three-phase dc to ac inverter is used in stage-II. A simple d-q transformation-based control is adopted for the generation of PWM of the three phase inverter. For dc/dc converter, the end-of-line voltages    V 3    are continuously sensed to control the output power flow of PV generator. The de-rating based voltage control algorithm (VCA) is used here to increase or decrease the active power flow from the PVs. The flowchart of the proposed control is shown in Figure 5. The steps involved in the control technique are: (1) checking of the line end voltages for limits violation, (2) calling MPPT or voltage control subroutine (VCS), and (3) storing the MPP values for MPPT or controlling the line end voltages for VCS. The detailed algorithm is shown in Figure 6. The algorithm has two main parts: Main program and Voltage control subroutine (VCS). In the main program, the system rated voltages are compared with the voltages of bus 3:


  △ V =  V 3  −  V  r a t e d    



(5)







If the value of   △ V   is below the set tolerance value, the traditional P and O algorithm [38] is called to trace the MPP. After convergence, the information of the MPP, i.e., corresponding voltage and power values, are stored in the system. When   △ V   exceeds the tolerance value τ, the voltage control subroutine is called to bring the system voltages back to rated. In VCS, the maximum and minimum voltage limits are set as PV open circuit voltage (   V  O C   )   and MPP voltage (   V  M P P    ), respectively. These voltage limits are set to de-rate the PV in the de-rating-region-I on the P–V voltage curve; this region is shown in Figure 2. The PV power ( P ) is compared with the set reference power (   P  r e f    ); the value of    P  r e f     should be below the    P  m p p     to de-rate the PV system. Here    P  r e f     is obtained from the voltage droop control (VDC). The mathematical expression is given as:


   P  r e f   =  P  m p p    (  1 − k △ V  )   



(6)







In this expression, the value of    P  r e f     is restricted between 100 kW and 60 kW. These limits help in restraining the maximum de-rating of the PV to 60% of the rated capacity. The approximate range of  k  is obtained from the power versus voltage droop characteristics curve (shown in Appendix A). If   P >  P  r e f    , PV voltages are incremented with a step size of dV to achieve the required power value. Else if   P <  P  r e f    , the voltages are decremented to match the power levels. Post these two comparisons, the system voltages are checked for limits violations; if violation occurs, increment or decrement of the last step is rolled back. When   P =  P  r e f    , the PV is operated at the last step voltage.



Note: During the operation of voltage control subroutine in VCA, the irradiance and temperature conditions of the PVs may change. If the irradiance increases, the P–V curve will expand, however, the value of    P  r e f     will remain fixed because it is dependent on the last stored value of    P  m p p     (Equation (6)). Therefore, the system will maintain the required voltage profile. Similarly, if irradiance decreases, the P–V curve will shrink but the    P  r e f     will remain fixed. However, a condition may prevail where the value of    P  r e f     overshoots    P  m p p    ; in this case the system will operate at maximum possible power    P  m p p    , therefore maintaining the best possible voltage profile. These two scenarios are shown in Figure 7.





4. Simulation Results


To inspect the performance of the developed controls, the model of Figure 3 was simulated under two cases. In case-I, the operating conditions of the PV generators, i.e., the level of irradiance and ambient temperature were kept as constant and a significant amount of load was removed from the system. In case-II, the system load was kept as constant and irradiance was increased gradually. The detailed explanation of the simulation results for these two cases is given below and the details of the system parameters are given in the Table A1 of the Appendix A.



4.1. Case-I: Variable Load and Fixed Irradiance Levels


In this case, initially the load L3 on bus 3 (Figure 3) was 120 kW, and half of this load was removed from the system at t = 2 s. No change is made in the irradiance or temperature; the irradiance level was set at 1000 W/m2 and temperature at 25 °C. The simulation results for this case are given in Figure 8. To verify the performance of the proposed control, the PV system was operated with MPPT control and with the proposed VCA control. For operation in MPPT mode, upon load change, the PV system kept on following the maximum power (Figure 8a). This operating point is represented with “A” on the P–V curve of the PVs (Figure 8e). The continuous MPPT operation led to an increase in the end of line voltage    V 3    beyond the rated value, as shown in Figure 8f. When PVs were operated in the VCA mode, upon the increase in the voltage    V 3   , the PV system was de-rated by increasing its voltage above MPP voltage (operation on point “B” in Figure 8e).    P  r e f     is the reference power obtained from the voltage droop controller; a comparison of    P  r e f     with the actual PV power in de-rating mode is shown in Figure 8a,b. This de-rating of the system led to a control in the terminal voltage    V 3   ; a comparison of    V 3    waveform (RMS value) with PV system operation in MPPT and de-rating mode in shown in Figure 8f. The voltage waveform of PV generator is shown in Figure 8c,d, the PV system voltages were increased above the MPP voltage to de-rate the PVs. The numerical data of this case simulation is given in Table 2.




4.2. Case-II: Fixed Load and Variable Irradiance


In this case the value of irradiance was increased from 500 W/m2 to 1000 W/m2 from t = 2 s to t = 3 s, respectively (Figure 9d), while the system load was kept constant. The simulation results for this case are depicted in Figure 9. With the increase in the irradiance from 500 to 1000 W/m2, the maximum available PV power increased from 48 kW to 100 kW (Figure 9a) and the operating point of PV shifted from “A” to “B” on the P–V curve (Figure 9e). Post irradiance change, for MPPT mode, the system operated on point “B” and the voltage    V 3    started increasing, while for operation in de-rating based VCA mode, upon an increase in the voltage    V 3    beyond a predetermined level, the system was de-rated with operation on point “C” on the P–V curve (Figure 9e). Due to this de-rating the voltage    V 3    remained within the prescribed limit. A comparison of the    V 3    waveform (RMS value) with PV system operation in MPPT and de-rating mode is shown in Figure 9f. The numerical data of this case simulation is given in Table 3.




4.3. Case-III: Variable Load and Variable Irradiance


Here, both the irradiance and system load were varied to illustrate the operation of the voltage control algorithm. The value of irradiance was increased from 500 W/m2 to 1000 W/m2 (Figure 10c) from t = 2 s to t = 3 s, and the system load was also dropped from 40 kW (50 kVA, p.f. 0.8) to 20 kW during this time period. The simulation results for this case are given in Figure 10. With the increase in the irradiance, the PV power shot to 100 kW from the previous level of 48 kW (Figure 10a); this is depicted in Figure 10e (operating point shifts from point “A” to “B”). For MPPT operation, the system operated at point “B”, whereas for VCA mode operation, the system was de-rated to point “C” on the P–V curve (Figure 10e). A comparison of the line end voltage    V 3    for operation in two modes is given in Figure 10d. The difference between the two waveforms was higher for this case because of the increase in irradiance as well as the drop in the load. System voltage profile is given in Figure 10b. The numerical data of this case is given in Table 4.





5. Conclusions


To mitigate the problem of voltage rise in PV-rich LV distribution systems under lightly loaded conditions, a de-rating based voltage control algorithm is proposed in this paper. Unlike the rest of the active power control techniques for overvoltage mitigation, this technique is much simpler because of its implementation at the dc/dc converter stage of PV system. De-rating technique in PVs is generally used for enabling frequency regulation response in PVs, however, here, de-rating control is coordinated with the system voltages to limit the voltage variations. The simulation results depict that upon an increase in system voltage above nominal, the PV system is de-rated by increasing the PV voltages above MPP voltage, which aids in controlling the magnitude of end-of-line voltage. For variable load and fixed irradiance case, the de-rating control reduces the overvoltage by 200 V, by 50 V for the case of fixed load and variable irradiance, and by 700 V for the case of variable load and variable irradiance. For future works, artificial neural networks can be integrated with the control to overcome the time-delays in the control.
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Nomenclature




	Abbreviation
	Description



	PV
	Photovoltaic



	RPC
	Reactive power control



	APC
	Active power control



	LV
	Low voltage



	P–V
	Power versus Voltage



	MPP
	Maximum power point



	MPPT
	Maximum power point tracking



	VCS
	Voltage control subroutine



	VCA
	Voltage control algorithm



	Variables
	Description



	P
	Active power



	Q
	Reactive power



	Vrated
	Rated voltage



	Pref
	Reference power



	Vmpp
	Maximum power point voltage



	V3
	Line end voltage



	VOC
	Open circuit voltage



	Pmpp
	Maximum power point power
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Figure A1. Power versus voltage droop characteristics curve,   k =  1  100   ×  (     P  m a x   −  P  m i n      V  m a x   −  V  m i n      )   ,    P  m a x   = 100    kW   ,    P  m i n   = 60    kW   ,    V  m a x   = 25    kV   ,    V  m i n   = 20    kV   . 
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Table A1. System rating and parameter values.






Table A1. System rating and parameter values.





	
LV Distribution System

	
PV System






	
Load L1

	
P

	
2 kW

	
PV array 1 and 2

	
PMPP

	
100 kW




	
Q

	
0

	
VMPP

	
260 V




	
Vrms/pp

	
25 kV

	
ISC

	
400 A




	
Load L2

	
P

	
2 kW

	
VOC

	
320 V




	
Q

	
0

	
Dc/dc converter

	
PV side capacitor

	
100 µF




	
Vrms/pp

	
25 e3

	
Inverter side capacitor

	
6000e µF




	
Load L3

	
P

	
60 kW

	
Inductor

	
5 mH




	
Q

	
4 k Var

	
PV side T/F 1 and 2

	
kVA

	
100




	
Vrms/pp

	
25 kV

	
VP

	
260 V




	
Grid side T/F

	
kVA

	
200

	
VS

	
25 kV




	
VP

	
20 kV

	
Voltage droop control

	
k

	
0.002




	
VS

	
25 kV
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Figure 1. Network structure. 
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Figure 2. De-rating regions on the P–V curve. 
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Figure 3. Model of LV distribution system. 
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Figure 4. Detailed insight of the proposed control. 
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Figure 5. Flowchart of the control technique. 
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Figure 6. De-rating based voltage control algorithm. 
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Figure 7. (a) Depiction of reference and maximum power points during the expansion of P–V curve. (b) Depiction of reference and maximum power points during the shrinking of P–V curve. 
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Figure 8. Simulation results for the case of variable load and fixed irradiance for (a) PV generator 1 output power, (b) PV generator 2 output power, (c) PV generator 1 voltage waveform, (d) PV generator 2 voltage waveform, (e) P–V curve of PVs, and (f) RMS waveform of voltage    V 3   . 
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Figure 9. Simulation results for the case of fixed load and variable irradiance for (a) PV generator 1 output power, (b) PV generator 2 output power, (c) PV generator 1 voltage waveform, (d) irradiance waveform, (e) P–V curves of PVs under irradiance of 500 W/m2 and 1000 W/m2 with fixed temperature value, and (f) RMS waveform of voltage    V 3   . 
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Figure 10. Simulation results for the case of variable load and variable irradiance for (a) PV generator 1 output power, (b) PV generator 1 voltage waveform, (c) irradiance waveform, (d) RMS waveform of voltage    V 3   , and (e) P–V curves of PVs under the irradiance of 500 W/m2 and 1000 W/m2 with fixed temperature value. 
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Table 1. General comparison of voltage rise mitigation methods.
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	S. No.
	Ref. No.
	Adopted Control
	Power

Controlled

(P or Q)
	Implementation Stage
	Critical Remarks
	Year of Publication





	1
	[4]
	Modified damping based control
	P (Active)
	Inverter
	
	
The implementation of the control leads to an 22% oversizing of the power electronic converter.





	2019



	2
	[5]
	Multi objective optimal power flow
	P and Q (both active and reactive)
	Inverter
	
	
The method is based on optimization.



	
The control lacks the illustration that how the active and reactive power can be controlled at converter level.





	2014



	3
	[6]
	Optimal inverter dispatch control
	P and Q (both active and reactive)
	Inverter
	
	
Micro inverters are required to implement this control.



	
Micro inverter units shoot up the cost of the PV system.





	2014



	4
	[7]
	Reverse power flow based droop characteristic control
	Q (Reactive)
	Inverter
	
	
The implementation will lead to a very complex design of the inverter.





	2015



	5
	[8]
	Active power dependent voltage regulation
	Q (Reactive)
	Inverter
	
	
The calculation burden of this methods is very high.



	
Actual implementation is complex.





	2014



	6
	[9]
	5-Mode distributed control scheme
	P and Q (both active and reactive)
	Inverter
	
	
Use of communication network b/w controllers increases the system cost.



	
The control scheme is bulky and complex.





	2016



	7
	[10]
	A power-voltage (P–V) droop control based overvoltage mitigation
	P (Active)
	Inverter
	
	
The TCP/IP communication links suggested in the method indicate towards a higher implementation cost.





	2017



	8
	[12]
	Droop based APC
	P (Active)
	Inverter
	
	
The method lacks the illustration of the implementation of controls on the converter level.





	2011



	9
	[13]
	P–V and Q-V conjunction control
	P and Q (both active and reactive)
	Inverter
	
	
The implementation of the control may lead to bulky size of the inverter.





	2015



	10
	[15]
	Voltage support technique for VSI
	P and Q (both active and reactive)
	Inverter
	
	
Controlling both reactive and active power from PVs increases the design complexity of converter controls.





	2018



	11
	[16]
	Fairness power sharing algorithm
	P (Active)
	Inverter
	
	
The complexity of the method is high due to the usage of sensitive matrix-based algorithm.





	2015



	12
	[17]
	Optimal reactive power utilization technique for overvoltage compensation
	P and Q (both active and reactive)
	
	
	
Same as 2





	2014



	13
	[18]
	Fair real power curtailment method
	P (Active)
	Inverter
	
	
Same as 9





	2014



	14
	[19]
	Adaptive-droop based active and reactive power control
	P and Q (both active and reactive)
	Unspecified
	
	
Same as 8





	2016



	15
	[21]
	Two-level overvoltage mitigation control
	P and Q (both active and reactive)
	Inverter
	
	
The use of the sparse communication network adds up to the total cost and complexity of the system.





	2021



	16
	[23]
	Power Compensation algorithm
	P and Q (both active and reactive)
	NA
	
	
The method is based on the power flow analysis.



	
The control lacks the illustration of how the active and reactive power can be controlled at converter level.





	2021



	17
	[24]
	A new DVR configuration
	Q (Reactive)
	Inverter
	
	
The control deals with the voltage control only for the unsymmetrical faults.



	
In high PV penetrated systems, the voltage may rise due to many other reasons.





	2022



	18
	
	Proposed method
	P (Active)
	Dc/dc converter
	
	
The method is easy to implement.



	
The complexity of the method is low.
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Table 2. Numerical data for Figure 8.
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	S. No.
	Time (s)
	Power (kW)-Figure 8a
	Voltage (VPV)-Figure 8c
	V3 (kV) MPP-Figure 8f
	V3 (kV) De-Rating Figure 8f





	1
	1.2
	100
	270
	13.2
	13.2



	2
	1.4
	100
	270
	13.2
	13.2



	3
	3.5
	80
	300
	13.4
	13.2



	4
	4.5
	86
	294
	13.4
	13.3



	5
	6.5
	82
	296
	13.5
	13.3
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Table 3. Numerical data for Figure 9.
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	S. No.
	Time (s)
	Power (kW)-Figure 9a
	Irr. (W/m2)-Figure 9d
	Voltage (VPV)-Figure 9c
	V3 (kV) MPP-Figure 9f
	V3 (kV) De-Rating Figure 9f





	1
	1.2
	48
	500
	271
	12.5
	12.5



	2
	1.4
	48
	500
	271
	12.5
	12.5



	3
	3.5
	60
	1000
	310
	12.5
	12.5



	4
	4.5
	60
	1000
	310
	12.56
	12.53



	5
	6.5
	60
	1000
	312
	12.56
	12.51
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Table 4. Numerical data for Figure 10.
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	S. No.
	Time (s)
	Power (kW)-Figure 10a
	Irr. (W/m2)-Figure 10c
	Voltage (VPV)-Figure 10b
	V3 (kV) MPP-Figure 10d
	V3 (kV) De-Rating Figure 10d





	1
	1.2
	49
	500
	271
	9.22
	9.22



	2
	1.4
	49
	500
	270
	9.22
	9.22



	3
	3.5
	101
	1000
	272
	9.82
	9.26



	4
	4.5
	60
	1000
	155
	10.12
	9.49



	5
	6.5
	59.7
	1000
	154
	10.43
	9.70
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
PV1

PV2

Vi

V2

14 Km Feedel

V3 Utility Grid

‘m Feeder|

B1

v
L1

e

L2

@-5%

L3





media/file13.png
Check for line
end voltages

Above
tolerance

?
value- Yes
Call Voltage
> CIaII Mtil:; Control subroutine
algori (VCS)
No
Check for
ONVErgence VCS controls the
line end voltage
by de-rating the
PV system
Store the MPP voltage
& power values in the
system
Y Y

Return





media/file12.jpg
Check for line
end voltages

Above
tolerance
value?,

Yes

Call MPPT
algorithm

(Control subroutine|

Yy
Call Voltage

(vcs)

Store the MPP voltage
& power values in the
system

I

VCS controls the

line end voltage

by de-rating the
PV system

Return





media/file18.jpg





media/file9.png
PV1 PV2

I i14 Km Feederl @_}%
5> Km FeederI
Bl B2 B3 %’
A4
L1 L2 L3





media/file14.jpg
Main Program

?

LRead v, 1]
V3, Vated

TRead
pret, v, 1
peyri

!

2max=Voc
i

[3Gollp8O|  a.call vcs|
igorthm | subroutine,

f6Store vimpp_aet
8 Pmpp._Last






media/file20.jpg





media/file23.png
Irr (W/m2)

—
-'-u-.___
—
—

100 200
Voltage (V)

%10 (a)
<~ _
E —— Pmpp Tt~
- — Ppv-der|_
g
= ] 10
B < L __
~ 8T -
E
= 6
_____ —
. = 4!
Time (s) a
(c) 2
I 0
1000 \ 0
800 | - % 10*
10
600
5
400 ' ‘
2 4 6 8 3

Time (s)

300

Voltage (V)

Voltage (V)

10500 |
10000 |

=
Lh
(=
=

9000 |

8500

(b)

y o v k
\
—— Vmpp
— Vpv-der
1 2 3 4 5 6 7 8
Time (s)
(d)
— V3mpp
—— V3e-rating

1 2 3 4 5

Time (s)

6 7 8





media/file5.png
() —

Source Bus1 Bus 2






media/file15.png
Main Program

Voltage Control Subroutine
1.Read V, I, !
V3, Vrated 1.Read
Pref, V, I
P=V*]
2.
AV[>1
& ‘ 2.Vmax=Voc
No Yes Vmin=Vmpp
A
3.Call P&O 4.Call VCS
algorithm subroutine

No

5.
Converged?

6.v(n+1)=V(n)| [7.V(n+1)=V(n)+dV]| 8.V(n+1)=V(n)-dV |

6.Store Vmpp_Last
& Pmpp_Last
v

| 7.Return |

10.V(n+1)=V(n)

Yes

11.Return |






media/file19.png
Power (W)
=

Voltage (V)
tn = th =
= = = -

I
=
=

%10 (a)
Pmpp
— Ppv-der
Pref
4 6 8
Time (s)
(d)
Vmpp
— Vde-rating| |
4 6 8
Time (s)

Power (W)

Power (W)

x10* (b)
L3
\
\
\ Pmpp
\\ — Ppv-der
\ Pref
I 2 314 3%e 7

200

100
Voltage (V)

300

Voltage (V)

Voltage (V)

=
=
—]

fad
Lh
=

e
=
=

o]
L
=

]
=
=

(c)
— VYmpp
— Vde-rating| 1
4 6 8
Time (s)
x10* ()

—— ¥3mpp
— V3de-rating

4 6
Time (s)






nav.xhtml


  energies-15-05901


  
    		
      energies-15-05901
    


  




  





media/file11.png
Bl

-
-
-
-
-
—'——
-
-
-
-

75' Km Feederi

L1

Stage I Idc Stage 11
dc/dc [ > dc/ac :} To
Converter Vdc Converter—/ Feeder
A Vabc
TPWM PWM
v3—»| VCA <—1Idc Inverter|[<—Vdc
£ <—\Vdc control [<«—Vabc
Pref 06_ AV

From VCA

Voltage Droop Control





media/file6.jpg
Power

Region-I: Right side de-rating
Region-II: Left side de-rating

MPP

Region-II

Region-1

Voltage Vi Voc





media/file2.png
Pmax

IDmin

Vmin Vrated





media/file10.jpg
Stagel .o Stgell
dc/de =)
onverter| V3¢ _converter|—/ Feeder

Vabe

fPWM T?WM
o [«—ldc  [verter|«—Vdc
V3 VA [ vac  [control [«—vabe






media/file7.png
Power

Region-I: Right side de-rating
Region-II: Left side de-rating

A MPP
Region-I1

Region-I

>

Voltage V., Voc





media/file1.jpg
Vrated

Vmin






media/file16.jpg
Curve
expanding

Curve
Shrinking

Voltage
(a)

Voltage
(b)

Voc





media/file0.png





media/file22.jpg
®

geied

L

2

Voage 1)






media/file17.png
Curve

expanding f

Voltage
(a)

Curve MPP1

Shrinking
PP2

‘\\
\\

Voltage Voc
(b)





media/file4.jpg
O

Source Bus1






media/file21.png
x10* (a)
10 Pmpp ‘ <10%
— Ppv-der 12
-y
Z gl s _
Pl 1A
@ 4
= 2
(=] 2 a2 24
e 67
4 i i i i i
1 2 4 5 6 7
Time (s)
(d)
1000
~
;g 800
3
T
= 600
400 : ' : : :
1 2 4 5 6 7
Time (s)

Power (W)

x10* | (b)

N\

Pmpp
— Ppv-der

Power (W)
—] [ SN = —

(]

—~— \
1 2 3 4 5 6 7 8
Time (s)
x10* (e)

0 100 200
Voltage (V)

300

fd
tn
=

Voltage (V)
fad
=

©

VYmpp
— Vpv-der

250
1 2 3 4 5 6 7
Time (s)
4
gpxtt 0 ® 00000
— V3mpp
- — V3de-rating
< 1.26
w
M’
o
S 1257 _
-
1.24

1 2 3 4 5 6 7 8
Time (s)





