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Abstract:



International Electronical Committee (IEC) 61850-90-7 is a part of the IEC 61850 series which specifies the advanced functions and object models for power converter based Distributed Energy Resources (DERs). One of its functions, the Voltage/VAR (V/V) control function, is used to enhance the stability and the reliability of the voltage in the distribution system. The conventional V/V function acts mainly for flattening the voltage profile as for a basic grid support function. Currently, other objectives such as the minimization of line loss and the operational costs reduction are coming into the spotlight. In order to attain these objectives, the V/V function and hence the DER units shall actively respond to the change of distribution system conditions. In this paper, the modification of V/V function and new requirements are proposed. To derive new requirements of V/V function, loss minimization is applied to a particle swarm optimization (PSO) algorithm where the condition of voltage constraint is considered not to deteriorate the voltage stability of the distribution system.
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1. Introduction


Distributed Generations (DGs) have continuously increased due to immense use of electrical energy, exhaustion of fossil fuels, environmental pollutions, and other economic factors. Numerous projects have been implemented in a test-bed scale and many of these have been successfully deployed on a commercial scale. The penetration level of renewable energy sources in both Norway and Sweden has already exceeded 30% since 2012 and in the case of the US, the generation capacity of photovoltaic (PV) systems has exceeded 10 GW since 2013 [1,2]. In the case of Denmark, wind power’s share of total power consumption is expected to be approximately 50% by 2020 and the Danish government has proposed a goal of 100% renewable energy sources in 2050 [3].



High-level penetration of the renewable energy sources consequently deteriorates grid stability. Therefore, grid operators and the authorities limit the amounts of renewable energy sources and are making new grid code requirement to maintain the stability and the security of the power grid. Low-Voltage Ride-Through (LVRT) is one of the new requirements for DGs, and ensures the DGs stay connected with the grid in the case of small and not very long voltage dip events. It prevents cascading DG dropout from a small fault, which can lead to blackout of the whole grid.



To date, mainly power converter or inverter-interfaced DGs have been researched, developed, and standardized. This is due to the fact that variable alternative current (AC)/direct current (DC) sources are converted to power grid level through the power converter technology easily and efficiently. This technology also provides a fast response that is required to control the intermittent renewable energy sources for stable and safe operation. The greater the demands for the grid code become, the more standardized information of the inverter-interfaced DGs is required for effective data exchange and the interoperability between devices, as they contain various advanced functions, such as adjusting power factor, active power curtailment, Voltage/VAR (V/V) mode setting, LVRT [4,5].



Inverters which have these advanced functions are called smart inverters and are used for many purposes. Particularly in Medium Voltage (MV) microgrids or MV distribution networks, smart inverter-interfaced DGs have increased reliability and transmission efficiency due to use of their advanced functions. The V/V function is one of these, and its purpose is to increase the hosting capacity of DGs and to enhance the voltage stability of the system. Note that it is ineffective to use V/V function in Low Voltage (LV) networks. Conventionally, DGs have acted passively in the grids [6,7,8] and hence their hosting capacity has been limited [9,10,11]. To increase the hosting capacity of passively operating DGs and to enhance the voltage stability, an On-Load Tap Changer (OLTC) and shunt capacitors have been used to regulate the voltage [10,12]. However, in order to utilize DGs more actively, various V/V functions and control modes have been developed. Improving power factor function and Conservation Voltage Reduction (CVR) method are part of these, and many other types of V/V functions have been developed [13,14]. In [15], the reactive power support of DGs was used to mitigate voltage collapse. Inverter control strategy was proposed to allow DGs to support grid voltage during voltage sags in [16]. The limitation of maximum available active and reactive power of PV systems was evaluated in [17]. In [18], the adaptive zoning technique was proposed to recover the grid voltage within allowable limits after disturbances. The conventional V/V functions have been mainly focused on flattening voltage profile or regulating voltage in order to increase hosting capacity of DGs in distribution networks and to enhance the voltage stability. In this paper, new requirements of V/V function for purposes other than the voltage regulations are investigated.



The rest of the paper is organized as follows: Section 2 investigates International Electronical Committee (IEC) 61850 and control of DGs. Section 3 describes the problem formulation for investigating new requirements. Section 4 shows simulation results and suggests new requirements of V/V functions. Section 5 provides a conclusion and identifies areas for future work.




2. IEC 61850 and Control of DG


The standardization of DGs is necessary since the number and type of the energy sources are enormous, and the rating capacity and the forms of DGs are vary significantly. The standards of DGs can effectively control these enormously diverse DGs in distribution networks by exchanging data with other DGs and/or supervisory control systems. The standard contains communication protocols, data set, data exchange procedure, and functions.



IEC 61850—relating to communication networks and systems for power utility automation—was originally defined for data exchange between high-voltage devices in substations. But it is expanding its applicable area to various electric devices, such as DGs, for data exchange and communication protocols [19].



IEC 61850-7-420 defines standardized data models and data set of DGs, and IEC 61850-90-7 defines data models and functions for inverter-interfaced DGs [20,21]. The functions and applications are about connection/disconnection, adjusting maximum generation level and power factor, requesting active power, V/V mode setting, frequency management mode, dynamic reactive current support, LVRT/High Voltage Ride-Through (HVRT), voltage/watt management, etc. Of these, this paper focuses on the V/V function.



The V/V function can be managed by: (1) a specific DG unit itself; (2) multicast or broadcast of DGs in a specific area; and (3) schedule. In microgrids, control of DGs can be implemented by (1) and (2). For both methods, parameters, such as a slope of V/V function, are calculated and provided by supervisory control systems in order to control DG units. The third method, (3), uses prescheduled parameters for services, such as Demand Response (DR) or temperature change. The main purposes of using smart inverter-interfaced DGs are to use them as Virtual Power Plants (VPPs) and to implement DR. The former is mainly applied in Europe and the latter is mainly applied in North America [14].



Figure 1 shows the interface of DGs under IEC 61850-90-7 and describes three levels of hierarchy in data exchange, where PCC stands for Point of Common Coupling. The lower section describes autonomous DGs which respond to local conditions. Note that local conditions are unnecessary to DGs if DGs are disconnected from PCC. In this level, fast measurement ability of DG systems is important and predetermined parameters are used to control DG units. In the middle section, the DG Energy Management System (EMS) gives control references to lower-level DGs and is usually used in campuses, buildings, and microgrids. The top section of Figure 1 shows that unidirectional broadcast/multicast signals (such as emergency signals, pricing signals, and DG control mode change signals) are given by utilities. The broadcast/multicast can be implemented hourly, weekly, or seasonally and used for services which do not need fast response of DG units.


Figure 1. Interface of Distributed Generations (DGs) under IEC 61850-90-7 [21]. DER: Distributed Energy Resources; PCC: Point of Common Coupling, P2P: Peer-to-Peer, HMI: Human-Machine Interface, HAN: Home Area Network.
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The Korea Electrotechnology Research Institute (KERI) has been developing coordinated management systems of DGs and DG interfaces in accordance with IEC 61850 and IEC 61850-7-420. To this end, new requirements of V/V functions which can effectively manage DG units in a distribution network are being developed and investigated. In this study, the methods (1) and (2) are applied to calculate the slope of the V/V function. The slope of the V/V function is expressed as (see Figure 2):
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(1)




where Qavail is the available reactive power of DG, VDB,min and VDB,max are the minimum and the maximum dead band values (see Figure 2), respectively, for triggering the V/V function of inverters. VOP,min and VOP,max are the minimum and the maximum voltages, respectively, where V/V function operates. However, if the V/V curve is within a circular capability curve, Qavail should always be limited below the maximum reactive power Qmax, which is depends on the active power flow P as follows:
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(2)




where Srate is the rating of apparent power of the inverter.


Figure 2. Voltage/VAR function requirement for smart inverters [21].
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3. Problem Formulation


One of the main purposes of the V/V function is to increase the hosting capacity of DGs in distribution networks. Since the hosting capacity has a direct bearing on the voltage profile, the conventional V/V function is used to flatten the voltage profile as shown in Figure 2. In this paper, the possibility of utilization of the V/V function for another purpose without deteriorating hosting capacity of DGs is investigated. Since loss minimization is the most widely applied objective function in power system studies [22,23,24,25], line loss reduction is tested. For this purpose, Particle Swarm Optimization (PSO) and Newton-Raphson power flow calculation is used in the optimization algorithm.



3.1. Particle Swarm Optimization (PSO)


PSO is one of heuristic algorithms. Though it does not always guarantee the best solution (the smaller the problem is, the more accurate the solution is), it finds a solution close to the best one and is widely used due to its calculation speed and simplicity. Moreover, it is known to effectively solve nonlinear optimization problems [26] and is hence suitable for solving power system problems. PSO exhibits excellent performance in searching for the global optimum because it can diversify the swarm using a stochastic velocity term [5]. Particles look for the optimal solution in search space based on position, which is learnt heuristically and iteratively. The movement of the particles is based on the following relationships [5]:
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(3)
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(4)




where V is the velocity vector, X is the position vector, i is the particle index, k is the iteration index, subscripts pb and gb denote for position best and global best, respectively, c1 and c2 are acceleration constants, and rand1 and rand2 are random numbers with a uniform distribution in a range between 0.0 and 1.0. The best solution for each particle i until iteration k, Xkpb,i, memorizes its own best solution and the global best solution, Xgb, memorizes the best solution among the whole particles. Typically, the maximum value of c1 + c2 is 4, and an effective initial condition is c1 = c2 = 2 [26]. The parameters c1 and c2 are the elements which impact on the accuracy level of PSO. In this paper, both c1 and c2 are set to 0.5 grounds for empirical test results. More details can be found in [26].




3.2. Objective Function and Constraints


Since the purpose of the optimization algorithm is to minimize line losses of a distribution network, the objective function is formulated as:
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(5)




where Ploss is total line losses of a distribution network and fp is a penalty function. The penalty function is incorporated into the objective function in order to increase the value of objective function if constraint conditions are violated. The constraint conditions are as follows:

	
Vmin ≤ Vj ≤ Vmax, for all buses



	
−Qavail,DG,j ≤ QDG,j ≤ Qavail,DG,j, for all DG buses



	
QDG,j = 0, if VDB,min ≤ Vj ≤ VDB,max



	
Pgen = Pload + Ploss





where Vmin and Vmax are the allowable minimum and maximum voltages, respectively, Vj is the jth bus voltage, Qavail,DG,j is the available reactive power of a DG installed at jth bus, QDG,j is the reactive power of a DG installed at jth bus, Pgen is the total generation, and Pload is the total load. To satisfy and reflect the first constraint condition, the penalty function is expressed as:
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(6)




where Kp is the positive constant for adjusting the size of the penalty function. Note that overloading on lines and transformers is not considered in the penalty function since there is no such case in this study. The second and the third constraint conditions are handled in the midst of the optimization algorithm, which will be discussed in the next subsection, and the fourth constraint condition is satisfied during the power flow calculation.




3.3. Optimization Algorithm


The complete optimization algorithm is shown in Figure 3. The purpose of this algorithm is to minimize line losses by using the V/V function of DGs while maintaining the network voltage profile within the allowable ranges (in order not to deteriorate hosting capacity of DGs). Hence, the control variable (the position vector X) of the algorithm shown in Figure 3 is reactive power of each DG unit.


Figure 3. Flow chart of the algorithm.
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The algorithm starts with initialization of parameters and then calculates X and V according to Equations (3) and (4). Then, the algorithm checks if any of X elements exceeds its limit or not (this process is to satisfy the second constraint condition). If it exceeds its limit, it is set to the limit value and if not, the process goes on. With the updated X (reactive power of each DG unit), the power flow calculation is implemented and the objective function J is calculated according to Equations (5) and (6). Subsequently, the algorithm checks if the DG bus voltages are within the range of dead band or not. If any of the DG bus voltages exceeds its dead band range, the algorithm sets the corresponding DG reactive power to 0 and repeats the power flow calculation. If all of them are within the dead band range, Xgb and Xpb are updated. The whole process is repeated until the iteration number reaches its maximum value which is set at the beginning of the algorithm. The power flow calculation used in this study is Newton-Raphson power flow calculation method referred to in [27].



By implementing the algorithm, the reactive power of each DG unit for loss minimization is calculated. However, the control variable of the V/V function is not the reactive power output but the slope of the V/V function. This is because this study is focused on the V/V curve setting specified in IEC 61850-90-7 as well as the flattening of the voltage profile. Furthermore, optimal power reference signals are updated every five minutes [28]. This could not be faster due to calculation time. Hence, within five minutes, a fixed point power reference cannot cope with the voltage variation whereas the V/V curve can. Therefore, by using the output reactive power of DGs acquired from the algorithm, the slope of the V/V function can be calculated as:
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(7)




where
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(8)







Equation (7) can be calculated by using the results of the power flow calculation.





4. Case Studies and Suggestions for a New Volt/VAR Function


In order to investigate the effective utilization of an inverter’s V/V function, the loss minimization algorithm is developed and tested. Note that the loss minimization is one of the various potential ways to use the V/V function and the loss minimization is tested in this study to find out the possibility of the V/V function for other purposes.



As shown in Figure 4, Institute of Electrical and Electronics Engineers (IEEE) 37 node test feeder referred to in [29], with slight modification, was used for testing the proposed method. The nominal voltage of the feeder is 4.8 kV, which is a MV level [30]. There is an OLTC between bus 799 and 701 as shown in Figure 4. The default value of the reference voltage of the secondary side of OLTC is 1.0167 pu. Practically, the secondary side of the OLTC voltage varies from 1.0 to 1.033 pu since the voltage bandwidth is ±0.0167 pu. However, the power flow calculation gives a steady state solution and hence the bus voltage of the OLTC should be fixed to a constant value while using Newton-Raphson power flow calculation (usually it is 1.0 pu). In this study, the OLTC bus voltage is set to 1.0167 according to its reference value. Three DG units, DG1, DG2, and DG3 are connected at bus 720, 730, and 741, respectively and active power ratings are 1, 1, and 0.5 MW, respectively. Vmin, Vmax, VDB,min, and VDB,max are 0.95 pu, 1.05 pu, 0.99 pu, and 1.01 pu, respectively. The loads and lines are assumed to be three phase balanced and the load demand for each bus is shown in Table 1. All loads are assumed to be a constant power model. The line impedances are shown in Table 2 in pu with the base power and voltage of 1 MW and 4.8 kV, respectively.


Figure 4. IEEE 37 node test feeder [29].



[image: Energies 09 00929 g004]






Table 1. Load demand of each bus.







	
Bus Number

	
Heavy Load Condition

	
Light Load Condition




	
Active Power (MW)

	
Reactive Power (MVAR)

	
Active Power (MW)

	
Reactive Power (MVAR)






	
701

	
0.6300

	
0.3150

	
0.1260

	
0.0630




	
712

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
713

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
714

	
0.0378

	
0.0180

	
0.0075

	
0.0036




	
718

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
720

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
722

	
0.1608

	
0.0800

	
0.0322

	
0.0160




	
724

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
725

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
727

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
728

	
0.1260

	
0.0630

	
0.0252

	
0.0126




	
729

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
730

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
731

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
732

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
733

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
734

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
735

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
736

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
737

	
0.1400

	
0.0700

	
0.0280

	
0.0140




	
738

	
0.1260

	
0.0620

	
0.0252

	
0.0124




	
740

	
0.0850

	
0.0400

	
0.0170

	
0.0080




	
741

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
742

	
0.0930

	
0.0441

	
0.0186

	
0.0088




	
744

	
0.0420

	
0.0210

	
0.0084

	
0.0042




	
Total

	
2.457

	
1.201

	
0.4913

	
0.2402










Table 2. Line data of the network.







	
Bus Number

	
Impedance (pu)




	
From

	
To

	
Resistance

	
Reactance






	
799

	
701

	
0.004473

	
0.002951




	
701

	
702

	
0.003770

	
0.002364




	
702

	
705

	
0.006928

	
0.002570




	
705

	
712

	
0.004156

	
0.001542




	
705

	
742

	
0.005540

	
0.002057




	
702

	
713

	
0.003849

	
0.002002




	
713

	
704

	
0.005557

	
0.002892




	
704

	
714

	
0.001385

	
0.000514




	
714

	
718

	
0.001385

	
0.000514




	
704

	
720

	
0.008551

	
0.004449




	
720

	
707

	
0.015931

	
0.005913




	
707

	
722

	
0.002078

	
0.000771




	
707

	
724

	
0.013158

	
0.004885




	
720

	
706

	
0.006416

	
0.003336




	
706

	
725

	
0.004850

	
0.001800




	
702

	
703

	
0.005184

	
0.003251




	
703

	
727

	
0.004156

	
0.001542




	
727

	
744

	
0.002993

	
0.001557




	
744

	
728

	
0.003463

	
0.001285




	
744

	
729

	
0.004850

	
0.001800




	
703

	
730

	
0.006416

	
0.003336




	
730

	
709

	
0.002138

	
0.001112




	
709

	
731

	
0.006416

	
0.003336




	
709

	
708

	
0.003421

	
0.001780




	
708

	
732

	
0.005540

	
0.002056




	
708

	
733

	
0.003421

	
0.001780




	
733

	
734

	
0.005987

	
0.003115




	
734

	
710

	
0.009007

	
0.003343




	
710

	
735

	
0.003463

	
0.001285




	
710

	
736

	
0.022165

	
0.008226




	
734

	
737

	
0.006842

	
0.003559




	
737

	
738

	
0.004276

	
0.002225




	
738

	
711

	
0.004276

	
0.002225




	
711

	
740

	
0.003463

	
0.001285




	
711

	
741

	
0.004276

	
0.002225










In total, three cases were studied for considering heavy/light load conditions and full/no load states of DG units. In each case, the voltage profile with the optimal algorithm was compared with other control methods that adjust SV/V by changing Qavail. From Equation (1), note that SV/V can be changed by adjusting three variables, VDB, VOP, and Qavail. However, in this study, only Qavail is adjusted to vary SV/V for the sake of convenience. The maximum values of Qavail (100%) of DG1, DG2, and DG3 are 0.62, 0.62, and 0.31 MVAR, respectively, on the basis of [21], which notices that an inverter applying IEC 61850 standard should be able to operate the power factor of 0.85 with respect to its active power rating.



4.1. Case 1


In this case, all DG units are injecting full power (1 pu) into the grid during the condition of heavy load, and the simulation result is shown in Figure 5. Typically, heavy load condition may cause under voltage of the feeder, whereas full load state of DG units may occur overvoltage of the feeder. Both conditions have cancelled out over/under voltage effects and result flat voltage profile (note that all bus voltages are close to the reference voltage of 799 bus when Qavail = 0%) as shown in Figure 5. By adjusting Qavail from 0 to 100%, the overall voltage of the feeder is lowered since the voltages of DG buses (720, 730, and 741) exceed VOP,max and hence all DG units absorb reactive power according to Equations (1), (7) and (8).


Figure 5. Voltage profiles for heavy load condition while all DG units output full power.
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The optimal value of Qavail is shown in Table 3 (see Case 1). Note that all values of Qavail have a minus sign, which means that the DG units inject reactive power to the feeder even if each DG bus voltage exceeds VDB,max. As shown in Table 4 (see Case 1), the line loss was reduced by applying the loss minimization algorithm. From Figure 5 and Table 4, it can be noticed that the more the bus voltages rise, the more the line loss is reduced. The major reason for this effect is due to the fact that all loads are modeled as a constant power model. For a constant power load model, the load current IL can be expressed as:
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(9)




where PL is the active power load and VL is the corresponding bus voltage. From Equation (9), it can be noticed that the load current becomes smaller if the bus voltage becomes higher since the power is constant in a constant power load model. The line loss is proportional to the square of line current and hence the line loss is reduced if the load is modeled as a constant power model and the load bus voltage becomes higher.



Table 3. Optimal Qavail for each case.







	
DG Bus Number

	
Qavail




	
Case 1

	
Case 2

	
Case 3






	
720

	
−46.41%

	
−5.63%

	
-




	
730

	
−88.21%

	
−12.96%

	
-




	
741

	
−71.26

	
50%

	
-










Table 4. Total line losses for each case.







	
Method

	
Line loss (kW)




	
Case 1

	
Case 2

	
Case 3






	
Qavail = 0%

	
29.6

	
69.5

	
3.1




	
Qavail = 50%

	
37.2

	
84.0

	
-




	
Qavail = 100%

	
42.5

	
117.7

	
-




	
Optimal

	
16.2

	
74.3

	
-










If all DG units output zero power, they behave similarly to reactive compensators. As many studies in the literature have already discussed loss minimization and flattening of the voltage profile using the reactive compensators, the case of zero output power under heavy load condition is omitted in this study.




4.2. Case 2


The most significant problem may occur in this case where the system load demand is low and all DG units are injecting full power into the grid. These conditions may cause over-voltage in the feeder. As shown in Figure 6, the voltage profiles are relatively higher than other cases. This is particularly true when Qavail = 0% and the voltage of some buses (737, 738, 711, 740, and 741) exceeds their limit, 1.05 pu. As Qavail increases, the voltage profile is lowered and flattened. However, as mentioned in Case 1, the voltage has to be high in order to decrease the line loss. As shown in Table 4 (see Case 2), the line loss increases as Qavail increases.


Figure 6. Voltage profiles for light load condition while all DG units output full power.
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By implementing the algorithm shown in Figure 3, the optimal values of Qavail are acquired as shown in Table 3 (see Case 2). Note that Qavail of DG3 has the value of the plus sign whereas the others (DG1 and DG2) have a minus sign. This means that for a specific feeder condition, some DG units require negative SV/V (the conventional one) whereas the others require positive SV/V. The line loss was decreased by applying the optimization algorithm as shown in Table 4 (see Case 2). Note that the case where Qavail = 0% shows smaller line loss than the optimal case but the former case violates the voltage constraints.




4.3. Case 3


Figure 7 shows the voltage profile of the feeder for light load condition while all DG units output zero power. Since all DG units do not generate power, overvoltage does not occur. When Qavail = 0%, all DG unit bus voltages are within their dead band, the reactive power compensation is unnecessary. Therefore, the optimization algorithm is not tested in this case. However, it may need to be tested to find out optimal SV/V if VDB and VOP are adjusted.


Figure 7. Voltage profiles for light load condition while all DG units output zero power.
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4.4. Suggestions for a New Volt/VAR Function


Case studies show that in specific conditions, the slope of the V/V function has to be operated in the opposite manner. This means that SV/V has to have a positive value, while it is conventionally a negative value. The positive value of SV/V is needed to reduce line loss by increasing the voltage level and it is effective only for constant power loads as shown in Equation (9). However, in practical power systems, not only constant power loads but also constant current loads and constant impedance loads are contained. This is particularly so in the case of constant impedance loads, where, unlike constant power loads, the load current and hence the line loss is reduced as the bus voltage is decreased. Subsequently, types of load (whether it is a constant power load or a constant impedance load or a constant current load) and the corresponding bus location have to be considered also in order to reduce line loss in practical power systems. Consequently, in order to determine the value each DG unit’s SV/V, the acquirable and the necessary data are as follows:

	
Local time—Using the present local time, the present load condition can be estimated (whether it is a light or a heavy load condition).



	
Types of loads—The types of loads (constant power load/constant impedance load/constant current load) affect the sign of SV/V. In practice, types of load are mixed, and hence the most dominant type of load at each bus may be used. The most dominant type of load can be determined by extracting ZIP coefficients, which stand for constant impedance Z, constant current I, constant power P loads. The expressions for active and reactive powers of the ZIP coefficients model are described as [31]:
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(10)




where P is the active power at operating voltage Vi, P0 is the active power at rated voltage V0, and Zp, Ip, and Pp are the ZIP coefficients for active power. As shown in Equation (10), constant impedance model depends quadratically on the voltage, and constant current load depends linearly on the voltage. The details of extracting ZIP coefficients are described in [31]. After determining the type of load at each bus as the dominant type, the power flow calculation is implemented with the determined load type.



	
Locations of loads—If the constant power loads are dominant in the vicinity of DG unit, the V/V function has to be operated in order to raise the bus voltage whereas if the constant impedance loads are dominant in the vicinity of DG unit, the V/V function has to be operated in the opposite way.



	
Bus voltage—The local bus voltage has to be measured to determine whether the conditions are of undervoltage or overvoltage.



	
Output active power—The output active power affects the power factor as well as the bus voltage.



	
State estimation—Instead of the forecasted data, the state estimation data based on measurements (voltage, power flow) is required to acquire load data since the forecasted data could introduce large uncertainties.








Taking into consideration the above variables, the decision-making process for a value of SV/V is shown in Figure 8 and an operating range for a new V/V function is shown in Figure 9. Unlike the conventional V/V function shown in Figure 2, in the new V/V function, SV/V can be determined as either positive or negative value. The slope SV/V can be formed flexibly within the operating range shown in Figure 9. As shown in Figure 8, the acquirable local data are used to implement an optimization algorithm. In this study, only the constant power load is considered since the constant current load has nothing to do with the voltage and line loss relationship. This is because no matter what the voltage is, the current flowing through the lines due to the constant current load is same. Note that the loss minimization is the objective function in this study. Moreover, the constant power load is more dominant than the constant impedance load in the distribution network [31]. The objective function of the optimization algorithm can be determined by the system operator (in this study it is of loss minimization). For instance, at the bus with a voltage magnitude higher than 1 pu, when the objective function of the algorithm is to minimize loss, DGs in the vicinity of the constant power load inject the reactive power into the grid. When the objective function is to keep the grid voltage close to 1 pu, they absorb the reactive power. The voltage profile has to be considered as a constraint condition since it affects the hosting capacity of DG units. As shown in Figure 9, unlike the conventional V/V function, the positive slope as well as the negative slope has to be contained in the operation range.


Figure 8. Decision-making process of SV/V.
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Figure 9. Operating range for a new Volt/VAR function.
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5. Conclusions and Future Works


This paper proposes new requirements for V/V function in IEC 61850 for smart inverter-interfaced DG control. The conventional V/V function acts passively only for increasing hosting capacity of DG units and for enhancing the voltage stability whereas the proposed requirements can be used also for other purposes, such as loss minimization. Since IEC 61850 is the most widely used standard for DG control, incorporating new requirements for many purposes can make DGs useful in various aspects in order to enhance the efficiency of power systems. For the proposed requirements, the local time, types of loads, and location of loads have to be provided for determining the slope of V/V function (SV/V) and a new operating range of V/V function.



For future works, objective functions other than loss minimization have to be considered in order to prove the effectiveness of the proposed requirements. The other types of loads, such as constant current load and constant impedance load, have to be also considered since in this study, only constant power loads are contained in the system. As discussed in Section 4, the other types of loads may affect the process of determining the optimal SV/V differently. For instance, the constant power load increases the line loss if the voltage drops, whereas the constant impedance load increases the line loss if the voltage rises.
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