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Abstract:



In this paper, a conservation voltage reduction (CVR) scheme is proposed for a distribution system with intermittent distributed generators (DGs), such as photovoltaics and wind turbines. The CVR is a scheme designed to reduce energy consumption by lowering the voltages supplied to customers. Therefore, an unexpected under-voltage violation can occur due to the variation of active power output from the intermittent DGs. In order to prevent the under-voltage violation and improve the CVR effect, a new reactive power controller which complies with the IEEE Std. 1547TM, and a parameter determination method for the controller are proposed. In addition, an optimal power flow (OPF) problem to determine references for the resources of CVR is formulated with consideration of the intermittent DGs. The proposed method is validated using a modified IEEE 123-node test feeder. With the proposed method, the voltages of the test system are maintained to be greater than the lower bound, even though the active power outputs of the DGs are varied. Moreover, the CVR effect is improved compared to that used with the conventional reactive power control methods.
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1. Introduction


Driven by advances in information and communications technologies, various next-generation distribution management systems (DMSs) have been proposed for more reliable and efficient operation of a distribution system with distributed generators (DGs), e.g., advanced DMS [1] and smart DMS [2]. In the next-generation DMSs, network-model-based analysis functions, such as topology process and power flow, have been adopted for more reliable and economic operation. The state of the distribution system can be estimated accurately from the measured data and network model including branch parameters. Moreover, operation resources can be controlled remotely via a suitable communication infrastructure.



Volt/var control (VVC), one of the key technologies required for a DMS, maintains the voltages of the distribution system within specified bounds, such as those stated by the American National Standards Institute (ANSI) [3] and Canadian Standards Association (CSA) [4]. Among the various VVC methods, conservation voltage reduction (CVR) is one of the easiest ways to reduce the peak load and total energy consumption and it has become the major function of VVC [5]. The basic idea of CVR is that the active and reactive power demands of a load generally decrease as the supplied voltage decreases. The decrease in the reactive power demand also reduces the line loss of the distribution system. Consequently, both the active power demand and the line loss can be reduced by lowering the supplied voltages. The first wide-scale CVR was implemented by American Electric Power (AEP) in 1973 [6]. Since then, numerous electric utilities have implemented CVR and its practical effects have been evaluated. It has been reported that energy consumption can be reduced by 0.3%–1.0% by reducing the voltage by 1.0% [5,6,7,8,9,10].



Traditionally, on-load tap changers (OLTCs) on substation transformers, step voltage regulators (SVRs), and shunt capacitors (ShCs) on distribution feeders are used for CVR. With the recent increase in the interconnection of DGs that can control reactive power, the DGs are also considered as one of the controllable resources for CVR [11,12,13,14,15]. Among various methods to implement CVR, network-model-based methods will likely be adopted for the next-generation DMSs because more reliable and optimal CVR can be achieved. With the network-model-based methods, references for the volt/var control devices are calculated by solving the optimal power flow (OPF), representing CVR in the DMS; these are then sent to each volt/var control device via a communication infrastructure. Since creating a base case for the OPF from measurements and solving the OPF are time consuming, the references are periodically determined with a certain time interval. During the interval, the voltage problems caused by the active power variations of intermittent DGs, such as photovoltaics and wind turbines, should be resolved by local controllers of the DGs, because the conventional devices, such as SVRs and ShCs, are unable to respond to a fast voltage variation [5]. Therefore, in order to implement reliable and optimal CVR for a distribution system with the intermittent DGs, the effect of intermittency should be taken into account in both the OPF of the DMS and the local controller of the DGs.



Recently, uncertainty issues have emerged in distribution system operation [16,17]. In [11,12,13,14,15], while the formulations of the OPF were proposed to utilize the DG for the CVR, the characteristics of the intermittent DGs were not considered. Meanwhile, various reactive power control methods for the intermittent DG have been proposed, e.g., fixed power factor control, variable power factor control [18], fixed voltage control, and advanced reactive power control methods, including volt-var and volt-watt response modes [19]. However, these methods are not optimized for CVR. Therefore, a new CVR method is proposed in this paper for a distribution system with intermittent DGs that includes: (1) OPF formulation for the DMS and (2) reactive power controller for the DGs. With the proposed method, the power references and control parameters for volt/var control devices including the DGs are determined periodically by solving the OPF in the DMS and the reactive power output of the DG is controlled by using the proposed local controller in real-time. The remainder of the paper is divided into five sections and is organized as follows: in Section 2, the requirements for a local reactive power controller of the intermittent DGs to improve the CVR effect are discussed and a new reactive power controller satisfying the requirements is proposed. The OPF formulation method with consideration of the intermittent DGs and a method to determine power references for the proposed controller are presented in Section 3. Section 4 presents a method to determine the control parameters for the proposed controller. In Section 5, the effects of the proposed method are validated from various case studies. Finally, Section 6 contains concluding remarks.



The major contribution of this paper is that a CVR method considering the intermittency of the active power output of the DGs. A reactive power controller of an intermittent DG is designed to maximize CVR effect based on the voltage characteristics of a distribution system. In addition, a method to determine the control parameters for the reactive power controller is proposed not only to maximize the CVR effect but also to prevent an unexpected under voltage violation.




2. Reactive Power Control Method for an Intermittent DG: Local Controller


2.1. Effect of Active Power Variation on Node Voltage


Figure 1a illustrates various examples of node voltage according to the variation of active power output of a DG when the reactive power output is fixed at [image: there is no content] (reactive power reference determined by solving the OPF), as shown in Figure 1b. In the OPF of the DMS, [image: there is no content] is calculated such that the voltages are close to the lower voltage bound ([image: there is no content]) when the active power output is equal to [image: there is no content] (active power output of the DG for the base case of the OPF). If the active power output is less than [image: there is no content], voltages will decrease and thus an under-voltage can occur. On the contrary, if the active power output is higher than [image: there is no content], the effect of CVR will be degraded due to the increase in the voltage. In summary, the reactive power output of the DG should be controlled appropriately according to its active power output for the reliable and efficient CVR.


Figure 1. Voltage magnitude and reactive power variation according to active power: Fixed reactive power controller, (a) Voltage magnitude; (b) Reactive power.



[image: Energies 09 00666 g001]







2.2. Proposed Reactive Power Controller


Figure 2a shows an ideal voltage profile that maximizes the CVR effect. For this, the reactive power output of a DG should be controlled piecewise linearly according to the active power output as shown in Figure 2b, where, for simplicity of discussion, it is assumed that the voltage magnitude sensitivities of all nodes with respect to the reactive power of the DG are the same in this section. However, since it is difficult to determine the exact active power versus reactive power characteristic for a practical distribution system with many DGs, a simplified version of the aforementioned ideal controller is proposed.


Figure 2. Voltage magnitude and reactive power variation according to active power: Ideal reactive power controller for CVR, (a) Voltage magnitude; (b) Reactive power.



[image: Energies 09 00666 g002]






The proposed reactive power controller uses the conventional fixed reactive power controller but the reference ([image: there is no content]) is adaptively determined, as shown in Figure 3. In the controller, the reference is calculated from the measured active power output, PDG, as:


[image: there is no content]



(1)




where [image: there is no content] and [image: there is no content] are the reactive and active power references, respectively, and R− and R+ are the lower and upper droop constants, respectively. If the active power output is smaller than the reference value, the lower droop constant will be used to determine the reactive power output; otherwise, the upper droop constant is used. The proposed controller complies with the IEEE Std. 1547TM [20] (which specifies the standard for interconnecting DGs), because it does not actively regulate the voltage of the point of common coupling (PCC). Since the power references and the droop constants should be determined with consideration of the state of the distribution system, these should be calculated in the next-generation DMS as shown in Figure 3. The calculation method will be presented in the next section.


Figure 3. Outline of the proposed reactive power controller.



[image: Energies 09 00666 g003]






If the active power output of the DG is equal to [image: there is no content], the reactive power output should be identical to [image: there is no content]. Therefore, [image: there is no content] and [image: there is no content] are set at [image: there is no content] and [image: there is no content], respectively. The relationship between the active and reactive power outputs of the proposed controller is illustrated in Figure 4b, and with proper droop constants, the voltages can be controlled as shown in Figure 4a. Since the reactive power output is determined by two line segments given by the droop constants and the references, the proposed controller will be referred to as the “two-segment reactive power versus active power (Q–P) droop controller”.


Figure 4. Voltage magnitude and reactive power variation according to active power: Proposed reactive power controller, (a) Voltage magnitude; (b) Reactive power.



[image: Energies 09 00666 g004]








3. Power Reference Determination: DMS Function


Since the aim of CVR is to reduce the energy consumption of a distribution system, the problem can be formulated as follows [21].


[image: there is no content]



(2)




subject to:


[image: there is no content]



(3)






[image: there is no content]



(4)






[image: there is no content]



(5)




where [image: there is no content] is the active power drawn from the substation, [image: there is no content] and [image: there is no content] are the active and reactive powers injected by loads and DGs connected to node i, [image: there is no content] and [image: there is no content] are the voltage magnitude and angle of node i, [image: there is no content] and [image: there is no content] are the real and imaginary parts of the bus admittance matrix, x is the decision variable, and [image: there is no content] and [image: there is no content] are the lower and upper bounds of the decision variable i. The decision variables consist of references for the volt/var control devices, such as tap positions for the SVRs and OLTCs, states of ShCs, reactive power outputs of DGs, and the voltage magnitudes and angles. Because the reduction of the active power consumption is identical to the reduction of the energy consumption in point of CVR, the objective function is formulated in terms of active power. Because the optimization problem includes power flow Equations (3) and (4), it is classified as an OPF problem [22]. In the CVR problem, the DGs connected to low voltage network, less than 1 kV, are not considered because general DMSs do not control them directly. However, if a DMS should control all DGs including the DGs connected to the low voltage network, the proposed method can be used by adopting aggregated DG models for the DGs connected to the low voltage network.



Due to the large number of possible combinations of active power outputs of the intermittent DGs, it is almost impossible to determine both the references for the volt/var control devices and the droop constants for the proposed controller to ensure no voltage problem by solving a single OPF. Therefore, in the proposed method, the problems are decoupled. The references are first determined by solving the OPF given by Equations (2)–(5). Then, the droop constants are calculated from the optimal solution of the OPF by using the method presented in the next sections. In this section, the modifications of the OPF formulation to consider intermittent DGs and the power reference determination from the optimal solution of the OPF are presented.



3.1. Modifications of the OPF


Since the references are determined by solving the OPF, the base case of the OPF should be carefully chosen. If the measured active power output of the intermittent DG that can vary rapidly and randomly is directly used to generate the base case, the reference value of the mechanical switch based volt/var control devices can change frequently. The frequent switching operation of devices such as OLTCs and SVCs will reduce their lifetime and the system operation cost will thus be increased. Therefore, an appropriate value that changes slowly and gradually over time should be used as the active power output of the DG for the base case.



The change in the expected value of the active power output with respect to time is slow and gradual. Thus, the expected value is used for the base case in the proposed method:


[image: there is no content]



(6)




where [image: there is no content] is the active power output of DG k for the base case, [image: there is no content] is the active power output of DG k, and E[·] is the expected value operator. The expected value can be obtained from a forecasted probability density function (PDF) or historical data [23].



For a dispatchable DG, the reactive power reference should be in the range determined by specific power factors, as given by a grid code [24]. Therefore, the reactive power limits for the intermittent DG are also determined based on the power factors:


[image: there is no content]



(7)






[image: there is no content]



(8)




where [image: there is no content] and [image: there is no content] are the minimum and maximum limits of the reactive power of DG k for the OPF and [image: there is no content] and [image: there is no content] are the minimum leading power factor and the minimum lagging power factor, respectively. Consequently, if the active power output of the intermittent DG is not varied, it is treated as the same as a dispatchable DG.




3.2. Power Reference Determination


It is clear that the reactive power of the DG should be identical to that of the optimal solution of the OPF, [image: there is no content], if the active power is identical to that of the base case of the OPF, [image: there is no content]. Therefore, the active and reactive power references for the proposed reactive power controller of DG k are set at [image: there is no content] and [image: there is no content], respectively, i.e., [image: there is no content] and [image: there is no content].





4. Droop Constant Determination: DMS Function


If the lower droop constant is too small or the upper droop constant is too large, the DG cannot supply enough reactive power to keep the voltages above the lower voltage bound. In the opposite case, the voltages will be excessively increased due to the excessive reactive power supply and thus the effect of CVR will be degraded. Therefore, to achieve the best effect of CVR while ensuring no under-voltage violation, a two-stage method to determine the optimal droop constant is proposed: (1) initial estimation and (2) final correction. In the initial estimation stage, the droop constants are determined considering only the active power output variation of a single DG. Then, in the final correction stage, the droop constants are refined considering the active power variation of multiple DGs.



4.1. Initial Estimation


Voltage variations due to an active power change of a DG should be compensated for by the DG itself since voltage measurements are not used in the proposed controller. When the active and reactive power outputs of only one DG k, PDG,k and QDG,k, change while those of the other DGs are fixed at the values given by the OPF, the voltage magnitude of node i can be approximated as:


[image: there is no content]



(9)




where [image: there is no content] and [image: there is no content] are the voltage magnitude sensitivities of node i with respect to the active and reactive power outputs of DG k, respectively, at the optimal operating point determined by the OPF. The sensitivities can be calculated by using Jacobian matrix.



In the proposed controller, [image: there is no content] and [image: there is no content] are used as the active and reactive power references, and it can be assumed that the reactive power output is the same as the reference value in the steady-state. If the active power output is less than the reference value, i.e., [image: there is no content], the lower droop constant will be used and the voltage magnitude of node i can be written as follows:


[image: there is no content]



(10)







Therefore, the minimum voltage constraint for node i can be written as:


[image: there is no content]



(11)







Since power systems are designed and operated so that the voltage magnitude sensitivity with respect to the reactive power is always positive [25], the constraint for the lower droop constant can be formulated as follows by rearranging Equation (11):


[image: there is no content]



(12)







Because [image: there is no content] is always greater than or equal to [image: there is no content], the value of the right-hand side of the inequality will be the maximum when the active power output is equal to the minimum value, [image: there is no content]. Therefore, the constraint is modified as:


[image: there is no content]



(13)







The initial lower droop constant for DG k is determined as follows because the minimum voltage constraint should be satisfied for all nodes.


[image: there is no content]



(14)







From the similar procedure, the initial upper droop constant can be given by:


[image: there is no content]



(15)




where [image: there is no content] is the possible maximum active power output of DG k. The overall procedure to determine the initial droop constants is summarized in Figure 5.


Figure 5. Flow chart of the initial estimation.



[image: Energies 09 00666 g005]







4.2. Final Correction


Since the droop constants are calculated considering the active power variation of a single DG in the initial estimation, an under-voltage violation can occur when active power outputs of two or more DGs vary simultaneously. Therefore, the droop constants should be corrected with the consideration of the active power output changes of multiple DGs.



Figure 6 shows examples of the possible node voltage trajectory according to the active power output change of the DG when the two-segment Q–P droop controller is adopted.


Figure 6. Possible trajectory of the node voltage magnitude with the two-segment Q–P droop controller.



[image: Energies 09 00666 g006]






As shown in the figure, the gradient can be changed drastically at the reference active power. Therefore, two sets of the sensitivities calculated at two representative operating points, denoted as “L” and “U”, are used to correct the droop constants in the proposed method. At “L”, active power outputs of DGs are given by:


[image: there is no content]



(16)







Since the active power output is smaller than its reference value, the reactive power output is determined as:


[image: there is no content]



(17)







At the operating point “U”, the active and reactive power outputs are given by:


[image: there is no content]



(18)






[image: there is no content]



(19)







By using the sensitivities calculated at the operating points and (10), the gradients of the voltage magnitude of node i with respect to the active power output of DG k can be approximated as:


[image: there is no content]










[image: there is no content]



(21)




where [image: there is no content] is the gradient when the active power output is smaller than its reference, [image: there is no content] is the gradient when the active power output is larger than its reference, and (∙)|L and (∙)|U refer to the sensitivities calculated at operating points “L” and “U”, respectively.



From the gradients, the active power output that minimizes the voltage magnitude can be inferred. For example, if both of the gradients are positive (i.e., Case 1 shown in Figure 6), the minimum voltage occurs when the active power output is equal to its minimum. For all possible cases, the active power output of DG k, [image: there is no content], can be determined:

	
[image: there is no content]



	
[image: there is no content]



	
[image: there is no content]



	
[image: there is no content]



	
[image: there is no content]: [image: there is no content]



	
Otherwise: [image: there is no content].








Using the gradients and the active power outputs, the minimum voltage magnitude can be estimated as:


[image: there is no content]



(22)







If the estimated minimum voltage is less than the lower bound, the droop constants should be modified to eliminate the under-voltage violation. If the lower droop constant is activated (i.e., [image: there is no content]), the lower droop constant should be increased. On the contrary, if the upper constant is activated (i.e., [image: there is no content]), the upper droop constant should be reduced. In the proposed method, only the activated droop constants are corrected as:


[image: there is no content]



(23)






[image: there is no content]



(24)




where α is a positive constant.



The voltage magnitude with the corrected droop constants can be approximated as follows because [image: there is no content] and [image: there is no content] corresponding to inactivated droop constants are zero:


[image: there is no content]



(25)







From Equations (20)–(22), the corrected voltage can be written as:


[image: there is no content]



(26)







Because the corrected voltage should be equal to the lower bound ([image: there is no content]) to maximize the CVR effect, α is given by:


[image: there is no content]



(27)







Finally, the droop constants are corrected by using Equations (23) and (24). Even though the corrected droop constants are used, the voltage magnitude of node i can be smaller than its lower bound for another combination of the active power outputs. Therefore, the procedure is repeated until the estimated minimum voltage magnitude given by Equation (22) is larger than or equal to the lower bound. The overall procedure used to correct the droop constants is summarized in Figure 7.


Figure 7. Flow chart of the final correction.



[image: Energies 09 00666 g007]








5. Case Studies


Two test systems based on the IEEE 123-node test feeder shown in Figure 8 were used to validate the effects of the proposed method [26]:


Figure 8. IEEE 123-node test feeder.



[image: Energies 09 00666 g008]






Two-DG system: two three-phase 1.5-MW DGs are connected to nodes 66 (DG1) and 250 (DG2) of the original system via transformers (1.7 MVA, 4.16/0.69 kV, 0+j1%).



Five-DG system: five three-phase 1.0-MW DGs are connected to nodes 49, 66, 89, 250, and 300 via transformers (1.2 MVA, 4.16/0.69 kV, 0+j1%).



It was assumed that the two voltage regulators (VRs) circled in Figure 8, VR 1 and VR 4, together with all DGs, were utilized to implement the CVR. With the two-DG system, the effects of the proposed method were investigated in detail by comparing the effects with those of the conventional reactive power control methods, i.e., fixed reactive power (FQ) control and fixed voltage (FV) control. The aim of the test with the five-DG system is to show that the proposed method is also effective for a distribution system with many DGs.



Because the OPF given by Equations (2)–(5) is a mixed integer problem, it was solved by using the predictor and corrector interior point method [27] and the branch and bound method [28]. The operational lower and upper bounds of voltages for all nodes were 0.95 p.u. and 1.05 p.u., respectively. During the OPF procedure, the minimum leading and lagging power factors of the DGs were set at 0.9. In order to calculate the steady-state voltage variation of nodes, the forward/backward sweep power flow method was used [29]. In the power flow, the DGs were represented by using the type 1 model presented in [30]. For the reactive power adjustment of the voltage-controlled DG in the power flow, the method proposed in [31] was adopted.



5.1. Voltage Control Capability: Two-DG System


The load models (ZIP model) and power consumption of each load were set as identical to those of the original IEEE 123-node system and the expected active power outputs of the DGs were 750 kW, which is 50% of the rated value. By solving the OPF, the tap position references for VRs and the references for DGs were determined as shown in Table 1 and Table 2, respectively. Since the FV controller is designed to maintain the measured positive-sequence voltage at the reference value [31], the reference was set to be the same as the positive-sequence voltage calculated from the OPF. The droop constants for the proposed two-segment Q–P droop controller are summarized in Table 3. In the final correction, the droop constants were changed by up to 21.7% from the initial values.



Table 1. References for Reactive Power Controllers.







	
VRs

	
Phase A

	
Phase B

	
Phase C






	
VR1

	
1

	
−5

	
−2




	
VR4

	
3

	
1

	
1










Table 2. References for Reactive Power Controllers.







	
Controller

	
DG 1

	
DG 2






	
FQ

	
[image: there is no content] = 171.7 kVAr

	
[image: there is no content] = 110.6 kVAr




	
FV

	
Vref = 0.9635 p.u.

	
Vref = 0.9636 p.u.




	
Proposed Q–P droop

	
[image: there is no content] = 750 kW; [image: there is no content] = 171.7 kVAr

	
[image: there is no content] = 750 kW; [image: there is no content] = 110.6 kVAr










Table 3. Droop Constants for DGs (Unit: VAr/W).







	
DG

	
Initial Value

	
Final Value




	
R–

	
R+

	
R–

	
R+






	
DG 1

	
0.3885

	
0.2424

	
0.4276

	
0.2013




	
DG 2

	
0.3533

	
0.2002

	
0.3997

	
0.1567










In order to analyze the effect of the intermittent active power output of the DGs on the voltage variation, the minimum voltage of the test system was observed by changing the active power output of each DG by 75 kW. The contour plots of the minimum voltage according to the control methods are shown in Figure 9. The regions filled with blue colors denote that the voltage is less than its lower bound.


Figure 9. Contours of the minimum voltage (QP: two-segment Q–P droop control), (a) fixed reactive power; (b) fixed voltage; (c) QP w/initial droop constant; (d) QP w/final droop constant.



[image: Energies 09 00666 g009]






With the conventional FQ and FV control methods, under-voltage violations occurred in more than half of the cases. Moreover, even though the active power outputs were increased, under-voltage violations occurred with the FV control method as shown in Figure 9b. This is because the voltage controller only maintains the positive-sequence voltage rather than each phase voltage under unbalanced operating conditions. In other words, phase voltages were varied according to the active power output, even though the positive-sequence voltage was maintained at its reference value. In the worst case, the minimum voltage was decreased to 0.9331 p.u. with the FQ control method and to 0.9420 p.u. with the FV control method. The magnitudes of the under-voltage violation (1.69% with FQ control and 0.80% with FV control) are larger than the tap size of a general step voltage regulator, 0.625%.



When the initial droop constants were used for the proposed two-segment Q–P droop controller, the minimum voltage was increased but under-voltage violations still occurred in some cases as shown in Figure 9c and the minimum voltage was decreased to 0.9487 p.u. in the worst case. However, the minimum voltage was always greater than or equal to the lower bound when the proposed controller with the final droop constants determined by using the proposed method was used, as shown in Figure 9d.




5.2. CVR Effect: Two-DG System


In order to assess the CVR effect, the CVR results with the proposed method were compared to those with the conventional reactive power control methods. The DGs were assumed to be photovoltaic. According to the PDF of the active power output for the DG, the three cases shown in Figure 10 were considered. The PDFs were generated based on the beta distribution function [32]. The minimum and maximum active power outputs for all cases are 0 kW and 1500 kW, respectively. The expected active power outputs of Cases 1, 2, and 3 are 600.0 kW, 857.1 kW, and 1090.9 kW, respectively. Case 1 corresponds to a very cloudy day, while Case 3 corresponds to a slightly cloudy day.


Figure 10. PDFs for the active power output of the DG.



[image: Energies 09 00666 g010]






The loads were identical to those of the original system and the active power outputs of the DGs were set at their expected values. The initial states of the volt/var control devices were determined by solving the OPF with the lower voltage bound of 1.0 p.u. Initially, the active power drawn from the substation for Cases 1, 2, and 3 was 2363.0 kW, 1840.8 kW, and 1372.4 kW, respectively. For CVR, the lower voltage bound was set at 0.95 p.u. Therefore, the following results correspond to the CVR effect by reducing the lower bound of voltages by 0.05 p.u. (5%).



As shown in the previous section, an under-voltage violation can occur with the conventional methods. Because the top prior objective of CVR as a VVC method is to maintain the voltages of all nodes within their operational bounds, the references with these methods were determined using the following steps:

	(1)

	
Set the lower voltage bound used for the OPF at the real value (i.e., 0.95 p.u.).




	(2)

	
Solve the OPF and determine the references for DGs.




	(3)

	
Check whether or not an under-voltage violation occurs based on four combinations of the active power outputs: ([image: there is no content], [image: there is no content]), ([image: there is no content], [image: there is no content]), ([image: there is no content], [image: there is no content]), and ([image: there is no content], [image: there is no content]).




	(4)

	
If an under-voltage violation is detected, increase the lower bound by 0.0001 p.u. and go to step 2. Otherwise, terminate the procedure.









Since an under-voltage violation can occur not only when the active power output of a DG is minimum but also when the active power output is maximum, all possible combinations of the minimum and maximum active power outputs were tested in step 3. References for VRs and DGs were determined as shown in Table 4 and Table 5, respectively. In order to demonstrate the intermittency of the active power output, 100,000 sets of active power outputs were generated based on the PDFs. For each, the minimum voltage and the active power drawn from the substation, which is the objective function to be minimized for CVR, were obtained.



Table 4. Tap References for VRs.







	
Device

	
Phase

	
Case 1

	
Case 2

	
Case 3




	
FQ

	
FV

	
QP

	
FQ

	
FV

	
QP

	
FQ

	
FV

	
QP






	
VR 1

	
A

	
4

	
3

	
1

	
3

	
1

	
0

	
2

	
0

	
−1




	
B

	
−2

	
−3

	
−5

	
−3

	
−5

	
−6

	
−4

	
−6

	
−7




	
C

	
1

	
0

	
−2

	
0

	
−2

	
−3

	
−1

	
−3

	
−4




	
VR 4

	
A

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3




	
B

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
C

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
2

	
1








FQ: fixed reactive power control, FV: fixed voltage control, QP: two-segment Q–P droop control.








Table 5. References for DGs.







	
Device

	
Method

	
Reference

	
Case 1

	
Case 2

	
Case 3






	
DG 1

	
FQ

	
[image: there is no content] (kVAr)

	
126.7

	
186.4

	
305.7




	
FV

	
Vref (p.u.)

	
0.9695

	
0.9728

	
0.9709




	
QP

	
[image: there is no content] (kW)

	
600.0

	
857.1

	
1090.9




	
[image: there is no content] (kVAr)

	
197.2

	
236.8

	
276.7




	
R– (VAr/W)

	
0.4577

	
0.3898

	
0.3629




	
R+ (VAr/W)

	
0.2293

	
0.2448

	
0.1687




	
DG 2

	
FQ

	
[image: there is no content] (kVAr)

	
87.8

	
281.7

	
358.6




	
FV

	
Vref (p.u.)

	
0.9722

	
0.9741

	
0.9734




	
QP

	
[image: there is no content] (kW)

	
600.0

	
857.1

	
1090.9




	
[image: there is no content] (kVAr)

	
187.1

	
249.9

	
354.1




	
R– (VAr/W)

	
0.3958

	
0.3753

	
0.3473




	
R+ (VAr/W)

	
0.1751

	
0.1609

	
0.1553








FQ: Fixed Reactive Power Control, FV: Fixed Voltage Control, QP: Two-Segment Q–P Droop Control.








For all cases, the minimum voltage was larger than or equal to its lower bound. For example, the contour of the minimum voltage for Case 2 is shown in Figure 11, where “E” denotes the minimum voltage when the active power outputs of the DGs are equal to their expected values.


Figure 11. Contour of the minimum voltage for Case 2: Two-DG system, (a) fixed reactive power control; (b) fixed voltage control; (c) Proposed control.
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It was observed that the values of “E” for the FQ and FV control methods were larger than the lower bound, while it was equal to the lower bound with the proposed method. In other words, the CVR effect when DGs generate the expected output can be optimized with the proposed method while ensuring no under-voltage violation. As a result, the active power drawn from the substation was reduced further by using the proposed method as shown in Figure 12. In summary, the CVR effect (i.e., reduction of the active power) was improved by 40.1%–62.6% and 6.8%–23.8% compared with those of the FQ and FV control method, respectively.


Figure 12. Average reduction of the active power drawn from substation: two-DG system.



[image: Energies 09 00666 g012]







5.3. Five-DG System


Three cases were tested according to the load level. The power consumption of each load for Cases 1, 2, and 3 was 70%, 100%, and 130% of the original value, respectively. For the output pattern of DGs, the same PDF as that of Case 3 of the two-DG system with the maximum power of 1000 kW was used. The expected active power output was 727.3 kW. In this case study, the results with the proposed method were only compared to those with the FV method.



In order to identify the voltage control capability, the minimum voltage was obtained by increasing the active power output of each DG by 100 kW. Even though the number of DGs increased, the voltages of the test system were maintained as greater than or equal to the lower bound in all three cases. Only the simulation results for Case 2 are shown in Figure 13 due to limited space. With the FV method, the minimum voltage at the expected operating point was 0.9566 p.u. and the minimum voltage was equal to the lower bound when the active power output of the DG connected to node 66 was maximum and the active power outputs of the other DGs were minimum (i.e., the total active power output was 1000 kW). However, with the proposed method, the minimum voltage was identical to the lower bound at the expected operating point.


Figure 13. Minimum voltage according to the total active power output of DGs: Case 2 for Five-DG system, (a) FV control; (b) proposed control.
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Based on the PDF, one million combinations of active power outputs were generated and tested to validate the effect of CVR. With the proposed method, the active power drawn from the substation was further reduced compared to that with the FV method, as shown in Figure 14.


Figure 14. Average reduction of the active power drawn from substation: five-DG system.
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6. Conclusions


A CVR method for a distribution system with intermittent DGs is proposed for a next-generation DMS. The requirements for the local reactive power controller of the DG to improve the CVR effect are derived. Based on the requirements, a two-segment Q–P droop controller complying with IEEE Std. 1547TM is proposed. Considering the intermittency, a method to determine the power references for the proposed controller from the optimal solution of the OPF representing CVR is presented. A droop constants determination method is also proposed to maximize the CVR effect while preventing the under-voltage violations. With the proposed method, the power references and droop constants for the proposed reactive power controller are determined periodically by solving the OPF in the DMS and the reactive power output of the DG is adjusted by the proposed local controller in real-time. In the case study, it is verified that the voltages of the test system are maintained as greater than or equal to the lower voltage bound, even though the active power outputs of the DGs are varied. Furthermore, compared with the conventional reactive power control methods, the CVR effect is improved by optimizing the CVR effect at the expected operating point.
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