

  energies-15-04689




energies-15-04689







Energies 2022, 15(13), 4689; doi:10.3390/en15134689




Article



CVR Study and Active Power Loss Estimation Based on Analytical and ANN Method



Gaurav Yadav 1, Yuan Liao 1,*, Nicholas Jewell 2 and Dan M. Ionel 1[image: Orcid]





1



Department of Electrical and Computer Engineering, University of Kentucky, Lexington, KY 40506, USA






2



Louisville Gas & Electric and Kentucky Utilities (LG&E and KU), Louisville, KY 40202, USA









*



Correspondence: yuan.liao@uky.edu







Academic Editor: Abu-Siada Ahmed



Received: 4 June 2022 / Accepted: 23 June 2022 / Published: 26 June 2022



Abstract

:

Conservation through voltage reduction (CVR) aims to reduce the peak load and energy savings in electric power systems and is being deployed at various utilities. The effectiveness of the CVR program depends on the load characteristics, i.e., the sensitivity of the load to voltage variation, and voltage regulation device settings. In the current literature, there is a lack of discussion on the CVR factor calculation using different measurements, and there is a lack of method for active power loss estimation using substation measurements. This paper provides insights into CVR factor calculation based on the measurements captured at the substation and those at the load location. This paper also proposes a new method based on curve fitting and artificial neural network to estimate the active power loss using input active power, input reactive power and input voltage at the substation. The CVR comparison study conducted in this paper helps in understanding the factors affecting CVR factor and may provide guidance in CVR implementation and impact assessment. The proposed loss estimation method sheds light on the impacts of CVR in terms of load and loss reduction. The results based on simulation studies using the IEEE 13-bus and 34-bus systems are reported in this paper, noting that the proposed methods are applicable to larger systems, as long as the required measurements at the substation are available. Future research includes testing and refining the methods using large IEEE and utility distribution systems and considering the stochastic nature of the CVR factor with changing load and voltage regulator control schemes.
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1. Introduction


The world is currently experiencing a massive surge in energy demand, due to various demographic, environmental and economic reasons. When facing high demand, the electric distribution companies have two options to manage the demand. The first option is to arrange supply for the demand, which may not be available each time. The second option is to curtail the peak load, which may be a more viable method. This reduction may be achieved by decreasing the voltage level on the distribution feeder line. The decrease in the bus voltage leads to a decline in the voltage-dependent load demand, which may also reduce the total energy consumption during a specified time duration. This strategy is called conservation through voltage reduction (CVR) [1]. The objective of CVR is to reduce the peak load or reduce the energy consumption for energy savings, while regulating the voltage within the limit set by the American National Standards Institute (ANSI). ANSI C84.1 standard sets the range for voltages at the secondary terminals of transformer at 120 volts, which can vary by 5% of the aforesaid limit, resulting in a voltage level between 114 and 126 volts [2]. Over the years, numerous CVR-related operations have been conducted in the country, with the earliest being performed by the American Electric Power system (AEP) in 1973 [3]. Afterwards, various utilities, such as Northeast Utilities (NU) [4], Southern California Edison (SCE) [5], and Dominion Virginia Power [6] have performed CVR tests. These tests resulted in a reduction in the load by 0.3% to 1% per 1% voltage reduction. Ref. [7] conducted a study that estimated a 3.04% reduction in annual energy consumption in the case of deployment of CVR on all distribution feeders of the United States. In addition to the USA, other countries, such as Australia [8] and Ireland [9], have also conducted CVR, resulting in 1% and 1.7% energy savings, respectively. CVR is regarded as an efficient method to manage the load demand in distribution power systems [10].



CVR is one of the most viable methods towards ensuring an economic and environmentally sustainable power network, as it provides numerous benefits to the electric utilities and end-use consumers. CVR can reduce carbon emissions and can extend the life of a transformer by reducing its iron losses by decreasing the voltage [11]. Moreover, increase in energy savings will also lead to less maintenance cost, due to the improvement in the life of substation devices and will also increase the lifespan of consumer appliances, such as incandescent lamps and electric water heaters [12]. The aforesaid benefits of CVR can also ensure improvement in the utilization of various assets linked to the power network, reduce energy demand, and increase the energy efficiency [13].



CVR can be implemented using the following two techniques. The first technique is to reduce the voltage by adding capacitors, line-drop-compensators, and load-tap-changers. The second technique involves decreasing the voltage using a supervisory control and data acquisition (SCADA) system and the advance metering infrastructure (AMI) [6,14]. While applying either of the techniques, it is desired to keep the voltage profile as flat as possible. The aforesaid can be achieved by adding capacitors at different sites to increase the power factor and reduce the power loss. The assessment of CVR program performance is crucial, which can be performed using four assessment methods that are simulation-based, comparison-based, synthesis based, and regression-based methods [15,16]. Various studies have been carried out on the assessment of CVR performance. Dominion Virginia Power developed its own method for CVR calculation by aggregating available AMI data with the existing data management system (DMS) controls over a time duration into a single summary record per meter, with analytical support from the geographic information system (GIS) and planning data [6]. Ref. [17] used the adaptive voltage control technique to control the substation voltage by using automatic control and communications. Both constant or time varying impedance, current and power model, i.e., ZIP model, have been used in CVR assessment studies, as well as in demand and loss reduction optimization [18]. Ref. [19] used a regression and simulation method to calculate the CVR factor for a time-varying ZIP load model. A two-stage recursive least squares algorithm under the regression method was used to calculate the CVR factor and a simulation method was used to determine the accuracy of the CVR calculation method. Ref. [20] used the Kalman filtering method to calculate time-varying ZIP parameters. Ref. [21] devised a coordinated voltage control scheme for voltage control for CVR by varying the voltage (near the operating lower voltage limit) at the on-load tap changer (OLTC) at the substation, in coordination with step voltage regulator (SVR) or shunt capacitor banks at feeders. Ref. [22] presented a multi-objective Volt-Var optimization problem. Different target functions were used to express the system state defined by voltage, active power, reactive power, direct and indirect Volt-Var control methods. Ref. [23] performed a case study on the usage of the CVR/VVO method by various electric utilities across USA with specific focus on the utilities, discussing their methodology for CVR factor calculation. They presented a measurement and verification benchmark of CVR/VVO used by several electric utilities in the U.S. Ref. [24] presented an ANN-based model to accurately calculate the measurements for active power, reactive power, and voltage to obtain optimal output values including power loss. Ref. [25] proposed an algorithm based on the Markov chain and Monte Carlo (MCMC) method to accurately identify the parameters including head and end voltages and active and reactive power on the low voltage side of a power distribution network. Ref. [26] presented a selective particle swarm optimization (SPSO) algorithm to solve an optimization model for optimal placement and sizing of distributed generators to reduce the distribution power losses, keeping technical constraints intact.



However, these studies do not provide a detailed CVR analysis considering both the utility and the consumer perspective, while studying the relationship between active power loss, and input voltage, input active and reactive power affecting the CVR factor. Moreover, they do not depict the relationship between active power loss, active power, reactive power, and voltage. This is the research gap that needs to be addressed in this paper. This paper focuses on the calculation of the CVR factor for the IEEE 13-bus and 34-bus systems, using a simulation-based method from the substation and the load perspective. It also attempts to identify the relationship between active power loss and the input quantities affecting the CVR factor calculation and studies the effect of voltage regulator on the CVR factor.



The paper is structured as follows: Section 2 describes the substation and the load perspective used to calculate the CVR factor. Section 3 focuses on the function methodology used to calculate the active power loss    (   P  l o s s    )   . It also explains the least squares method used to calculate the constants of the function. Section 4 discusses the artificial neural network (ANN) method used to calculate the    (   P  l o s s    )   . Section 5 explains the findings achieved for the work carried out in Section 2, Section 3 and Section 4. Section 6 concludes the methodologies and the results obtained from them. It also explains the future scope of this research.




2. CVR Factor Estimation Based on Simulation Studies


This section describes the CVR comparison study conducted for the IEEE-13 and IEEE-34 bus systems, using the feeder correlated comparison-based method. These two systems are shown in Figure 1 and Figure 2. Two feeders, i.e., feeder 1 and feeder 2, have been selected for CVR-off case and CVR-on case, respectively. The CVR-off case is the scenario when the CVR is not being implemented, i.e., we have selected a base voltage regulator setting for the system, whereas in the CVR-on case, the CVR is being implemented by reducing the base voltage regulator setting to different voltage levels. The voltage and power level between both the feeders have been compared to calculate the CVR factor. The CVR factor for active and reactive power has been calculated using the following formulas:


  C V R   f a c t o r   f o r   P =    P  o f f   −  P  o n      P  o f f     /    V  o f f   −  V  o n      V  o f f      



(1)






  C V R   f a c t o r   f o r   Q =    Q  o f f   −  Q  o n      Q  o f f     /    V  o f f   −  V  o n      V  o f f      



(2)




We have used the average voltage magnitude (V), total active power P and reactive power Q of all the phases in the calculation. The aforesaid quantities have been calculated as shown in the following equations:


   A v e r a g e   v o l t a g e   m a g n i t u d e =    V A  +  V B  +  V C   3     w h e r e    V A  ,    V B    a n d    V C    a r e   t h e   v o l t a g e s   o f   p h a s e   A ,   B   a n d   C ,   r e s p e c t i v e l y .   



(3)






   T o t a l   A c t i v e   P o w e r =  P A  +  P B  +  P C     where    P A  ,    P B    and    P C    are   the   active   power   of   phase   A ,   B   and   C ,   respectively .   



(4)






   T o t a l   R e a c t i v e   P o w e r =  Q A  +  Q B  +  Q C     where    Q A  ,    Q B    and    Q C    are   the   reactive   power   of   phase   A ,   B   and   C ,   respectively .   



(5)




The P, Q and V quantities for the 13-bus and 34-bus systems have been obtained from their model simulated in OpenDSS. For both the systems, the models have been simulated for different voltage levels. For the 13-bus system, simulation has been carried out for different voltage regulator settings levels. The voltage regulator setting of 124 V has been taken as the voltage in the CVR-off scenario, whereas for the CVR-on scenario, the voltage has been reduced to three different levels, i.e., 118 V, 120 V and 122 V. The CVR factor has been calculated for the three voltage levels, where    V  o f f    ,    P  o f f     and    Q  o f f     are the input quantities obtained at the voltage regulator setting of 124 V, i.e., the CVR-off case.    V  o n    ,    P  o n     and    Q  o n     are the input quantities obtained for the voltage regulator settings considered in the CVR-on case.



In the 34-bus system, three cases have been considered, i.e., Case 1, Case 2 and Case 3. Case 1 is the scenario where the substation voltage is being varied when the voltage regulators are present in the system. In Case 2, the voltage regulators are disabled by replacing them with a short transmission line and then the substation voltage is varied. Case 3 involves proportional changes in the substation voltage and voltage regulator setting. In Case 1 and case 2, the substation voltage of 1.05 per unit (p.u.) has been considered as the voltage in the CVR-off case. For the CVR-on case, the substation voltages considered are 0.95, 1.00, 1.02 and 1.03 p.u. There are two voltage regulators in the 34-bus system whose settings are 122 V and 124 V, which remain the same in Case 1 and Case 2 for the CVR-off and CVR-on case. However, in Case 3, if the voltage from 1.05 p.u. is decreased to 1.02 p.u., then the voltage setting of both the regulators will change to (122 * (1.02/1.05)) V and (124 * (1.02/1.05)) V, respectively. This ratio will apply to other voltage settings as well. The only parameter that will vary in this ratio will be the substation voltages in the CVR-on case. These different scenarios intend to illustrate the impact of voltage regulator settings on CVR results.



For both the systems, eight ZIP load models have been considered in the study for all the loads of the 13-bus and 34-bus systems. The models considered are (0.2 0.2 0.6), (0.2 0.6 0.2), (0.6 0.2 0.2), (0.1 0.2 0.7), (0.7 0.1 0.2), (0 0 1), (0 1 0) and (1 0 0).



Two approaches were used to calculate the CVR factor for the 13-bus and 34-bus systems. The first approach involved utilizing the quantities of interest, i.e., P, Q and V from the input substation bus of the system. The second approach derived P and Q from the sum of all loads connected to the system, and the voltage was selected from the input bus of the system. The first approach will consider system losses and any reactive power compensating devices, as well as load characteristics, while the second approach specifically accounts for the characteristics of the loads themselves.



2.1. CVR Estimation Using Power Captured at Load


The IEEE-13 and IEEE-34 bus systems have 9 and 25 loads, respectively. For the second approach, the summation of P and Q of all the loads is taken as the input quantity and V is the input bus voltage at node RG60 for the 13-bus system. A similar approach for P and Q is followed for the 34-bus system and V is the input bus voltage at bus 800.




2.2. CVR Estimation Using Power Captured at Substation


In the IEEE 13-bus system, when using approach 1, P and Q are the power flow between bus RG60 and 632, and V is the voltage at bus RG60, as shown in Figure 1. For the IEEE-34 bus system, P and Q are the power flow between bus 800 and 802, and V is the voltage at bus 800, as shown in Figure 2.





3. Proposed New Method for Active Power Loss Estimation Based on Least Squares Method


When the voltage is lowered due to the CVR scheme, the system loss will usually be reduced together with the load. Calculating the respective value for the system loss reduction and load reduction is desirable. This section presents a new method to estimate the system loss based on substation voltage and substation active and reactive power input. This method uses two functions, i.e., Function 1 and Function 2, to calculate    P  l o s s   e s t i m a t e d    . The constants of the functions will be estimated using the least squares method. This approach was applied to both the 13-bus and 34-bus system.



3.1. Function 1


Function 1 for calculation of the power loss is given as


   P  l o s s   =   K  (   P 1 2  +  Q 1 2   )       |   V 1   |   2    + C  



(6)




where  K  and  C  are the constants.



The    P  l o s s     is calculated for each hour over the span of 48 h.    P 1   ,    Q 1    and    V 1    are the active power, reactive power, and input voltage, respectively, at the substation. All the three quantities are a column vector of order 48 by 1. The aforesaid constants are calculated using the following formula:


   [     K     C     ]  =    [   H t  H  ]    − 1    [   H t  Z  ]   



(7)




where




	
  H =  [     a   j     ]   



	
  a =    (   P 1 2  +  Q 1 2   )       |   V 1   |   2       of   order    48 × 1  



	
  j =    [ 1 ]    48 × 1    



	
 Z : is the 48 × 1    P  l o s s    .









3.2. Function 2


Function 2 for calculation of the power loss is given as


   P  l o s s   =    K 1   (   P 1 2  +  Q 1 2   )       |   V 1   |   2    +    K 2     (   P 1 2  +  Q 1 2   )       |   V 1   |    + C  



(8)







Function 2 is a quadratic equation, where    P 1   ,    Q 1    and    V 1    are a column vector of order 48 × 1. The constants    K 1   ,    K 2    and  C  are calculated using the following formula:


   [       K 1         K 2       C     ]  =    [   H t  H  ]    − 1    [   H t  Z  ]   



(9)




where




	
  H =  [     a     a     j     ]   



	
  a =    (   P 1 2  +  Q 1 2   )       |   V 1   |   2       of   order    48 × 1  



	
  j =    [ 1 ]    48 × 1    .








After the constants of the functions are obtained, these two functions can be used to estimate the loss based on real time measurements of the voltage, real and reactive power at the substation. The power loss obtained from the functions is termed as “estimated power loss (   P  l o s s   e s t i m a t e d    )”. The power loss obtained from the model simulated in OpenDSS is called “simulated power loss (   P  l o s s   s i m u l a t e d    )”. The error in the power loss calculation for each hour has been calculated using the difference between    P  l o s s   s i m u l a t e d     and    P  l o s s   e s t i m a t e d    . Using these error values, RMS error has been obtained for each ZIP load model and voltage setting. In addition to individually calculating the errors for each ZIP model and voltage setting, the errors have also been calculated by combining all the cases together. The total number of samples is 1152 (48 × 24) and 1920 (48 × 40) for the 13-bus and 34-bus systems, respectively. In the 13-bus system, 24 is the total number of voltage settings, i.e., 3 multiplied by the total number of ZIP models, i.e., 8. In the 34-bus system, 40 is the total number of substation voltage levels, i.e., 5 multiplied by the total number of ZIP models, i.e., 8. Forty-eight is the total number of hours in each case.





4. Proposed New Method for Active Power Loss Estimation Based on ANN Method


This section describes the proposed new ANN-based active power loss estimation method. This method uses feedforward neural network models with one, two or three hidden layers. As an example, Figure 3 illustrates a two hidden layer ANN. These models take    P 1   ,    Q 1    and    V 1    as inputs and    P  l o s s     as the target data to train the network. The input quantities are taken from the substation measurement values. The    P  l o s s   s i m u l a t e d     is the loss obtained in simulation and is calculated as the difference between the active power obtained at the substation and load. The feedforward model follows supervised learning training using the input quantities and the simulated loss quantities. Once the network is trained, supplying inputs will lead to estimated loss    P  l o s s   e s t i m a t e d    . The difference between    P  l o s s   e s t i m a t e d     and    P  l o s s   s i m u l a t e d     has been used to calculate the RMS value for the 13-bus and 34-bus systems.



The hidden layers shown in Figure 3 contain 10 neurons. The output layer contains only one neuron. The number of neurons in the hidden layer(s) of the above models have been varied from 5 to 16 and    P  l o s s     has been obtained for each case. The aforesaid variation has been carried out to study the effect of number of neurons and hidden layers on loss estimation accuracy. The variables    P 1   ,    Q 1   ,    V 1    and    P  l o s s     are a matrix combining the respective data for all the cases for all the ZIP load models.




5. Case Studies


Section 5 presents the results obtained for the CVR comparison study using the approaches discussed in Section 2. It also discusses the loss relationship study performed using the function and ANN method discussed in Section 4.



5.1. CVR Studies


The CVR factors for both 13-bus and 34 bus systems are highest when the impedance component is high in the ZIP load, being the highest in the case of the constant impedance load. This is consistent with the theoretical CVR factor being 2.0, 1.0 and 0 for the constant impedance load, constant current load and constant power load, respectively.



For the 34-bus system, a voltage regulator plays a crucial role in CVR factor calculation. In case 1, i.e., when the voltage regulators are enabled, the CVR factor for P is quite low and even negative in some cases. This is due to the restriction in the change in voltage, as both the voltage regulators are only permitted to vary the voltage within the specified bandwidth. In case 2, when we disable the voltage regulators by replacing them with a short transmission line, it can be observed that the CVR factor increases. In case 3, where we vary the voltage regulator setting and substation voltage level in a proportionate manner, it can be observed that the CVR factor increases to a level consistent with the load characteristics.



Analysis of the CVR factor for reactive power is more complicated. When CVR for Q is calculated using the sum of load reactive power consumption, the value is consistent with the load characteristics. However, when the CVR for Q is calculated using the measurements at the substation, i.e., RG60 in the 13-bus system and bus 800 in the 34-bus system, the measurements reflect not only the load characteristics but also the capacitor compensation.



The following sections show the average CVR factor calculated for both the systems for all the eight ZIP load models over the duration of 48 h.



5.1.1. IEEE-13 Bus System


Table 1 and Table 2 show the average CVR factor for the IEEE-13 bus system obtained by using the power captured at the loads and substation, respectively.



Table 1 clearly reveals that the CVR factors calculated using the power measurements at the load location reflect the load characteristics. In contrast, it can be observed from Table 2 that some CVR values for Q are negative due to capacitor bank compensation. When the substation voltage reduces, the load reactive power reduces, but the reactive power injection from the capacitor bank also reduces and in addition, the reactive power loss on the lines increases, so the reactive power input at the substation increases, leading to a negative CVR value for Q. A numerical example is provided below.



If one takes one hour power flow as an example, in the base case with 124 V, the reactive power from RG60 to 632 is 677.87 kVar. The total load reactive power consumption is 1298.74 kVar. The capacitor bank reactive power injection is 730.02 kVar. The line reactive power loss is 109.15 kVar. In the case with 118 V, the reactive power from RG60 to 632 is 715.41 kVar. The total load reactive power consumption is 1260.27 kVar. The capacitor bank reactive power injection is 659.85 kVar. The line reactive power loss is 114.99 kVar. The CVR for Q calculated using load measurements would be 0.61, while the value calculated using substation measurements would be −1.14.




5.1.2. IEEE-34 Bus System


Table 3 and Table 4 show the average CVR factor obtained for case 1 using both the CVR calculation approaches discussed in Section 2. Table 5 and Table 6 show the average CVR factor obtained for case 2 using the aforesaid methods. Table 7 and Table 8 show the results for case 3.





5.2. Active Power Loss Estimation Using Least Squares Method


There is no direct relationship between active power loss and CVR factor. The active power loss is obtained as a function of substation voltage and, active and reactive power inputs. This section presents the active power loss estimation using the least squares method for the IEEE-13 and 34 bus system. For both the systems, the value of    P  l o s s   e s t i m a t e d     obtained using curve fitting approach is very similar to    P  l o s s   s i m u l a t e d    , which can be observed in the following figures.



5.2.1. IEEE-13 Bus System


For the IEEE-13 bus system, the coefficients for function 1 were obtained as   K = 45.1501   and   C = − 0.076  . The coefficients for function 2 were    K 1  = 44.1627 ,    K 2  = 1.2666   and   C = − 0.0018  .



Figure 4 and Figure 5 depict the active power loss estimation obtained from function 1 and 2, respectively.



In the 13-bus system, it can be observed from the graphs that the estimated power loss obtained from both functions is very close to the simulated power loss obtained from OpenDSS. The RMS error obtained using function 2 (0.47 kW) was lower than function 1 (0.53 kW). This was true for combined cases, where all ZIP cases are combined, as well as for individual cases, where each ZIP case is dealt with individually. Table 9 presents the RMS error in kW for active power loss estimation for function 1 and 2 for each ZIP case.




5.2.2. IEEE-34 Bus System


Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 depict the power loss obtained after calculating the constants for function 1 and 2, respectively, for all three cases by combining all the voltage levels and ZIP load models in a single matrix. The difference between    P  l o s s   s i m u l a t e d     and    P  l o s s   e s t i m a t e d     provides the RMS error for function 1 and function 2. The RMS error obtained for the aforesaid cases indicate function 2 as the most efficient relationship between power loss and substation voltage, active and reactive power, because of its low RMS error in comparison to function 1.



Function 1


For the IEEE-34 bus system, the coefficients for function 1 were obtained as   K = 15,043   and   C = 32   for case 1,   K = 16,874   and   C = 21   for case 2 and,   K = 15,593   and   C = 31   for case 3. The RMS error is 5.80 kW for case 1, 7.78 kW for case 2 and 5.31 kW for case 3.



Table 10 presents the RMS error for active power loss estimation for function 1 for each ZIP case.




Function 2


For the IEEE-34 bus system, the coefficients for function 2 were obtained as    K 1  = 11,218 ,    K 2  = 872   and   C = − 17   for case 1,    K 1  = 12,838 ,    K 2  = 818   and   C = − 19   for case 2 and,    K 1  = 10,680 ,    K 2  = 1087   and   C = − 28   for case 3. The RMS error is 5.69 kW for case 1, 7.73 kW for case 2 and 5.09 kW for case 3.



Table 11 presents the RMS error for active power loss estimation for function 2 for each ZIP case.



It is noted that the RMS error for the combined cases is generally larger than that for each ZIP case. In practical applications, the ZIP parameters can be estimated using feeder head measurements including voltage and power. Then, the function coefficients can be estimated using that specific ZIP case for more accurate active power loss estimation.






5.3. Active Power Loss Estimation Using ANN Method


Table 12 show the RMS error for loss estimation versus the number of neurons in the hidden layer for a given number of hidden layers for the IEEE-13 bus system. Table 13, Table 14 and Table 15 list the RMS error for loss estimation for the IEEE-34 bus system for case 1, 2 and 3, respectively.



The results indicate that the number of neurons and number of hidden layers do not have a substantial effect on the estimation accuracy. Thus, for simplicity, one hidden layer network with five neurons in the hidden layer will suffice.





6. Conclusions


This paper presents new insights about CVR factor calculation and factors affecting CVR implementation. This paper also proposes two new methods, a curve fitting method and ANN-based method, for estimating system active power loss by utilizing real and reactive power and voltage measurements at the substation. The presented CVR studies and methods are demonstrated through the IEEE 13-bus and 34-bus systems.



The CVR factor calculation under the CVR comparison study was carried out using the power captured at the load and the substation. For the IEEE 13-bus system, three different voltage regulator settings were considered. The study indicated that for the 13-bus system, the CVR factor increased with the increase in impedance component of the ZIP load, being the highest in the case of constant impedance load. For the IEEE 34-bus system, three different cases were created to calculate the CVR factor for different substation voltage levels and to study the effect of voltage regulator settings on the CVR factor. In case 1, the CVR factor was very low, as the voltage regulator restricted the variation in the voltage level at load locations by keeping it inside the defined bandwidth. The second case focused on CVR calculation without voltage regulators, by replacing them with a short line. The CVR factor improved considerably. In case 3, the voltage regulator setting and the substation voltage were proportionally, leading to an improved CVR factor. The results indicate that effective CVR implementation would require careful voltage regulator settings and that CVR effect assessment needs careful selection of measurements.



The active power loss was estimated using two different approaches, i.e., curve fitting and ANN. For the curve fitting approach, two predefined functions were considered. The lower value of rms error for function 2 indicated that it is the better function to define the relationship between the active power loss and the substation active and reactive power inputs and voltage. In the ANN approach, a neural network model with three different hidden layers, with neurons ranging from 5 to 16, was considered. The input data included the values of P, Q and V combined for all the ZIP models, and the target data included the active power loss. Simulation data obtained through OpenDSS for the 13-bus and 34 bus systems were used to calculate the function coefficients and train the ANN model. It was found that the ANN approach is a feasible option for modeling the loss relationship. It is noted that the proposed method is not used to identify control actions to minimize system losses, but instead to estimate system losses, given the substation measurements.



The methods presented in this paper for CVR study and active power loss estimation are applicable to larger systems. The studies help us to understand the factors that affect the CVR factor and its implementation. The active power loss calculation provides us with a better picture of CVR benefits in terms of load reduction and loss reduction.



To show the efficacy and scalability of our proposed method, a larger system (IEEE 8500 node system) will be studied and field data from distribution networks of LG&E and KU will be harnessed in the research. The stochastic nature of the CVR factor when loads and voltage regulator control schemes vary will be researched.
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Figure 1. Single line diagram of IEEE 13-bus system. 
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Figure 2. Single line diagram of IEEE 34-bus system. 
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Figure 3. Artificial neural network model consisting of two hidden layers. 
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Figure 4. Active power loss obtained from function 1. 
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Figure 5. Active power loss obtained from function 2. 
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Figure 6. Active power loss obtained for case 1 for function 1. 
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Figure 7. Active power loss obtained for case 2 for function 1. 
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Figure 8. Active power loss obtained for case 3 for function 1. 
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Figure 9. Active power loss obtained for case 1 for function 2. 
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Figure 10. Active power loss obtained for case 2 for function 2. 
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Figure 11. Active power loss obtained for case 3 for function 2. 
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Table 1. Average CVR factor obtained using power captured at loads.






Table 1. Average CVR factor obtained using power captured at loads.





	
ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
118 V

	
120 V

	
122 V

	
118 V

	
120 V

	
122 V






	
(0.2 0.6 0.2)

	
1.06

	
1.06

	
1.06

	
1.06

	
1.06

	
1.06




	
(0.2 0.2 0.6)

	
0.65

	
0.66

	
0.66

	
0.65

	
0.66

	
0.66




	
(0.6 0.2 0.2)

	
1.39

	
1.37

	
1.29

	
1.39

	
1.37

	
1.30




	
(0.1 0.2 0.7)

	
0.44

	
0.45

	
0.45

	
0.44

	
0.45

	
0.45




	
(0.7 0.1 0.2)

	
1.52

	
1.53

	
1.54

	
1.52

	
1.53

	
1.54




	
(0 0 1)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
(0 1 0)

	
1.06

	
1.07

	
1.06

	
1.06

	
1.06

	
1.06




	
(1 0 0)

	
1.96

	
1.97

	
1.98

	
1.96

	
1.97

	
1.98
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Table 2. Average CVR factor obtained using power captured at substation.
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ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
118 V

	
120 V

	
122 V

	
118 V

	
120 V

	
122 V






	
(0.2 0.6 0.2)

	
1.03

	
1.04

	
1.03

	
0.21

	
0.20

	
0.20




	
(0.2 0.2 0.6)

	
0.61

	
0.62

	
0.62

	
−0.60

	
−0.60

	
−0.60




	
(0.6 0.2 0.2)

	
1.42

	
1.43

	
1.43

	
0.94

	
0.96

	
0.95




	
(0.1 0.2 0.7)

	
0.39

	
0.40

	
0.40

	
−1.02

	
−1.03

	
−1.02




	
(0.7 0.1 0.2)

	
1.51

	
1.52

	
1.53

	
1.12

	
1.13

	
1.13




	
(0 0 1)

	
−0.07

	
−0.07

	
−0.06

	
−1.93

	
−1.93

	
−1.92




	
(0 1 0)

	
1.04

	
1.04

	
1.03

	
0.22

	
0.21

	
0.19




	
(1 0 0)

	
1.96

	
1.97

	
1.98

	
1.96

	
1.97

	
1.98
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Table 3. Average CVR factor obtained using power captured at load for case 1.
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ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
0.95

	
1

	
1.02

	
1.03

	
0.95

	
1

	
1.02

	
1.03






	
(0.2 0.6 0.2)

	
0.88

	
0.83

	
0.83

	
0.83

	
0.93

	
0.87

	
0.87

	
0.87




	
(0.2 0.2 0.6)

	
0.62

	
0.51

	
0.50

	
0.50

	
0.66

	
0.53

	
0.53

	
0.53




	
(0.6 0.2 0.2)

	
1.12

	
1.11

	
1.11

	
1.11

	
1.18

	
1.16

	
1.17

	
1.17




	
(0.1 0.2 0.7)

	
0.51

	
0.35

	
0.34

	
0.34

	
0.54

	
0.37

	
0.36

	
0.36




	
(0.7 0.1 0.2)

	
1.19

	
1.18

	
1.18

	
1.18

	
1.24

	
1.24

	
1.24

	
1.24




	
(0 0 1)

	
0.30

	
0.04

	
0.01

	
0.00

	
0.33

	
0.05

	
0.01

	
0.00




	
(0 1 0)

	
0.91

	
0.85

	
0.84

	
0.84

	
0.95

	
0.89

	
0.89

	
0.89




	
(1 0 0)

	
1.53

	
1.53

	
1.53

	
1.53

	
1.59

	
1.60

	
1.61

	
1.61
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Table 4. Average CVR factor using power captured at substation for case 1.
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ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
0.95

	
1

	
1.02

	
1.03

	
0.95

	
1

	
1.02

	
1.03






	
(0.2 0.6 0.2)

	
0.14

	
−0.04

	
−0.09

	
−0.09

	
−3.56

	
−2.87

	
−3.73

	
−4.76




	
(0.2 0.2 0.6)

	
0.02

	
−0.07

	
−0.10

	
−0.10

	
6.68

	
4.53

	
4.83

	
5.74




	
(0.6 0.2 0.2)

	
0.26

	
0.01

	
−0.08

	
−0.08

	
−3.39

	
−2.59

	
−3.09

	
−3.28




	
(0.1 0.2 0.7)

	
−0.05

	
−0.09

	
−0.11

	
−0.10

	
3.47

	
2.36

	
2.52

	
2.80




	
(0.7 0.1 0.2)

	
0.28

	
0.02

	
−0.09

	
−0.10

	
−0.89

	
−0.52

	
−1.06

	
−1.20




	
(0 0 1)

	
−0.20

	
−0.15

	
−0.13

	
−0.12

	
−0.75

	
−0.13

	
0.32

	
0.26




	
(0 1 0)

	
0.15

	
−0.04

	
−0.09

	
−0.09

	
−6.91

	
−5.27

	
−6.29

	
−8.27




	
(1 0 0)

	
0.39

	
0.05

	
−0.09

	
−0.09

	
2.22

	
2.49

	
2.53

	
2.74
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Table 5. Average CVR factor obtained using power captured at load for case 2.
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ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
0.95

	
1

	
1.02

	
1.03

	
0.95

	
1

	
1.02

	
1.03






	
(0.2 0.6 0.2)

	
0.25

	
0.09

	
0.05

	
0.04

	
0.24

	
0.09

	
0.04

	
0.03




	
(0.2 0.2 0.6)

	
0.16

	
0.06

	
0.03

	
0.03

	
0.15

	
0.05

	
0.03

	
0.02




	
(0.6 0.2 0.2)

	
0.33

	
0.13

	
0.06

	
0.05

	
0.32

	
0.12

	
0.05

	
0.04




	
(0.1 0.2 0.7)

	
0.11

	
0.04

	
0.02

	
0.02

	
0.11

	
0.04

	
0.02

	
0.02




	
(0.7 0.1 0.2)

	
0.35

	
0.14

	
0.06

	
0.04

	
0.34

	
0.13

	
0.05

	
0.03




	
(0 0 1)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
(0 1 0)

	
0.25

	
0.09

	
0.05

	
0.04

	
0.24

	
0.08

	
0.04

	
0.03




	
(1 0 0)

	
0.44

	
0.18

	
0.07

	
0.06

	
0.43

	
0.16

	
0.05

	
0.04
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Table 6. Average CVR factor using power captured at substation for case 2.
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ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
0.95

	
1

	
1.02

	
1.03

	
0.95

	
1

	
1.02

	
1.03






	
(0.2 0.6 0.2)

	
1.29

	
1.21

	
1.18

	
1.16

	
21.52

	
25.21

	
28.48

	
29.66




	
(0.2 0.2 0.6)

	
1.05

	
0.90

	
0.85

	
0.82

	
−6.63

	
−8.16

	
−9.01

	
−9.97




	
(0.6 0.2 0.2)

	
1.51

	
1.49

	
1.48

	
1.48

	
3.94

	
4.45

	
4.65

	
4.63




	
(0.1 0.2 0.7)

	
0.96

	
0.76

	
0.70

	
0.67

	
1.20

	
0.90

	
1.43

	
1.34




	
(0.7 0.1 0.2)

	
1.57

	
1.56

	
1.56

	
1.56

	
−0.60

	
−0.90

	
−1.30

	
−1.55




	
(0 0 1)

	
0.79

	
0.48

	
0.40

	
0.37

	
7.86

	
8.41

	
9.94

	
11.24




	
(0 1 0)

	
1.31

	
1.23

	
1.20

	
1.18

	
3.57

	
4.00

	
4.38

	
4.36




	
(1 0 0)

	
1.91

	
1.95

	
1.97

	
1.98

	
1.91

	
1.95

	
1.97

	
1.98
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Table 7. Average CVR factor obtained using power captured at load for case 3.
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ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
0.95

	
1

	
1.02

	
1.03

	
0.95

	
1

	
1.02

	
1.03






	
(0.2 0.6 0.2)

	
0.78

	
0.77

	
0.78

	
0.76

	
0.82

	
0.81

	
0.82

	
0.81




	
(0.2 0.2 0.6)

	
0.46

	
0.46

	
0.47

	
0.47

	
0.48

	
0.49

	
0.49

	
0.50




	
(0.6 0.2 0.2)

	
1.07

	
1.08

	
1.08

	
1.08

	
1.12

	
1.14

	
1.14

	
1.14




	
(0.1 0.2 0.7)

	
0.31

	
0.31

	
0.31

	
0.31

	
0.33

	
0.32

	
0.33

	
0.33




	
(0.7 0.1 0.2)

	
1.15

	
1.16

	
1.16

	
1.15

	
1.20

	
1.22

	
1.22

	
1.21




	
(0 0 1)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
(0 1 0)

	
0.78

	
0.77

	
0.77

	
0.76

	
0.82

	
0.81

	
0.81

	
0.80




	
(1 0 0)

	
1.52

	
1.53

	
1.53

	
1.53

	
1.59

	
1.60

	
1.60

	
1.61
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Table 8. Average CVR factor using power captured at substation for case 3.
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ZIP Load

	
Average CVR Factor for P

	
Average CVR Factor for Q




	

	
0.95

	
1

	
1.02

	
1.03

	
0.95

	
1

	
1.02

	
1.03






	
(0.2 0.6 0.2)

	
0.94

	
0.91

	
0.93

	
0.92

	
−5.40

	
−6.54

	
−7.36

	
−10.50




	
(0.2 0.2 0.6)

	
0.49

	
0.44

	
0.46

	
0.47

	
24.06

	
24.77

	
26.15

	
24.72




	
(0.6 0.2 0.2)

	
1.31

	
1.35

	
1.36

	
1.37

	
−5.70

	
−5.67

	
−5.99

	
−5.53




	
(0.1 0.2 0.7)

	
0.28

	
0.21

	
0.22

	
0.23

	
16.23

	
17.28

	
17.91

	
18.16




	
(0.7 0.1 0.2)

	
1.42

	
1.46

	
1.47

	
1.46

	
−0.29

	
−0.37

	
−0.31

	
−0.21




	
(0 0 1)

	
−0.14

	
−0.28

	
−0.27

	
−0.26

	
6.93

	
6.25

	
7.32

	
8.06




	
(0 1 0)

	
0.94

	
0.92

	
0.93

	
0.92

	
−14.09

	
−16.07

	
−17.13

	
−21.26




	
(1 0 0)

	
1.91

	
1.96

	
1.98

	
1.99

	
1.93

	
2.01

	
2.06

	
2.11
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Table 9. RMS error for active power loss estimation for function 1 and 2 for IEEE-13 bus system.
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ZIP Parameter

	
Voltage Setting

	
Function 1

	
Function 2






	
(0.2 0.6 0.2)

	
118 V

	
0.31

	
0.08




	
120 V

	
0.30

	
0.08




	
122 V

	
0.33

	
0.09




	
(0.6 0.2 0.2)

	
118 V

	
0.34

	
0.06




	
120 V

	
0.35

	
0.06




	
122 V

	
0.36

	
0.07




	
(0.2 0.2 0.6)

	
118 V

	
0.28

	
0.10




	
120 V

	
0.26

	
0.10




	
122 V

	
0.31

	
0.11




	
(0.1 0.2 0.7)

	
118 V

	
0.82

	
0.41




	
120 V

	
0.83

	
0.47




	
122 V

	
0.88

	
0.41




	
(0.7 0.1 0.2)

	
118 V

	
0.89

	
0.44




	
120 V

	
0.91

	
0.42




	
122 V

	
0.88

	
0.41




	
(1 0 0)

	
118 V

	
0.38

	
0.04




	
120 V

	
0.40

	
0.04




	
122 V

	
0.41

	
0.06




	
(0 1 0)

	
118 V

	
0.31

	
0.08




	
120 V

	
0.30

	
0.08




	
122 V

	
0.33

	
0.09




	
(0 0 1)

	
118 V

	
0.21

	
0.13




	
120 V

	
0.19

	
0.13




	
122 V

	
0.24

	
0.09
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Table 10. RMS error for active power loss estimation for function 1 for IEEE-34 bus system.
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ZIP Parameter

	
Voltage Setting

	
Case 1

	
Case 2

	
Case 3






	
(0.2 0.6 0.2)

	
0.95

	
0.79

	
0.78

	
1.35




	
1.00

	
1.01

	
0.93

	
1.28




	
1.02

	
1.04

	
1.11

	
1.24




	
1.03

	
1.18

	
1.15

	
1.28




	
(0.6 0.2 0.2)

	
0.95

	
0.79

	
0.69

	
1.25




	
1.00

	
1.00

	
0.86

	
1.21




	
1.02

	
1.03

	
0.90

	
1.27




	
1.03

	
1.18

	
0.90

	
1.33




	
(0.2 0.2 0.6)

	
0.95

	
0.79

	
0.72

	
1.49




	
1.00

	
0.96

	
1.03

	
1.33




	
1.02

	
1.05

	
1.38

	
1.29




	
1.03

	
1.16

	
1.48

	
1.32




	
(0.1 0.2 0.7)

	
0.95

	
0.82

	
0.70

	
1.48




	
1.00

	
0.95

	
1.06

	
1.36




	
1.02

	
1.08

	
1.45

	
1.31




	
1.03

	
1.14

	
1.62

	
1.30




	
(0.7 0.1 0.2)

	
0.95

	
0.79

	
0.67

	
1.20




	
1.00

	
1.00

	
0.83

	
1.17




	
1.02

	
1.02

	
0.84

	
1.29




	
1.03

	
1.18

	
0.84

	
1.33




	
(1 0 0)

	
0.95

	
0.77

	
0.55

	
1.12




	
1.00

	
0.97

	
0.57

	
1.21




	
1.02

	
1.03

	
0.60

	
1.23




	
1.03

	
1.15

	
0.61

	
1.25




	
(0 1 0)

	
0.95

	
0.82

	
0.76

	
1.39




	
1.00

	
1.01

	
0.92

	
1.28




	
1.02

	
1.04

	
1.09

	
1.24




	
1.03

	
1.17

	
1.13

	
1.28




	
(0 0 1)

	
0.95

	
1.00

	
0.59

	
1.57




	
1.00

	
0.97

	
1.24

	
1.45




	
1.02

	
1.06

	
1.55

	
1.40




	
1.03

	
1.13

	
1.85

	
1.28
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Table 11. RMS error for active power loss estimation for function 2 for IEEE-34 bus system.
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ZIP Parameter

	
Voltage Setting

	
Case 1

	
Case 2

	
Case 3






	
(0.2 0.6 0.2)

	
0.95

	
0.12

	
0.12

	
0.51




	
1.00

	
0.37

	
0.11

	
0.55




	
1.02

	
0.45

	
0.08

	
0.50




	
1.03

	
0.48

	
0.06

	
0.52




	
(0.6 0.2 0.2)

	
0.95

	
0.09

	
0.07

	
0.54




	
1.00

	
0.40

	
0.10

	
0.51




	
1.02

	
0.44

	
0.04

	
0.51




	
1.03

	
0.51

	
0.03

	
0.56




	
(0.2 0.2 0.6)

	
0.95

	
0.15

	
0.16

	
0.47




	
1.00

	
0.37

	
0.11

	
0.55




	
1.02

	
0.45

	
0.16

	
0.53




	
1.03

	
0.47

	
0.12

	
0.55




	
(0.1 0.2 0.7)

	
0.95

	
0.18

	
0.16

	
0.44




	
1.00

	
0.37

	
0.12

	
0.59




	
1.02

	
0.46

	
0.20

	
0.52




	
1.03

	
0.45

	
0.14

	
0.52




	
(0.7 0.1 0.2)

	
0.95

	
0.09

	
0.07

	
0.49




	
1.00

	
0.40

	
0.07

	
0.49




	
1.02

	
0.45

	
0.03

	
0.53




	
1.03

	
0.51

	
0.03

	
0.57




	
(1 0 0)

	
0.95

	
0.07

	
0.12

	
0.46




	
1.00

	
0.36

	
0.03

	
0.49




	
1.02

	
0.44

	
0.04

	
0.51




	
1.03

	
0.52

	
0.04

	
0.52




	
(0 1 0)

	
0.95

	
0.12

	
0.13

	
0.51




	
1.00

	
0.36

	
0.10

	
0.51




	
1.02

	
0.45

	
0.07

	
0.50




	
1.03

	
0.48

	
0.06

	
0.51




	
(0 0 1)

	
0.95

	
0.28

	
0.11

	
0.42




	
1.00

	
0.41

	
0.13

	
0.61




	
1.02

	
0.47

	
0.22

	
0.53




	
1.03

	
0.45

	
0.25

	
0.48
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Table 12. RMS error for active power loss estimation for IEEE-13 bus system.






Table 12. RMS error for active power loss estimation for IEEE-13 bus system.





	
RMS Error

	
Number of Neurons in Hidden Layer




	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16






	
Number of hidden layers

	
1

	
0.4806

	
0.4807

	
0.4808

	
0.4808

	
0.4808

	
0.4809

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4807




	
2

	
0.4807

	
0.4807

	
0.4807

	
0.4809

	
0.4807

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4812




	
3

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4808

	
0.4812

	
0.4808
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Table 13. RMS error for active power loss estimation for IEEE-34 bus system (case 1).






Table 13. RMS error for active power loss estimation for IEEE-34 bus system (case 1).





	
RMS Error

	
Number of Neurons in Hidden Layer




	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16






	
Number of hidden layers

	
1

	
5.6860

	
5.6861

	
5.6873

	
5.6875

	
5.6876

	
5.6877

	
5.6873

	
5.6872

	
5.6872

	
5.6874

	
5.6872

	
5.6873




	
2

	
5.6872

	
5.6869

	
5.6873

	
5.6874

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872




	
3

	
5.6873

	
5.6873

	
5.6871

	
5.6869

	
5.6872

	
5.6872

	
5.6878

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872
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Table 14. RMS error for active power loss estimation for IEEE-34 bus system (case 2).






Table 14. RMS error for active power loss estimation for IEEE-34 bus system (case 2).





	
RMS Error

	
Number of Neurons in Hidden Layer




	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16






	
Number of hidden layers

	
1

	
7.7288

	
7.7314

	
7.7298

	
7.7295

	
7.7298

	
7.7298

	
7.7298

	
7.7298

	
7.7299

	
7.7298

	
7.7298

	
7.7298




	
2

	
7.7297

	
7.7299

	
7.7297

	
7.7298

	
7.7297

	
7.7298

	
7.7298

	
7.7298

	
7.7298

	
7.7298

	
7.7298

	
7.7298




	
3

	
7.7299

	
7.8642

	
7.7298

	
7.7297

	
7.7298

	
7.7298

	
7.7301

	
7.7298

	
7.7299

	
7.7299

	
7.7298

	
7.7298
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Table 15. RMS error for active power loss estimation for IEEE-34 bus system (case 3).






Table 15. RMS error for active power loss estimation for IEEE-34 bus system (case 3).





	
RMS Error

	
Number of Neurons in Hidden Layer




	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16






	
Number of hidden layers

	
1

	
5.6860

	
5.6861

	
5.6873

	
5.6875

	
5.6876

	
5.6877

	
5.6873

	
5.6872

	
5.6872

	
5.6874

	
5.6872

	
5.6873




	
2

	
5.6872

	
5.6869

	
5.6873

	
5.6874

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872




	
3

	
5.6873

	
5.6873

	
5.6871

	
5.6867

	
5.6872

	
5.6872

	
5.6878

	
5.6872

	
5.6872

	
5.6872

	
5.6872

	
5.6872
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