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Abstract—With rapid development of photovoltaic (PV) 

technology, more utility-scale PV systems are being integrated 

into rural areas where abundant and low-cost land is available. 

In these areas, step-voltage-regulators (SVRs) with an open-delta 

configuration are widely used for voltage regulation. However, 

since SVRs were initially designed for tackling slow and smooth 

load variations, frequent PV output fluctuations can cause 

excessive tap changes. Moreover, rural communication facilities 

are normally expensive and under-developed, so only limited 

parameters are recorded with low resolution and reliability. 

Thus, much needed tap information cannot be properly 

monitored in a cost-effective way. In contrast, a downstream load 

center or utility-scale PV site is commonly well equipped with 

modern sensors and data acquisition systems, which provide the 

possibility for tap evaluation. Therefore, this paper proposes a 

new remote tap position estimation approach to accurately assess 

the upstream tap positions of open-delta SVRs from downstream 

measurements. Further, the proposed approach is firmly 

validated through field testing under the support of the local 

utility and PV plant owner. This novel method not only enables 

reliable tap position monitoring with high precision for utilities to 

research PV-SVR interaction, but also provides valuable 

information to PV owners for correctly analyzing downstream 

voltage performance. 

Index Terms-- Open-delta step voltage regulator, unbalanced 

distribution network, photovoltaic, voltage variation, tap position 

estimation. 

I.  INTRODUCTION 

HOTOVOLTAIC (PV) installation has drastically 

increased over the last decade, for example from about 15 

MW in January 2008 to around 5924 MW by March 2017 in 

Australia [1]. Recently, there has been a rising tendency for 

utility-scale PV plants in rural and remote areas due to the 

availability of less expensive space [2]. However, new 

challenges arise with increasing PV penetration, such as 

voltage fluctuation [3], reverse power flow [4] and network 

unbalance [5].  
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With the saturation of rooftop PV installations in urban 

regions, an increasing tendency of mega-watt scale PV 

applications in rural areas has emerged, which makes voltage 

regulation in these areas more complicated. Presently, in 

distribution networks, step-voltage regulators (SVRs) and on-

load tap-changers (OLTCs) are the main voltage control 

devices for effective mitigation of voltage variations [6]. In 

long rural feeders, open-delta SVRs are commonly installed 

into distribution networks to maintain line voltage when 

dealing with slowly changing loads [7-8]. However, due to 

cloud transients, PV power can fluctuate more quickly and 

frequently than customer loads [9]. As a result, SVRs may 

suffer from excessive tap changes.  

Currently, there are two main categories of research on tap 

operations in the solar PV integration area: 1) interaction 

between solar PV systems and tap operations (PV-Tap) [10-

12]; 2) coordinated voltage control of PV inverters and voltage 

regulators (e.g., SVR, OLTC) to mitigate excessive tap 

operations caused by PV power fluctuations [13-15]. However, 

these researches mostly involve theoretical studies based on 

simulation, and the use of actual tap positions is rare since tap 

positions are usually not accessible to customers. As for 

utilities, although they do have access to actual tap positions 

for relevant research, it is still difficult to obtain reliable and 

high-resolution tap information since SVRs are normally 

situated in rural networks with poor communication [16]. This 

situation can be improved by installing dedicated 

communication and data storage systems to SVR monitoring, 

however this will be a very expensive modification for SVRs 

in remote areas. Hence, it is hard to economically investigate 

PV-Tap interactions, let alone to develop and implement new 

PV-SVR coordination strategies for more effective voltage 

regulation. Further, in rural feeders with high PV penetration 

the variability of PV generation has already put a tremendous 

pressure for the remote open-delta SVRs, therefore, there is a 

genuine need on visibility of SVR taps from both utilities 

(monitoring and researching excessive tap changes) and PV 

owners (fulfilling connection agreement on the voltage 

regulation aspect): 

i. The actual tap record can assist utilities to schedule 

maintenance service according to the amount of tap 

changes instead of the traditional fixed period asset 

management based on empirical estimation. Timely 

maintenance can help to avoid unnecessary SVR 

downtime, which ultimately improves reliability. 
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ii. There is usually a connection agreement between local 

utilities and PV owners, which defines the network 

standards and corresponding obligations for both parties. 

Normally, it is a joint effort to keep the utility-scale PV 

connection point voltage within specific limits for better 

feeder voltage coordination [17]. However, downstream 

PV owners usually do not have access to the detailed tap 

operating information. Therefore, when there is a voltage 

violation at the PV connection point, such a violation may 

be originated from unexpected tap failures in the upstream 

rather than local PV plant control issues. Therefore, there 

is a strong desire for PV owners to acquire actual tap 

positions for a comprehensive voltage compliance 

evaluation in order to avoid unnecessary penalties.  

However, open-delta SVRs are generally installed in the 

rural area with constrained communication. Moreover, the 

sampling rate is normally low, and tap position information 

can be frequently lost due to the failure of communication 

between open-delta SVRs and the local utilities. Therefore, 

directly obtaining accurate, reliable and high-resolution tap 

change information becomes very difficult. In comparison, 

dependable high-quality data is commonly available from the 

downstream substations or utility-scale PV sites. This makes it 

possible to precisely estimate the upstream open-delta SVR 

tap positions.  

Presently, only one literature proposed a simple tap position 

estimation method utilizing the unbalanced nature of open-

delta SVRs without the need for communication [16]. 

However, this method is over-simplified with three 

assumptions, which significantly affect the accuracy of 

estimation: 

i. Assumption-1: The simplified method assumes that the 

voltage at the downstream PV connection point is equal to 

that at the secondary side of the open-delta SVRs. 

However, there is a certain line impedance between these 

points, and the voltage difference can be significant if the 

line current becomes high. But such impedance and 

voltage difference are neglected in this method.  

ii. Assumption-2: The network in the primary side of the 

SVRs is supposed to be balanced. Actually, any 

distribution networks do have a certain degree of 

unbalance due to non-transposed line configuration and 

uneven phase loads.  

iii. Assumption-3: Another hypothesis of the method is that 

the voltage regulation of the open delta SVRs is much 

smaller than the magnitudes of the phase-to-neutral 

voltage. Therefore, the voltage triangle becomes flat, and 

voltage regulation can be approximated as the voltage 

magnitude difference between the high voltage phase and 

the low voltage phase. However, the voltage regulation 

can reach a significant amount (±10%), so this assumption 

can introduce considerable errors for high tap situations. 

In this paper, a novel tap estimation approach is proposed to 

accurately and reliably assess upstream tap positions by 

eliminating the listed assumptions through reverse Line Drop 

Compensation (LDC), statistical unbalance offset and voltage 

vector trigonometry. Then, the effectiveness of the proposed 

approach is firmly verified with the field test. This new 
method fully utilizes the phase-to-neutral voltage unbalance of 

the open-delta configuration for tap position estimation, and it 

is only based on available data from the downstream loading 

center or PV site, which does not require expensive 

communication and data storage in remote locations along 

with open-delta SVRs. This can fulfill the needs of both 

utilities and PV owners for low-cost and reliable monitoring of 

tap positions. Overall, the main contributions of this paper are 

as follows.  

1) Developed an accurate open-delta SVR tap position 

estimation approach that eliminates the three assumptions 

in the existing tap estimation approach; 

2) Fully validated the practicability of the proposed 

approach through field testing in a real rural distribution 

system;  

3) Provided a cost-effective tap monitoring strategy to 

utilities for remote networks with significant PV 

penetration, and also delivered an innovative tool to PV 

owners for correctly assessing voltage compliance and 

consequently avoiding unnecessary penalties. 

II.  STUDIED SYSTEM 

The studied system is a 3.275MWp PV plant and the 

corresponding distribution network for PV integration at the 

University of Queensland (UQ) Gatton campus, Queensland, 

Australia. The peak load of the campus varies from 1.5MW to 

3MW. Thus the instantaneous penetration level can be as high 

as 200% under low load conditions. Regarding the extra 

power, ERM power (an Australian energy company that 

operates electricity sales and electricity generation businesses) 

will purchase it and sell it to a utility. Therefore, it is a typical 

example of a utility-scale PV installation in a long rural feeder 

(Fig. 1). This research is not only important for the Gatton PV 

plant, but also substantially valuable for other fringe-of-grid 

utility-scale PV installation projects in the near future. 

 

(a) Overview of Gatton distribution network [18] 
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(b) Single line diagram of UQ Gatton distribution network [17] 

Fig. 1. Gatton distribution network 

UQ Gatton campus is served through a long 11kV feeder 

from the Gatton zone substation as shown in Fig. 1 (a). This 

feeder is split into the North feeder for agricultural load and 

the South feeder for campus load at Point A – around 2.8km 

from the substation. Then after approximately 1.7km from 

Point A in the South feeder, an open-delta SVR was installed 

for voltage regulation at the campus point (a further 3km 

downstream). The single line representation of this network is 

illustrated in Fig. 1 (b), and it can be noted that Moon 

conductors [19] and 240mm2 underground cables [20] are 

used in this feeder. 

A utility-scale PV system (e.g. Gatton 3.275MWp PV) 

concentrated in one location is susceptible to impact from 

cloud transients. Thus, its power output can significantly 

change within a very short period of time [9]. Such PV power 

fluctuations can substantially alter the overall downstream 

loading profile and consequently increase upstream SVR tap 

changes. This can considerably reduce SVR maintenance 

intervals and lifetime, therefore, it is crucial to monitor tap 

variations and investigate SVR-PV interactions. However, 

such SVRs for rural applications are generally placed in 

exceptionally remote points with very limited communication. 

For the Gatton open-delta SVR, data resolution is 30-min and 

the records show a number of days with “no data”.  

For the Gatton PV plant, the connection agreement [17] 

specifies the allowable voltage range [0.975pu – 1.01pu] at the 

connection point. This is achieved via a shared responsibility 

through the upstream SVR from the local utility and the 

downstream reactive power control from PV inverters, and 

voltage violations may result in penalties towards the PV 

owner – UQ Gatton campus. However, the SVR tap status (e.g. 

functioning, faulty or ceased) is unknown to UQ for a 

comprehensive evaluation of voltage performance. Therefore, 

if there are voltage violations, it will be difficult to identify the 

root causes of the problem. On the other hand, UQ locally 

possesses high quality data (up to 1s resolution) from the 

Gatton PV system. If this data can be utilized to accurately 

estimate the upstream SVR tap positions, unnecessary 

penalties can be avoided. 

III.  METHODOLOGY OF REMOTE ESTIMATION ON TAP 

POSITIONs OF OPEN-DELTA SVR 

Open-delta SVRs have been the preferred option for long 

rural feeders. Technically, the close-delta configuration (3 

regulators) can provide a larger voltage regulation range 

(±15%) than that of the open-delta counterpart (only 2 

regulators). However, financially the open-delta layout is more 

economical when considering savings on component purchase 

and installation cost in remote areas.  

A.  Open-delta SVR 

An open-delta SVR is formed by two voltage regulators 

connected between different phases. Each regulator contains 

an auto-transformer with taps on an adjustable source side 

winding for voltage regulation. The two regulators of the 

Gatton open-delta SVR are connected between Phase A – 

Phase B (Regulator-AB) and Phase C – Phase B (Regulator-

CB) as shown in Fig. 2. The nominal voltage regulation range 

is from –10% to +10% over 32 taps, which means 

0.00625pu/tap (∆𝑉𝑡𝑎𝑝). Moreover, the line drop compensation 

(LDC) [6] is used in the SVR to estimate downstream voltage 

of the campus, and tap position is accordingly adjusted to 

maintain it within the allowable limits. 

 

(a) Gatton open-delta SVR [16] 

4B

S

SL

L

L

4A

4C 5B

5A

5C
4BI

4AI

4CI
5BI

5AI

5CI

ABN _2

ABN _1

CBN _2 CBN _1

S SL

 

(b) Equivalent electrical diagram [6] 

Fig. 2. Structure of the Gatton open-delta Step Voltage Regulator 

In order to estimate tap positions from voltage measurement, 

ideally both primary side (Bus-4) voltage and secondary side 

(Bus-5) voltage should be observed. Such estimation cannot 

be normally achieved by voltage information only from the 

secondary side (the campus PV side). However, based on the 

open-delta structure in Fig. 2 (b), Phase B voltage directly 

passes through the open-delta SVR (𝑉𝐵5𝑁5 = 𝑉𝐵4𝑁4, where 𝑁 

is the common neutral) and creates voltage unbalance between 

phases. This brings the voltage information from the primary 

side to the secondary side, which makes the tap estimation 

with only one side measurement possible. 

It needs to be mentioned that for simplicity 𝑋 denotes the 

magnitude of the variable and �⃗� represents the vector form of 

the variable with both real and imaginary components. This 

notation system will be used throughout this paper. 
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B.  Simplified Tap Position Estimation Approach 

As shown in Fig. 3, the phase-to-phase voltage 𝑉𝐴4𝐵4  of the 

primary side of an SVR may increase (or decrease) to 𝑉𝐴5𝐵5  of 

the secondary side depending on the tap position of Regulator-

AB. Therefore, voltage regulation from an SVR can be 

expressed as in (1). Based on this relationship, a simplified tap 

position estimation method is developed in [16], and there 

were three assumptions made when calculating tap positions: 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑉𝐴5𝐴4 = 𝑉𝐴5𝐵5 − 𝑉𝐴4𝐵4  (1) 

 

Fig. 3 Voltage vector diagram of simplified estimation method [16] 

i. Assumption-1: 𝑉𝐴8𝑁8 = 𝑉𝐴5𝑁5 , 𝑉𝐵8𝑁8 = 𝑉𝐵5𝑁5  

This assumes Bus-8 (PV site) voltages are close to Bus-5 

(SVR secondary side) voltages, so the PV side voltages 

can be used to replace the SVR secondary voltages based 

on Fig. 4. 

ii. Assumption-2: 𝑉𝐴4𝑁4 = 𝑉𝐵4𝑁4  

This assumes a balanced relationship between Phase A 

and Phase B on the primary side of the SVR. 

iii. Assumption-3: 𝑉𝐴5𝐴4 = 𝑉𝐴5𝑁5 − 𝑉𝐴4𝑁4  

This assumes the voltage regulation is usually 

insignificant, which means the triangle ∆𝐴5𝐴4𝑁 shown in 

Fig. 3 is flat and θ is sufficiently small. Therefore, the 

summation of two short sides of the triangle is 

approximately equal to the length of the longest side.  

With these assumptions, tap position can be estimated from 

(2) according to [16].  

𝑇𝑎𝑝𝑠𝐴𝐵 =
𝑉𝐴5𝐵5−𝑉𝐴4𝐵4

√3∙∆𝑉𝑡𝑎𝑝
≈

𝑉𝐴5𝑁5−𝑉𝐵5𝑁5

√3∙∆𝑉𝑡𝑎𝑝
≈

𝑉𝐴8𝑁8−𝑉𝐵8𝑁8

√3∙∆𝑉𝑡𝑎𝑝
  (2) 

However, based on the reasons analyzed in Section I 

Introduction, these three assumptions can bring significant 

estimation errors. Thus they should be rectified for a more 

accurate approximation. 

C.  Proposed Remote Tap Position Estimation Approach 

A new approach for remote tap position estimation is 

proposed to remove the three assumptions presented in the last 

section. The key requirements for this proposed approach are 

1) reliable data monitoring of three-phase voltage and power 

at the PV connection point (e.g. Bus 8) with a sampling 

interval shorter than the SVR tap delay; and 2) local 

distribution network structure and parameters. In general, 

these requirements can be easily fulfilled by PV owners and 

utilities. The flowchart of this approach is shown in Fig. 4. 

First, essential electrical parameters need to be measured at 

Bus-8 (load center or PV site) as the inputs of the proposed 

approach, such as phase-to-neutral and phase-to-phase voltage 

magnitudes ( 𝑉𝐴8𝑁8 , 𝑉𝐵8𝑁8 , 𝑉𝐶8𝑁8 , 𝑉𝐴8𝐵8 , 𝑉𝐵8𝐶8 , 𝑉𝐶8𝐴8 , RMS 

values), real power ( 𝑃𝐴8 , 𝑃𝐵8 , 𝑃𝐶8 ) and reactive power 

(𝑄𝐴8 , 𝑄𝐵8 , 𝑄𝐶8). Then these parameters are used to determine 

voltage and current vectors, so the Bus-5 voltages can be 

derived from the computed vectors at Bus-8 through a reverse 

LDC process. This eliminates Assumption-1. After that, 

recorded tap positions of a few days are utilized to back-

calculate the Bus-4 voltage differences between Phase A-to-

neutral and Phase B-to-neutral. This procedure results in 

unbalanced phase voltages at Bus-4 and consequently 

excludes Assumption-2. Next, voltage regulation (𝑉𝐴5𝐴4 ) is 

evaluated with the complete trigonometry rather than 

assuming the triangle is flat ( 𝜃 = 0 ), which disregards 

Assumption-3. Finally, tap positions can be directly calculated 

from the obtained voltage regulation. 

Fig. 4. Proposed approach of tap position estimation 

    1)  Voltage Coordinates of Bus-8 for Triangle Formation 

In order to calculate Bus-5 voltages through the reverse 

LDC method, voltage and current vectors should be known 

first. However, it is common to only measure voltage 

magnitudes (𝑉𝐴8𝑁8 , 𝑉𝐵8𝑁8 , 𝑉𝐶8𝑁8 , 𝑉𝐴8𝐵8 , 𝑉𝐵8𝐶8 , 𝑉𝐶8𝐴8) rather than 

magnitudes with angles. Therefore, voltage vectors need to be 

re-constructed, and then current vectors can be determined 

based on real and reactive power measurement (𝑃𝐴8 , 𝑃𝐵8 , 𝑃𝐶8  

and 𝑄𝐴8 , 𝑄𝐵8 , 𝑄𝐶8). 

Bus-8 is located at the end of the three-phase three-wire 

11kV feeder, so its phase-to-phase voltages (𝑉𝐴8𝐵8 , 𝑉𝐵8𝐶8 , 𝑉𝐶8𝐴8) 

should form a triangle as illustrated in Fig. 5. Because the 

angles between them are relative and the instantaneous angles 

purely depend on the moment of observation, the triangle can 
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be placed at any location and orientation in the coordinate 

system. For simplicity, �⃗⃗�𝐴𝐶  is moved to align with the y-axis 

(𝑉𝐴8𝑥 = 𝑉𝐶8𝑥 = 0), and its length is equally divided by the x-

axis (𝑉𝐴8𝑦 = −𝑉𝐶8𝑦 =
1

2
𝑉𝐶8𝐴8). Then, the coordinates of Phase 

B (𝑉𝐵8𝑥 , 𝑉𝐵8𝑦 ) can be calculated from (3), and results are 

shown in (4). 

 

Fig. 5. Bus-8 voltage coordinates calculation method 

{
(𝑉𝐴8𝑥 − 𝑉𝐵8𝑥)

2
+ (𝑉𝐴8𝑦 − 𝑉𝐵8𝑦)

2

= 𝑉𝐴8𝐵8
2

(𝑉𝐶8𝑥 − 𝑉𝐵8𝑥)
2
+ (𝑉𝐶8𝑦 − 𝑉𝐵8𝑦)

2

= 𝑉𝐵8𝐶8
2

  (3) 

{
 

 𝑉𝐵8𝑦 =
𝑉𝐴8𝐵8
2 −𝑉𝐵8𝐶8

2

2∙𝑉𝐶8𝐴8
                                

𝑉𝐵8𝑥 = √𝑉𝐴8𝐵8
2 − (

1

2
∙ 𝑉𝐶8𝐴8 − 𝑉𝐵8𝑦)

2

  (4) 

    2)  Neural Calculation 

Neutral (𝑁) should be situated inside the voltage triangle, 

and its coordinates (𝑉𝑁8𝑥, 𝑉𝑁8𝑦) can be determined by solving 

(4) with Points 𝐴, 𝐵 and C coordinates obtained from the last 

section and phase-to-neutral voltage magnitudes measured 

from Bus-8. Eq. (5) is actually equivalent to finding the 

intersections of two circles with Point 𝐴 and Point 𝐵 being the 

centers of the circles as illustrated in Fig. 7, and only the 

intersection within the triangle is the acceptable solution for 

the neutral as given in (6) (select “–” if it is as shown in Fig. 

6). For any valid measurement, the neutral coordinates are 

always the same no matter which pair of phase-to-neutral 

voltage magnitudes is used for calculation. 

{
(𝑉𝐴8𝑥 − 𝑉𝑁8𝑥)

2
+ (𝑉𝐴8𝑦 − 𝑉𝑁8𝑦)

2

= 𝑉𝐴8𝑁8
2

(𝑉𝐵8𝑥 − 𝑉𝑁8𝑥)
2
+ (𝑉𝐵8𝑦 − 𝑉𝑁8𝑦)

2

= 𝑉𝐵8𝑁8
2

   (5) 

{
𝑉𝑁8𝑦 =

−𝑏±√𝑏2−4𝑎𝑐

2𝑎
                 

𝑉𝑁8𝑥 =
𝐾−2∙𝑉𝑁8𝑦 ∙(𝑉𝐴8𝑦−𝑉𝐵8𝑦)

2∙(𝑉𝐴8𝑥−𝑉𝐵8𝑥)

  

𝑤ℎ𝑒𝑟𝑒,  

 

(6) 

{
 
 

 
 𝑎 = 1 +

(𝑉𝐴8𝑦−𝑉𝐵8𝑦)
2

(𝑉𝐴8𝑥−𝑉𝐵8𝑥)
2                                                          

𝐾 = 𝑉𝐵8𝑁8
2 − 𝑉𝐴8𝑁8

2 − (𝑉𝐵8𝑥
2 − 𝑉𝐴8𝑥

2 ) − (𝑉𝐵8𝑦
2 − 𝑉𝐴8𝑦

2 )

𝑏 = −
𝐾

(𝑉𝐴8𝑥−𝑉𝐵8𝑥)
2 ∙ (𝑉𝐴8𝑦 − 𝑉𝐵8𝑦) + 2 ∙ 𝑉𝐴8𝑦                            

  

Further, it should be noted that whenever phase-to-phase 

and phase-to-neutral voltages are drawn in the same vector 

triangle, the phase-to-phase voltage magnitude should be √3 

times of the phase-to-neutral voltage magnitude. Otherwise, 

they cannot form a triangle. Therefore, in the following 

derivation, the same base of 11kV/√3 is used to obtain the 

per-unit values of the phase-to-phase and phase-to-neutral 

voltages. 

 
Fig. 6. Neutral calculation method 

    3)  Reverse LDC for Bus-5 Voltage Calculation 

The phase-to-neutral voltage vectors at Bus-8 can now be 

expressed in (7). Further, based on the power information at 

Bus-8, the current vectors can be calculated as in (8). 

{
 
 

 
 �⃗⃗�𝐴8𝑁8 = (𝑉𝐴8𝑥 − 𝑉𝑁8𝑥) + 𝑗 ∙ (𝑉𝐴8𝑦 − 𝑉𝑁8𝑦)

�⃗⃗�𝐵8𝑁8 = (𝑉𝐵8𝑥 − 𝑉𝑁8𝑥) + 𝑗 ∙ (𝑉𝐵8𝑦 − 𝑉𝑁8𝑦)

�⃗⃗�𝐶8𝑁8 = (𝑉𝐶8𝑥 − 𝑉𝑁8𝑥) + 𝑗 ∙ (𝑉𝐶8𝑦 − 𝑉𝑁8𝑦)

  (7) 

{
  
 

  
 𝐼𝐴5−8 = 𝑐𝑜𝑛𝑗 (

𝑃𝐴8
+𝑗∙𝑄𝐴8
�⃗⃗⃗�𝐴8𝑁8

)

𝐼𝐵5−8 = 𝑐𝑜𝑛𝑗 (
𝑃𝐵8

+𝑗∙𝑄𝐵8
�⃗⃗⃗�𝐵8𝑁8

)

𝐼𝐶5−8 = 𝑐𝑜𝑛𝑗 (
𝑃𝐶8

+𝑗∙𝑄𝐶8
�⃗⃗⃗�𝐶8𝑁8

)

  (8) 

Based on the reverse LDC method, Bus-5 voltages equal 

Bus-8 voltages plus the voltage drop between Bus-5 and Bus-8, 

and this drop is caused by line currents flowing through line 

impedances. Therefore, voltage calculation at Bus-5 can be 

described by (9), which eliminates Assumption-1 discussed in 

Part B of this section. 

[

�⃗⃗�𝐴5𝑁5

�⃗⃗�𝐵5𝑁5

�⃗⃗�𝐶5𝑁5

] = [

�⃗⃗�𝐴8𝑁8

�⃗⃗�𝐵8𝑁8

�⃗⃗�𝐶8𝑁8

] + [

𝑍𝐴𝐴5−8 𝑍𝐴𝐵5−8 𝑍𝐴𝐶5−8
𝑍𝐴𝐵5−8 𝑍𝐵𝐵5−8 𝑍𝐵𝐶5−8
𝑍𝐴𝐶5−8 𝑍𝐵𝐶5−8 𝑍𝐶𝐶5−8

] ∙ [

𝐼𝐴5−8

𝐼𝐵5−8

𝐼𝐶5−8

]  (9) 

A

B

C

x

y

(VA8x, VA8y)

(VC8x,VC8y)

(VB8x,VB8y)

(0  , ½VCA)

( ?    ,   ?  )

(0 ,-½VCA)

A

B

C

N

x

y

(VA8x,VA8y)

(VC8x,VC8y)

(VB8x,VB8y)

(VN8x,VN8y)
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    4)  Statistical Unbalance Offset for Bus-4 Voltage 

Calculation 

In order to obtain voltage regulation 𝑉𝐴5𝐴4  (Fig. 7) as 

formulated in (1), both Bus-4 and Bus-5 voltages are required. 

However, only partial information is available – all Bus-5 

voltages acquired from the previous section and 𝑉𝐵4𝑁4 =

𝑉𝐵5𝑁5 . To derive the voltage regulation 𝑉𝐴5𝐴4 , it is critical to 

further know the location of Point 𝐴4. In [16], Point 𝐴4 was 

decided based on the assumption (Assumption-2) of balanced 

upstream voltages at Bus-4: 𝑉𝐴4𝑁4 ≈ 𝑉𝐵4𝑁4 . However, this 

assumption may not be very accurate.  

 
Fig. 7. Voltage regulation diagram of open-delta SVR 

To rectify this issue, a statistical offsetting approach is 

required. The approach needs temporary records of actual tap 

positions or Bus-4 voltages over several days. In this paper, 

the actual taps (𝑇𝑎𝑝𝑠) of the 30-min measurement from the 

local utility are used to derive the compensation for voltage 

unbalance at Bus-4. 

Based on Parts A and B of Section III, the voltage 

regulation can be calculated according to the first equation of 

(10), and then the angle 𝛼  in the triangle ∆𝐴5𝐵5𝑁  can be 

determined from the second equation of (10).  

{

𝑉𝐴5𝐴4 = 𝑇𝑎𝑝𝑠 ∙ ∆𝑉𝑡𝑎𝑝         

𝑐𝑜𝑠𝛼 =
𝑉𝐴5𝐵5
2 +𝑉𝐴5𝑁5

2 −𝑉𝐵5𝑁5
2

2∙𝑉𝐴5𝐵5∙𝑉𝐴5𝑁5

  (10) 

Next, the voltage regulation 𝑉𝐴5𝐴4  can be used in the 

triangle ∆𝐴5𝐴4𝑁  to calculate 𝑉𝐴4𝑁4  as in (11). It should be 

pointed out that, if Bus-4 voltages are temporarily measured, 

𝑉𝐴4𝑁4 in (11) is directly known, so the processes in (10) and 

(11) are no longer required.  

{
 

 𝑐𝑜𝑠𝛼 =
𝑉𝐴5𝐴4
2 +𝑉𝐴5𝑁5

2 −𝑉𝐴4𝑁4
2

2∙𝑉𝐴5𝐴4∙𝑉𝐴5𝑁5
                                            

𝑉𝐴4𝑁4 = √𝑉𝐴5𝐴4
2 + 𝑉𝐴5𝑁5

2 − 2 ∙ 𝑉𝐴5𝐴4 ∙ 𝑉𝐴5𝑁5 ∙ 𝑐𝑜𝑠𝛼 

  (11) 

To differentiate the 𝑉𝐴4𝑁4  in (11) from the approximated 

𝑉𝐴4𝑁4  in Assumption-2, the assumed 𝑉𝐴4𝑁4  is denoted as 

𝑉𝐴4𝑁4_𝐴𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛−2 .Under Assumption-2, 𝑉𝐴4𝑁4_𝐴𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛−2  is 

equal to 𝑉𝐵4𝑁4  (𝑉𝐵5𝑁5  as well). Therefore, the difference (𝐷) 

between 𝑉𝐴4𝑁4_𝐴𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛−2  and 𝑉𝐴4𝑁4  can be computed as in 

(12) for each sample. Over a few days of observation, an 

average of the differences can be calculated for future 

compensation of 𝑉𝐴4𝑁4, which is formulated in (13). As shown 

in Fig. 8, the differences are relatively steady. In fact, due to 

Delta-Grounded Wye transformers on the loading side, the 

11kV line currents are more or less balanced, and the voltage 

unbalance is mainly contributed by non-transposed lines. 

Thus, the differences have shown a fairly consistent trend. As 

a result, such differences can also be obtained from accurate 

distribution network load flow study as well. In summary, the 

statistical offsetting approach should be very effective to 

represent Bus-4 voltage unbalance. With this approach, 

Assumption-2 is consequently removed. 

𝐷 = 𝑉𝐴4𝑁4_𝐴𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛−2 − 𝑉𝐴4𝑁4 = 𝑉𝐵5𝑁5 − 𝑉𝐴4𝑁4  (12) 

𝑉𝐴4𝑁4 = 𝑉𝐵5𝑁5 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝐷) = 𝑉𝐵5𝑁5 − �̅�  (13) 

 
Fig. 8. Differences between calculated 𝑉𝐴4𝑁4  and approximated 𝑉𝐴4𝑁4  under 

Assumption-2 over a 5-day period in February 2016 

    5)  Tap Position Estimation Based on Full Triangle 

Calculation 

Once the average value of the difference (�̅�) is determined 

in (13), it can be used in future real-time tap position 

estimation. First, the angle 𝛽  is decided in the triangle 

∆𝐴5𝐵5𝑁 as in (14).  

𝑐𝑜𝑠𝛽 =
𝑉𝐴5𝐵5
2 +𝑉𝐵5𝑁5

2 −𝑉𝐴5𝑁5
2

2∙𝑉𝐴5𝐵5∙𝑉𝐵5𝑁5
  (14) 

Next, because the triangle ∆𝐴4𝐵4𝑁 shares the same angle 𝛽, 

the phase-to-phase voltage 𝑉𝐴4𝐵4  can be calculated from (15). 

The solution is given in (16).  

𝑐𝑜𝑠𝛽 =
𝑉𝐴4𝐵4
2 +𝑉𝐵4𝑁4

2 −𝑉𝐴4𝑁4
2

2∙𝑉𝐴4𝐵4∙𝑉𝐵4𝑁4
=

𝑉𝐴4𝐵4
2 +𝑉𝐵5𝑁5

2 −(𝑉𝐵5𝑁5−�̅�)
2

2∙𝑉𝐴4𝐵4∙𝑉𝐵5𝑁5
  (15) 

𝑉𝐴4𝐵4 = 𝑐𝑜𝑠𝛽 ∙ 𝑉𝐵5𝑁5⏟        
𝑇𝑒𝑟𝑚−1

± √𝑐𝑜𝑠𝛽2𝑉𝐵5𝑁5
2 − 2�̅� ∙ 𝑉𝐵5𝑁5 + �̅�

2

⏟                    
𝑇𝑒𝑟𝑚−2

  
(16) 

It needs to be noted that the “-” sign between Term-1 and 

Term-2 in (16) is unfeasible. According to (12) and (13), �̅� in 

(16), which is representing phase unbalance between Phase-A 

and Phase-B in Bus-4 (located before the SVR), cannot be 

very large in reality (close to zero based on Fig. 8). Thus, the 

value of “−2�̅� ∙ 𝑉𝐵5𝑁5 + �̅�
2” in Term-2 is close to zero. As a 
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result, Term-2 in (16) should have a value that is close to 

Term-1. If the “-” sign is adopted, 𝑉𝐴4𝐵4  magnitude in (16) 

will become very small (nearly zero), which cannot occur in 

the real world during normal operation. 

Finally, the tap position can be estimated through (17) based 

on (1), (2) and (16). 

𝑇𝑎𝑝𝑠𝐴𝐵 =
𝑉𝐴5𝐴4

√3∙∆𝑉𝑡𝑎𝑝
=

𝑉𝐴5𝐵5−𝑉𝐴4𝐵4

√3∙∆𝑉𝑡𝑎𝑝
  (17) 

    6)  Tap Change Independence between Two Regulators 

In the Gatton network, the open-delta SVR has two 

regulators (Regulator-AB and Regulator-CB) with 

independent voltage regulation. As illustrated in Fig. 9, the 

upper triangles ∆ 𝐴5𝐵5𝑁  and ∆ 𝐴4𝐵4𝑁  controlled by 

Regulator-AB will not be affected no matter how Regulator-

CB regulates voltage of Phase C from Point 𝐶4 to Point 𝐶5, 𝐶5
′  

or 𝐶5
′′. This shows tap change independence between the two 

regulators of the open-delta SVR. Further, it indicates that the 

same method developed for Regulator-AB can be readily 

applied to Regulator-CB for tap position estimation.  

It should be pointed out that the proposed method 

essentially utilizes the phase voltage unbalance created by the 

open-delta SVR as in Fig. 9 to estimate tap positions. In 

contrast, the OLTC in the zone substation transformers (Fig. 1) 

are a three-phase device, which increases or decreases the 

voltage magnitudes of all three phases by the same amount at 

the same time. Therefore, the upstream OLTC action does not 

affect the downstream unbalance and hence the tap estimation 

results. 

 
Fig. 9. Independent regulation of AB and CB regulators in open-delta SVR 

IV.  VERIFICATION WITH FIELD MEASUREMENT 

Field measurement of upstream open-delta SVR tap 

positions from the local utility Energex is used to validate the 

proposed approach. This logged data has a 30-min resolution. 

After eliminating invalid records, there are 77 days available 

for methodology verification dating from December 2015 to 

April 2016, which in Australia contains summer (December, 

January and February) and autumn (March, April and May). 

According to the PV power output variability analysis [21-22], 

most high variability days are in summer while the power 

output in winter has relatively lower variability. Thus, voltage 

variations in summer caused by PV generation fluctuations are 

most critical, and consequently the resultant tap changes are 

generally more frequent than those in other seasons. 

Therefore, if the proposed method can precisely estimate tap 

positions in the high variability season – summer, it should 

also achieve an accurate estimation in other low variability 

seasons (spring, autumn and winter).  

In the downstream, the metered data from the UQ Gatton 

campus load and the PV site with 1-min sampling rate were 
collected for conducting remote tap position estimation. 

Considering the inherent SVR first tap change delay of 135s, 

such a sampling rate should be sufficient for identifying tap 

changes. In fact, it also needs to be pointed out that the 

corresponding resolution for such an estimation can reach to 

the data acquisition resolution (such as 1s for the Gatton PV 

system which is later used for the field test in Section V). 

A.  Performance of the Proposed Approach 

In order to validate the effectiveness of the proposed 

method, the estimated tap positions using UQ metered data are 

compared with the recorded tap positions on the 5th day of 

each month from January to April in 2016. The results of these 

four days are shown in Fig. 10. The tap position contours 

estimated by the proposed approach are well matched with tap 

profiles measured from the local utility. Therefore, the 

performance of the proposed method has been verified with a 

high level of confidence. 

 
Fig. 10. Performance of tap position estimation for Gatton open-delta SVR 

B.  Comparison between the Proposed Approach and the 

Simplified Approach 

To demonstrate the superiority of the newly developed 

approach, comparison results of tap positions on 18th February 

2016 between the simplified method, the proposed method and 

the recorded data are shown in Fig. 11.  
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Fig. 11. Tap position results comparison  

First, compared with the simplified method, the proposed 

approach is considerably more accurate. For example, the 

estimated tap positions from the simplified method were 

consistently lower than those of that recorded when the tap 

position was higher than 6 from 8:30 to 16:00. In contrast, the 

tap positions from the proposed approach perfectly aligned 

with the field measurements. Comparison results of the 

methods are listed in Table I. It should be noted that the 

resultant tap mismatch between the simplified method and the 

field measurement is inconsistent throughout the day as shown 

in Fig. 11, therefore there is no simple way of fixing the 

simplified method by adding 1 tap compensation. This is one 

reason why the proposed method is indeed required. Secondly, 

with respect to the recorded tap positions, the proposed 

approach has shown more tap changes, which have been 

highlighted with circles in Fig. 11. Due to the 30-min 

sampling rate from the utility, 28 extra tap changes were not 

recorded. However, they have been clearly indicated with the 

new method.  

TABLE I 

TAP POSITION ESTIMATION RESULTS COMPARISON ON 18TH
 FEB. 2016 

Time 
Recorded 

Measurement 

Proposed  

Method 

Simplified 

Method 

8:30-9:30 6 6 5 

9:30-10:00 7 7 6 

10:00-11:00 6 6 5 

11:00-11:30 7 7 6 

11:30-12:00 8 8 7 

12:00-14:00 7 7 6 

14:00-14:30 8 8 7 

14:30-15:00 11 11 10 

15:00-16:00 8 8 7 

18:30-19:30 7 7 6 

Last but not least, it is important to firmly prove the extra 

taps predicted by the proposed approach actually occurred, 

and these changes were not caused by measuring, computing 

or modelling glitches. Hence, the minimum and maximum tap 

positions within each 30-min interval recorded by utilities are 

used for this mismatch proof. The results presented in Fig. 12 

evidently show that all estimation by the proposed method is 

within the range of the recorded minimum and maximum tap 

positions. This indicates that the estimated tap positions 

genuinely happened in reality; however, a number of tap 

position changes were unrecorded due to the low sampling 

rate. 

 
Fig. 12. Tap estimation results verification for unrecorded taps 

C.  Statistical Analysis of Estimation Accuracy 

Root mean squared error (RMSE) and coefficient of 

determination (R2) are employed for statistical analysis of tap 

estimation accuracy between estimated tap positions and 

recorded tap positions. RMSE is used to represent the 

estimation error. Thus, the smaller the RMSE value is, the 

better the estimation accuracy will be. As for R2 , it ranges 

from 0 to 1, where 1 means the tap position can be estimated 

without any error. On the contrary, 0 means tap positions 

cannot be estimated. The detailed definition of RMSE and R2 

can be found in [23]. In this paper, recorded tap data of 77 

days with a 30-minute sampling rate from the local utility is 

utilized as a benchmark, and the estimated tap positions by the 

proposed method and the simplified method are resampled to 

match the measured data interval for an evaluation of 

statistical closeness.  

The statistical analysis results are shown in Table II. As can 

be seen, the estimation error represented by RMSE of the 

proposed method is much smaller than that of the simplified 

method. Moreover, R2 of the proposed method (close to 1) is 

much higher than that of the simplified method (around 0.85), 

which means the proposed method can more accurately 

estimate tap positions.    

TABLE II 

STATISTICAL ANALYSIS OF THE TAP POSITION ESTIMATION ACCURACY  

Method RMSE R2  

Simplified Method 0.5042 0.8535 

Proposed Method 0.0693 0.9972 

   

V.  FIELD TEST AND APPLICATION  

In order to fully prove that the proposed estimation 

approach can be implemented to a real system, field testing of 

the proposed approach has been carried out under the support 

of the local utility and the PV plant owner.    
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A.  Field Test with Real Distribution Network 

Actual PV power output profiles (17 April, 2017 – 23 April, 

2017) during the field test are shown in Fig. 13. In this week, 

most days were cloudy resulting in the PV power output being 

highly variable. As a result, excessive tap changes happened 

due to voltage variations caused by PV power fluctuations. 

The developed tap position estimation approach was applied 

to the PV site and the sampling rate of the input data to the 

proposed tap position estimation algorithm was 1s. Meanwhile, 

one dedicated tap change recorder was set up by the local 

utility with a 1s sampling rate. The implementation results are 

shown in Fig. 14. Black curves with ‘x’ markers and blue 

curves represent field recorded tap positions and estimated tap 

positions, respectively. As can be seen in Fig. 14, all estimated 

tap positions are well matched with those from the field 

records, which means the proposed approach has high 

accuracy and robustness and hence can be implemented on 

real systems.  

 
Fig. 13. One week PV active power output profile (17 April, 2017 – 23 April, 

2017) 

 

 

 

 
Fig. 14. Field test results (17 April, 2017 – 23 April, 2017) 

B.  Analysis of Daily and Cumulative Tap Changes 

The operation of an SVR directly affects voltage regulation 

and reliability of a feeder; therefore, SVR maintenance is very 

important for retaining the overall performance of a network. 

However, the tap changers in an SVR are very fragile due to 

the related wear and tear in each tap change. Therefore, the 

time-based maintenance scheme is not sufficient when 

excessive tap changes within the same period can be caused 

by frequent PV output fluctuations. Thus, accurate tap change 

information is required for more efficient maintenance.  

Fig. 15 (a) compares the total daily tap changes between the 

proposed approach and the recorded data over a 77-day period 

(30-min interval). The estimated number of tap changes is 

significantly higher than that of the recorded, and the largest 

discrepancy occurred on 15th January 2016 with 128 (proposed) 

versus 42 (recorded). While, Fig. 15 (b) shows the cumulative 

effect over this period. The total number of tap changes by the 

proposed approach was almost twice as many as that 

according to the records – on average around 25 more tap 

changes per day. This can significantly reduce the life time 

and maintenance interval of the SVR, so it is expected that the 

maintenance service will be scheduled more frequently by the 

utility to avoid unnecessary tap failures. 

 

(a) Daily tap changes over 77 days 
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(b) Cumulative tap changes over 77 days 

Fig. 15. Daily and cumulative tap change comparison between the proposed 

method and the recorded data from the local utility 

VI.  CONCLUSIONS 

This paper proposes a new tap position estimation approach 

for open-delta SVRs in distribution networks. It fully utilizes 

voltage unbalance brought about by the open-delta 

configuration and determines remote upstream tap profiles in 

real-time with only local downstream measurement. This 

novel approach overcomes three major assumptions via 

reverse LDC, statistical unbalance offset and complete voltage 

vector trigonometry. Further, its high accuracy and 

practicability are firmly validated by field testing under 

support of the local utility and PV plant owner. 

The results show the proposed approach is superior in 

accuracy to the simplified approach. While compared with the 

utility tap records, the new approach can also more precisely 

represent tap contours due to sampling and communication 

advantages. Moreover, through a 77-day period, the 

cumulative tap changes determined by the proposed method 

nearly doubled the amount calculated from the records. All of 

these results will be critically important for future SVR 

operation and management. 

This research provides substantial benefits not only for 

distribution utilities but also for utility-scale PV owners. 

Utilities can apply this method to cost-effectively monitor 

SVR status with high resolution, which helps to overcome 

communication and data storage constraints, enable analysis 

of SVR-PV interactions, validate and implement coordinated 

PV-SVR voltage control, and improve SVR maintenance 

scheduling and reliability. Furthermore, PV owners can also 

implement the proposed method to obtain upstream tap 

positions, which will assist in better understanding of voltage 

compliance issues and consequently avoid needless penalties. 
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