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ABSTRACT 

The growing of distributed energy resources (DER), 
distributed storage, flexible load and plug-in-electrical 
vehicles (PEVs) brings distribution systems opportunities 
and challenges. On one hand, the uncontrolled charging 
load may occur coincidentally with the peak hours. On 
the other hand the photovoltaic and wind generation may 
occur coincidentally with the off-peak hours and will 
affect or even deteriorate the operation performance of 
distribution systems dramatically. In both cases, the step 
voltage regulators (VR) need to have their settings 
previously evaluated for these different operating 
conditions. From these considerations, the goal of this 
paper is to present a methodology that was developed to 
allow the real-time definition of the SVR settings, for the 
various network topologies and load scenarios. The 
control algorithms developed to SVR could be part of an 
Adaptive Hierarchical Voltage Control (AHVC). Thus, 
the control developed can be embedded in an intelligent 
control system that will be part of the so-called 
“intelligent voltage regulator (iVR)”. 

INTRODUCTION 

In a conventional distribution system, power flow is 
unidirectional from substation to customers. With high 
levels of distributed energy resources (DER) integration, 
power may flow backwards which creates challenges 
with legacy circuit designs and control techniques. It is 
the utility’s responsibility to maintain the service 
entrance voltage within service range [1]. Some utilities 
would keep the voltage in an even tighter range for 
implementing Conservation Voltage Reduction (CVR). 
To keep voltage within acceptable tolerance, utilities 
have different voltage regulation techniques, and 
centralized Volt/VAR control is one commonly used 
approach in distribution systems. Researchers have 
proposed different kinds of Volt/VAR algorithms [2], [3]. 
The reconfiguration of feeders, through switching of 
loads, is quite common and satisfactory in short or urban 
feeders. Besides, rural, more extensive or also some 
feeders that serve several smaller municipalities, 
throughout in its area of operations, have a shift of 
topology during contingency cases or in cases of 
scheduled shutdowns. In both cases, the VR need to have 
their settings previously evaluated for these different 
operating conditions [4], [5], [6]. 
 
 

 
From these considerations, this paper presents a 
methodology developed in the Brazilian Electrical 
Energy Agency (ANEEL) R&D project Intelligent 
dynamic control for voltage regulators and 
supervisory systems (CDI-RT) in a smart grid 
environment Code ANEEL PD-5707-4301/2015. 
The methodology was developed to allow the real-time 
definition of the voltage regulator (VR) settings, for the 
various network topologies and load scenarios, whether 
these were originated in switching or seasonal load 
variations at those feeders. However, the methodology is 
not restricted to equipment settings. It acts also 
evaluating the hierarchy between the VR, adjusting the 
delay time, based on the network topology. It also acts as 
a centralized control, controlling the regulators 
commands dispatch to assuring a better regulators level 
response system. 
The following sections describe the main features of the 
Adaptive Hierarchical Voltage Control (AHVC) 
methodology, highlighting the steps of local control, 
hierarchical matrix and triggers that activate the control 
functions. Finally, examples are provided using a typical 
utility distribution circuit from Electrical Energy State 
Company-CEEE-D. 

OVERVIEW OF THE ADPTIVE 
HIERARCHICAL VOLTAGE CONTROL 
(AHVC) 

The AHVC methodology developed consists of two 
control systems: one control is local and another is 
centralized. The first control is applied to an embedded 
system, connected to the VR It is used to sets the local 
control parameters for each of the regulators. In the 
centralized control was developed an algorithm to define 
the hierarchy of each feeder equipment, divided in system 
levels and it realizes the real-time command of VR. 
The development of AHVC is based on the VR settings. 
It considers the definition of the voltage reference 
parameters (UREF), line drop compensation (UR and UX), 
the dead band (DB) and time delay (TD). 
 

Voltage Regulator settings 
When a feeder with a single VR is analyzed, or in case 
where there are no VR in cascade, the TD and DB are 
easily defined. It does occur because there is no 
interaction between the equipment. However, as 
regulators are added along the distribution network, its 



 24th International Conference on Electricity Distribution Glasgow, 12-15 June 2017 
 

Paper 0285 
 

 

CIRED 2017  2/5 

settings must be performed in a coordinated way, 
considering time ranges between devices in order to 
preventing unnecessary operations. The inadequate 
coordination among the time delay resulted in a second 
block of output voltage to the setting range of equipment, 
that could be avoided if this regulator operation was be 
delayed or anticipated to the action of upstream 
equipment. 
Based on this fact, it is necessary to evaluate the regulator 
settings together with the voltage variation which occurs 
on the network. After that it is necessary to analyze 
which equipment should react to a given voltage change. 
In this case, it's important analyses if the defined 
operation responds sufficiently or if it's necessary an 
instantaneous intervention of the centralized control to 
obtain a faster response. 
However, according to the seasonal load variations, 
amount of DER, maneuvers to system maintenance, load 
transfer or feeder reconfiguration, new settings for the 
VR may be required. These new settings can last a few 
hours or stay for several months. Thus, the local control 
module was developed to minimize the need of several 
studies, measurement and analysis. It consists on the 
application of a local control in each VR module. This 
local control allows automatic settings of each device to 
any of the conditions previously mentioned. 
 

Local Control 
The performance of local control is based on direct 
memory access of VR, through a dedicated hardware that 
process the load data, the voltage source side data, load 
voltage data and TAP position adjustments data. From 
the periodic processing of this information, it is possible 
to determine the best set of adjustments to the equipment 
in any operating condition. A simplified diagram is 
shown in figure 1. 

 

Figure1. Local Control – Overview. 

A Fuzzy controller coupled with a heuristic method 
was developed to define the set the best parameters of 
voltage reference (URef), line drop compensation (UR e 
UX) and .dead band (DB). 
The adjustments are calculated considering the values 
read from the memory controller. These parameters are 
UREF as (1), UR using (2) and UX using (3). 
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Where: 
: Reference Voltage; : resistive compensation; 

: reactive compensation. 
 
Once modified the time tuning parameters, the VR sends 
to the centralized control the configuration established for 
validation of the hierarchy processing. At this moment 
the hierarchy processing is performed by returning the set 
of valid parameters together with the time indicated. The 
value and the type of delay are defined only by 
centralized control because it knows the hierarchy of each 
control along the distribution network. 
The major advantage of this application lies in the fact 
that this control takes into account each different VR 
parameter once each VR sets its own settings. Another 
important point to consider in this distributed processing 
control is that even in a condition of lack of 
communication with the centralized system, the 
parameters at a local level continue to be processed, 
defined and sent to the others regulators because the local 
processing unit is coupled into each VR control. To 
calculate the insensitivity (DB), the allowable operational 
voltage range and the analysis of the variation of the 
input voltage are used. 

HIERARCHICAL CONTROL 

The hierarchical control, presented at figure 2, was 
developed considering the topology of the distribution 
system and the sequence of operation of VR.

 

Figure 2. Hierarchical Control – Overview. 
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The AHVC was performed to operate together with an 
advanced distribution management system (ADMS). A 
hierarchical matrix (HM) in (4) must be created for each 
feeder, in order to assess the influence that each VR has 
on the other neighborhood VR. 

=
⋯

⋮ ⋱ ⋮
⋯

                                          (4) 

The HM is composed of elements calculated by (5). 

= ∙ ( − ) ∀ >
=  ∀ =

= ∙
( )

 ∀ <
 (5) 

Where: 
: element of line i and column j of hierarchical matrix; 

: number of SVRs of the system; : number of SVRs 
between regulators SVR(i) and SVR(j); : direction of 
flow at SVR(i) (1 if direct or -1 if inverse); : 1 if 
SVR(i) belongs to path SVR(j) to source or 0 if not.  
 
The effect is reversed when the comparison is performed 
in equipment upstream and when the VR isn’t directly 
influenced, i.e., it doesn’t belong to the same electrical 
path and then it receives zero value. The matrix order’ 
varies in relation to the number of control devices present 
in the feeder or in the system. In the main diagonal is 
indicated the direction of flow in the node which the 
regulator is installed. 

To illustrate the construction of the hierarchical matrix, 
the figure 3 shows the position of three VR’s in a 
distribution network. An OLTC (on load tap changer) is 
represented too, totaling 4 voltage control devices.  

 

Figure 3. Feeders with Voltage Regulators – Original Topology. 

The algorithm consists into accesses the data base and 
performs a scan of the network, from each unit to the 
substation, checking for upstream regulators of the 
equipment in question. The elements of the first 
neighborhood have a great influence, which is reduced if 
there is some intermediate equipment. After scanning all 
the equipment and the assignment of values of mutual 
influence, the array is sorted, resulting in the matrix 
presented in table 1. 

Table 1. Hierarchical Matrix – Original Topology 
 R1 R2 R3 R4 

R1 1 4 4 3 

R2 1/4 1 0 0 

R3 1/4 0 1 4 

R4 1/3 0 1/4 1 

Once the matrix was obtained it is possible to identify the 
order of action of the VR and the existence of influences 
among the operations performed on each regulator in 
relation to others. Thus, when a reconfiguration switching 
is performed, as can be seen in the figure 4, the network 
topology is changed. 

 

Figure 4. Feeders with Voltage Regulators – Topology Changed 

This change in topology leads to the creation of a new 
hierarchical matrix, showed in table 2. It is necessary a 
new calculation of control parameters in each regulator.  

 
Table 2. Hierarchical Matrix – Topology Changed 

 R1 R2 R3 R4 

R1 1 4 4 3 

R2 1/4 1 0 4 

R3 1/4 0 1 0 

R4 1/3 1/4 0 -1 

 
The delay time setting is done considering the order of 
action and operating mode of each equipment, respecting 
the controllers’ hierarchy. 
Having the DB and the HM, it is possible to calculate the 
TD using either linear or inverse timing. One can also use 
hybrid delay timing between switching, what already 
exists on relay 90, that is used to control the OLTC in 
cases where the VR can wait a longer time, compared to 
small variations in voltage. Equations (6), (7) (8) and (9) 
can calculate the time required to stabilize the primary 
voltage levels and the estimated switching number for 
each regulator. 

 ComtTDTAPgt Re                                (6) 

TAPComTDgt t Re                              (7) 

   ComttTAPComtTDgt  21Re                    (8) 
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Where: 

gtRe -  voltage regulation time [s]; TD - time delay [s]; 2t  
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time delay between switching [s]; Comt : mechanical 

switching time [s]; TAP: number of switching to voltage 
regulation [dimensionless]; DB: dead band [per unit]; Vm: 
voltage  measured on the load side of the SVR [per unit]. 

SIMULATION STUDIES 

For the analysis of the presented methodology, 
simulations with a test system were performed. This 
study considers a system compound of 2 identical feeders 
based on the IEEE 34 bus system, presented in figure 5 
with the possibility of load transfer between both feeders. 

 

Figure 5. Test Feeder. 

For each analyzed scenario, two simulations were 
performed, one considering the normal operation of the 
VR and other applying the AHVC methodology, 
comparing the results obtained in terms of regularization 
time, number of switching and severity of transgression. 
The Index of Voltage Transgression Severity (IVTS) is 
an indicator that records the duration and magnitude of 
voltages outside the range of adjustment of each VR, 
calculated using (10), through (11) e (12). 

 

= +  (10) 

=
( ) ( ) ( ) ( )

 (11) 

=
[ ( ) ( )] |[ ( ) ( )]|

 (12) 

Where: 
: transgression of superior limit [ ∙ ]; : 

transgression of inferior limit [ ∙ ]; ( ): voltage at 
instant t [ ]; : time of begin of voltage limit violation 
[ ]; : maximum estimated time of regularization [ ]. 
 
The adjustments of the equipment are shown in Table 3. 

 
 
 
 
 

Table 3. Voltage Regulators Parameters 
 AL1 AL2 

 RT1 RT2 RT3 RT4 RT5 RT6 

INominal [Amp] 200 200 200 200 200 200 

VRef [pu] 1,009 1 1 1,009 1 1 

Ur [pu] 0,078 0,061 0,078 0,078 0,061 0,078 

Ux [pu] 0,052 0,035 0,043 0,052 0,035 0,043 

DB [pu] 0,009 0,009 0,009 0,009 0,009 0,009 

Load Bonus 

[pu] 

1 1 1 1 1 1 

TAP Limit 16 16 16 16 16 16 

TD [s] 15 30 45 15 30 45 

t2 [s] 0 0 0 0 0 0 

tCom [s] 3 3 3 3 3 3 

The figure 6 illustrates the normal operation of VR, 
considering the transition between 19h to 20h. 

 

Figure 6. TAP Set in Normal Operation. 

The effect of these operations, associated with the 
influence of regulators to each other, results in output 
voltages shown in figure 7. 

 

Figure 7. Output Voltage in Normal Operation. 

By using centralized control, the switching process is 
accelerated, making all regulators initiate their 
commutations. As can be seen in the figure 8, the 
duration of the transgression was lower than in the 
previous condition. Additionally the number of switches 
was also reduced. In this configuration, the regularization 
occurs faster, resulting in the output voltages shown in 
figure 9. 
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Figure 8. TAP Switching with AHVC. 

 

Figure 9. Voltage Output with AVHC. 

Compared with the normal operation of regulators, the 
Table 4 shows the reduction of severity of transgressions 
in all regulators. 
 

Table 4. Comparative between applied methods – Normal vs 
AVHC – Original Configuration 

 Indicador RT1 RT2 RT3 

N
or

m
al

 

Switching Operations of SVR 3 6 1 

Severity Voltage 

Transgression Index  [pu.s] 
0,274 1,656 1,162 

Voltage Regularization [s] 24 48 96 

A
H

V
C

 

Switching Operations of SVR 3 6 1 

Severity Voltage 

Transgression Index  [pu.s] 
0,274 1,183 0,816 

Voltage Regularization [s] 24 33 18 

 
For a better understanding of the severity index, figure 10 
shows a comparison between the normal operation and 
the AHVC operation on the RT3 VR. 

 

Figure 10. Severity Level –Normal Operation against AHVC. 

 

CONCLUSION 
This paper presents a methodology developed for 
dynamic setting changing of distribution voltage 
regulators under normal operating conditions or in 
reconfigurations that allows the quickly mode adjust of 
operation of the drivers for different operating conditions. 
In a system with little ability to maneuver or charge 
transfer, the AHVC method, basically, operates in the 
improvement of voltage levels according to the 
seasonality of load and the different load levels that occur 
during the day. However for systems with more 
possibilities for transfer of loads between feeders, these 
configuration changes are perceived by the SCADA 
system, by monitoring key and the change in the load 
profile of the regulators. If the equipment is not prepared 
for an operation in reverse flow, the adjustment 
mechanism can take control of the regulator, maintaining 
a range of appropriate regulation without violating the 
constraints. 
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