
 

Abstract— The SMART GRID (SG) is an all encompassing term 
reflecting the broad objective of applying the latest technology to 
the overall power system.  As designed to do, the SG philosophy 
and government backing has prompted an avalanche of ideas to 
be generated in every aspect of power system operation. The 
subject feature discussed in this paper is the VVMS (volt/var 
management system).  
 The objectives of a coordinated VVMS include reducing 
system-wide losses, minimizing distribution system and customer 
voltage variation, reducing maintenance costs, reducing 
operating costs, reducing/deferring capital spending and 
increasing the power delivery capacity of existing equipment. In 
case of the CVC (conservation voltage control) application, an 
added objective is to maintain customer voltage levels to 
minimize power consumption on the system.   
 This SG interest should also prompt comprehensive review of 
the present system’s equipment, integrating the SG into the 
present systems and evaluating innovative application of present 
equipment. These reviews will assist in forming the basis for the 
algorithms used in controlling the SG.  They will also form the 
basis for local backup operation for many contingency cases 
which will occur, even in an SG system. 
 This paper will also discuss the need to retain much of the 
local intelligence (locally) for those broader operational 
contingencies which will inevitably occur.  Not only must the SG 
meet objectives as an overall system but it must continue to meet 
those objectives for isolated areas for all contingency conditions.  
 A distribution system example will include some presently 
available hardware capabilities that are not universally being 
used to the fullest advantages towards the SG goals. The industry 
must be careful not to lose the local intelligence and operational 
capabilities that have been developed over many years of 
experience. 
 
Index Terms—Controls, Distribution, Transformer, Smart Grid 

I.  INTRODUCTION 
 This paper discusses one essential function of the SG 
(SMART GRID), the distribution VVMS (volt/var 
management system).  
 An effective VVMS requires the coordination of 
distribution VVMS equipment which results in benefits not 
realized by their individual, non-coordinated operation. The 
proper use and coordination of this equipment can decrease 
both additional equipment costs and continuing operating 
costs. 
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The equipment discussed in this paper will include LTC (Load 
Tap Changer) transformers shown in figure 1, line and 
substation LTC voltage regulators shown in figure 2 and 
switched pole-top (shown in figure 3) and substation capacitor 
banks and the communications between them.  

 
 

  
Fig. 1.  LTC Transformer 

 

 
Fig. 2.   Distribution line regulator bank 

 

 
Fig. 3.  Distribution line capacitor bank  

 
A typical isolated radial distribution system is outlined in 
figure 4.  The simple system shown consists of one source 
LTC transformer from the transmission or sub-transmission 
system, one bus capacitor bank (single or staged), four load 
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feeders - each with pole-top switched capacitor banks with 
adaptive capacitor controls (ACC), three with line regulators 
with adaptive regulator controls (ARC), and one with DG 
(distributed generation).  

 

 
 

Fig.  4.  Sample Distribution System 
 

 On radial systems, any transformer or regulator tapchanger 
control is responsible for the distribution voltage level for the 
customers up to the point of the next downstream tapchanger 
control. In other words, when the primary device can no 
longer assure proper customer voltage levels, an additional 
tapchanger and control is required.   For an example of these 
circuit sections of customer; see figure 4, sections 1 and 2. A 
downstream tapchanger (section 1) is located where this 
responsibility can no longer be accomplished by the primary 
device (section 2) because of circuit or loading conditions (on 
each feeder for example). Any tapchange will affect all loads 
and circuits downstream from the location and have no direct 
effect on upstream voltage levels.  
 Note that in the figure 4 system, section 2 extends and 
includes to the end of the third feeder down. There is no 
downstream tapchanger required. The reason for the ability of 
the LTC transformer to “cover” the entire circuit could be a 
shorter feeder length, a lighter load or larger conductor. It is 
unlikely that it would be from the DG shown on that circuit 
since the utility is responsible for circuit voltage control with 
the contingency of the DG out of service. 
 Although the VVMS var control goals are usually 
unchanged, the voltage control goals can vary. The use of 
CVC (conservation voltage control) on distribution circuits is 
an example.  In the majority of present applications, the 
voltage control is merely set at the highest value required to 
assure adequate voltage levels to any customer. This generally 
results in higher customer voltage than required for the 
majority of customers, at any load levels less than the system 
design maximum load. In the CVC application, the regulated 
voltage is at the lowest voltage customer in the section.  This 
maintains a minimum load voltage possible throughout the 
system.  
 It is understandable that individual customer voltage input 
to the first upstream tapchanger control decision would be 
invaluable towards effective CVC.  Adding other system 
information and operational data to the decision making 
process could affect a myriad of VVMS functions. 

 Recent studies have verified that if VVMS CVC techniques 
were properly applied, huge saving in energy costs and 
therefore reduction of pollutants would be achieved. These 
studies show 1-3% energy savings, 2-3.5% demand reduction 
and a var reduction of 4-10% is possible by maintaining 
minimum voltage at the low end of the acceptable 126V – 
114V range. [1] 
 
As the SG implements input information accumulated 
throughout the system to make VVMS operation decisions, it 
is expected the added advantages of CVC will be readily 
available.  

II.  VOLT/VAR MANAGEMENT EQUIPMENT 

A.  Tapchangers 
 LTC transformers are typically used to control the 
secondary voltage or load bus voltage of a distribution 
substation. LTC line regulators are typically used to regulate 
the voltage further out on the feeder but also are used at the 
substation with non-LTC transformers.  The several possible 
application locations for tapchangers in the distribution system 
are illustrated in figure 5.  Although the goals of the 
tapchanger operations remain consistent, the strategy and 
settings must be adjusted depending on their location and load 
parameters. Expanding on figure 5; (1) The tapchanger on a 
3φ LTC transformer is controlled by one single phase control, 
(2) bus regulators applied to a non- LTC transformer are 
usually single phase regulators with individual phase controls 
(some three phase regulators are also in use), (3) many 
stations operate with a non regulated bus voltage and 
individual single phase regulators on each circuit from the 
station, and (4) remote feeder regulators can be installed 
anywhere needed on the distribution feeders to maintain 
appropriate system and customer voltage.  

 
Fig. 5.  Possible distribution system tapchanger locations 

 
 To exemplify the differences in these applications, let’s 
look at one factor.  In the applications covered by figure 5, 
locations (1) – (3), the controls can be a single or individual 
phase controls AND the voltages measured are essentially 
equal for all locations (on the bus).  The currents, however, 
are quite different and reflect differently for the same system 
condition and configuration.  The (1) and (2) location currents 
represent the sum of all the loads on all the feeders whereas 
the (3) location current is specific to the individual feeder 
load.  Without going into detail we can see that the 
effectiveness of control in the (3) application can be 



 

significantly greater than (1) or (2) application due to the more 
limited area of voltage responsibility.  
 The use of location (3) regulators can also have an effect on 
the number and location of downstream line regulators. The 
distance of responsibility of the (1) or (2) applications is 
limited by the voltage limitations of all four feeders whereas 
application (3) is each only limited by its own feeder voltage 
characteristics.   
 In the face of unbalanced phase loading; we intuitively 
know that regulating each phase, rather than three phases 
together, should provide better voltage control. Even with 
only one three phase tapchanger, using some relationship 
between the phase voltages would be more effective than 
controlling with only one phase voltage.   
 In present applications, that “other phase” information can 
be implemented locally through the use of three phase backup 
controls. The majority of LTC transformers have installed 
backup controls to supervise the main control output.  In the 
case of single phase backup controls, they are mostly to 
protect against main control failure or runaway.  If three phase 
backup controls are used, they can also protect against any 
phase exceeding safe voltage limits even though there is only 
one controlling phase. 

B.  Capacitor Banks 
 Capacitor banks continue to be the most effective method 
of locally supplying system load var requirements. 
Traditionally, fixed (unswitched) banks are used to offset 
minimum load requirements, with switched banks being added 
as the load increases. These banks are best located as near the 
load var requirement as practical and cost effective and are 
found both on feeders and on distribution substation busses.  
As illustrated in figure 6, the basic premise of their use is that 
capacitor addition to the circuit reduces the current in the 
entire circuit 
 

Basic Premise 
Pole top Capacitor banks are for: 
Offsetting distribution system var 

requirements 
which 

* REDUCES CURRENT 
which 

* Reduces losses (I2R) 
* Reduces voltage variation (IX) 

* Reduces consequential vars (I2X) 
* Increases equipment power delivery capacity 

 
Fig. 6.  Capacitor bank effects 

 
back to the supply source for the vars. This current reduction 
causes a reduction in I2R (power losses), a reduction in I2X 
(added var load), and a reduction in voltage drop in the 
system; thereby increasing the capability of existing 
equipment to carry power (kW). It should be realized that in 
an inductive circuit, the voltage drop effect of var flow is 

much greater than that of kW flow.  Consider that if a 
distribution line has an X/R ratio of 3 or 4, the voltage drop of 
the var flow will be 3 to 4 times as great as for an equivalent 
kW flow.  If the vars are compensated for (supplied) near the 
source by capacitor banks, the var caused voltage drop can be 
reduced to zero. In some cases, the voltage drop from load 
KW can be offset by adding capacitors to obtain a slightly 
leading power factor. Such capacitive distribution system 
loading usually will not reflect into the transmission system 
due to large var losses (I2X) in the source power transformer 
(which may have a 25 to 40 X/R ratio).   
 Since unity power factor load on the secondary creates a 
lagging power factor load on the primary side, consideration 
can be made to use the distribution capacitors to create unity 
power factor on the transformer primary side. This action 
relieves the transmission system from var load accumulation 
from numerous substation loads.   
 In some locations, distribution bus capacitor banks are used 
to offset transmission system var needs.  This option can 
increase the station transformer losses due to the higher, 
leading power factor current.  This higher current also 
decreases the kW carrying capacity of the transformer. When 
these capacitor banks are present during the operation of the 
innovative system described later, the bank current is removed 
from the load current analysis. 
 As illustrated in figure 7, effective capacitor usage is 
contingent on switching at the proper var load level. The top 
drawing of figure 7 shows the vector relationship of voltage, 
watts and vars.  As shown, watts current is in phase with the 
voltage and var current is at +/- 90 degrees from the voltage.  
If we remember “ELI the ICE man”, voltage(E) leads the 
current(I) for inductive current(L) and current(I) leads the 
voltage(E) for capacitive current (C),  it follows that every 
amp of reactive load vars can be locally supplied by an amp of 
capacitive current. Just as tapchangers only affect the 
downstream voltages, capacitors only affect the upstream 
currents. Capacitive current, however, affect the voltage 
everywhere on the circuit.   

THE IMPORTANCE OF TIMELY 
CAPACITOR BANK SWITCHING !! 

System Effects of vars 

 
Fig. 7.  Capacitor switching 

 
The lower right drawing of figure 7 illustrates the normal 
uncompensated load current on a typical power system (ITOT).  
 The dashes in the var current could represent the effect of 
three capacitor banks on the system.  As each is connected, 



 

the ITOT would rise to the next mark with a resulting reduction 
in the var current (IVArs) and the (ITOT) current could equal the 
IW current (unity power factor).  
 The lower left drawing illustrates a condition where three 
more capacitor banks are connected than required by the load. 
(Or not removed at the appropriate decreasing load var level.) 
The conclusion of figure 7 is that it is of utmost importance to 
properly switch the capacitor banks to maintain the benefits of 
lower losses, lower var loading and increased capacity of 
existing equipment. The voltage rise caused by leading vars 
can also cause an undesirable voltage on the distribution 
system. 

III.  VOLT/VAR MANAGEMENT CONTROLS 

A.  Tapchanger Controls 
 One of the prerequisites of the SG is the availability of 
distributed IEDs to supply local information to the system. 
Both the number and strategic locations of tapchanger and 
capacitor bank controls, makes them a prime potential 
contributor to the SG database. For this reason, those devices 
must be capable of communication including several operating 
protocols. Present equipment must be able to be field 
upgraded in features and communications to be continuously 
effective as the SG develops.  
  Control MODS (modifications) have already been 
implemented on some present controls to:  
* Automatically respond to communications,  
* Recognize the loss of communications  
* Respond regularly to communications in a manner which 
allows the SG to recognize the loss of communications  
* Operate independently to maintain appropriate control 
during the communication loss period. 
 There is limited, but important, coordination required 
between tapchanger controls in series on a distribution system. 
The several tapchanger control functions that could be 
considered for coordination between locations include: timer 
types and settings, LDC (line drop compensation) both R&X 
and Z types, reverse power settings, voltage 
setpoint/bandwidth and voltage reduction operation.  
 
    1)   One example of coordination is control timer settings.   
 
 The typical voltage control orders a tapchange when the 
voltage exceeds the bandwidth (the voltage range between the 
control voltage setpoint +/- ½ the bandwidth setting) for a 
time longer than the timer setting. Sufficient tapchanges are 
then made to return the voltage inside the bandwidth range.  
 Normal distribution loads cause a greater voltage change 
the further they are out on a circuit because of the increased 
source/line impedance. Thus, normally the 1st tapchanger 
upline from the load (furthest out on the circuit) will operate 
first and control the voltages properly.  However, assuming a 
source voltage change, all circuit tapchanger controls would 
simultaneously experience the same change.  In order to 
prevent unnecessary multiple tapchanger operations, the 
timing on each (upstream) control must be faster than the next 
(downstream) control.  10 to 15 seconds is typically added to 

the timer of each subsequent downstream control to 
accomplish this coordination.   
 
    2)  A second example involves the control bandwidth 
settings. 
 
 If the upstream control bandwidth is set higher to reduce 
tapchanges, those tapchanges could be essentially shifted from 
the upstream to the downstream control. Since the bandwidth 
of the upstream tapchanger affects the source voltage of the 
downstream one, the overall tapchanger maintenance may be 
reduced in one at the expense of increasing the other. This 
would occur while sacrificing customer voltage stability in the 
upstream section. The lower the upstream bandwidth, the 
more stable the downstream source voltage resulting in fewer 
tapchanges. 
 
    3)  A third example for tapchanger control coordination is 
the LDC (Line Drop Compensation) settings.   
 
 The LDC-R&X control feature actually regulates the 
voltage at the end of the defined line section (known as the 
load center).It does so by calculating the line voltage drop and 
changing the control voltage setting to maintain the target 
voltage at the load center.  
 In contrast, the LDC-Z control feature adjusts the setpoint 
as a direct function of load magnitude without the need for 
impedance values for the defined line section. In practice the 
impedance values used in LDC-R&X are notoriously incorrect 
and the load center is not truly defined.  Both of these 
problems cause unexpected voltage results during operation. 
 As in the bandwidth example, the tapchanger controls LDC 
settings do not specifically need to be coordinated. However, 
as in that example, the upstream settings can have a large 
effect on the operation of the downstream tapchanger. The 
proper use of LDC in line regulation, can have a very large 
effect on the location requirements for the next (if any) 
downstream installation. An extreme example is where the 
LDC could regulate close to the location of the next 
downstream tapchanger. The downstream device capability 
would be highly underutilized. 
 
    4)  The final example is control  reverse power configuring. 
 
 If reverse power is experienced on any circuit with multiple 
tapchangers in series, care must be taken to assure the reverse 
power control actions are appropriate and timing and other 
issues will operate adequately. These operations and 
coordination differ widely for the radial reverse feed condition 
or the DG (distributed generation) application. 
 Of course, if voltage reduction techniques or CVC 
(conservation voltage control) are applied on a distribution 
system, they must be applied simultaneously on all series 
tapchanger controls to be most effective. 
 Although the latest technology in digital controls calculates 
and communicates watt and var quantities, these quantities are 
not generally used in the voltage control algorithms. Some 
innovative control features have been added to a popular 
tapchanger control.  These features assist in the coordination 



 

of tapchanger controls and capacitor controls for more 
effective volt/var management.  These features are designed to 
use the local intelligence concerning system quantities to 
better provide effective volt/var management.  These will be 
further discussed later in the section, IV. Innovative 
Tapchanger Control Features & Operation. 

B.  Capacitor Bank Controls 
The typical capacitor bank control varies from numerous local 
intelligent controls to remotely operated switches using 
communications such as SCADA or radio. The use of 
communications allows for more knowledge of dispersed 
conditions and loading in the decisions to switch the bank.  
Although there are many communications systems in service, 
the diverse locations and complexities of communicating, as 
well as their expense, limit their applications.  
 As the developing SMART systems (with their extensive 
proposed communication abilities) are expanded and brought 
into service, the controls must be capable of communication. 
Of equal importance, the control must also be available for 
proper operation in the event of loss of those communications. 
 Important considerations in the development of local 
capacitor bank controls included the following: a) var needs 
change with normal distribution system loading, (b) loads are 
constantly changing, (c) the benefits of capacitor addition or 
removal at the appropriate times and (d) the possibility of 
relating system var needs to other (easily measured) system 
quantities available locally.  These considerations led to the 
development of time controls, temperature controls, voltage 
controls, current controls, power factor controls, var controls 
and combinations of the above.  Most recent modern controls 
are “programmable”, making these combinations more 
convenient and allowing the method used to be changed as 
system conditions require it.  
 The major problem with all these traditional methods is that 
load changes, seasonal changes and any changes in system 
configuration require either a change of method used or a 
change in the settings.  An innovative adaptive technique has 
been developed to automatically adapt to seasonally changing 
loads, circuit changes, reverse power applications and circuit 
switching and reconstruction.  
 The basics of this adaptive capacitor control include: 

1) Target voltage level – either adapts to the system 
average at the point of the bank (approximately 7 
days) or can be preset for special applications. 

2) Calculates bandwidth (the voltage change at the site 
when the bank switches on and off) which is 
calculated at each switching event and which is 
indicative of system impedance and bank size. 

3) Uses the switching frequency to continuously affect 
the threshold of a non-linear integrating timer.   

4) Automatic adjusting band edges of performance and 
operation limits.        

 Other additional advantages of this adaptive technique 
include: 1) the highly sensitivity relationship between load var 
changes and bank var rating for switching, 2) no required 
seasonal site visits and 3) simplicity of installation. For 

detailed information on the operation and demonstration of 
these adaptive controls see Reference [2]. 

IV.  INNOVATIVE TAPCHANGER CONTROL FEATURES & 
OPERATION 

 The need for new innovative control actions to reach the 
stated VVMS goals can be illustrated using figure 1.  Typical 
system equipment generally operates to minimize system var 
flow on a feeder basis. However, figure 1 illustrates that if 
each of the four feeders has a var load of 600 kvars, the 
transformer would have a var load of 2400 (4X600) kvars.  
System var flow is not minimized, since feeder control to 
unity power factor can only be to within ½ the size of the 
largest capacitor bank installed. If that bank is a 1200 kvar 
bank, the transformer could be carrying 2400 (4X600) kvar 
while all equipment is working as designed.  The solutions to 
this problem include expensive communications to each 
capacitor bank or some innovative techniques.  In case of 
communication failure, the innovative techniques are again 
necessary to provide the best operation. 
 Some of the features of the innovative tapchanger control, 
which enables additional coordination with other volt/var 
management equipment, include:  
1) The ability to use transformer var flow to adjust or bias the 
voltage setpoint level.  
The var bias controlling variable is the local transformer or 
regulator measured load var current. The var bias works to 
minimize the tapchanger var flow by creating conditions that 
cause the downstream system capacitor banks to operate 
earlier than they might otherwise tend to, creating near unity 
power factor system loading.   
 The var bias action is illustrated in figure 8. The left side of 
figure 8 illustrates the unbiased LTC control settings.  The SP 
represents the voltage setpoint level and the dashed lines 
represent the band edges or the SP +/- ½ the bandwidth 
setting.  As described earlier, when the voltage (V) goes 
higher or lower than the band edges, a timer starts toward a 
tapchange operation. The right side of figure 8 illustrates the 
control with a “lower” control setting bias.  With the bias in 
effect, the voltage must reduce further (than with no bias) to 
initiate a tapchanger “raise” action.  As described later, this 
would be enacted for a lagging power factor load. 
 

 
Fig. 8.  Var bias action 

  
 Figure 9 illustrates the var bias initiation and removal 
algorithm. Any time the measured var current changes from 
the band center (zero var flow) by an amount equal to a 
setpoint level (band edges), an integrating timer initiates a var 
bias (illustrated in figure 8).  The setpoint level is determined 
by the maximum capacitor bank size downstream of 



 

 
 Fig. 9.  Var bias operating example 

 
tapchanger control. When initiated, the amount of the var bias 
is set to be one volt or two volts.  As described below, the 
induced capacitor bank operation reduces the transformer var 
flow to within the band where the integrating timer 
decrements to remove the var bias (as well as raises the 
voltage). When the integrating timer reaches zero or the var 
flow reaches zero, the bias is removed and is prepared to 
initiate again with further var flow changes.  
 
Operational Example: 

 
 When the accumulating timer described in figure 9 
reaches the operating value, the setpoint of the tapchanger 
control is shifted or biased.  The “lower” bias, shown in 
figure 8 (right side), would be enacted for a lagging var 
load condition.  If the voltage (V) now decreases (typical 
with increasing load) the control will not operate to raise 
the voltage as soon as it would have without the bias.  (A 
raise bias would be implemented for a leading var load.) 
A.  The adaptive capacitor controls on the circuit 

downstream capacitor banks will interpret this 
slightly lower voltage as a greater need for capacitive 
vars and would switch earlier than it might have. 

B.  In response to the capacitor bank switching and 
resulting transformer var load reduction, the var bias 
accumulating timer will begin decrementing for 
removal of the bias. The bus voltage will also rise 
immediately due to the capacitor switching and 
removal of var load. 

C.  In most applications, this series of actions results in 
fewer tapchanger operations as well as improvement 
in var loading and voltages on the entire system. [3] 
 

2) The ability to calculate var losses in LTC transformers for 
power factor targeting on the primary side. 
 The algorithm to calculate the loss of vars in a transformer 
is very simple. Vars = I2X.  By inputting the transformer 
impedance and measuring the current, the losses are easily 
estimated.  This calculated value can be added to the measured 
var flow value on the secondary. The var flow target then 
becomes zero vars on the transformer primary side.  .  
And 
3) The use of a LDC –Z algorithm for varying the voltage 
dependent on load magnitude.   
 In lieu of the much misused LDC-R&X line drop 
compensation method, controls with the LDC-Z method have 
additional applications valuable to volt/var management 
issues.  In addition to the normal voltage control issues, the 
LDC-Z may be applicable for advanced CVC (conservation 
voltage control) operation. [4]  
 In an SG CVC application, the first upstream tapchanger 
could be controlled to maintain the minimum voltage to the 
lowest voltage customer. This would result in minimizing the 
voltage for all customers and therefore minimizing system 
loading.   
 Before SG implementation, the LDC-Z can be set using a 
determined relationship between the lowest customer voltage 
and tapchanger loading.  
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V.  CONCLUSIONS 
This paper has discussed: 
 * The common and specialized goals of a coordinated 
VVMS, which generally include: reducing system-wide 
losses, minimizing distribution system and customer voltage 
variation, reducing maintenance costs, reducing operating 
costs, reducing/deferring capital spending and increasing the 
power delivery capacity of existing equipment.   
 *The specialized objective of the CVC VVMS function, to 
maintain customer voltage levels so as to minimize power 
consumption on the system.  This function immediately 
reduces energy usage, generation emissions, power system 
losses, circuit var requirements and power demand quantities. 
 * The equipment, now in place in the majority of 
distribution power systems, concerning VVMS - including: 
LTC transformers, LTC regulators, line and substation 
capacitor banks, and the controls for each. 
 * Distribution system examples including presently 
available hardware capabilities that are not universally being 
used to the fullest advantages towards the VVMS goals. 
 * An example of an innovative application of VVMS 
equipment controls to provide valuable coordination between 
equipments on a distribution system.   
 * The need to retain much of the local intelligence (locally) 
for those broader operational contingencies which will 
inevitably occur.  Not only must the SG meet objectives as an 
overall system but it must continue to meet those objectives 
for isolated areas for all contingency conditions.  
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