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Abstract — Conventional methods of achieving peak 

demand reduction for rural cooperatives have allowed 

1-2% control during heavy loaded condition without

violating customer-side ANSI voltage limits.

Distributed grid edge control presents a promising

approach for doubling or tripling this benefit by

deriving significant value for utilities in the form of

voltage support, loss reduction, and peak demand

reduction to name a few. Using autonomous dynamic

var injection, grid edge devices can flatten the

secondary voltage profile at a fixed setpoint. A swarm

action of multiple var devices on the system help to

flatten the feeder voltage profile and provide

additional voltage reduction. Setpoint commands can

be dispatched to the installed group of grid edge

devices via a central software platform (Grid Edge

Management System), which also provides

visualization and analytics. Situational awareness is

improved by knowing in near real-time the system

voltage at many points on the system and having

active regulation at those locations.

Index Terms — Volt-Var Control (VVC), Volt-Var 

Optimization (VVO), Conservation Voltage Reduction 

(CVR), Peak Demand Reduction (PDR), electric 

distribution system, grid-edge, distribution 

automation 

1. Introduction

In this paper, we present a case study for using a 

VVO/CVR distributed architecture for maximizing peak 

demand reduction for Utilities District of Western 

Indiana REMC (UDWI), a Touchstone Energy 

Cooperative, which is a member of the Hoosier Energy 

Power Network and the 4th-largest electric co-op in 

southern Indiana, serving over 19,000 meters in Clay, 

Daviess, Greene, Knox, Lawrence, Martin, Monroe, 

Owen, Putnam, Sullivan, and Vigo counties for 80 

years.  

UDWI REMC is part-owner of Hoosier Energy, a 

Generation and Transmission (G&T) cooperative 

providing wholesale electric power and services to 18 

member distribution cooperatives in central and 

southern Indiana and southeastern Illinois.  

Based in Bloomington, Indiana, Hoosier Energy 

operates coal, natural gas and renewable energy 

power plants and delivers power through a 1,500-mile 

transmission network. 

The UDWI substation considered for this pilot named 

Switz City has bus level, per-phase voltage regulation, 

two 12.47kV circuits with 2 voltage regulators, 5 fixed 

capacitor banks, a length of 11 miles from substation, 

a peak load of 5.23 MW by end of summer time as 

shown in Figure 1 and comprises residential loads, 

irrigation loads, petroleum pumping station and 

storage, a coal loading facility, an asphalt plant, turkey 

farms, grain drying, and a large grain processing 

facility.  
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Figure 1: 2015 Switz City Substation P and Q data 

A total of 43 grid edge devices named ENGO® (Edge of 

Network Grid Optimization) were installed 

strategically on these two circuits as shown on Figure 

2 to increase the voltage reduction capability from 

almost 1.1% to 3% (achieved in the field during heavily 

loaded conditions).   

Figure 2: ENGO deployment on Switz City substation 

The GEMS™ (Grid Edge Management Software) 

platform helped UDWI dispatch setpoints at will, 

visualize the voltage and var profiles to maximize the 

benefits of demand reduction. Detailed technical 

metric is provided later in the paper in addition to an 

economic analysis.  Many ancillary benefits of 

deploying a grid edge solution for achieving enhanced 

demand reduction include reduction of secondary and 

primary technical losses, power factor improvement, 

primary asset life extension and support to solar PV to 

name a few.  Several other ongoing pilots have shown 

promising results with a high return on investment. 

2. Peak Demand Reduction

Peak shaving is the process of reducing the amount of 

energy purchased for distribution utility companies 

during peak hours when the demand charges are 

highest.  This is a great opportunity for cost savings, 

especially with CVR.   

Conventional CVR techniques, reduce peak demand by 

just 1.5% to 2.5% during heavily loaded conditions by 

reducing voltage along distribution circuits by 1.5% to 

2.5% (considering a CVR factor for Demand equal to 1 

= 1% voltage reduction corresponds to 1% peak 

reduction) by acting on primary equipment such as 

Load Tap Changers (LTC), Line Voltage Regulators 

(LVR) and Switched Cap Banks (SCB). 

An incremental peak demand reduction in addition to 

conventional VVO/CVR could be achieved by applying 

grid edge devices during times of peak, to operate at 

the lowest end of the acceptable ANSI limits (A and B 

service voltage), and maximize peak demand 

reduction. The grid edge technology facilitates this by 

using ENGO devices to equalize voltages by regulating 

voltage at the secondary side of the distribution 

system and supporting low voltage nodes by 

dynamically injecting vars every half-cycle.   

With voltages stabilized, distribution utilities can now 

optimally reduce the voltage on the circuit lines that 

run from substations to homes and businesses.  

It is important for any distribution utility (IOU, muni or 

co-op) to well understand, when applicable, what is 

driving its electrical energy spend as it depends on the 

rate that they have negotiated with their G&T.  

There are typically three general components to the 

G&T power bill. These components are defined as: 

� Energy Charge: 

Cost of energy usage or the kilowatt-hours (kWh) 

which is the purchase of power produced and 

transmitted by G&T, 

� Demand Charge: 

Cost of delivering power to distribution utility or 

the demand charge which is the cost of using 
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substation & radial line, transmission and 

generation to deliver the electricity, and 

� Other Charges: 

These include other charges such as Fuel 

Adjustment Tracker, Excess Net kVARh charge, 

power factor adjustments, billing point minimum 

fees, etc. 

To ensure distribution consumers receive power 

during times of peak usage and demand, distribution 

utilities must purchase enough generation and 

transmission capacity to meet demand.  The 

associated costs can be exorbitant, and the loss 

potential for over purchasing can cost a distribution 

utility even more.  If demand is not managed properly, 

the electricity infrastructure operators must plan to 

increase generation and add larger transmission and 

distribution lines – a costly endeavor.  At this 

cooperative, demand charges are calculated as: 

� Substation and transmission demand charges are 

billed monthly based on the non-coincident peak 

per substation, 

� Generation demand charges are billed at the 

coincident peak of G&T, which can only be billed 

during load control events. 

Peak demand coincidentally occurs at the same time 

of G&T and distribution utility’s peak demand. During 

the 3 summer and 3 winter months, coincident peak 

demand is billed at the 60-minute average of demand 

metered at each substation, coincident with the total 

G&T system peak during that month.  The fall and 

spring months are calculated as the average 

coincident peak demand of the summer and winter 

months, respectively.  So to gain the benefit of 

generation demand charge reduction, a distribution 

utility would only need in this example to reduce the 

voltage 4-6 times per month during the 6 month that 

controls the generation demand (summer and winter 

peak). 

However it should be noted that coincident peak 

involves external information to predict when it 

occurs. There are many factors that affect the 

occurrence of a coincident peak.  Weather is a major 

factor and, other variables such as the current state of 

the distribution and transmission lines. In this 

situation, load control events are required for a 

coincident summer and winter peaks to be billable. 

Those load control events are communicated to the 

cooperative via email, usually day-ahead but 

occasionally with only an hour notice. 

Reducing the demand charge associated with 

coincident peak involves knowing the hour of the 

month it occurs and then reducing the distribution 

voltage by the capacity possible during those hours.  In 

addition, CVR techniques are typically deployed on 

residential and commercial feeders which have a 

higher CVR factor for demand (between 0.7 and 1.7 

depending on the load mix - constant power, constant 

current and constant impedance) in comparison with 

industrial feeders (typically CVR between 0.2 and 0.4) . 

When calculating the demand charge savings, the 

generation demand numbers (i.e. $7 in Summer/Fall 

and i.e. $10 in Winter/Spring) are certain, but the 

substation and transmission demand numbers are 

estimated (e.g. no benefit in the Fall and Spring 

months unless a CVR event occurs and load 

forecasting is implemented as mentioned earlier), and 

benefit in the Summer and Winter months IF the 

coincident peak and non-coincident peak are the 

same. 

3. Limitation of conventional VVC 

approaches

Volt-VAR control can be broken down into three parts 

– Sensing, Computing, and Control (or Actuation).  In

traditional Volt-VAR control methods, sensing occurs

generally on the primary side where parameters such

as, voltage, current, real and reactive power are

measured.  Information on these parameters is

obtained either from the substation or through sparse

locations on the network, generally at reclosers,

regulator, or cap banks along the feeder.  One can

imagine that the number of sensed parameters is

generally in the range of 3-5.  Recently, AMI data is

now being leveraged by some utilities and companies

[1].  Even though AMI data seems to be the best

“sensed” dataset one can use, there are some

challenges associated with it. More often than not,

voltage is not reported in addition to the kWh data.

Even if reported, the rate at which AMI data is sent is

generally in the 15 min to 1 hr range at best,

sometimes as low as once or twice a day. Further, the

voltage measured by most meters is a few cycle RMS
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(16 cycle is a common number).  This cycle RMS 

measurement is time stamped at every 15th minute or 

hour depending on the frequency of sampling, and 

therefore its use for making Volt-VAR control decisions 

seem to be too aggressive given that Utilities generally 

try to ensure compliance not within cycles but 

minutes.  As is evident from the discussion, even if 

AMI data is leveraged for VVO/CVR, there are some 

severe limitations of the approach due to the quality 

and sparsity of data.  

Once the sensed data is collected, most traditional 

systems perform an advanced optimization procedure 

using various constrained optimization techniques 

such as non-linear, mixed integer etc.  The constraints 

are provided by the sparsely available control handles, 

generally 3 – 5 per feeder as mentioned before, in the 

form of LTCs, LVRs and cap banks. In one of the 

popular techniques for VVO/CVR, the optimization is 

iteratively run with a load flow solution of the network 

which computes estimation on secondary voltages. 

The load flow solution starts with an assumption on 

load allocation based on the total MW and MVAR at 

the substation.  It then iteratively improves the results 

based on the feedback obtained from some of the 

primary side sensed information.  Once converged, 

the results are passed on to the optimizer which 

computes the optimal tap positions for line voltage 

regulators, capacitor banks switching sequence and 

changes in LTC if needed.  Even though this approach 

provides a fairly advanced method of performing 

VVO/CVR, at the most fundamental level, it begs to re-

visit the core assumptions.  

It seems that load allocation is one of the most 

important functions in this algorithm as it directly 

provides the voltage profile along the feeder. 

Therefore, an accurate model becomes one of the 

most important requirements to ensure accuracy of 

results.  Further, mathematically estimating hundreds 

of unknown parameters with 3-5 known parameters is 

bound to have large errors and is something that the 

industry acknowledges.  Therefore, unless one uses 

real-time AMI data or historical load data and load 

forecast in addition to the few parameters being 

monitored on the grid, this approach provides a highly 

sub-optimal solution at best.  Other approaches that 

tend to use a “non-model”, “heuristic” or “advanced 

regression based” method in addition to the AMI data 

would perform relatively better.  However, using a 

purely heuristic approach without considering the 

physics of the problem one may quickly lose sight of 

the real physical constraints.  

Finally, whichever approach is used, model-based, 

rule-based, LDC based, EOL sensing based or AMI 

based, there is a reliance on sparsely deployed 

primary side assets for affecting control and actuation. 

While, the voltage constraints used in most of these 

approaches is the ANSI limit which applies to the low-

voltage side of the service transformer, specifically the 

service entrance (208, 240 or 277V side), clearly 

depicting lack of control.  Further, as the life of the 

assets being used on the primary side is deeply 

impacted by the number of times they are operated, 

e.g. switched on/off in the case of cap banks and

number of times tap positions changes in a day for

LVRs and LTCs.  With the advent of distributed solar

PV, the number of LTC operations is expected to go up

so much that the life could be decimated from 30

years to 3 years [2].  Therefore, most algorithms are

also constrained by the number of operations.  These

constraints further limit the results of the

optimization, for instance, if the optimizer is run once

every 30 minutes, and the number of switching limit

on a certain cap bank is 10 times a day, then in the

worst case, the capacitor bank could be used up in the

first 5 hours of the day and be a completely

uncontrollable asset for the rest of the 19 hrs.

Given the above discussion, one very quickly starts to 

appreciate the limits and constraints that are put on 

such algorithms due to lack of sensing and control on 

the secondary side of the distribution grid. 

4. The Missing Grid Edge Control Layer

The fundamental assumption that Utilities and 

VVO/CVR providers have generally assumed the level 

of variability at the individual customer load and the 

drop across the service transformer to be small. 

Further, most of the occurrences of low voltage are 

assumed to be at the end-of-line (EOL). 

Voltage drop across the distribution transformer 

changes significantly as a function of load level, power 

factor and transformer impedance. Taking a typical 

X/R ratio for a distribution transformer of 3-5, the 

voltage drop at full load and unity power factor load is 
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around 1%. However, at poor power factor or heavy 

loading conditions, the voltage drop is dominated by 

the inductive component and can be very large, as 

high as 2-5% in some cases. As currents vary by over 

an order of magnitude over the course of a day, with 

power factors that vary from unity to as low 0.7, 

voltage drops in the 1 – 5% of the line voltage or 

almost half of the allowed ANSI band are expected.  

This causes the minimum voltage point along a feeder 

to not be at the end of the feeder, but at arbitrary 

locations along the feeder, depending on the 

transformer impedance and loading level at a 

particular time. This does not seem to have been 

anticipated, but has been validated by many utilities 

that have been examining their AMI data.  

5. Grid Edge Volt-Var Control

The patented ENGO device provides the much needed 

layer of control at the grid edge. The ENGO is built 

using capacitors controlled with smart switches for 

injecting varying levels of reactive power in the grid 

[3].  The ENGO device takes a voltage set-point as an 

input and dynamically injects the right amount of 

reactive power to achieve voltage regulation. The 

device is rated at 0 - 10 kVARs (single phase) and is 

directly connected at the grid edge on the secondary 

side of distribution transformers.  Featuring sub-cycle 

response, the unit corrects 1-4 volts (120V base) at 

individual node, and features low loss (35 watts), low 

weight (35 lbs), and is designed with a long life (15 

years).  A swarm of these devices can be operated 

with a simple broadcast of a voltage set-point, 

requiring no peer-to-peer communication to achieve 

multiple control objectives at a feeder level. These 

devices are managed by GEMS, which performs secure 

data collection and management, visualization and 

analytics, over-the-air upgrade and control of the 

entire swarm of devices.  

The ENGO devices operates autonomously without 

any supervisory control in a completely distributed 

fashion. Figure 3 depicts a typical field installation and 

how these devices can help provide a layer of control 

at the grid edge. 

Figure 3: ENGO installed on a pole 

6. Engineering Analysis

The result of the engineering analysis showed in 

Figure 4 is that in the base case without ENGO devices, 

the two circuits showed no CVR possibility due to 

expected secondary voltage below 114V in zone 1.   

As shown in Figure 5, with 43 ENGO devices could help 

provide 3.8% voltage margin for the worst case zone 

(zone 1), while other zones presented greater than 

3.8% voltage margin considering a 3.28MW based on 

the Windmill Model Simulation.  

Figure 4: Circuit Voltage Profile with no ENGO 

Figure 5: Voltage Profile with 43 ENGO units 
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Most of the ENGO devices were deployed on zone 3 

based on engineering analysis.  The objective was to 

maximize voltage margin on the two circuits and 

flatten the voltage profile. The split of ENGO devices 

per zone is provided in Table 1.  This table also 

provides the % loading in each zone.  From this table it 

is evident that even though zone 3 had 44% of the 

ENGO deployment, it serves only 8.7% of substation 

peak load.  The other zones that collectively required 

56% of the ENGO devices constitute 91.3% of the load.  

Table 1: Number of ENGO devices per zone and % 

Loading 

Based on the project learning, the number of ENGO 

units, required to deliver a minimum incremental 

voltage control margin of 2%, could be reduced from 

43 to 23 units to maximize the grid edge solution 

benefit-cost ratio. 

Data collected from the field exemplifies the example 

of voltage drop as discussed in section 4. Figure 6 

shows the voltage measured by the ENGO units 

deployed along the two circuits which are composed 

of three regulated zone.  The ENGO units are 

operating with a toggle mode (Day On = ENGO units 

regulate the secondary voltage and inject vars – Day 

Off = ENGO units just sense the secondary voltage). 

Figure 6: ENGO On/Off Days per zone 

It is abundantly clear that it is indeed the grid edge 

where most of the grid-issues arise, most of the 

sources of the variability originate, and it is at this 

grid-edge where today no control is present.  The 

voltage variation is even higher in zone 1 while the 

lower voltage drop is measured in zone 2. The sub-

cycle var injection allows as shown in Figure 7 the 

reduction of the voltage variation from 7.25% (117.9V 

– 126.6V) to 5.3% (120.1V – 126.5V).

Figure 7: Dwell Time improve from 17.7% to 73% 

7. Peak Demand Reduction

In order to validate the level of voltage control margin 

available during lightly and heavy loaded condition, 

the pilot project was running for 8 months. 

ENGO DEPLOYMENT 

Number of ENGO devices for Zone 

1 (from LTC to LVR1 and LVR2) 
16 

% Load in 

Zone 1 
56.7% 

Number of ENGO devices for Zone 2 

(from LVR1 to End Of Line) 
8 

% Load in 

Zone 2 
34.6% 

Number of  ENGO devices for Zone 3) 

from LVR2 to End Of Line) 
19 

% Load in 

Zone 3 
8.7% 
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Figure 8: Switx City Voltage Regulating Zone 

As shown in Figures 9 and 10, the voltage control 

margin per zone will vary as function of the loading 

condition during lightly and heavy loaded seasons. No 

peak demand reduction could be achieved in zone 1 

(56.7% of the substation peak load) during heavy 

loaded condition.  

A minimum weighted average voltage control margin 

of 1.1% was measured when ENGOs Off and of 3% 

when ENGOs On.  

Figure 9: Voltage Margin During ON/OFF (Heavy Loaded) 

In case of lightly loaded condition, a minimum 

weighted average voltage control margin of 4.9% was 

measured when ENGOs Off and of 7.0% when ENGOs 

On. 

Figure 10: Voltage Margin During ON/OFF (Lightly Loaded) 

Based on the field data, a grid edge solution could 

increment an additional voltage control margin by a 

minimum of 1.9% up to 2.4%. 

As LVR’s and LTC’s were not automated, Voltage set 

point was set manually. It was decided to have weekly 

CVR event.  The table 2 shows the different phases of 

the testing plan defined jointly between UDWI and 

Sentient Energy to capture the different value 

streams such as the available voltage control 

margin, the voltage variation reduction, the 

technical loss reduction and finally the CVR factor for 

Demand. 
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Table 2: Testing Plan 

Six CVR events have been conducted by reducing the 

LTC/LVR setpoint from 126V to a minimum of 120.5V 

(4.58%), 121V (4.17%) and 122V (3.33%).  The series of 

weekly CVR events allowed computing the CVR factor 

for Demand using system entropy methodology (SEM) 

as shown in Figure 11. 

Figure 11: Computation of CVR Factor for Demand 

AMI system was used (hourly AMI data) to monitor 

voltage at meter to ensure that all nodes stay within 

ANSI limits during peak demand reduction. 

It should be noted that irrigation loads during 

peak load could be a limiting factor of a CVR 

program.  Therefore it is recommended to control 

irrigation loads during periods of peak demand 

and implement an irrigation load program 

through a pay for performance agreement. 

Participating sites could be compensated for 

shutting off irrigation load for specific time 

periods determined by UDWI REMC, and would 

be provided day-ahead notice of dispatch events. 
By reducing the voltage by 4.58% allows to mitigate 

costs and economic losses by 5.54% (4.58% x 1.21) 

that are associated with serving peak demand by 

operating at the low end of the acceptable voltage 

supply without affecting consumer services. 

It was also measured that technical losses have been 

reduced by 1.48%. 

8. Conclusion

By applying grid edge solution to reduce peak demand 

on distribution feeders, utilities can mitigate the costs 

and economic losses that are associated with serving 

peak demand. The deployed solution brings real-time 

grid edge visibility, grid edge control, and “LV 

protection shield”. It enables an enhanced VVO/CVR 

which enhance real time operations such as 

emergency and routine peak reduction. 

The grid edge solution delivers an average control 

margin of ≈ 5% during Peak Condition (≈6% Peak MW 

Demand Reduction) and is suitable for future support 

to PV penetration. 

The investment Benefit-Cost Ratio was is higher than 3 

of savings per every dollar invested, and the Internal 

Rate of Return over 7 years higher than 29%. 

The Sentient Energy solution is now a proven 

technology with over 2,100 units deployed since 

2012. Full integration with existing assets used 

for voltage optimization and SCADA system is ease 

thanks to a scalable, easy to implement and fast roll-

out. 
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ENGO deployment is based either on AMI field data or 

load flow analysis. Therefore the location and number 

of ENGO units is done easily and in a few hours as 

there is no need for other backend system or 

interfaces.  GEMS is a hosted solution and all ENGO 

field data are collected in the cloud at the moment an 

ENGO device goes live. Conventional VVO techniques 

would require investment in reflecting and 

maintaining an accurate network model and topology. 

ENGO units are maintenance free and have a 15 years 

lifetime. The technology can reduce peak demand by 

as much as 5 to 7%, as shown below, without affecting 

consumer services. Conventional CVR techniques, by 

comparison, reduce peak demand by just 1.5 to 2.5%. 
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