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ABSTRACT 

 

In order to be cost effective, deep-well submersible pump designs typically use medium voltage 
motors (2,400V and above).  Running at medium voltage reduces conductor size, and smaller 
conductors are beneficial to the design and construction of the well.  However, medium voltage 
creates its own challenges for the operator.  The number of electricians trained to work on 
medium voltage equipment is typically less than those who work on 480V equipment.  
Availability of medium voltage replacement parts is also a common issue.  And finally, the 
Hazard/Risk Category Classification, as defined by NFPA 70E, is higher when performing tasks 
on medium voltage equipment.  
    
The standard approach to starting a medium-voltage motor would be to install a medium-voltage 
motor starter, however another option available to operators is a Hi-Low-Hi motor starting 
design.  This will cost a little more, take up more overall real estate, and will not eliminate all 
medium-voltage gear, but it will allow the operator to utilize a low-voltage 480V starter.  Motor 
starters, whether they are across the line, soft starts, or variable speed drives, are typically the 
piece of equipment that requires the most troubleshooting.  Installing a starter that is a make and 
model already used in the water system, and which the electricians are already familiar with, will 
go a long way in increasing the reliability of a well field system. 
 
This paper will analyze and present a Hi-Low-Hi type motor starting configuration that was 
designed and built for the Potter County Well Field, which supplies water for Amarillo, Texas.  
The incoming utility voltage was 13,200V.  This voltage was stepped down to 480V for motor 
starting (and miscellaneous site loads), and then stepped back up to 2,400V for the feeders going 
to the submersible motor.  This paper will address design considerations that are unique to this 
type of configuration. The overall goal is to provide operators with options when designing their 
well-gathering systems. 
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BACKGROUND 

 

Concepts presented in this paper may at first seem atypical.  However, with the necessary 
exploration and development of ever deeper groundwater sources, these concepts become more 
practical and help address issues and concerns with deep-well development. 



 

Photo 1 – Hi-Low-Hi Well Site 

 

 
 
Configuring starting equipment in a Hi-Low-Hi configuration was developed out of a necessity 
to solve a real need, economically, for the groundwater industry.  Groundwater depletion in 
many aquifers has resulted in the need to lower the intake of the pumping equipment 
commensurate with declining water levels.  Deeper aquifers are being explored and developed 
for new sources of potable or treatable water.  Due to this increased depth, engineers are moving 
away from line shaft pumping equipment toward submersible equipment.   
 
Submersible pumping equipment may be preferred over line shaft pumping equipment for the 
following reasons: 
 
Line shaft pump disadvantages: 

 

< Not practical to depths exceeding 600 – 800 feet. 

< Mechanical losses can result in larger horsepower requirements. 

< Line shaft size can become excessively large, requiring increased column pipe sizes. 

< Using oil to lubricate shaft rotating elements can result in the development of biological 
growth, rendering the well non-potable. 
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< Biological pathogens can be exceptionally difficult to remove/control/treat once established 
in a water well and the adjoining aquifer. 

 
Submersible pump advantages: 

 

< Noise abatement. 

< Have been used in deep installations without modification.  

< Higher voltage will typically provide for a smaller motor case, allowing for smaller diameter 
well casings. 

< Use of medium voltage motors significantly reduces the cost of the downhole power cable.  
A typical example would be the comparison between 600 volt three conductor 350 KCML 
power cable and 5KV three conductor #2 AWG power cable.  The 600V cable is six times 
more expensive.  For deep set pumping equipment, this cost can more than offset the capital 
cost of the medium voltage starting equipment. 

 
When considering submersible motors, several factors must be deliberated before their selection.  
Among these considerations are motor speed, voltage and starting conditions.  Efficiency and 
economics will also require considerable attention, as technical selections can affect both.   
 
Unique to submersible motor use is the starting requirement imposed by the manufacturers.  
Typically, manufacturers require their motors to start as quickly as possible and, across-the-line 
starting is preferred.  This may seem somewhat counterintuitive, especially with large 
horsepower units.  Several criteria contributing to this requirement include the following: 
 

< Long, slender motor configuration requires immediate cooling.  Cooling is derived from the 
pumped fluid passing across the outside of the motor.  Manufacturers prefer motors be 
started in in 0.8 seconds or less. 

 

< Submersible motors are configured such that their thrust bearings carry the load imposed by 
the motor, pumping equipment and the pumped water column.  Extended periods of non-
operation can result in loss of the lubrication film between the thrust bearing and the thrust 
plate.  Resulting in extreme wear during starting.  The quicker the motor is brought up to full 
speed the sooner the lubricating film is re-established. 

 

< Duration of heat is lessened with quicker starting. 
 

However, power utilities will likely impose starting restrictions on large motors, in which case 
alternate methods will have to be considered.  The most common alternate starting methods can 
include soft start and variable frequency drives (VFD). 
 
Should the power utility impose starting conditions, most motor manufacturers will capitulate by 
conceding to allow the motor to develop a third of the full speed immediately, with the 
remainder of the speed controlled by VFD or soft starting.   

 

 

 



CHALLENGES OF MEDIUM VOLTAGE EQUIPMENT 

 

It is evident that medium voltage provides an advantage for deep well submersible pumps.  
However, for most water utilities, using medium voltage equipment (anything over 600V) is a 
challenge.  The following is a summary of those challenges. 

 

Real Estate 

 

Medium voltage equipment is simply bigger than low voltage equipment.  For this project, a 
medium voltage MCC would have been 6 feet wide by 3 feet deep, versus the low voltage MCC 
which was 5 feet wide by 2 feet deep.  The workspace in front of the starter, as required by NEC 
110.34, also would have been one foot longer for medium voltage equipment.  The additional 
space needed for a medium voltage starter adds up quickly, and often will push the well field 
operator into the next standard size prefabbed electrical building.   

 

Training 

 

Finding electricians with experience in medium voltage starters is difficult, and when you do 
find them, they are at a higher fee. In-house medium voltage training will be in addition to the 
standard electrical training that electricians undertake.  Most electricians are typically trained for 
either “Electrical work” or “Journeyman lineman” work as defined in the Texas Occupations 
Code.   
 
Per Texas Occupations Code, §1305.002(11), “Electrical work” means any labor or material 
used in installing, maintaining, or extending an electrical wiring system and the appurtenances, 
apparatus, or equipment used in connection with the use of electrical energy in, on, outside, or 
attached to a building, residence, structure, property, or premises.  The term includes service 
entrance conductors as defined by the National Electrical Code.  Topics on the electrical work 
exams include services, wiring methods, switchboards, conductors, control devices, motors and 
generators, special occupancies, and plan reading.  Very little, if any, of standard electrical work 
training involves medium voltage starters. 
 
Per Texas Occupations Code, §1305.002(12), “Journeyman lineman” means an individual who 
engages in electrical work involving the maintenance and operation of equipment associated with 
the transmission and distribution of electricity from the electricity's original source to a 
substation for further distribution.  Journeyman lineman training involves medium- and high-
voltage equipment, but again, little of the standard training pertains to medium voltage starters. 
 

Spare Parts and Equipment Replacement 

 

Medium-voltage parts are more expensive and are longer lead items than low voltage.  As an 
example, just a single medium-voltage fuse will cost almost 5 times as much as a low-voltage 
fuse. 
   
Fast Acting Fuse:  480V (250A) - $140 each  2,400V (50A) - $675 each 
 



Electrical Safety 

 

The requirements of NFPA 70E are more stringent when working on medium voltage equipment.  
To begin with, the shock protection boundaries are longer.  Table 1 shows the increase in 
boundary requirements when the nominal system voltage goes above 750V. 
 

Table 1 – NFPA 70E Table 130.4(C) (a) 

 

 
 
The higher shock potential of medium voltage also requires a higher rating of PPE equipment.  
NFPA 70E 130.7 (C)(7)(a) states that rubber insulating gloves shall be rated for the voltage for 
which the gloves will be exposed.  Most electricians will have Class 00 gloves.  If they are 
required to work on 2,400 Volt starters, they will need Class 1 gloves.   
 

Table 2 – Voltage Classifications for Rubber Gloves 

 

Tag Color Class 
Proof Test Voltage 

AC/DC 
Max Usage Voltage 

AC/DC 

Beige 00 2,500 / 10,000 500 / 750 

Red 0 5,000 / 20,000 1,000 / 1,500 

White 1 10,000 / 40,000 7,500 / 11,250 

Yellow 2 20,000 / 50,000 17,000 / 25,500 

Green 3 30,000 / 60,000 26,500 / 39,750 

Orange 4 40,000 / 70,000 36,000 / 54,000 

 
(Table 1 information provided by Workplace Safety Awareness Council, Personal Protective 
Equipment – For the Hands (Gloves), www.wpsac.org) 

http://www.wpsac.org/


  
And finally, for operators who use NFPA 70E to determine their Hazard/Risk Category and arc 
flash boundary, these values will also increase. Table 3 shows us that performing infrared 
thermography and other non-contact inspections outside the restricted approach boundary 
increases the Hazard/Risk Category from 1 for 480V MCCs, to 3 for medium voltage starters.  
And working on energized electrical conductors and circuit parts, including voltage testing, 
increases the Hazard/Risk Category from 2 to 4. 
 

Table 3 – NFPA 70E Table 130.7 (C) (15) (a) 

 

Tasks Performed on Energized Equipment 
Hazard/ 
Risk 
Category 

Rubber 
Insulating 
Gloves 

Insulated and 
Insulating 
Hand Tools 

600V class motor control centers (MCCs) 

Parameters: 
  Maximum of 65 kA short circuit current available; 
maximum of 0.03 sec (2 cycle) fault clearing time; 
minimum 18 in. working distance 
  Potential arc flash boundary with exposed energized 
conductors or circuit parts using above parameters: 53 

inches 

   

Perform infrared thermography and other non-contact 
inspections outside the restricted approach boundary 

1 N N 

CB or fused switch or starter operation with enclosure 
doors open 

1 N N 

Work on energized electrical conductors and circuit 
parts, including voltage testing 

2 Y Y 

    

NEMA E2 (fused contactor) motor starters, 2.3kV 

through 7.2kV 

Parameters: 
   Maximum of 35 kA short circuit current available; 
maximum of up to 0.2 sec (12 cycle) fault clearing 
time; minimum 36 in. working distance. 
   Potential arc flash boundary with exposed energized 
conductors or circuit parts using above parameters: 422 

inches 

   

Perform infrared thermography and other non-contact 
inspections outside the restricted approach boundary 

3 N N 

Contactor operation with enclosure doors open 2 N N 

Work on energized electrical conductors and circuit 
parts, including voltage testing 

4 Y Y 

 
 
For the reasons listed above, water utility operators prefer to use low-voltage equipment 
whenever possible.  And although the Hi-Low-Hi motor starting approach does not eliminate all 



medium voltage equipment, it does move the most complex piece of equipment to the low 
voltage side of the equation.  Keeping the motor starter on low voltage will increase reliability, 
and decrease yearly maintenance costs.    
  

COST ANALYSIS 

 

The advantages gained by a Hi-Low-Hi arrangement comes at a capital cost.  The Hi-Low-Hi 
motor starting approach has two pieces of equipment that would not be necessary in a typical 
motor starting arrangement.  Those pieces are the step up transformer, and the additional short 
circuit and overload protection needed after the voltage is stepped up. 
 

Figure 1 – Cost Comparison 

 

 
 
This project consisted of 21 wells with motors ranging from 100 to 300 hp.  The owner was 
provided with an Opinion of Probable Cost for using 480V throughout, including the larger low 
voltage cable, (Option 1).  And bids were solicited for using a Hi-Low-Hi configuration (Option 
2), and using medium voltage throughout (Option 3), (See Figure 1).   
 
As anticipated, the lowest cost solution was Option 3, medium voltage throughout.  However, 
using a Hi-Low-Hi approach was less costly than using low voltage throughout, and only $8,735 
more per site than the medium voltage option.  For the client, it was worth $8,735 per site to get 
the added system reliability. 



 

KEY DESIGN ISSUES 

  

Hi-Low-Hi motor starting is not a typical arrangement, and there are several key design issues 
that must be considered closely.  

 

Sizing the Step-Up Transformer 

 

In most industrial applications, a single motor is only a small fraction of the load for a 
transformer; therefore, the inrush current of the motor is insignificant compared to the overall 
capacity of the transformer.  However, when a transformer is dedicated to a single motor, the 
inrush current as a percentage of the transformer capacity is significant, and will affect the sizing 
of the transformer.   
 
Also, a transformer needs time to recover from the inrush current it supplies during a motor start.  
The greater the number of starts per hour required, the greater the size of the transformer.  Even 
at just one start per hour, the transformer must be sized large enough to handle the Locked-Rotor 
kVA of the motor.  It is not simply a one-to-one ratio of matching horsepower to KVA.   
 
(The ABB Distribution Transformer Guide provides guidance for sizing dedicated transformers, 
as well as other reference material dealing with distribution transformer applications.) 
 

Medium Voltage Short Circuit and Overload Protection 

 

Motor overcurrent and ground fault protection is typically part of the starter.  However, NEC 
430.225 requires the designer to provide this protection on the motor circuit which in the Hi-
Low-Hi approach is at medium voltage.  For this project an outdoor medium voltage fusible 
disconnect with R-rated dual element fuses was used to provide fault-current protection.  CTs 
and PTs were also housed in the medium voltage disconnect that provided current and voltage 
sensing to a medium voltage motor protection relay.  This relay (GE Multilin 469) provides 
thermal overload, overcurrent, and unbalance protection for the motor as well as multiple 
metering and status values.  This relay, which senses the medium voltage parameters, is wired to 
trip the low voltage starter when values exceed their trip limits. 
 

Transformer Inrush Current vs Motor Inrush Current 

 

In the Hi-Low-Hi approach, the starter is energizing a transformer, not a motor.  NEMA rated 
480V starters are designed to handle the inrush current of a motor.  They are not necessarily 
designed to handle the inrush current of a transformer.  
 
Typical motor inrush currents can range from 8 to 12 times the motor full load amps in the first 
20 to 30ms.  The amount of transformer inrush current can be much higher.  The industry 
standard for transformers is 25 times the full load amps for 10ms, and 12 times the full load 
amps for a duration of 100ms.   
 



The inrush capacity of motor starters is not typically provided on manufacturers’ cut-sheets.  
This information will have to be obtained directly from them.  In most cases, some type of 
current restriction will need to be utilized.  For this project, standard off-the-shelf, solid-state 
reduced-voltage soft starters were used.  (Using reduced-voltage starters was also a requirement 
of the local power utility.)  
 

Time vs. Current Curves 

 

Given the amount of overcurrent protection coordination that must be achieved at both low and 
medium voltage, developing a Time vs. Current coordination curve during design is essential.  
The coordination curves in Figure 2 are for a 300HP well and were developed using SKM 
System Analysis’ CAPTOR software.  The software allows you to quickly determine the most 
optimum settings for the motor protection relay, and helps identify any coordination issues that 
may exist. 
 

Figure 2 – Well 516 Time vs. Current Curves 

 
 

 



CONCLUSIONS 

 

The Potter County Well Field has been in service for four years.  All 21 well pump motors are 
starting reliably, and there have been no electrical-related availability issues.  This project has 
successfully met all of the owner’s project requirements.   
 
Hi-Low-Hi motor starting is not a panacea for all well projects.  It is one option to consider when 
designing deep-well submersible pumps.  The operator must weigh the experience and 
capabilities of his electricians, along with the pros and cons of the Hi-Low-Hi motor starting 
approach.   
 

Table 4 – Pros and Cons of Hi-Low-Hi Motor Starting 

 

Pros Cons 

Smaller shock hazard on the motor starter. Additional capital cost. 

Availability and cost of replacement parts. More complex design. 

Availability of third party electricians with 
experience working on low voltage starters. 

Additional outdoor real estate for step-up 
transformer and motor overcurrent protection. 

Smaller electrical room footprint. Efficiency losses in step-up transformer. 

 

When confronted with the circumstances of pushing pumping equipment deeper into a well, the 
Hi-Low-Hi configuration can be a logical and economical approach for operators.   
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