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Permittivity is concerned with electric fields and is the "ability of a material to polarize in response to the 

(electric) field", while permeability is concerned with magnetic fields and is "the degree of magnetization 

of a material in response to a magnetic field" 

Permittivity of free space: ϵ0= 8.8541878176E-12 F/m 

Permeability of free space: µ0= 4(pi)E-7 H/m 

Interestingly: c=1/ sqrt(μ0ϵ0), where c is the speed of light 

 

Let’s start by writing Maxwell’s equations for the vacuum and without charges and currents: 

∇⋅E=0∇⋅E=0 

 

∇×E=−∂B∂t∇×E=−∂B∂t 

 

∇⋅B=0∇⋅B=0 

 

∇×B=μ0ϵ0∂E∂t∇×B=μ0ϵ0∂E∂t 

 

 

Taking the curl of the second equation we have 

∇×(∇×E)=−∇×(∂B∂t)∇×(∇×E)=−∇×(∂B∂t) 

 

Using a known identity (curl = grad div −∇2), and interchanging second order derivatives, we 

have 

 

∇(∇⋅E)−∇2E=−∂∂t(∇×B).∇(∇⋅E)−∇2E=−∂∂t(∇×B). 

 

div E is zero (first equation), and curl B can be replaced from fourth equation: 

∇2E=1/c2∂E∂t2, ∇2E=1/c2∂E∂t2, 

 

where 

1/c2=μ0ϵ0 

 

This is the wave equation for (transversal) waves propagating at velocity c. 

 

The laws of Electromagnetism predict that should be (electromagnetic) waves moving at speed c. 

Some of them (those with wavelengths between roughly 0.4 and 0.8μ m) are called light, and 

therefore c is called the speed of light. 
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Introduction to Maxwell's Equations 

Maxwell's Equations are a set of 4 complicated equations that describe the world of electromagnetics. 

These equations describe how electric and magnetic fields propagate, interact, and how they are 

influenced by objects.  

James Clerk Maxwell [1831-1879] was an Einstein/Newton-level genius who took a set of known 

experimental laws (Faraday's Law, Ampere's Law) and unified them into a symmetric coherent set of 

Equations known as Maxwell's Equations. Maxwell was one of the first to determine the speed of 

propagation of electromagnetic (EM) waves was the same as the speed of light - and hence to conclude 

that EM waves and visible light were really the same thing.  

Maxwell's Equations are critical in understanding Antennas and Electromagnetics. They are formidable to 

look at - so complicated that most electrical engineers and physicists don't even really know what they 

mean. Shrouded in complex math (which is likely so "intellectual" people can feel superior in discussing 

them), true understanding of these equations is hard to come by.  

This leads to the reason for this website - an intuitive tutorial of Maxwell's Equations. I will avoid if at all 

possible the mathematical difficulties that arise, and instead describe what the equations mean. And don't 

be afraid - the math is so complicated that those who do understand complex vector calculus still cannot 

apply Maxwell's Equations in anything but the simplest scenarios. For this reason, intuitive knowledge of 

Maxwell's Equations is far superior than mathematical manipulation-based knowledge. To understand the 

world, you must understand what equations mean, and not just know mathematical constructs. I believe 

the accepted methods of teaching electromagnetics and Maxwell's Equations do not produce 

understanding. And with that, let's say something about these equations.  

Maxwell's Equations are laws - just like the law of gravity. These equations are rules the universe uses to 

govern the behavior of electric and magnetic fields. A flow of electric current will produce a magnetic 

field. If the current flow varies with time (as in any wave or periodic signal), the magnetic field will also 

give rise to an electric field. Maxwell's Equations shows that separated charge (positive and negative) 

gives rise to an electric field - and if this is varying in time as well will give rise to a propagating electric 

field, further giving rise to a propgating magnetic field.  

To understand Maxwell's Equations at a more intuitive level than most Ph.Ds in Engineering or Physics, 

click through the links and definitions above. You'll find that the complicated math masks an inner 

elegance to these equations - and you'll learn how the universe operates the Electromagnetic Machine.  

 

Here is a tutorial video explaining Maxwell's Equations intuitively: 

 

Top: Maxwell's Equations 

https://www.feynmanlectures.caltech.edu/II_18.html 
 

http://www.antenna-theory.com/
http://www.maxwells-equations.com/
https://www.maxwells-equations.com/index.php
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Power systems: formulas and calculations you should know for transformers and motors 

Eaton Video 
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Talk to Utility Company for impedance. Use 5.75% if guessing. 
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Eaton Transformers 101 

Bussman SCCR Part 1 – Codes and Applications 

  Part 2 – Determining SCCR with UL 508, Supplement SB 

  Part 3 – Strategies for increasing Control Panel SCCR  
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Fault Analysis of Multiple Source Faults: 
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Symmetrical Three Phase Fault Analysis 

Asymetrical Three Phase Fault Analysis 

ECAP 

SKM 

Eaton  Youtube – Circuit Breakers Explained 

Rockwell Youtube – Centerline 2100 MCC Features 

https://www.eaton.com/content/dam/eaton/products/design-guides---consultant-

audience/eaton-low-voltage-mcc-design-guide-dg043001en.pdf 

 

Reading One Line Drawings – Eaton – Youtube 
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Arc Flash Training -  

Youtube – OSHA’s New Arc Flash Guidance:  Major Implications for De-Energized and Low 

Voltage Work – Tyndale 
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Fault Calculations 

The operation of a power system departs from normal after the occurrence of a fault.  

Faults give rise to abnormal operating  conditions-usually excessive currents and voltages at 

certain points on the system-which are guarded against with various types of protective 

equipment. 

6.1 TYPES OF FAULTS 

Various types of short-circuit faults that can occur on a transmission line are depicted in Fig. 6-1; 

the frequency of occurrence decreases from part (a) to part (f). Although the balanced three-

phase short circuit in Fig. 6-1(d) is relatively uncommon, it is the most severe fault and therefore 

determines the rating of the line-protecting circuit breaker. A fault study includes the following: 

1. Determination of the maximum and minimum three-phase short-circuit currents 

2. Determination of unsymmetrical fault currents, as in single 

ground, line-to-line, and open-circuit faults 

3. Determination of the ratings of required circuit breakers 

4. Investigation of schemes of protective relaying 

5. Determination of voltage levels at strategic points during a fault 

The short-circuit faults depicted in Fig. 6-1 are called shunt faults; open circuits, which may be 

caused by broken conductors, for instance, are categorized as series faults. 
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6.2 SYMMETRICAL FAULTS 

A balanced three-phase short circuit [Fig. 6-1(d)] is an example of a symmetrical fault. Balanced 

three-phase fault calculations can be carried out on a per-phase basis, so that only single-phase 

equivalent circuits need be used in the analysis. Invariably, the circuit constants are expressed in 

per-unit terms, and all calculations are made on a per-unit basis. In short-circuit calculations, we 

often evaluate the short-circuit MVA (megavolt-amperes), which is equal to  

   √3 Vl If  

where Vl is the nominal line voltage in kilovolts, and If is the fault current in kiloamperes. 

Short Circuit Fault Calculations 

A power system functions normally until after the occurrence of a fault in the system. The good 

news is fault events can be minimized or avoided through diligent electrical design, accurate 

record keeping information on equipment/devices/motors, proper installation, and use of 

agency-certified equipment. 

There are three major sources of fault current: an electric utility power system, a generator, and 

a motor. Short circuit faults are called shunt faults. An open-circuit condition is known as a 

series fault. Any phase/circuit to ground condition is called a ground fault. Among all faults, a 

balanced 3-phase short circuit is the most critical and serious. However, it is one of the least 

likely of faults to occur. The elements in a power distribution system that limit or impede the 

fault current value include: cables, transformers, and reactors. 

The NEC requires protection to personnel and electrical systems against damage during short 

circuit conditions. Generally, circuit breaker ratings are determined for the worst-case fault 

situation. 

You typically perform short circuit calculations when working with complex and interactive 

power distribution systems; however, manual calculations can be used for more simplified 

systems. 

A short circuit calculation determines the amount of current that can flow at certain points in 

the distribution system. 

An electrical device or piece of equipment can then be selected for appropriate rating 

(withstand or interrupting rating) based on these calculations. 

A few simple examples to show how you can quickly and easily calculate fault currents. 
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We'll first use the concept of admittance to calculate the fault current in the system shown on 

the next slide. Admittance is a measure of how easily a circuit or device will allow a current to 

flow. It is the inverse of impedance, which is defined as a measure of opposition to current. 

On the next slide, we assume the grid is infinite and can supply an infinite amount of power to 

the fault 

 

Step 1: Because the electric utility can't provide us with fault information at this particular site, 

we assume it to be infinite. We calculate the maximum amount of power that the transformer 

(XFMR) will allow to flow to its secondary (i.e., load side) using this formula. 

XFMR let through power = XFMR kVA rating ÷ [% Impedance ÷ 100] 

= 5,000kVA ÷ [5 ÷ 100] 

= 100,000kVA 

Step 2: Now we can calculate the cable let-through power. This is defined as the amount of 

power that the cable would let through from an infinite source to the load side of the XFMR. 

The formula we use for this step is as follows: 

Cable let through power = [(kV phase-phase)2] ÷ [cable impedance (ohms) per phase, per 1,000 

ft x total distance (ft)] 

= [ (12kV)2] ÷ {0.15 ÷ 1,000 ft} x 100,000 ft 

= 9,600kVA let through 
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Step 3: Next, we calculate the total let-through fault power by using the following formula: 

Net fault power = 1 ÷ [(1 ÷ XFMR let through power) + (1 ÷ cable let through power)] 

= 1 ÷ [(1 ÷ 100,000kVA) + (1 ÷ 9,600kVA)] 

= 8,759kVA 

Step 4: Now we can find the fault current using the following formula: 

Fault current = net fault power ÷ (secondary XFMR voltage rating x √3) 

= 8,759kVA ÷ (12kV x √3) 

= 421A 

Let's work through another sample calculation where the electric utility fault power level is 

known.  

The given value is 50,000kVA 

 

In this situation, we assume cable length to be minimal and therefore neglect its effect since the 

impedance is minimal. 

Step 1: XFMR let through power = 2,000kVA ÷ [5 ÷ 100] 

 

= 40,000kVA 
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Step 2: Net fault power = 1 ÷ [(1 ÷ 40,000kVA) + (1 ÷ 50,000kVA)] 

= 22,222kVA 

Step 3: Fault current = 22,222kVA ÷ (0.48kV x √3) 

= 26,729A 

For our third and final example calculation, we'll work a problem where generator data is 

available to us. 

When working with generators, we introduce a new value known as sub-transient reactance, 

which is referred to as X"d. This value is typically shown on the generator nameplate or can be 

obtained directly from the manufacturer. 

 

Step 1: The short circuit kVA available at the generator is calculated using the following formula: 

Generator fault power (MVA) = generator MVA rating ÷ X"d 

= 800 MVA ÷ 0.17 

= 4,706 MVA 

Step 2: XFMR let through power = 1,000 MVA ÷ [10 ÷ 100] 

= 10,000 MVA 

Step 3: Net fault power = 1 ÷ [(1 ÷ 10,000 MVA) + (1 ÷ 4,706 MVA)] 

= 3,200 MVA 
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As you can see, simplified short circuit fault calculations can be performed using a basic 

understanding of sources of fault power and current and impedance values that impede the 

short circuit power flow. 

General Methods for Network Calculations 

Rearranging these equations and rewriting them in matrix form, we obtain 
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Can you check 115 V live? 

Yes, but it is not considered safe or acceptable practice under OSHA, NFPA 70E, and NEC 

guidelines. 

Here’s why: 

• 115 VAC is still dangerous. 

o Currents as low as 30 mA across the heart can be fatal. 

o Household 120 V circuits can deliver much higher fault current. 

o Contact can cause muscle lock, burns, or death. 

• "Working live" is generally prohibited. 

o OSHA (29 CFR 1910.333) and NFPA 70E require that equipment be de-

energized before work, unless: 

1. It’s infeasible (like troubleshooting that requires voltage present), and 

2. Proper PPE and procedures are followed. 

• If troubleshooting is required live: 

o Use insulated tools and appropriate PPE (arc-rated clothing, safety glasses, 

insulated gloves). 

o Only qualified persons should do it. 

o Barriers and safe approach boundaries should be set up. 

• Best practice: Always de-energize the panel and verify absence of voltage with a tester 

before touching conductors. Lockout/tagout (LOTO) should be applied. 
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👉 So, even at 115 V, it’s not considered “safe” to work live — you’re only permitted to if 

there’s no alternative (like diagnostic measurements) and you follow full electrical safety 

standards. 

Would you like me to pull the exact OSHA/NFPA rule language on live work at 115 VAC so 

you can see what the regulations say? 

You said: 

do they need protective clothing 

ChatGPT said: 

Yes — protective clothing (PPE) is required if someone is working live, even at 115 VAC. 

Here’s the breakdown from NFPA 70E and OSHA 1910.269 / 1910.333: 

1. Shock protection PPE 

o Insulated gloves rated for 600 V (minimum) with leather protectors. 

o Insulated tools rated for 1000 V. 

o Safety glasses or face shield. 

2. Arc flash protection 

o Even 115 V circuits can produce an arc flash under certain conditions (high 

available fault current, close working distance, or in panelboards). 

o NFPA 70E requires an arc flash risk assessment. If an arc flash hazard exists, 

arc-rated clothing (FR shirt/pants or coverall, face shield/hood) must be worn. 

o In some cases (like control circuits or small branch circuits in a panel), the risk 

may be calculated as low, but PPE can’t be skipped without a formal risk 

assessment. 

3. Exceptions 

o If the panel is de-energized and verified safe, no arc-rated PPE is required. 

o For diagnostic/troubleshooting at ≤240 V, NFPA 70E sometimes allows a reduced 

PPE category — but gloves and eye protection are still mandatory. 

⚡ Key point: 

Yes, protective clothing is required if the work is live. The exact level depends on the arc flash 

risk analysis, but at a minimum, that means insulated gloves, safety glasses, and non-melting 

clothing. 

Do you want me to give you the minimum NFPA 70E PPE category that usually applies to a 

standard 120 V panelboard? 

You said: 

yes 
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ChatGPT said: 

Got it 👍 — here’s what NFPA 70E (2024 edition) says about a typical 120/240 V panelboard 

(like you’d see in homes and light commercial buildings). 

Minimum PPE for live work on 120 V panels 

• Safety glasses (ANSI Z87.1 rated) 

• Arc-rated face shield (with balaclava if needed) 

• Hearing protection (ear canal inserts) 

• Insulated gloves with leather protectors (Class 00 or 0, rated 500–1000 V) 

• Arc-rated shirt and pants or coverall (Category 1 or 2, depending on fault current and 

clearing time) 

• Leather footwear 

Why Category 1 or 2? 

• NFPA 70E Table 130.7(C)(15)(a) lists “Panelboards or other equipment rated 240 V 

and below”. 

• If the available fault current is <25 kA and clearing time is <0.03 seconds, the hazard 

risk category is typically Category 1. 

• That means arc-rated clothing with minimum 4 cal/cm² protection (flame-resistant 

shirt/pants). 

• In many real-world 120 V panels, conditions put it at Category 1, but in higher-fault-

current buildings, it can bump up to Category 2 (8 cal/cm²). 

Bottom line 

Yes, even for 115–120 V panels, NFPA 70E usually requires at least Category 1 PPE if live 

work must be done. That means arc-rated shirt/pants, gloves, face shield, and eye/hearing 

protection. 

👉 Do you want me to lay out a sample PPE kit checklist (like what a worker should actually 

put on before opening a 120 V panel live)? 

You said: 

what about 24 V only 

ChatGPT said: 

Great question. At 24 V, the picture changes a lot. 
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Shock hazard 

• OSHA and NFPA 70E define 50 volts AC or DC as the threshold for requiring shock 

protection. 

• Below 50 V, the shock risk is considered not hazardous for most people under normal 

conditions. 

• So at 24 V AC or DC, no shock-rated gloves or insulated tools are required by code, 

because the voltage is too low to reliably penetrate human skin resistance. 

Arc flash hazard 

• Arc flash requires enough voltage to both initiate and sustain an arc. 

• At 24 V, there isn’t enough voltage to sustain an arc in air — so NFPA 70E does not 

consider there to be an arc flash hazard at this level. 

What PPE is needed at 24 V? 

• No arc-rated clothing required. 

• No shock PPE required (since <50 V). 

• Basic safety glasses are still good practice (mechanical protection from dropped tools, 

wire ends, etc.). 

⚡ Bottom line: 

If the only live conductors are 24 V, a worker does not need protective electrical PPE under 

NFPA 70E. Just standard work clothes and safety glasses are fine. 

Do you want me to give you the exact NFPA 70E clause that exempts <50 V circuits from 

shock/arc PPE? 

You said: 

yes 

ChatGPT said: 

Here’s the NFPA 70E language that covers this: 

Shock Protection (Threshold of 50 V) 

NFPA 70E (2024), Article 110.4 (A)(1): 

“Electrical conductors and circuit parts that have an operating voltage of 50 volts or more shall 

be considered energized until proven otherwise.” 

👉 This means circuits below 50 V (like 24 V) are not treated as shock hazards. 
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Arc Flash Hazard 

NFPA 70E (2024), Article 130.2 (A) requires an arc flash risk assessment for equipment that is 

“50 volts or greater.” 

👉 So for <50 V, there’s no arc flash risk assessment or PPE requirement. 

 

✅ Summary from NFPA 70E: 

• <50 V → No shock PPE required. 

• <50 V → No arc flash PPE required. 

• Basic eye protection (ANSI Z87.1 safety glasses) is still recommended for mechanical 

safety, but that’s general shop practice, not an electrical PPE rule. 

Would you like me to also pull the OSHA regulation (1910.333) that matches this same 50 V 

threshold, so you’ve got both NFPA and OSHA wording? 

You said: 

yes 

ChatGPT said: 

Here’s the OSHA side of it — it lines up with NFPA 70E: 

OSHA 29 CFR 1910.333(a)(1): 

“Live parts to which an employee may be exposed shall be deenergized before the employee 

works on or near them, unless the employer can demonstrate that deenergizing introduces 

additional or increased hazards or is infeasible …” 

But OSHA gives the voltage threshold in a note to this section: 

OSHA 29 CFR 1910.303(g)(2)(i): 

“Exposed live parts operating at 50 volts or more shall be guarded against accidental contact by 

approved cabinets or other forms of approved enclosures …” 

👉 This establishes the 50 V threshold for both guarding and PPE. Below that, OSHA does not 

require shock protection. 
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✅ So combined with NFPA 70E: 

• 24 V circuits → no shock PPE, no arc flash PPE. 

• OSHA and NFPA both kick in at 50 V and above. 

Would you like me to put together a voltage-to-PPE quick reference chart (e.g., <50 V, 120 V, 

480 V) so you have a simple cheat sheet? 

You said: 

yes 

ChatGPT said: 

Perfect 👍 — here’s a quick reference PPE guide by voltage level, combining NFPA 70E 

(2024) and OSHA 1910 Subpart S rules: 

 

⚡ Voltage-to-PPE Quick Reference 

< 50 V (AC or DC) 

• Shock Hazard: ❌ None (OSHA & NFPA both exempt below 50 V) 

• Arc Flash Hazard: ❌ None (arc can’t sustain at this voltage) 

• Required PPE: Standard work clothes + safety glasses (mechanical protection only) 

 

120/240 V (Single-phase & small panelboards) 

• Shock Hazard: ✅ Yes (insulated gloves & tools required if live) 

• Arc Flash Hazard: ✅ Possible, but usually low (depends on fault current and breaker 

clearing time) 

• Typical PPE Category: Category 1 (≥4 cal/cm² FR shirt & pants, face shield, gloves, 

glasses, hearing protection) 

• When Needed: Only if live work is required (e.g., troubleshooting). Otherwise, de-

energize. 
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480 V (Three-phase panels, MCCs, switchgear) 

• Shock Hazard: ✅ Significant (gloves, insulated tools mandatory) 

• Arc Flash Hazard: ✅ Higher risk (high fault current, longer clearing times) 

• Typical PPE Category: Category 2–4 (≥8–40 cal/cm²; may require arc flash suit/hood) 

• Risk Assessment: Arc flash study or use NFPA 70E tables to determine exact PPE. 

 

600 V+ (industrial systems) 

• Shock Hazard: ✅ Very high (special gloves, insulated mats, approach boundaries) 

• Arc Flash Hazard: ✅ Severe (blast, molten copper, high incident energy) 

• Typical PPE Category: Category 3–4 (25–40 cal/cm²; full arc flash suit with hood, 

gloves, balaclava, hearing protection, footwear) 

• Risk Assessment: Always required — no guessing. 

 

✅ Rule of Thumb: 

• <50 V → No electrical PPE required. 

• 50–240 V → Gloves + Cat 1 PPE minimum if live. 

• 480–600 V → Gloves + Cat 2–4 PPE depending on arc flash study. 

• >600 V → Full arc flash suit, strict approach boundaries, detailed engineering analysis. 
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Grounding and bonding - YouTube 

Grounding and bonding Two professional engineers (Dan Carnovale and Tom Domitrovich) with 

years of power systems experience will clarify this often misunderstood concept while making...  

• Video Duration: 29 min 

 

 

NEC Requirements for Grounding of Separately Derived Systems 

Do you understand how the grounding and bonding requirements for the separately derived 

systems? 

Mike Holt 

Oct. 21, 2025 

 

Takeaways 

• A separately derived system (SDS) has no direct connection to other sources except 

through grounding and bonding. 

• Grounding and bonding must be performed at the source, not on the load side, to 

prevent potential differences and ensure safety. 

• System bonding jumpers connect the secondary neutral to the equipment grounding 

conductor at specific points, complying with NEC Sec. 250.28 and Sec. 250.102(C). 

• Multiple transformer SDSs can share a common grounding electrode conductor, but 

connections must be accessible and made with approved methods like exothermic 

welding. 

https://www.youtube.com/watch?v=E7d0gfejhJg
https://www.ecmweb.com/20905151
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A  separately derived system (SDS) is an electrical power supply having no direct connection(s) 

to the circuit conductors of any other electrical source other than those established by 

grounding and bonding connections [Art. 100], as shown in Fig. 1. 

Except for autotransformers, transformers are separately derived because the primary 

conductors have no direct electrical connection to the secondary conductors. 

 

Fig. 1. A “separately derived system” (SDS) is an electrical power supply having no direct 

connection(s) to the circuit conductors of any other electrical source other than those 

established by grounding and bonding connections. 
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Transformer SDSs must be bonded and grounded per Sec. 250.30(A)(1) through (A)(8). On the 

load side of the bonding jumper, you cannot connect the neutral conductor to: 

• The transformer case. 

• Metal parts of equipment. 

• Equipment grounding conductors. 

System bonding jumper 

A system bonding jumper is the connection between the neutral conductor (or grounded-phase 

conductor) and the equipment grounding conductor (EGC), supply-side bonding jumper, or both 

at a transformer SDS. 

A system bonding jumper must be installed at the secondary neutral point or the secondary 

disconnect neutral terminal (not both). The system bonding jumper must comply with Sec. 

250.28 and be sized per Sec. 250.102(C). 

The grounding electrode conductor (GEC) must terminate at the point where the system 

bonding jumper has been installed [Sec. 250.30(A)(5)]. 

Exception No. 2: If a structure is supplied by a feeder from an outdoor transformer SDS, a system 

bonding jumper at both the source and the first disconnect is permitted if it does not establish a 

parallel path for the neutral current. The neutral conductor cannot be smaller than the size 

specified for the system bonding jumper, and it is not required to be larger than the phase 

conductor(s). 

A system bonding jumper at the source connects the secondary neutral point of the system to 

the metal enclosure of the transformer SDS [Sec. 250.30(A)(1)(a)]. A system bonding jumper at 

the first disconnecting means connects the neutral conductor of the transformer secondary to 

the metal enclosure at the secondary disconnect [Sec. 250.30(A)(1)(b)]. 

Supply-side bonding jumper 

A supply-side bonding jumper installed from the transformer enclosure to the secondary 

disconnect enclosure can be a non-flexible metal raceway or of the wire type. 

The supply-side bonding jumper can be rigid metal conduit (RMC), intermediate metal conduit 

(IMC), or electrical metallic tubing (EMT) run between the transformer SDS enclosure and the 

secondary system disconnect enclosure. A nonmetallic or flexible raceway must have a supply-

side bonding jumper of the wire type. 

A supply-side bonding jumper of the wire type must be sized per Sec. 250.102(C) based on the 

size or area of the secondary phase conductors in the raceway or cable (Fig. 2). 
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Fig. 2. A supply-side bonding jumper of the wire type must be sized per Sec. 250.102(C) based 

on the size or area of the secondary phase conductors in the raceway or cable.  

System grounded conductor 

The system neutral conductor is not required to be larger than the phase conductors [Sec. 

250.30(A)(3)]. Oversizing the neutral conductor does not solve excessive unbalanced current 

returning in the neutral. It is merely a coping strategy that still leaves you with the energy waste 

and other problems related to reliability issues. 

Suppose the system bonding jumper is installed at the secondary system disconnect instead of 

at the transformer SDS, and the neutral is run in a single raceway. In that case, the neutral must 

be run from the transformer SDS to the secondary system disconnect. It must be sized per Table 

250.102(C)(1) based on the size or area of the secondary phase conductor. 

What if you run that neutral paralleled in two or more raceways or cables? In that case, you size 

the neutral conductor(s) in each raceway or cable set connected in parallel based on the largest 

phase conductor in each raceway or cable using Table 250.102(C)(1). But don’t go smaller than 

1/0 AWG. 
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Grounding electrode conductor 

A transformer SDS installed indoors must be grounded to the building grounding electrode 

system [Sec. 250.30(A)(4)]. 

The GEC for a transformer SDS must be sized per Sec. 250.66 [Sec. 250.30(A)(5)]. The GEC must 

terminate at the neutral conductor at the same point where the system bonding jumper is 

connected. 

To prevent objectionable neutral current from flowing onto metal parts [Sec. 250.6], the GEC 

must originate at the same point on the transformer SDS as where the system bonding jumper 

is connected [Sec. 250.30(A)(1)]. 

Exception No. 1: If the system bonding jumper is a wire or busbar [Sec. 250.30(A)(1)], the GEC 

can terminate at the grounding terminal, bar, or bus where the system bonding jumper 

terminates, instead of on the neutral terminal. 

Grounding electrode conductor example no. 1 

Question: What size GEC is required for a 45kVA, 3-phase, 480V to 120V/208V transformer 

when the secondary conductors are sized at 1/0 AWG? 

(a) 6 AWG (b) 4 AWG  (c) 3 AWG  (d) 2 AWG 

Answer: (a) 6 AWG [Table 250.66] 

Grounding electrode conductor example no. 2 

Question: What size GEC is required for a 75kVA, 3-phase, 480V to 120V/208V transformer 

when the secondary conductors are sized at 4/0 AWG? 

(a) 6 AWG (b) 4 AWG  (c) 3 AWG  (d) 2 AWG 

Answer: (d) 2 AWG [Table 250.66] 

Grounding electrode conductor example no. 3 

Question: What size GEC is required for a 112.50kVA, 3-phase, 480V to 120V/208V transformer 

when the secondary conductors are sized at 600kcmil? 

(a) 1/0 AWG  (b) 2/0 AWG  (c) 3/0 AWG  (d) 4/0 AWG 

Answer: (b) 2/0 AWG 

Where there are multiple transformer SDSs, a GEC tap from each of them to a common GEC is 

permitted [Sec. 250.30(A)(6)]. This connection must be made at the same point on the 
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transformer SDS secondary as where the system bonding jumper is connected [Sec. 

250.30(A)(1)], as shown in Fig. 3. 

 

The common GEC can be any of the following [Sec. 250.30(A)(6)(a)]: 

(1) An unspliced conductor at least 3/0 AWG copper or 250kcmil aluminum. 

(2) Interior metal water pipe not more than 5 ft from the point of entrance to the building [Sec. 

250.68(C)(1)]. 

(3) The metal frame of the building per Sec. 250.68(C)(2) or connected to the grounding 

electrode system by a conductor at least 3/0 AWG copper or 250kcmil aluminum. 

GEC taps must be sized per Table 250.66, based on the area of the largest secondary phase 

conductor [Sec. 250.30(A)(6)(b)]. 

Exception: If the only electrodes present are ground rods [Sec. 250.66(A)], concrete-encased 

electrodes [250.66(B)], or ground rings [Sec. 250.66(C)], the size of the common GEC is not 

required to be larger than the largest conductor required by Sec. 250.66(A), (B), or (C) for the 

type of electrode that is present. 

Tap connections to the common grounding electrode conductor must be made at an accessible 

location by any of the following methods [250.30(A)(6)(c)]: 

(1) A connector listed as “bonding and grounding equipment.” 
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(2) Listed connections to aluminum or copper busbars at least ¼ in. thick × 2 in. wide, and of a 

length to accommodate the terminations necessary for the installation. 

(3) Exothermic Welding. Tap GECs must remain without a splice or joint. 

If located outdoors, the grounding electrode connection must be made at the transformer SDS 

[Sec. 250.30(C)]. 

The GEC must comply with Sec. 250.64(A), (B), (C), and (E) [Sec. 250.30(A)(7)]. For example, the 

GEC must be copper within 18 in. of the surface of the earth [Sec. 250.64(A)], securely fastened 

to the surface on which it is carried [Sec. 250.64(B)(1)], and adequately protected if exposed to 

physical damage [Sec. 250.64(B)(2) and (3)]. Also, ferrous metal enclosures enclosing a GEC 

must be made electrically continuous from the point of attachment to cabinets or equipment to 

the grounding electrode  

[Sec. 250.64(E)]. 

Ensuring success with SDS 

While a source might be separately derived, the rules for grounding and bonding it are not 

derived from some separate set of physics. Keep two principles in mind when bonding and 

grounding any SDS. 

First, we ground at the source but not on the load side. That is why there’s a grounding 

connection at an SDS. Second, we bond so there is no difference in potential between non-

current-carrying metallic objects. 
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The 10 Worst Grounding Mistakes You'll Ever Make 

Aug 1, 2008David Herres | Electrical Construction and Maintenance 

Why common errors in residential, commercial, and industrial wiring can lead to fire and 

electric shock hazards. 

Proper grounding and bonding prevent unwanted voltage on non-current-carrying metal 

objects, such as tool and appliance casings, raceways, and enclosures, as well as facilitate the 

correct operation of overcurrent devices. But beware of wiring everything to a ground rod and 

considering the job well done. There are certain subtleties you must follow to adhere to 

applicable NEC rules and provide safe installations to the public and working personnel. 

Although ground theory is a vast subject, on which whole volumes have been written, let's take 

a look at some of the most common grounding errors you may run into on a daily basis. 

1. Improper replacement of non-grounding receptacles. Dwellings and non-dwellings often 

contain non-grounding receptacles (Photo 1). It's not the NEC's intent to immediately replace all 

noncompliant equipment with each new edition of the Code. In fact, it's perfectly fine to leave 

the old “two prongers” in place. But because an intact functioning equipment ground is such an 

obvious safety feature, most electricians tend to replace these old relics whenever possible. 

 

Photo 1. This non-grounding receptacle is typical of those found in older homes across the 

country. 

There are several ways you can complete this upgrade, many of which are erroneous and strictly 

against the Code. For example, never apply the following non-NEC-compliant solutions: 

http://ecmweb.com/author/david-herres
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• Hook up a new grounding receptacle on the theory that this is a step in the right 

direction. This can lead future electricians and occupants to believe they are fully 

protected by a non-functioning ground receptacle. 

• Connect the green grounding terminal of a grounded receptacle via a short jumper to 

the grounded neutral conductor. This practice is totally noncompliant and dangerous 

because when a load is connected, voltage will appear on both the neutral and ground 

wires. Therefore, any noncurrent-carrying appliance or tool case will become energized, 

causing shock to the user, who is typically partially or totally grounded. 

• Run an individual ground conductor from the green grounding terminal of a grounded 

receptacle to the nearest water pipe or other grounded object. This “floating ground” 

presents various hazards. It is likely that this ground rod of convenience will have several 

ohms of ground resistance so that, in case of ground fault within a connected tool or 

appliance, the breaker will not trip — and exposed metal will remain energized. 

• Run an individual ground conductor back to the entrance panel and connect it to the 

neutral bar or grounding strip. This solution is somewhat better, but still noncompliant. 

Any grounding conductor must be within the circuit cable or raceway. One objection is 

that an individual conductor could be damaged or removed in the course of work taking 

place in the future. 

What are the correct ways to handle this type of situation, when you find yourself working with 

non-grounded receptacles? 

• The best approach is to run a new branch circuit back to the panel, verifying presence of 

a valid ground. Because this procedure usually involves fishing cable behind walls or, in 

some cases, removing and then replacing wall finish, it's not always feasible unless a 

total rewiring job is being performed. 

• Another possibility is to replace the two-prong receptacle with a GFCI. Hook up the two 

wires and leave the grounding terminal unattached. Included with the GFCI is a sticker 

that says, “No equipment ground.” This sticker must be in place so that future 

electricians and users are not misled. The thinking behind this strategy is that even 

though the tool or appliance case is not grounded, the GFCI will provide enhanced 

safety. It's important to note that a GFCI functions properly without the presence of a 

grounding conductor. The device compares current flowing through the hot and neutral 

conductors and trips if a difference of more than 5 milliamps is detected. 

• Non-grounding receptacles are still manufactured. If replacement is necessary (and 

acquiring a ground is not feasible), installation of a new non-grounding receptacle is a 

way to go. 
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2. Installation of a satellite dish, telephone, CATV, or other low-voltage equipment without 

proper grounding. If you look at a number of satellite dish installations in your neighborhood, a 

certain percentage will inevitably not be grounded at all. Of those that are grounded, there is 

still a high probability many are not fully compliant. For example, the grounding electrode 

conductor could be too long, too small, have unlisted clamps at terminations, have excess 

bends, or be connected to a single ground rod but not be bonded to other system grounds. 

For NEC purposes, a satellite dish is an antenna, and installation requirements are found in 

Chapter 8, Communications Systems. Article 810, Radio and Television Equipment, details the 

installation requirements. Part II deals with receiving Equipment — Antenna Systems. This type 

of equipment, which includes the satellite dish, must have a listed antenna discharge unit, 

which can be either outside the building or inside between the point of entrance of the lead-in 

conductors and the receiver — and as near as possible to the entrance of the conductors to the 

building. The antenna discharge unit is not to be located near combustible material and 

certainly not within a hazardous (classified) location. 

The antenna discharge unit must be grounded. The grounding conductor is usually copper; 

however, you can use aluminum or copper-clad aluminum if it's not in contact with masonry or 

earth. Outside, aluminum or copper-clad aluminum cannot be within 18 inches of the earth. 

 

Photo 2. Grounding means for a satellite dish must be located at the point of entrance to the 

building. In this particular installation, the grounding conductor is integral with the coax from 

the dish, but the installer did not bond it to other system grounds. 

The grounding conductor can be bare or insulated, stranded or solid, and must be securely 

fastened in place and run in a straight line from the discharge unit to the grounding electrode 

(Photo 2). If the building has an intersystem bonding termination, the grounding conductor is to 

be connected to it or to one of the following: 

• Grounding electrode system. 



115 
 

• Grounded interior metal water piping system within 5 feet of point of entrance to the 

building. 

• Power service accessible grounding means external to the building. 

• Metallic power service raceway. 

• Service equipment enclosure. 

• Grounding electrode conductor or its metal enclosure. 

If this grounding conductor is installed within a metal raceway, you must bond the metal 

raceway to it at both ends. For this reason, if raceway is deemed necessary for extra protection, 

UL-listed PVC (rigid non-metallic conduit) is generally used. The grounding conductor must be 

no smaller than 10 AWG copper. 

Where separate electrodes are used, you must connect the antenna discharge unit grounding 

means to the premises power system grounding system by a 6 AWG copper conductor. Needless 

to say, grounding a satellite dish goes well beyond simply driving a ground rod at the point of 

entrance. 

Grounding for CATV is slightly different. Typically, CATV is brought into the building via coaxial 

cable, which has a center conductor, insulating spacer, and outer electrical shield. Because of 

the spacer, capacitive coupling is diminished so that the cable provides a high-quality signal for 

data, voice, and video transmission. Improper grounding of coaxial cable used for CATV is very 

common. 

There is no antenna discharge unit as required for satellite dish installation. Instead, the shield 

of the coaxial cable is connected to an insulated grounding conductor that is limited to copper 

but may be stranded or solid. The grounding conductor is 14 AWG minimum so that it has 

current-carrying capacity approximately equal to the outer shield of the coaxial cable. 

The major distinguishing characteristic is that for one- and two-family homes the grounding 

conductor cannot exceed 20 feet in length and should preferably be shorter. If a grounding 

electrode such as the Intersystem Bonding Termination is not within 20 feet, it is necessary to 

drive a ground rod for that purpose. However, even after this dedicated grounding means is 

established, in order to be NEC-compliant, the installation must have a bonding jumper not 

smaller than 6 AWG or equivalent, which is connected between the CATV system's grounding 

electrode and the power grounding electrode system for the building. Omitting this jumper is a 

serious Code violation, second only to no grounding at all. You must bond all system grounds, 

antenna, power, CATV, telephone, and so on with a heavy bonding jumper. 
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3. Non-installation of GFCIs where required. Recent Code editions have mandated increased 

use of GFCIs. In dwelling units, GFCIs are required on all 125V, single-phase, 15A and 20A 

receptacles in: bathrooms; garages; accessory buildings with a floor at or below grade level not 

intended as a habitable room, limited to storage, work and similar areas; outdoors; kitchens 

along countertops; within 6 feet of outside edge of laundry, utility, and wet bar sinks; and 

boathouses. In other than dwelling units, GFCIs are required on all 125V, single-phase, 15A and 

20A receptacles in bathrooms, kitchens, rooftops, outdoors, and within 6 feet of the outside 

edge of sinks. 

Other areas requiring the use of GFCIs include: boat hoists, aircraft hangars, drinking fountains, 

cord- and plug-connected vending machines, high-pressure spray washers, hydromassage 

bathtubs, carnivals, circuses, fairs (and the like), electrically operated pool covers, portable or 

mobile electric signs, electrified truck parking space supply equipment, elevators, dumbwaiters, 

escalators, moving walks, platform lifts/stairway chairlifts, fixed electric space heating cables, 

fountains, commercial garages, electrical equipment for naturally and artificially made bodies of 

water, pipeline heating, therapeutic pools and tubs, boathouses, construction sites, health-care 

facilities, marinas/boatyards, pools, recreational vehicles, sensitive electronic equipment, spas, 

and hot tubs. 

4. Improperly connecting the equipment-grounding conductor to the system neutral. You must 

connect a grounded neutral conductor to normally noncurrent-carrying metal parts of 

equipment, raceways, and enclosures only through the main bonding jumper (or, in the case of 

a separately derived system, through a system bonding jumper). Make this connection at the 

service disconnecting means, not downstream. When you buy a new entrance panel, a screw or 

other main bonding jumper is usually included in the packaging. Attached to it are instructions 

stipulating that it is to be installed only when the panel is to be used as service equipment. 

It's a major error to install a main bonding jumper in a box used as a subpanel fed by a 4-wire 

feeder. It's also wrong not to install it when the panel is used as service equipment. Improper 

redundant connection of grounded neutral to equipment-grounding conductors can result in 

objectionable circulating current and presence of voltage on metal tool or appliance casings. 

You should connect grounded neutral and equipment-grounding conductors at the service 

disconnect. Then separate them — never to rejoin again. Additional optional ground rods may 

be connected anywhere along the equipment-grounding conductor but never to the grounded 

neutral. 

5. Improperly grounding frames of electric ranges and clothes dryers. Prior to the 1996 version 

of the NEC, it was common practice to use the neutral as an equipment ground. Now, however, 

all frames of electric ranges, wall-mounted ovens, counter-mounted cooking units, clothes 
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dryers, and outlet or junction boxes that are part of these circuits must be grounded by a fourth 

wire: the equipment-grounding conductor. 

An exception permits retention of the pre-1996 arrangement for existing branch-circuit 

installations only where an equipment-grounding conductor is not present. Several other 

conditions must be met. If possible, the best course of action is to run a new 4-wire branch 

circuit from the panel. If you must keep an old appliance, be sure to remove the neutral to 

frame bonding jumper if an equipment-grounding conductor is to be connected. 

6. Failure to ground submersible well pumps. At one time, submersible well pumps were not 

required to be grounded because they were not considered accessible. However, it was noted 

that workers would pull the pump, lay it on the ground, and energize it to see if it would spin. If, 

due to a wiring fault, the case became live, the overcurrent device would not function, causing a 

shock hazard. The 2008 NEC requires a fourth equipment-grounding conductor that you must 

now lug to the top of the well casing. Many people assume that in a 3-wire submersible pump 

system one wire is a “ground.” In actuality, submersible pump cable consists of three wires (plus 

equipment-grounding conductor) twisted together and unjacketed. Yellow is a common 240V 

leg, black is run, and red is start, which the control box energizes for a short period of time. 

Prior to the new grounding requirement, everything was hot. 

7. Failure to properly attach the ground wire to electrical devices. Wiring daisy-chained devices 

in such a way that removing one of them breaks the equipment grounding continuity is a 

common problem. The preferred way to ground a wiring device is to connect incoming and 

outgoing equipment-grounding conductors to a short bare or green jumper. The bare or green 

insulated jumper is then connected to the grounding terminal of the device. 

8. Failure to install a second ground rod where required. A single ground rod that does not 

have a resistance to ground of 25 ohms or less must be augmented by a second ground rod. 

Once the second ground rod is installed, it's not necessary for the two to meet the resistance 

requirement. As a practical matter, few electricians do the resistance measurement. 
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Figure. Non-overlapping effective resistance areas reduce net resistance. 

You cannot use a simple ohmmeter because that would require a known perfect ground. Special 

equipment and procedures are needed, so it's common practice to simply drive a second 

ground rod. You must locate them at least 6 feet apart. Greater distance is even better (Figure). 

If both rods and the bare ground electrode conductor connecting them are directly under the 

drip line of the roof, ground resistance will be further diminished. This is because the soil along 

this line is more moist. Ground resistance greatly increases when soil becomes dry. 

9. Failure to properly reattach metal raceway that is used as an equipment-grounding 

conductor. When equipment is relocated, replaced, or removed for repair, many times 

equipment ground paths are broken. If these connections are not fixed, there's an accident 

waiting to happen (Photo 3). Setscrews, locknuts, and threads should be fully engaged and 

continuity tests performed before equipment is put back into service. Dirt and corrosion can 

also compromise ground continuity. 

 

Photo 3. Standard locknuts or bushings shall not be the sole connection for grounding 

purposes. 

NEC Article 250.4 requires that electrical equipment, wiring, and other electrically conductive 

material likely to become energized shall be installed in a manner that creates a low-impedance 

circuit from any point on the wiring system to the electrical supply source to facilitate the 

operation of overcurrent devices. 

10. Failure to bond equipment ground to water pipe. Improper connections are often seen in 

the field. Screw clamps and other improvised connections do not provide permanent low 

impedance bonding. The worst method would be to just wrap the wire around the pipe or to 

omit this bonding altogether. 
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Photo 4. Someone used a water pipe clamp to improperly connect a ground wire to this 

ground rod. 

In a dwelling, a conductor must be run to metallic water pipe, if present, and connected with a 

UL-listed pipe grounding clamp (Photo 4). This bonding conductor is to be sized according to 

Table 250.66, based on the size of the largest ungrounded service entrance conductor or 

equivalent area for parallel conductors.  
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Harmonics: 

25 - How do I know if my project will have a harmonics issue and how do I determine what 

the right solution is – Youtube – Dan Carnovale - Eaton 

 

Are harmonics less today than in the past due to improved inverter design 

ChatGPT said: 

Good question — harmonics are still an issue, but yes, in general they are less of a problem 

today than in the past because of advances in inverter and power electronics design. 

Here’s why: 

1. Switching Technology 

• Older inverters (1980s–90s): Used thyristors or simple IGBTs with low switching 

frequencies (hundreds of Hz to a few kHz). These produced strong low-order harmonics 

(5th, 7th, 11th, etc.) that were hard to filter. 

• Modern inverters: Use fast IGBTs or SiC/GaN transistors switching in the tens to 

hundreds of kHz. This pushes distortion into much higher frequencies, which are easier 

to filter and don’t propagate as far in power systems. 

2. Control Strategies 

• Early designs relied on square wave or six-step switching, which generated high 

harmonic distortion. 

• Today, sinusoidal PWM (SPWM), space vector PWM (SVPWM), and multilevel 

topologies (NPC, flying capacitor, cascaded H-bridge) allow output waveforms much 

closer to sinusoidal with lower THD. 

3. Built-in Filtering 

• Many older drives and inverters required external harmonic filters to meet IEEE 519 or 

IEC standards. 

• Modern ones often have DC-link chokes, input reactors, or built-in active filters that 

reduce harmonic injection at both the input (current harmonics) and output (voltage 

harmonics). 

4. Active Harmonic Compensation 
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• Some high-end systems now include active front ends (AFE), which use bidirectional 

converters with controlled switching that can draw near-unity power factor and inject 

almost no harmonics. 

5. Standards Pressure 

• Utilities and standards (IEEE 519, IEC 61000 series) have forced manufacturers to reduce 

THD in inverter products. 

 

   Summary: 

Yes — harmonics are significantly reduced today compared to the past, thanks to higher 

switching speeds, advanced PWM control, multilevel topologies, and active filtering. That said, 

harmonics haven’t gone away — especially in large variable frequency drives (VFDs), solar 

inverters, and data centers with dense nonlinear loads. Utilities still monitor and enforce limits. 

Do you want me to break down how much THD levels have changed (say, typical numbers from 

older drives vs. modern ones)? 

You said: 

yes 

ChatGPT said: 

Great — here’s a numerical comparison of typical Total Harmonic Distortion (THD) levels in 

older vs. modern inverter systems: 

 

  Current THD at Input (Drawn from the Grid) 

• Older 6-pulse VFDs (no line reactor or DC choke): 

o 40–100% current THD 

o Very strong 5th and 7th harmonics 

• With line reactor/DC link choke (still common in 1990s–2000s): 

o 25–35% THD 

• 12-pulse rectifiers (large drives, older technology): 

o 10–15% THD (required phase-shifting transformers) 

• Modern active front end (AFE) or 18-pulse rectifier: 
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o 2–5% THD, near unity power factor 

 

  Voltage THD at Output (Supplied to the Motor/Load) 

• Older square-wave or six-step inverters (1970s–1980s): 

o 20–30% voltage THD, very hard on motors 

• Early PWM (1990s): 

o 5–10% THD, depending on switching frequency and filter 

• Modern PWM (SPWM, SVPWM with IGBT/SiC): 

o <3–5% THD typically 

• Multilevel inverters (NPC, cascaded H-bridge, flying capacitor): 

o <2–3% THD, waveform almost sinusoidal 

 

  Real-World Example 

• IEEE 519 (1992 version): Utilities allowed up to 5% voltage THD at PCC. 

• Modern solar inverters and AFEs: Typically operate at <3% current THD and <2% 

voltage THD — far below the older levels. 

 

   Bottom Line: 

• 1980s–1990s: A typical industrial drive could easily inject 30–50% current THD and >10% 

voltage THD without filters. 

• Today (2020s): With AFEs, multilevel topologies, and high-frequency PWM, most 

systems stay under 5% THD, sometimes as low as 2%. 
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How to calculate harmonics in a square wave: 
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Direct current (DC) circuit protection | Eaton PSEC 

Video - 9:59 

Compared to alternating current (AC), direct current (DC) flows consistently in one direction 

therefore it requires additional mechanisms to safely interrupt circuits. Christy McElhinny, Field 

Application Engineer, explains the critical role DC circuit protection has within energy transition 

applications, which inherently use DC energy. This is especially true as energy transition 

applications such solar (also referred to as photovoltaic (PV) systems), battery storage, and wind 

generation are projected to increase in adoption. Though DC circuit protection has overlap in 

ratings familiar with AC systems, there also unique requirements of DC circuit protection within 

electrical vehicles (EV), EV chargers, energy storage, and PV systems. Christy also explains how a 

PV system is designed and operates by following a PV schematic. Also, the different design 

options that can be engineered and at which point DC circuit protection is required to be 

installed. Thank you for watching one of our many educational videos on the topic of power 

systems. Schedule a visit to one of Eaton's Power Systems Experience Centers in either 

Pittsburgh or Houston to learn more! To learn more about Eaton products and our Power 

Systems Experience Centers: http://eaton.com/experience To view more educational videos 

from Eaton's Power Systems Experience Centers: http://videos.eaton.com/experience Chapters 

00:00 00:12 Intro 01:41 Why do energy transition applications use DC 03:06 Photovoltaic system 

design 04:50 Comparing DC and AC circuit protection 06:36 AC coupled PV system 07:21 DC 

coupled PV system 07:58 Reverse DC coupled PV system 08:33 Eaton DC protective devices and 

assemblies 
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Electrical arcs and sparks - why electricity jumps 

When you hear a reference to Frankenstein one of the visuals you may think of are giant 

electrical sparks breathing “life” into Dr. Frankenstein’s creature. But what are electrical sparks? 

Electrical sparks, also known as arcing, is a natural phenomenon when electricity jumps from 

one point to another. Often occurring when you are connecting, or disconnecting, electrical 

devices. In this video Seth So dives into the topic sharing how arcs work with the “spark gap” 

demonstration installed at Eaton’s Power System Experience Center (PSEC). In the demo, one 

electrode is charged with a high-potential test kit and we see at what voltage the air gap is 

ionized and conducts to the ground electrode. When an arc is initiated, it’ll spark in open air. We 

also look at some of the technologies used to control arcing and make electrical systems safer. 

Some topics discussed include: • Controlling clearances – how air gaps can be used to minimize 

the risk of arcing. • Physical insulators – used when air gaps are not sufficient insulators. • 

Creepage distance – The shortest distance between two conductive parts, measured along the 

surface of an insulator. Solid insulators and bushings have the “wavy” shape to increase their 

insulating properties. • Fuses – we discuss expulsion and current limiting fuses. • Vacuum 

bottles – switching device that uses a pair of separable contacts in an enclosed vacuum-tight 

chamber. • Arc chutes – help collapse arc earlier by dividing arcs into smaller arcs. • Eaton’s Arc 

Quenching System (AQS) – quenches arcs before it becomes an explosion. Learn about Arc 

Quenching Switchgear:  

https://www.youtube.com/watch?v=gdZBtrI5DxA&list=PL8XobqCtN9Z9zmxXF91EJpX2k8FjdRIEb

&index=69 Thank you for watching one of our many educational videos on the topic of power 

systems. Schedule a visit to one of Eaton's Power Systems Experience Centers in either 

Pittsburgh or Houston to learn more! To learn more about Eaton products and our Power 

Systems Experience Centers: http://eaton.com/experience To view more educational videos 

from Eaton's Power Systems Experience Centers: http://videos.eaton.com/experience Chapters 

00:00 Sketch 00:50 Introduction 01:30 What is electrical arcing? 02:30 How do electrical arcs 

work 04:00 How to control electrical arcing 05:19 How to safely break an arc 07:45 Switching 

quickly 08:18 Arc Quenching System (AQS) 
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Medium voltage motor controls | Eaton PSEC 

Motors consume over 70% of the energy within industrial applications. This illustrates the 

reliance that industrial manufacturing has on motors, in turn making motor controls critical to 

that success. This is especially true for medium-voltage control (MVC) equipment that drive 

productivity, process performance and energy savings. In this video, Kyle Harrison, Product 

Manager Medium Voltage Control Assemblies, discusses medium voltage motor controls (MV 

MCs) to help us understand how they work and their role in industrial processes. Kyle explains 

that motor control centers (MCCs) are a centralized collection of equipment that control and 

protect motors. Also, compared to low voltage motors, medium voltage motors use smaller 

gauge wire, provide higher voltage, and require lower current to operate. Along with controlling 

motors, medium voltage motor controls can also be used to feed transformers and capacitor 

banks. Kyle also discusses the components that go into MV MCs and their role, including: • 

Isolation switch • Circuit breaker/fuse • Contactor • Protective relay • Control power 

transformer (CPT) • Voltage sensor • Meter We conclude by exploring real-world applications 

that use MV MCs such as mining, wastewater treatment facilities, and oil and gas operations. 

Looking for more on motor controls? Check out Kyle’s other video on motor control 

fundamentals:  

https://www.youtube.com/watch?v=L46PWrQChtA&list=PL8XobqCtN9Z9zmxXF91EJpX2k8FjdRI

Eb&index=1 Thank you for watching one of our many educational videos on the topic of power 

systems. Schedule a visit to one of Eaton's Power Systems Experience Centers in either 

Pittsburgh or Houston to learn more! To learn more about Eaton products and our Power 

Systems Experience Centers: http://eaton.com/experience To view more educational videos 

from Eaton's Power Systems Experience Centers: http://videos.eaton.com/experience Chapters 

00:00 Promo 00:43 Low voltage vs medium voltage mcc 01:49 Core functions of MCCs 02:38 

Medium voltage MCC design 03:30 Construction and components of MV control 06:59 MV 

motor control applications  
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Motor control fundamentals | Eaton PSEC 

Electric motors are a critical part of our daily lives and as important is the ability to safely 

operate them. Motor starters provide that safety to both the operator and the motor itself. In 

this video Kyle Harrison, Product Manager Medium Voltage Control Assemblies, explains what 

motor starters are and how they work. Motor starters are electrical devices used to safely start 

and stop motors while also providing them with overcurrent and undervoltage protection. 

Along with a breaker or fuse, the primary components that go into motor starters are contactors 

and relays. The purpose of the contactor is to establish and interrupt the power circuit to the 

motor. Relays protect motors from drawing too much current and overheating. Kyle also walks 

through the various motor starter designs and how they work including: • Across-the-line (ATL) 

starter (also referred to as full voltage starters) – and how inrush current affects motors and the 

electrical system • Reduced-voltage autotransformers • Reduced-voltage primary reactors • 

Solid-state soft starters (also referred to as reduced voltage soft starters (RVSS)) • Variable 

frequency drive (VFD) We also explain how motor starter design is based on system voltage and 

discuss motor starters applications. Learn about medium voltage motor controls: 

https://www.youtube.com/watch?v=VhUjqYAoz_o&list=PL8XobqCtN9Z9zmxXF91EJpX2k8FjdRIE

b&index=1 Thank you for watching one of our many educational videos on the topic of power 

systems. Schedule a visit to one of Eaton's Power Systems Experience Centers in either 

Pittsburgh or Houston to learn more! To learn more about Eaton products and our Power 

Systems Experience Centers: http://eaton.com/experience To view more educational videos 

from Eaton's Power Systems Experience Centers: http://videos.eaton.com/experience Chapters 

00:00 Intro 00:16 What are motor starters 01:29 How do motor starters work 02:20 Types of 

motor starters 08:31 Where are motor starters used 
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Jim Pytel – Big Bad Tech 

 

Motor Family Tree (Full Lecture)  

Jim Pytel  50:07 

 

Mechanical Power: Torque and Rotational Speed (Full Lecture)  

Jim Pytel  48:04 

 

Electromagnetic Interaction (Full Lecture)  

Jim Pytel  30:13 

 

Rotating Magnetic Field (Full Lecture)  

Jim Pytel 35:12 

 

Motor Nameplates (Full Lecture)  

Jim Pytel  26:35 

 

Motor Nameplate Examples (Full Lecture)  

Jim Pytel  13:54 

 

Motor Connection Diagrams (Full Lecture)  

Jim Pytel  29:50 

 

Motor Connection Examples (Full Lecture)  

Jim Pytel  11:29 

 

https://www.youtube.com/watch?v=NhT5Fz4VyOk&list=PLdnqjKaksr8oba07pG-nE1Omy1_mabMtI&index=9&pp=iAQB
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Squirrel Cage Induction Motors: Mechanical Properties (Full Lecture)  

Jim Pytel  39:01 

 

Squirrel Cage Induction Motors: Electrical Characteristics (Full Lecture)  

Jim Pytel  44:54 

 

Inrush Current (Full Lecture)  

Jim Pytel  19:34 

 

Single Phasing (Full Lecture)  

Jim Pytel  34:04 

 

Asynchronous/Induction Generators (Full Lecture)  

Jim Pytel  57:50 

 

Synchronous Motors (Full Lecture)  

Jim Pytel 29:08 

 

Synchronous Motor Starters (Full Lecture)  

Jim Pytel  28:28 

 

Synchronous Condensers (Full Lecture)  

Jim Pytel  15:05 

 

Synchronous Generators (Full Lecture)  

Jim Pytel  22:41 
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Loaded Synchronous Generators (Full Lecture)  

Jim Pytel  29:21 

 

Generator Demonstration (Full Lecture)  

Jim Pytel  21:05 

 

Generator Synchronization (Full Lecture)  

Jim Pytel  31:02 

 

Wound Rotor Induction Motors (Full Lecture)  

Jim Pytel  23:21 

 

Secondary Resistor Reduced Voltage Starters (Full Lecture)  

Jim Pytel  21:11 

 

Doubly Fed Induction Motors (Full Lecture)  

Jim Pytel 37:48 

 

Doubly Fed Induction Generators (Full Lecture)  

Jim Pytel  37:43 

 

Resumes, Cover Letters, and Interviews for Electro-Mechanical Technicians (Full Lecture)  

Jim Pytel 44:12 

 

Brushless DC and Permanent Magnet Synchronous Motors (Full Lecture)  

Jim Pytel 57:31 
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What is a DC Motor? 

A DC motor (Direct Current motor) converts electrical energy into mechanical rotation using 

the interaction between magnetic fields and electric current. Here’s a simple explanation: 

 

    Basic Idea 

When current flows through a wire in a magnetic field, it experiences a force. 

In a DC motor, wires are arranged in loops (called the armature) inside a magnetic field. 

These forces on the wires create a rotating motion — that’s what drives the motor shaft. 

 

    Main Parts 

1. Stator – the stationary part that provides the magnetic field (from permanent magnets 

or electromagnets). 

2. Rotor (Armature) – the rotating coil of wire carrying current. 

3. Commutator – a mechanical switch that reverses current direction in the coil every half 

turn, keeping rotation in one direction. 

4. Brushes – conductive contacts that deliver current from the DC source to the 

commutator. 

5. Power Source – provides DC voltage to drive current through the armature. 

 

    Step-by-Step Operation 

1. DC voltage is applied to the motor terminals. 

2. Current flows through the brushes into the commutator and armature coils. 

3. The current-carrying armature sits in the magnetic field of the stator. 

4. According to Lorentz’s Law (F = BIL), each wire in the magnetic field feels a force — one 

side is pushed up, the other down. 

5. These opposite forces create torque, causing the rotor to turn. 

6. When the rotor moves halfway around, the commutator reverses current direction, 

ensuring continuous rotation in the same direction. 
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  Key Relationships 

• Torque (T) is proportional to armature current (I) 

→ 𝑇 ∝ 𝐼 

• Speed (N) is inversely proportional to magnetic field strength (Φ) and armature current 

→ 𝑁 ∝
𝑉−𝐼𝑅

Φ
 

 

    In Simple Terms 

• The magnetic field pulls and pushes on the current-carrying wires. 

• The commutator keeps flipping the current so the torque stays in the same direction. 

• This continuous push makes the motor spin smoothly. 

Control of a DC Motor: 

https://www.youtube.com/watch?v=ctXdMkNCvLU 

Robert Jenkins 

https://www.youtube.com/watch?v=9kZS8qYPkrk 

EE for Everyone 

Old DC Motor made for 4-H project Demonstration: 

ma 
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Slightly more modern kit DC motor: 
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Single-phase Induction Motors 

 

What's one way to solve the single phase problem? 

Build a 2-phase motor, deriving 2-phase power from single phase. 

A three-phase motor may be run from a single-phase power source. However, it will not self-

start. It may be hand started in either direction, coming up to speed in a few seconds. It will 

only develop 2/3 of the 3-φ power rating because one winding is not used. 

  

 

3-φ motor runs from 1-φ power but does not start 
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Single Coil of a Single Phase Motor 

The single coil of a single-phase induction motor does not produce a rotating magnetic field, but 

a pulsating field reaching maximum intensity at 0° and 180° electrical. 

 

 

Single-phase stator produces a nonrotating, pulsating magnetic field 

  

Another view is that the single-coil excited by a single-phase current produces two counter-

rotating magnetic field phasors, coinciding twice per revolution at 0° (Figure above-a) and 180° 

(figure e). When the phasors rotate to 90° and -90° they cancel in figure c. 

At 45° and -45° (figure b) they are partially additive along the +x axis and cancel along the y-axis. 

An analogous situation exists in figure d. The sum of these two phasors is a phasor stationary in 

space, but alternating polarity in time. Thus, no starting torque is developed. 

However, if the rotor is rotated forward at a bit less than the synchronous speed, It will develop 

maximum torque at 10% slip with respect to the forward rotating phasor. Less torque will be 

developed above or below 10% slip. 

The rotor will see 200% - 10% slip with respect to the counter-rotating magnetic field phasor. 

Little torque (see torque vs slip curve) other than a double frequency ripple is developed from 

the counter-rotating phasor. Thus, the single-phase coil will develop torque, once the rotor is 

started. 

If the rotor is started in the reverse direction, it will develop a similar large torque as it nears the 

speed of the backward rotating phasor. 

Single-phase induction motors have a copper or aluminum squirrel cage embedded in a cylinder 

of steel laminations, typical of polyphase induction motors. 

Permanent-Split Capacitor Motor 
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One way to solve the single phase problem is to build a 2-phase motor, deriving 2-phase power 

from single phase. This requires a motor with two windings spaced apart 90° electrical, fed with 

two phases of current displaced 90° in time. This is called a permanent-split capacitor motor. 

  

Permanent-split capacitor induction motor 

  

This type of motor suffers increased current magnitude and backward time shift as the motor 

comes up to speed, with torque pulsations at full speed. The solution is to keep the capacitor 

(impedance) small to minimize losses. 

The losses are less than for a shaded pole motor. This motor configuration works well up to 1/4 

horsepower (200 watts), though, usually applied to smaller motors. The direction of the motor 

is easily reversed by switching the capacitor in series with the other winding. This type of motor 

can be adapted for use as a servo motor, described elsewhere in this chapter. 

  

 

Single-phase induction motor with embedded stator coils 

https://www.allaboutcircuits.com/video-lectures/capacitors-part-1/
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Single-phase induction motors may have coils embedded into the stator for larger size motors. 

Though, the smaller sizes use less complex to build concentrated windings with salient poles. 

Capacitor-Start Induction Motor 

In the figure below a larger capacitor may be used to start a single-phase induction motor via 

the auxiliary winding if it is switched out by a centrifugal switch once the motor is up to speed. 

Moreover, the auxiliary winding may be many more turns of heavier wire than used in a 

resistance split-phase motor to mitigate excessive temperature rise. 

The result is that more starting torque is available for heavy loads like air conditioning 

compressors. This motor configuration works so well that it is available in multi-horsepower 

(multi-kilowatt) sizes. 

  

Capacitor-start induction motor 

  

Capacitor-Run Motor Induction Motor 

A variation of the capacitor-start motor (figure below) is to start the motor with a relatively 

large capacitor for high starting torque, but leave a smaller value capacitor in place after starting 

to improve running characteristics while not drawing excessive current. The additional 

complexity of the capacitor-run motor is justified for larger size motors. 

  

Capacitor-run motor induction motor 



166 
 

  

A motor starting capacitor may be a double-anode non-polar electrolytic capacitor which could 

be two + to + (or - to -) series-connected polarized electrolytic capacitors. Such AC rated 

electrolytic capacitors have such high losses that they can only be used for intermittent duty (1 

second on, 60 seconds off) like motor starting. 

A capacitor for motor running must not be of electrolytic construction, but a lower loss polymer 

type. 

Resistance Split-Phase Motor Induction Motor 

If an auxiliary winding of much fewer turns, a smaller wire is placed at 90°electrical to the main 

winding, it can start a single-phase induction motor. With lower inductance and higher 

resistance, the current will experience less phase shift than the main winding. 

About 30° of phase difference may be obtained. This coil produces a moderate starting torque, 

which is disconnected by a centrifugal switch at 3/4 of synchronous speed. This simple (no 

capacitor) arrangement serves well for motors up to 1/3 horsepower (250 watts) driving easily 

started loads. 

  

Resistance split-phase motor induction motor 

  

This motor has more starting torque than a shaded pole motor (next section), but not as much 

as a two-phase motor built from the same parts. The current density in the auxiliary winding is 
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so high during starting that the consequent rapid temperature rise precludes frequent restarting 

or slow starting loads. 

Nola Power Factor Corrector 

Frank Nola of NASA proposed a power factor corrector for improving the efficiency of AC 

induction motors in the mid-1970s. It is based on the premise that induction motors are 

inefficient at less than full load. This inefficiency correlates with a low power factor. 

The less than unity power factor is due to magnetizing current required by the stator. This fixed 

current is a larger proportion of total motor current as the motor load is decreased. At light 

load, the full magnetizing current is not required. It could be reduced by decreasing the applied 

voltage, improving the power factor and efficiency. 

The power factor corrector senses power factor, and decreases motor voltage, thus restoring a 

higher power factor and decreasing losses. 

Since single-phase motors are about 2 to 4 times as inefficient as three-phase motors, there are 

potential energy savings for 1-φ motors. There are no savings for a fully-loaded motor since all 

the stator magnetizing current is required. 

The voltage cannot be reduced. But there are potential savings from a less than fully loaded 

motor. A nominal 117 VAC motor is designed to work at as high as 127 VAC, as low as 104 VAC. 

That means that it is not fully loaded when operated at greater than 104 VAC, for example, a 

117 VAC refrigerator. 

It is safe for the power factor controller to lower the line voltage to 104-110 VAC. The higher the 

initial line voltage, the greater the potential savings. Of course, if the power company delivers 

closer to 110 VAC, the motor will operate more efficiently without any add-on device. 

Any substantially idle, 25% FLC or less, a single-phase induction motor is a candidate for a PFC. 

Though, it needs to operate a large number of hours per year. And the more time it idles, as in 

lumber saw, punch press, or conveyor, the greater the possibility of paying for the controller in a 

few years operation. 

It should be easier to pay for it by a factor of three as compared to the more efficient 3-φ-

motor. The cost of a PFC cannot be recovered for a motor operating only a few hours per day. 

  

Summary: Single-phase induction motors 
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• Single-phase induction motors are not self-starting without an auxiliary stator winding 

driven by an out of phase current of near 90°. Once started the auxiliary winding is 

optional. 

• The auxiliary winding of a permanent split capacitor motor has a capacitor in series with 

it during starting and running. 

• A capacitor-start induction motor only has a capacitor in series with the auxiliary winding 

during starting. 

• A capacitor-run motor typically has a large non-polarized electrolytic capacitor in series 

with the auxiliary winding for starting, then a smaller non-electrolytic capacitor during 

running. 

• The auxiliary winding of a resistance split-phase motor develops a phase difference 

versus the main winding during starting by virtue of the difference in resistance. 
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Tesla Polyphase Induction Motors 

Most AC motors are induction motors. Induction motors are favored due to their ruggedness 

and simplicity. In fact, 90% of industrial motors are induction motors. 

Nikola Tesla conceived the basic principles of the polyphase induction motor in 1883 and had a 

half horsepower (400 watts) model by 1888. Tesla sold the manufacturing rights to George 

Westinghouse for $65,000. 

Most large ( > 1 hp or 1 kW) industrial motors are polyphase induction motors. By polyphase, we 

mean that the stator contains multiple distinct windings per motor pole, driven by 

corresponding time-shifted sine waves. 

In practice, this is two or three phases. Large industrial motors are 3-phase. While we include 

numerous illustrations of two-phase motors for simplicity, we must emphasize that nearly all 

polyphase motors are three-phase. 

By induction motor, we mean that the stator windings induce a current flow in the rotor 

conductors, like a transformer, unlike a brushed DC commutator motor. 

AC Induction Motor Construction 

An induction motor is composed of a rotor, known as an armature, and a stator containing 

windings connected to a polyphase energy source as shown in the figure below. The simple 2-

phase induction motor below is similar to the 1/2 horsepower motor which Nikola Tesla 

introduced in 1888. 
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Tesla polyphase induction motor 

  

The stator in the figure above is wound with pairs of coils corresponding to the phases of 

electrical energy available. The 2-phase induction motor stator above has 2-pairs of coils, one 

pair for each of the two phases of AC. 

The individual coils of a pair are connected in series and correspond to the opposite poles of an 

electromagnet. That is, one coil corresponds to an N-pole, the other to an S-pole until the phase 

of AC changes polarity. The other pair of coils is oriented 90° in space to the first pair. 

This pair of coils is connected to AC shifted in time by 90° in the case of a 2-phase motor. In 

Tesla’s time, the source of the two phases of AC was a 2-phase alternator. 

The stator in the figure above has salient, obvious protruding poles, as used on Tesla’s early 

induction motor. This design is used to this day for sub-fractional horsepower motors (<50 

watts). However, for larger motors, less torque pulsation and higher efficiency results if the coils 

are embedded into slots cut into the stator laminations (figure below). 
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Stator frame showing slots for windings 

  

The stator laminations are thin insulated rings with slots punched from sheets of electrical 

grade steel. A stack of these is secured by end screws, which may also hold the end housings. 
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Stator with (a) 2-φ and (b) 3-φ windings 

  

In the figure above, the windings for both a two-phase motor and a three-phase motor have 

been installed in the stator slots. The coils are wound on an external fixture, then worked into 

the slots. Insulation wedged between the coil periphery and the slot protects against abrasion. 

Actual stator windings are more complex than the single windings per pole in the figure above. 

Comparing the 2-φ motor to Tesla’s 2-φ motor with salient poles, the number of coils is the 

same. In actual large motors, a pole winding is divided into identical coils inserted into many 

smaller slots than above. 

This group is called a phase belt (see the figure below). The distributed coils of the phase belt 

cancel some of the odd harmonics, producing a more sinusoidal magnetic field distribution 

across the pole. This is shown in the synchronous motor section. 

The slots at the edge of the pole may have fewer turns than the other slots. Edge slots may 

contain windings from two phases. That is, the phase belts overlap. 

  

 

  

The key to the popularity of the AC induction motor is its simplicity as evidenced by the simple 

rotor (figure below). The rotor consists of a shaft, a steel laminated rotor, and an embedded 

copper or aluminum squirrel cage, shown at (b) removed from the rotor. 

https://www.allaboutcircuits.com/textbook/alternating-current/chpt-13/synchronous-motors/
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As compared to a DC motor armature, there is no commutator. This eliminates the brushes, 

arcing, sparking, graphite dust, brush adjustment and replacement, and re-machining of the 

commutator. 

  

 

Laminated rotor with (a) embedded squirrel cage, (b) conductive cage removed from the rotor 

  

The squirrel cage conductors may be skewed, twisted, with respect to the shaft. The 

misalignment with the stator slots reduces torque pulsations. 

Both rotor and stator cores are composed of a stack of insulated laminations. The laminations 

are coated with insulating oxide or varnish to minimize eddy current losses. The alloy used in 

the laminations is selected for low hysteresis losses. 

Theory of Operation of Induction Motors 

A short explanation of operation is that the stator creates a rotating magnetic field which drags 

the rotor around. 

The theory of operation of induction motors is based on a rotating magnetic field. One way of 

creating a rotating magnetic field is to rotate a permanent magnet. If the moving magnetic lines 

of flux cut a conductive disk, it will follow the motion of the magnet. 

The lines of flux cutting the conductor will induce a voltage, and consequent current flow, in the 

conductive disk. This current flow creates an electromagnet whose polarity opposes the motion 

of the permanent magnet– Lenz’s Law. 
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The polarity of the electromagnet is such that it pulls against the permanent magnet. The disk 

follows with a little less speed than the permanent magnet. 

  

 

Rotating magnetic field produces torque in conductive disk 

  

The torque developed by the disk is proportional to the number of flux lines cutting the disk and 

the rate at which it cuts the disk. If the disk were to spin at the same rate as the permanent 

magnet, there would be no flux cutting the disk, no induced current flow, no electromagnet 

field, no torque. 

Thus, the disk speed will always fall behind that of the rotating permanent magnet, so that lines 

of flux cut the disk induce a current, create an electromagnetic field in the disk, which follows 

the permanent magnet. 

If a load is applied to the disk, slowing it, more torque will be developed as more lines of flux cut 

the disk. Torque is proportional to slip, the degree to which the disk falls behind the rotating 

magnet. More slip corresponds to more flux cutting the conductive disk, developing more 

torque. 

An analog automotive eddy-current speedometer is based on the principle illustrated above. 

With the disk restrained by a spring, disk and needle deflection is proportional to the magnet 

rotation rate. 
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A rotating magnetic field is created by two coils placed at right angles to each other, driven by 

currents which are 90° out of phase. This should not be surprising if you are familiar with 

oscilloscope Lissajous patterns. 

  

 

Out of phase (90°), sine waves produce circular Lissajous pattern 

  

In the figure above, a circular Lissajous is produced by driving the horizontal and vertical 

oscilloscope inputs with 90° out of phase sine waves. Starting at (a) with maximum “X” and 

minimum “Y” deflection, the trace moves up and left toward (b). 

Between (a) and (b) the two waveforms are equal to 0.707 Vpk at 45°. This point (0.707, 0.707) 

falls on the radius of the circle between (a) and (b) The trace moves to (b) with minimum “X” 

and maximum “Y” deflection. With maximum negative “X” and minimum “Y” deflection, the 

trace moves to (c). 

Then with minimum “X” and maximum negative “Y”, it moves to (d), and on back to (a), 

completing one cycle. 
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X-axis sine and Y-axis cosine trace circle 

  

The figure shows the two 90° phase-shifted sine waves applied to oscilloscope deflection plates 

which are at right angles in space. The combination of 90° phased sine waves and right angle 

deflection, results in a two-dimensional pattern– a circle. This circle is traced out by a 

counterclockwise-rotating electron beam. 

For reference, the figure below shows why in-phase sine waves will not produce a circular 

pattern. Equal “X” and “Y” deflection moves the illuminated spot from the origin at (a) up to the 

right (1,1) at (b), back down left to origin at (c), down left to (-1.-1) at (d), and back upright to 

the origin. The line is produced by equal deflections along both axes; y=x is a straight line. 
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No circular motion from in-phase waveforms 

  

If a pair of 90° out of phase sine waves produces a circular Lissajous, a similar pair of currents 

should be able to produce a circular rotating magnetic field. Such is the case for a 2-phase 

motor. By analogy three windings placed 120° apart in space, and fed with corresponding 120° 

phased currents will also produce a rotating magnetic field. 

  

 

Rotating magnetic field from 90° phased sine waves 

  

As the 90° phased sine waves, the figure above, progress from points (a) through (d), the 

magnetic field rotates counterclockwise (figures a-d) as follows: 

• (a) φ-1 maximum, φ-2 zero 

• (a’) φ-1 70%, φ-2 70% 

• (b) φ-1 zero, φ-2 maximum 
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• (c) φ-1 maximum negative, φ-2 zero 

• (d) φ-1 zero, φ-2 maximum negative 

Full Motor Speed and Synchronous Motor Speed 

The rotation rate of a stator rotating magnetic field is related to the number of pole pairs per 

stator phase. The “full speed” figure below has a total of six poles or three pole-pairs and three 

phases. However, there is but one pole pair per phase. 

The magnetic field will rotate once per sine wave cycle. In the case of 60 Hz power, the field 

rotates at 60 times per second or 3600 revolutions per minute (rpm). For 50 Hz power, it rotates 

at 50 rotations per second or 3000 rpm. The 3600 and 3000 rpm, are the synchronous speed of 

the motor. 

Though the rotor of an induction motor never achieves this speed, it certainly is an upper limit. 

If we double the number of motor poles, the synchronous speed is cut in half because the 

magnetic field rotates 180° in space for 360° of the electrical sine wave. 

  

 

Doubling the stator poles halves the synchronous speed 

  

The synchronous speed is given by: 

  

 Ns = 120·f/P Ns = synchronous speed in rpm f = frequency of applied power, Hz P = total number 

of poles per phase, a multiple of 2  

Example: The “half speed” figure above has four poles per phase (3-phase). The synchronous 

speed for 50 Hz power is: S = 120·50/4 = 1500 rpm  
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The short explanation of the induction motor is that the rotating magnetic field produced by the 

stator drags the rotor around with it. 

The longer more correct explanation is that the stator’s magnetic field induces an alternating 

current into the rotor squirrel cage conductors which constitutes a transformer secondary. This 

induced rotor current, in turn, creates a magnetic field. 

The rotating stator magnetic field interacts with this rotor field. The rotor field attempts to align 

with the rotating stator field. The result is the rotation of the squirrel cage rotor. If there were 

no mechanical motor torque load, no bearing, windage, or other losses, the rotor would rotate 

at the synchronous speed. 

However, the slip between the rotor and the synchronous speed stator field develops torque. It 

is the magnetic flux cutting the rotor conductors as it slips which develops torque. Thus, a 

loaded motor will slip in proportion to the mechanical load. 

If the rotor were to run at synchronous speed, there would be no stator flux cutting the rotor, 

no current induced in the rotor, no torque. 

Torque in Induction Motors 

When power is first applied to the motor, the rotor is at rest, while the stator magnetic field 

rotates at the synchronous speed Ns. The stator field is cutting the rotor at the synchronous 

speed Ns. The current induced in the rotor shorted turns is maximum, as is the frequency of the 

current, the line frequency. 

As the rotor speeds up, the rate at which stator flux cuts the rotor is the difference between 

synchronous speed Ns and actual rotor speed N, or (Ns - N). The ratio of actual flux cutting the 

rotor to synchronous speed is defined as slip: 

  

 s = (Ns - N)/Ns where: Ns = synchronous speed, N = rotor speed 

  

The frequency of the current induced into the rotor conductors is only as high as the line 

frequency at the motor start, decreasing as the rotor approaches synchronous speed. Rotor 

frequency is given by: 

  

 fr = s·f where: s = slip, f = stator power line frequency 



180 
 

  

Slip at 100% torque is typically 5% or less in induction motors. Thus for f = 50 Hz line frequency, 

the frequency of the induced current in the rotor fr= 0.05·50 = 2.5 Hz. Why is it so low? The 

stator magnetic field rotates at 50 Hz. The rotor speed is 5% less. 

The rotating magnetic field is only cutting the rotor at 2.5 Hz. The 2.5 Hz is the difference 

between the synchronous speed and the actual rotor speed. If the rotor spins a little faster, at 

the synchronous speed, no flux will cut the rotor at all, fr = 0. 

  

 

Torque and speed vs %Slip. %Ns=%Synchronous Speed 

  

The figure above graph shows that starting torque known as locked rotor torque (LRT) is higher 

than 100% of the full load torque (FLT), the safe continuous torque rating. The locked rotor 

torque is about 175% of FLT for the example motor graphed above. 

Starting current known as locked rotor current (LRC) is 500% of full load current (FLC), the safe 

running current. The current is high because this is analogous to a shorted secondary on a 

transformer. As the rotor starts to rotate the torque may decrease a bit for certain classes of 

motors to a value known as the pull-up torque. 
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This is the lowest value of torque ever encountered by the starting motor. As the rotor gains 

80% of synchronous speed, torque increases from 175% up to 300% of the full load torque. 

This breakdown torque is due to the larger than normal 20% slip. 

The current has decreased only slightly at this point but will decrease rapidly beyond this point. 

As the rotor accelerates to within a few percents of synchronous speed, both torque and 

current will decrease substantially. Slip will be only a few percents during normal operation. 

For a running motor, any portion of the torque curve below 100% rated torque is normal. The 

motor load determines the operating point on the torque curve. While the motor torque and 

current may exceed 100% for a few seconds during starting, continuous operation above 100% 

can damage the motor. 

Any motor torque load above the breakdown torque will stall the motor. The torque, slip, and 

current will approach zero for a “no mechanical torque” load condition. This condition is 

analogous to an open secondary transformer. 

There are several basic induction motor designs showing considerable variation from the torque 

curve above. The different designs are optimized for starting and running different types of 

loads. The locked rotor torque (LRT) for various motor designs and sizes ranges from 60% to 

350% of full load torque (FLT). 

Starting current or locked rotor current (LRC) can range from 500% to 1400% of full load current 

(FLC). This current draw can present a starting problem for large induction motors. 

NEMA and IEC Motor Classes 

Various standard classes (or designs) for motors, corresponding to the torque curves (figure 

below) have been developed to better drive various type loads. The National Electrical 

Manufacturers Association (NEMA) has specified motor classes A, B, C, and D to meet these 

drive requirements. 

Similar International Electrotechnical Commission (IEC) classes N and H correspond to NEMA B 

and C designs respectively. 
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Characteristics for NEMA designs 

  

All motors, except class D, operate at 5% slip or less at full load. 

• Class B (IEC Class N) motors are the default motor to use in most applications. With a 

starting torque of LRT = 150% to 170% of FLT, it can start most loads, without excessive 

starting current (LRT). Efficiency and power factor are high. It typically drives pumps, 

fans, and machine tools. 

• Class A starting torque is the same as class B. Drop out torque and starting current (LRT) 

is higher. This motor handles transient overloads as encountered in injection molding 

machines. 

• Class C (IEC Class H) has higher starting torque than class A and B at LRT = 200% of FLT. 

This motor is applied to hard-starting loads which need to be driven at constant speed 

like conveyors, crushers, and reciprocating pumps and compressors. 

• Class D motors have the highest starting torque (LRT) coupled with low starting current 

due to high slip ( 5% to 13% at FLT). The high slip results in lower speed. The speed 

regulation is poor. However, the motor excels at driving highly variable speed loads like 

those requiring an energy storage flywheel. Applications include punch presses, shears, 

and elevators. 

• Class E motors are a higher efficiency version of class B. 

• Class F motors have much lower LRC, LRT, and break down torque than class B. They 

drive constant, easily started loads. 
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Power Factor in Induction Motors 

Induction motors present a lagging (inductive) power factor to the power line. The power factor 

in large fully loaded high-speed motors can be as favorable as 90% for large high-speed motors. 

At 3/4 full load, the largest high-speed motor power factor can be 92%. 

The power factor for small low-speed motors can be as low as 50%. At starting, the power factor 

can be in the range of 10% to 25%, rising as the rotor achieves speed. 

Power factor (PF) varies considerably with the motor mechanical load (figure below). An 

unloaded motor is analogous to a transformer with no resistive load on the secondary. Little 

resistance is reflected from the secondary (rotor) to the primary (stator). 

Thus the power line sees a reactive load, as low as 10% PF. As the rotor is loaded an increasing 

resistive component is reflected from the rotor to stator, increasing the power factor. 

  

 

Induction motor power factor and efficiency 

  

Efficiency in Induction Motors 

Large three-phase motors are more efficient than smaller 3-phase motors, and most all single-

phase motors. Large induction motor efficiency can be as high as 95% at full load, though 90% is 

more common. 

Efficiency for a lightly loaded or no-loaded induction motor is poor because most of the current 

is involved with maintaining the magnetizing flux. As the torque load is increased, more current 

is consumed in generating torque, while current associated with magnetizing remains fixed. 

Efficiency at 75% FLT can be slightly higher than that at 100% FLT. 
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Efficiency is decreased a few percents at 50% FLT and decreased a few more percents at 25% 

FLT. Efficiency only becomes poor below 25% FLT. The variation of efficiency with loading is 

shown in the figure above. 

Induction motors are typically oversized to guarantee that their mechanical load can be started 

and driven under all operating conditions. If a polyphase motor is loaded at less than 75% of 

rated torque where efficiency peaks, efficiency suffers only slightly down to 25% FLT. 

Nola Power Factor Corrector 

Frank Nola of NASA proposed a power factor corrector (PFC) as an energy-saving device for 

single-phase induction motors in the late 1970s. It is based on the premise that a less than fully 

loaded induction motor is less efficient and has a lower power factor than a fully-loaded motor. 

Thus, there is energy to be saved in partially loaded motors, 1-φ motors in particular. 

The energy consumed in maintaining the stator magnetic field is relatively fixed with respect to 

load changes. While there is nothing to be saved in a fully-loaded motor, the voltage to a 

partially loaded motor may be reduced to decrease the energy required to maintain the 

magnetic field. 

This will increase the power factor and efficiency. This was a good concept for the notoriously 

inefficient single phase motors for which it was intended. 

This concept is not very applicable to large 3-phase motors. Because of their high efficiency 

(90%+), there is not much energy to be saved. Moreover, a 95% efficient motor is still 94% 

efficient at 50% full load torque (FLT) and 90% efficient at 25% FLT. 

The potential energy savings in going from 100% FLT to 25% FLT is the difference in efficiency 

95% - 90% = 5%. This is not 5% of the full load wattage but 5% of the wattage at the reduced 

load. The Nola power factor corrector might be applicable to a 3-phase motor which idles most 

of the time (below 25% FLT), like a punch press. 

The payback period for the expensive electronic controller has been estimated to be 

unattractive for most applications. Though, it might be economical as part of an electronic 

motor starter or speed Control. 

Induction Motors as Alternators 

An induction motor may function as an alternator if it is driven by a torque at greater than 100% 

of the synchronous speed (figure below). This corresponds to a few % of “negative” slip, say -1% 

slip. 

This means that as we are rotating the motor faster than the synchronous speed, the rotor is 

advancing 1% faster than the stator rotating magnetic field. It normally lags by 1% in a motor. 
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Since the rotor is cutting the stator magnetic field in the opposite direction (leading), the rotor 

induces a voltage into the stator feeding electrical energy back into the power line. 

  

 

Negative torque makes induction motor into a generator 

  

Such an induction generator must be excited by a “live” source of 50 or 60 Hz power. No power 

can be generated in the event of a power company power failure. This type of alternator 

appears to be unsuited as a standby power source. 

As an auxiliary power wind turbine generator, it has the advantage of not requiring an 

automatic power failure disconnect switch to protect repair crews. 

It is fail-safe. 

Small remote (from the power grid) installations may be made self-exciting by 

placing capacitors in parallel with the stator phases. If the load is removed residual magnetism 

may generate a small amount of current flow. 

This current is allowed to flow by the capacitors without dissipating power. As the generator is 

brought up to full speed, the current flow increases to supply a magnetizing current to the 

https://www.allaboutcircuits.com/video-lectures/capacitors-part-1/
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stator. The load may be applied at this point. Voltage regulation is poor. An induction motor may 

be converted to a self-excited generator by the addition of capacitors. 

Startup procedure is to bring the wind turbine up to speed in motor mode by application of 

normal power line voltage to the stator. Any wind-induced turbine speed in excess of 

synchronous speed will develop negative torque, feeding power back into the power line, 

reversing the normal direction of the electric kilowatt-hour meter. 

Whereas an induction motor presents a lagging power factor to the power line, an induction 

alternator presents a leading power factor. Induction generators are not widely used in 

conventional power plants. 

The speed of the steam turbine drive is steady and controllable as required by synchronous 

alternators. Synchronous alternators are also more efficient. 

The speed of a wind turbine is difficult to control and subject to wind speed variation by gusts. 

An induction alternator is better able to cope with these variations due to the inherent slip. This 

stresses the gear train and mechanical components less than a synchronous generator. 

However, this allowable speed variation only amounts to about 1%. Thus, a direct line 

connected induction generator is considered to be fixed-speed in a wind turbine (See Doubly-

fed induction generator for a true variable speed alternator). 

Multiple generators or multiple windings on a common shaft may be switched to provide a high 

and low speed to accommodate variable wind conditions. 

Motor Starting and Speed Control 

Some induction motors can draw over 1000% of full load current during starting; though, a few 

hundred percents is more common. Small motors of a few kilowatts or smaller can be started by 

direct connection to the power line. 

Starting large motors can cause line voltage sag, affecting other loads. Motor-start rated circuit 

breakers (analogous to slow blow fuses) should replace standard circuit breakers for starting 

motors of a few kilowatts. This breaker accepts high overcurrent for the duration of starting. 

  

https://www.allaboutcircuits.com/textbook/alternating-current/chpt-13/tesla-polyphase-induction-motors/#dfig
https://www.allaboutcircuits.com/textbook/alternating-current/chpt-13/tesla-polyphase-induction-motors/#dfig


187 
 

 

Autotransformer induction motor starter 

  

Motors over 50 kW use motor starters to reduce line current from several hundred to a few 

hundred percents of full load current. An intermittent duty autotransformer may reduce the 

stator voltage for a fraction of a minute during the start interval, followed by application of full 

line voltage as in the figure above. 

Closure of the S contacts applies reduced voltage during the start interval. The S contacts open 

and the R contacts close after starting. This reduces starting current to, say, 200% of full load 

current. Since the autotransformer is only used for the short start interval, it may be sized 

considerably smaller than a continuous-duty unit. 

Running Three-Phase Motors on Single-Phase Provisions 

Three-phase motors will run on single phase as readily as single-phase motors. The only 

problem for either motor is starting. Sometimes 3-phase motors are purchased for use on 

single-phase if three-phase provisioning is anticipated. 

The power rating needs to be 50% larger than for a comparable single phase motor to make up 

for one unused winding. Single-phase is applied to a pair of windings simultaneous with a start 

capacitor in series with the third winding. 

The start switch is opened in the figure below upon motor start. Sometimes a smaller capacitor 

than the start capacitor is retained while running. 
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Starting a three-phase motor on single phase 

  

The circuit in the figure above for running a three-phase motor on single phase is known as 

a static phase converter if the motor shaft is not loaded. Moreover, the motor acts as a 3-phase 

generator. 

Three-phase power may be tapped off from the three stator windings for powering other 3-

phase equipment. The capacitor supplies a synthetic phase approximately midway ∠90° 

between the ∠180° single-phase power source terminals for starting. 

While running, the motor generates approximately standard 3-φ, as shown above. Matt 

Isserstedt shows a complete design for powering a home machine shop. 

  

 

Self-starting static phase converter. Run capacitor = 25-30µF per HP. Adapted from Figure 7, 

Hanrahan 
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Since a static phase converter has no torque load, it may be started with a capacitor 

considerably smaller than a normal start capacitor. If it is small enough, it may be left in the 

circuit as a run-capacitor (See the figure above). 

However, smaller run-capacitors result in better 3-phase power output. Moreover, adjustment 

of these capacitors to equalize the currents as measured in the three phases results in the most 

efficient machine. However, a large start capacitor is required for about a second to quickly start 

the converter. Hanrahan provides construction details. 

  

 

More efficient static phase converter. Start capacitor = 50-100µF/HP. Run capacitors = 12-

16µF/HP. Adapted from Figure 1, Hanrahan 

  

Induction Motors with Multiple Fields 

Induction motors may contain multiple field windings, for example, a 4-pole and an 8-pole 

winding corresponding to 1800 and 900 rpm synchronous speeds. Energizing one field or the 

other is less complex than rewiring the stator coils. 
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Multiple fields allow speed change 

  

If the field is segmented with leads brought out, it may be rewired (or switched) from 4-pole to 

2-pole as shown above for a 2-phase motor. The 22.5° segments are switchable to 45° 

segments. Only the wiring for one phase is shown above for clarity. 

Thus, our induction motor may run at multiple speeds. When switching the above 60 Hz motor 

from 4 poles to 2 poles the synchronous speed increases from 1800 rpm to 3600 rpm. 

Q: If the motor is driven by 50 Hz, what would be the corresponding 4-pole and 2-pole 

synchronous speeds? 

A: 

Ns = 120f/P = 120*50/4 = 1500 rpm (4-pole) Ns = 3000 rpm (2-pole) 

  

Induction Motors with Variable Voltage 

The speed of small squirrel cage induction motors for applications such as driving fans may be 

changed by reducing the line voltage. This reduces the torque available to the load which 

reduces the speed (see figure below). 
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Variable voltage controls induction motor speed 

  

Electronic Speed Control in Induction Motors 

Modern solid-state electronics increase the options for speed control. By changing the 50 or 60 

Hz line frequency to higher or lower values, the synchronous speed of the motor may be 

changed. However, decreasing the frequency of the current fed to the motor also decreases 

reactance XL which increases the stator current. 

This may cause the stator magnetic circuit to saturate with disastrous results. In practice, the 

voltage to the motor needs to be decreased when the frequency is decreased. 

  

 

Electronic variable speed drive 

  

Conversely, the drive frequency may be increased to increase the synchronous speed of the 

motor. However, the voltage needs to be increased to overcome increasing reactance to keep 

current up to a normal value and maintain torque. 



192 
 

The inverter approximates sine waves to the motor with pulse width modulation outputs. This is 

a chopped waveform which is either on or off, high or low, the percentage of “on” time 

corresponds to the instantaneous sine wave voltage. 

Once electronics is applied to induction motor control, many control methods are available, 

varying from the simple to complex: 

• Scalar Control: Low-cost method described above to control only voltage and frequency, 

without feedback. 

• Vector Control: Also known as a vector phase control. The flux and torque producing 

components of stator current are measured or estimated on a real-time basis to 

enhance the motor torque-speed curve. This is computation intensive. 

• Direct Torque Control: An elaborate adaptive motor model allows more direct control of 

flux and torque without feedback. This method quickly responds to load changes. 

Tesla Polyphase Induction Motors Summary 

• A polyphase induction motor consists of a polyphase winding embedded in a laminated 

stator and a conductive squirrel-cage embedded in a laminated rotor. 

• Three-phase currents flowing within the stator create a rotating magnetic field which 

induces a current and consequent magnetic field in the rotor. Rotor torque is developed 

as the rotor slips a little behind the rotating stator field. 

• Unlike single-phase motors, polyphase induction motors are self-starting. 

• Motor starters minimize loading of the power line while providing a larger starting 

torque than required during running. Line current reducing starters are only required for 

large motors. 

• Three-phase motors will run on single phase if started. 

• A static phase converter is a three-phase motor running on single phase having no shaft 

load, generating a 3-phase output. 

• Multiple field windings can be rewired for multiple discrete motor speeds by changing 

the number of poles. 

Linear Induction Motors 

The wound stator and the squirrel cage rotor of an induction motor may be cut at the 

circumference and unrolled into a linear induction motor. The direction of linear travel is 

controlled by the sequence of the drive to the stator phases. 
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The linear induction motor has been proposed as a drive for high-speed passenger trains. Up to 

this point, the linear induction motor with the accompanying magnetic repulsion levitation 

system required for a smooth ride has been too costly for all but experimental installations. 

However, the linear induction motor is scheduled to replace steam-driven catapult aircraft 

launch systems on the next generation of the naval aircraft carrier, CVNX-1, in 2013. This will 

increase efficiency and reduce maintenance. 
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Motor Calculations Part 1: Motors and Branch-Circuit Conductors – Mike Holt 

Overcurrent and short-circuit protection aren’t the same for motors 

The best method for providing overcurrent protection for most circuits is to use a circuit breaker 
that combines overcurrent protection with short-circuit and ground-fault protection. However, 
this isn't usually the best choice for motors. With rare exceptions, the best method for providing 
overcurrent protection in these cases is to separate the overload protection devices from the 
short-circuit 
 
The best method for providing overcurrent protection for most circuits is to use a circuit breaker 
that combines overcurrent protection with short-circuit and ground-fault protection. However, 
this isn't usually the best choice for motors. With rare exceptions, the best method for providing 
overcurrent protection in these cases is to separate the overload protection devices from the 
short-circuit and ground-fault protection devices (Fig. 1). 
 
Motor overload protection devices like heaters protect the motor, the motor control 
equipment, and the branch-circuit conductors from motor overload and the resultant excessive 
heating (430.31). They don't provide protection against short-circuits or ground-fault currents. 
That's the job of the branch and feeder breakers, which don't provide motor overload 
protection. This arrangement makes motor calculations different from those used for other 
types of loads. Let's look at how to apply Art. 430, starting at the motor. 
 
Overload protection. Motor overload devices are often integrated into the motor starter. But 
you can use a separate overload device like a dual-element fuse, which is usually located near 
the motor starter, not the supply breaker. 
 

 

Fig. 1. Overcurrent protection is generally accomplished by separating the overload protection 

from the short-circuit and ground-fault protection device. 
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If you use fuses, you must provide one for each ungrounded conductor (430.36 and 430.55). 

Thus, a 3-phase motor requires three fuses. Keep in mind that these devices are at the load end 

of the branch circuit and that they don't provide short-circuit or ground-fault protection. 

Motors rated more than 1 hp without integral thermal protection and motors rated 1 hp or less 

that are automatically started [430.32(C)] must have an overload device sized per the motor 

nameplate current rating [430.6(A)]. You must size the overload devices no larger than the 

requirements of 430.32. Motors with a nameplate service factor (SF) rating of 1.15 or more 

must have an overload protection device sized no more than 125% of the motor nameplate 

current rating. 

 

Fig. 2. When working with motors that have a service factor rating of 1.15 or higher, size 

overload protection devices no more than 125% of the motor nameplate rating. 

Let's look at Fig. 2 and work through a sample calculation. 

Example No. 1: Suppose you use a dual-element fuse for overload protection. What size fuse do 

you need for a 5-hp, 230V, single-phase motor with a service factor of 1.16 if the motor 

nameplate current rating is 28A? 

(a) 25A 

(c) 35A 

(b) 30A 

(d) 40A 

The overload protection shall be sized according to the motor nameplate current rating 

[430.6(A), 430.32(A)(1), and 430.55]. 
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You also have to consider another factor: nameplate temperature rise. For motors with a 

nameplate temperature rise rating not over 40°C, size the overload protection device no more 

than 125% of the motor nameplate current rating. Thus, 28A×1.25=35A [240.6(A)] 

 

Fig. 3. Size the overload protection device of a motor with a nameplate temperature rise 

rating of 40°C or less at no more than 125% of the motor nameplate current rating. 

Let's look at Fig. 3 and work through another example problem. 

Example No. 2: Again, suppose you're using a dual-element fuse for the overload protection. 

What size fuse do you need for a 50-hp, 460V, 3-phase motor that has a temperature rise of 

39°C and motor nameplate current rating of 60A (FLA)? 

(a) 40A 

(c) 60A 

(b) 50A 

(d) 70A 

The overload protection is sized per the motor nameplate current rating, not the motor full load 

current (FLC) rating. Thus, 60A×1.25=75A. Overload protection shall not exceed 75A, so you 

need to use a 70A dual-element fuse [240.6(A) and 430.32(A)(1)]. 

Motors that don't have a service factor rating of 1.15 or higher or a temperature rise rating of 

40°C and less must have an overload protection device sized at not more than 115% of the 

motor nameplate ampere rating (430.37). 
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Fig. 4. Refer to Table 310.16 when selecting the proper size conductor to serve a single motor. 

Sizing branch-circuit conductors. Branch-circuit conductors that serve a single motor must have 

an ampacity of not less than 125% of the motor's FLC as listed in Tables 430.147 through 

430.150 [430.6(A)]. You must select the conductor size from Table 310.16 according to the 

terminal temperature rating (60°C or 75°C) of the equipment [110.14(C)]. Let's reinforce this 

concept by working through a sample calculation. Refer to Fig. 4. 

Example No. 3: What size THHN conductor do you need for a 2-hp, 230V, single-phase motor? 

(a) 14 AWG 

(c) 10 AWG 

(b) 12 AWG 

(d) 8 AWG 

Let's walk through the solution: 

Step 1: Conductor sized no less than 125% of motor FLC 

Step 2: Table 430.148 shows the FLC of 2-hp, 230V, single-phase as 12A 

Step 3: 12A × 1.25 = 15A 

Step 4: Per Table 310.16, you need to use 14 AWG THHN rated 20A at 60°C 

The minimum size conductor the NEC permits for building wiring is 14 AWG [310.5]. However, 

local codes and many industrial facilities have requirements that 12 AWG be used as the 

smallest branch-circuit wire. So in this example you might need to use 12 AWG instead of 14 

AWG. 
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Fig. 5. Short-circuit and ground-fault protection devices are designed for fast current rise, 

short-duration events. On the other hand, overload protection devices are designed for slow 

current rate, long-duration situations. 

Branch-circuit protection for short-circuits and ground-faults. Branch-circuit short-circuit and 

ground-fault protection devices protect the motor, motor control apparatus, and conductors 

against short circuits or ground faults. They don't protect against an overload (430.51) (Fig. 5). 

The short-circuit and ground-fault protection device required for motor circuits isn't the type 

required for personnel (210.8), feeders (215.9 and 240.13), services (230.95), or temporary 

wiring for receptacles (527.6). 

Per 430.52(C), you must size the short-circuit and ground-fault protection for the motor branch 

circuit — except those that serve torque motors — so they're no greater than the percentages 

listed in Table 430.52. 

When the short-circuit and ground-fault protection device value that you find in Table 430.52 

doesn't correspond to the standard rating or setting of overcurrent protection devices as listed 

in 240.6(A), use the next higher protection device size [430.52(C)(1) Ex. 1]. 

Did that statement stop you? Does it strike you as incorrect? That's a common response, but 

remember, motors are different than other system components. Motor overload protection 

devices, such as heaters and fuses, protect the motor and other items from overload. The short-

circuit and ground-fault protection doesn't need to perform this function. Therefore, oversizing 

won't compromise protection. Undersizing will prevent the motor from starting. 
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Use the following two-step process to determine what percentage from Table 430.52 you 

should use to size the motor branch-circuit short-circuit ground-fault protection device. 

Step 1: Locate the motor type on Table 430.52. 

Step 2: Select the percentage from Table 430.52 according to the type of protection device, such 

as non-time delay (one-time), dual-element fuse, or inverse-time circuit breaker. Don't forget to 

use the next higher protection device size when necessary. 

Let's see if you have this concept down with a short quiz. Of the following statements, which 

one is true? Use Table 430.52 to look up the numbers. 

1. The branch-circuit short-circuit protection (non-time delay fuse) for a 3-hp, 115V, single-

phase motor shall not exceed 110A. 

2. The branch-circuit short-circuit protection (dual-element fuse) for a 5-hp, 230V, single-

phase motor shall not exceed 50A. 

3. The branch-circuit short-circuit protection (inverse-time breaker) for a 25-hp, 460V, 3-

phase synchronous motor shall not exceed 70A. 

Let's address each question individually. We'll be referring to 430.53(C)(1) Ex. 1 and Table 

430.52. 

1. Per Table 430.148, 34A×3.00=102A. The next size up is 110A. So this is true. 

2. Per Table 430.148, 28A×1.75=49A. The next size up is 50A. So, this is also true. 

3. Per Table 430.150, 26A×2.50=65A. The next size up is 70A. This is also true. 

Remember the following important principles: 

• You must size the conductors at 125% of the motor FLC [430.22(A)]. 

• You must size the overloads no more than 115% to 125% of the motor nameplate 

current rating, depending on the conditions [430.32(A)(1)]. 

• You must size the short-circuit ground-fault protection device from 150% to 300% of the 

motor FLC [Table 430.52]. 

If you put all three of these together, you can see the branch-circuit conductor ampacity (125%) 

and the short-circuit ground-fault protection device (150% to 300%) aren't related. 

This final example should help you see if you've been paying attention. 
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Fig. 6. Although this example may bother some people, the 14 AWG THHN conductors and 

motor are protected against overcurrent by the 16A overload protection device and the 40A 

short-circuit protection device. 

Example No. 4: Are any of the following statements true for a 1-hp, 120V motor, nameplate 

current rating of 14A? Refer to Fig. 6. 

(a) The branch-circuit conductors can be 14 AWG THHN. 

(b) Overload protection is from 16.1A. 

(c) Short-circuit and ground-fault protection is permitted to be a 40A circuit breaker. 

(d) All of these are true. 

Walking through each of these, you can see: 

(a) The conductors are sized per 430.22(A): 16A×1.25=20A; Table 310.16 requires 14 AWG at 

60°C. 

(b) Per 430.32(A)(1), overload protection is sized as follows: 14A (nameplate)×1.15=16.1A. 

(c) Short-circuit and ground-fault protection is determined based on 430.52(C)(1): 

16A×2.50=40A circuit breaker. 

Therefore all three statements are true. 

The 16A overload protection device protects the 14 AWG conductors from overcurrent, while 

the 40A short-circuit protection device protects them from short circuits. This example 
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illustrates the sometimes confusing fact that when you're doing motor calculations, you're 

actually calculating overcurrent and short-circuit protection separately. 

Motor calculations have long been a source of confusion and errors for many people. 

Understanding what makes these calculations different should help you do your motor 

calculations correctly every time. Next month we'll look at sizing motor feeders in Part 2 

 

Motor Calculations Part 2: Feeders – Mike Holt 

Part 1 of this two-part series explained how to size overload protection devices and short-circuit 

and ground-fault protection for motor branch circuits. Understanding the key point of that 

article, which was that motor overload protection requires separate calculations from short-

circuit and ground-fault protection, clears up a common source of confusion and a point of 

error. But another source of confusion arises when it comes to sizing short-circuit and ground-

fault protection for a feeder that supplies more than one motor. Let's look again at branch-

circuit calculations and then resolve the feeder issues so your calculations will always be correct. 

Branch-circuit conductors and protection devices 

Per 430.6(A), branch-circuit conductors to a single motor must have an ampacity of not less 

than 125% of the motor full load current (FLC) as listed in Tables 430.147 through 430.150. To 

illustrate this, let's size the branch-circuit conductors (THHN) and short-circuit ground-fault 

protection device for a 3-hp, 115V, single-phase motor. The motor FLA is 31A, and dual-element 

fuses for short-circuit and ground-fault protection are in use (Fig. 1). 

• Per Table 430.148, the FLC current is 34A. 

• 34A×125%=43A. 

• Per Table 310.16 (60°C terminals [110.14(C)(1)(a)]), the conductor must be a 6 AWG 

THHN rated 55A. 
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Fig. 1. Don’t make the mistake of using a motor’s FLA nameplate rating when using the short-

circuit and ground-fault protection devices. You must use the FLC rating given in Table 

430.148. 

Per the motor FLC listed in Table 430.52, size the branch-circuit short-circuit and ground-fault 

protection devices by using multiplication factors based on the type of motor and protection 

device. When the protection device values determined from Table 430.52 don't correspond 

with the standard rating of overcurrent protection devices listed in 240.6(A), you must use the 

next higher overcurrent protection device. To illustrate this, let's use the same motor as in the 

previous example. 

• Per 240.6(A), multiply 34A×175% 

• You need a 60A dual-element fuse. 

To explore this example further, see Example No. D8 in Annex D of the 2002 NEC. Once you've 

sized the motor overloads, branch-circuit conductors, and branch-circuit protective devices, 

you're ready to move on to the next step. 

Motor feeder conductor calculations 

From 430.24, you can see that conductors that supply several motors must have an ampacity 

not less than: 

• 125% of the highest-rated motor FLC [430.17], plus 

• The sum of the FLCs of the other motors (on the same phase), as determined by 

430.6(A), plus 

• The ampacity required to supply the other loads on that feeder. 
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Fig. 2. Motor feeder conductors shall be sized not less than 125% of the largest motor FLC plus 

the sum of the FLCs of the other motors on the same phase. 

Use Fig. 2 and solve the following problem. 

Example No. 1. For what ampacity must you size the feeder conductor if it supplies the following 

two motors? The terminals are rated for 75°C. 

• One 7.5-hp, 230V (40A), single-phase motor 

• One 5-hp, 230V (28A), single-phase motor 

(a) 50A 

(b) 60A 

(c) 70A 

(d) 80A 

Let's walk through the solution. 

• The largest motor is 40A. 

• 40A×1.25+28A=78A. 

• 80A is the closest selection that's at least 78A. 

What size conductor would give us this ampacity? 

(a) 2 AWG 

(b) 4 AWG 
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(c) 6 AWG 

(d) 8 AWG 

Per Table 310.16, a 6 AWG conductor rated at 75°C provides 65A of ampacity, so it's too small. 

However, a 4 AWG conductor provides 85A of ampacity, which will accommodate the necessary 

78A. Therefore, you need to size this feeder conductor at 4 AWG. 

Next, we have to determine what size overcurrent protection device (OCPD) we must provide 

for a given feeder. 

 

Fig. 3. To size overcurrent protection devices for each feeder, start by determining the 

ampacities required for each motor and move on from there. 

Example No. 2. Using a slightly more complex example, try sizing the feeder conductor (THHN) 

and protection device (inverse-time breakers, 75°C terminal rating) for the following motors 

(Fig. 3): 

• Three 1-hp, 120V, single-phase motors 

• Three 5-hp, 208V, single-phase motors 

• One wound-rotor, 15-hp, 208V, 3-phase motor 

Refer to 240.6(A), 430.52(C)(1), Table 430.148, and Table 430.52. Start by determining the 

ampacities required for each size of motor, then walk through each step until you arrive at the 

correct OCPD size. 
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• 1-hp motor: FLC is 16A. 

16A×250%=40A 

• 5-hp motor: FLC is 30.8A. 

30.8A×250%=77A (Next size up is 80A.) 

• 15-hp motor: FLC is 46.2A. 

 

Fig. 4. Each motor’s FLC will come into play when sizing the conductor. 

46.2A×150% (wound-rotor) 569A (Next size up is 70A.) 

Now, let's look at the feeder conductor. Conductors that supply several motors must have an 

ampacity of not less than 125% of the highest-rated motor FLC (430.17), plus the sum of the 

other motor FLCs [430.6(A)] on the same phase (Fig. 4). 

Continuing with this example, add up all the ampacities, multiplying the highest rated motor by 

125%. Thus: 

• (46.2A×1.25)+30.8A+30.8A+16A=136A. 

Table 310.16 shows you need 1/0 AWG THHN because at 150A it's the smallest conductor that 

accommodates the 136A of ampacity we're working with. When sizing the feeder conductor, be 

sure to include only the motors that are on the same phase. For that reason, these calculations 

only involve four motors. 
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You must provide the feeder with a protective device with a rating or setting not greater than 

the largest rating or setting of the branch-circuit short-circuit and ground-fault protective device 

(plus the sum of the full-load currents of the other motors of the group) [430.62(A)]. 

Remember, motor feeder conductors must be protected against the overcurrent that results 

from short circuits and ground faults but not those that result from motor overload. 

When sizing the feeder protection, be sure to include only the motors that are on the same 

phase. 

 

Fig. 5. In this example, the largest branch-circuit fuse or circuit breaker allowed for Motor 1 is 

70A. 

Refer to Fig. 5 for this sample motor feeder protection calculation. 

Example No. 3. What size feeder protection (inverse-time breaker) do you need for the following 

two motors? 

• 5-hp, 230V, single-phase motor 

• 3-hp, 230V, single-phase motor 

(a) 30A breaker 

(b) 40A breaker 

(c) 50A breaker 

(d) 80A breaker 
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Let's walk through the solution. 

Step 1: Get the motor FLC from Table 430.148. 

• A 5-hp motor FLC is 28A. 

• A 3-hp motor FLC is 17A. 

Step 2: Size the branch-circuit protection per the requirements of 430.52(C)(1), Table 430.52, 

and 240.6(A) 

• 5-hp: 28A×2.5=70A 

• 3-hp: 17A×2.5=42.5A (Next size up is 45A.) 

Step 3: Size the feeder conductor per 430.24(A). 

• The largest motor is 28A. 

• (28A×1.25)+17A=52A 

• Table 310.16 shows 6 AWG rated 55A at 60°C as the smallest conductor with sufficient 

ampacity. 

Step 4: Size the feeder protection per 430.62. 

• It must not be greater than the 70A protection of the branch circuit plus the 17A of the 

other motor, which is the total of all loads on that feeder. 

• 70A+17A=87A 

Choose the next size down, which is 80A. 

How can you be safe if you're selecting the next size down instead of the next size up? 
Remember, you've already accounted for all the loads, and the NEC requires that you not 
exceed the protection of the branch circuit. Again, keep in mind that you aren't calculating for 
motor overload protection. Motor calculations are different from other calculations. With motor 
feeders, you're calculating for protection from short circuits and ground faults, only — not 
overload.  Motor calculations get confusing if you forget there's a division of responsibility in the 
protective devices. To get your calculations right, you must separately calculate the motor 
overload protection (typically near the motor), branch-circuit protection (from short circuits and 
ground faults), and feeder-circuit protection (from short circuits and ground faults). Remember 
that overload protection is only at the motor. 
Any time you find yourself confused, just refer to NEC Figure 430.1. It shows the division of 
responsibility between different forms of protection in motor circuits. Example D8 in Annex D of 
the 2002 NEC illustrates this with actual numbers. Keeping this division of responsibility in mind 
will allow you to make correct motor calculations every time. 
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Motor Control – Jim Pytel 

 

Introduction to Electrically Controlled Systems (Full Lecture)  

Jim Pytel 58:14 

 

Build a Motor Control Trainer Board, Plug, and Motor Mount  

Jim Pytel  15:07 

 

Contactors (Full Lecture)  

Jim Pytel  28:56 

 

Control Relays (Full lecture)  

Jim Pytel  26:27 

 

Solenoid Operated Valves (Full Lecture)  

Jim Pytel  26:18 

 

Overload Relays (Full Lecture)  

Jim Pytel 12:07 

 

Fuses and Circuit Breakers (Full Lecture)  

Jim Pytel 20:52 

 

Install a Circuit Breaker  

Jim Pytel 5:33 
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Switches in Electrically Controlled Systems (Full Lecture)  

Jim Pytel 48:49 

 

Orientation to the Basic Motor Control Kit  

Jim Pytel 19:42 

 

Basic Ladder Logic (Full Lecture)  

Jim Pytel  36:05 

 

Ladder Logic Documentation (Full Lecture)  

Jim Pytel  38:46 

 

Install a Control Transformer  

Jim Pytel 8:34 

 

Alarm Circuit (Full Lecture)  

Jim Pytel  10:44 

 

Wiring an Alarm Circuit  

Jim Pytel 16:28 

 

Manual and Manual Reversing Motor Starters (Full Lecture)  

Jim Pytel  9:08 

 

Install a Manual Motor Starter  

Jim Pytel  11:00 
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Install a Manual Reversing Motor Starter  

Jim Pytel 4:48 

 

Troubleshooting a Manual Motor Starter  

Jim Pytel  13:32 

 

2 and 3 Wire Magnetic Motor Starters (Full Lecture)  

Jim Pytel  19:55 

 

2 and 3 Wire Control Circuits for Fluid Power Systems (Full Lecture)  

Jim Pytel  11:29 

 

HAND-OFF-AUTO Circuits (Full Lecture)  

Jim Pytel  7:54 

 

Wiring a Two Wire Magnetic Motor Starter HAND-OFF-AUTO Circuit  

Jim Pytel 20:27 

 

Troubleshooting a Two Wire Magnetic Motor Starter HAND-OFF-AUTO Circuit  

Jim Pytel 13:31 

 

Pumping Circuit Examples (Full Lecture)  

Jim Pytel 25:48 

 

Multiple Push Button Stations (Full Lecture)  

Jim Pytel 13:23 
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Wiring a Three Wire Magnetic Motor Starter  

Jim Pytel  16:06 

 

Troubleshooting a Three Wire Magnetic Motor Starter  

Jim Pytel 14:40 

 

Friction Brakes (Full Lecture)  

Jim Pytel 8:39 

 

Motor Starters with Jogging (Full Lecture)  

Jim Pytel 21:14 

 

Reversing Motor Starters with Interlocks (Full Lecture)  

Jim Pytel 22:29 

 

Reversing Motor Starter Examples (Full Lecture)  

Jim Pytel 24:48 

 

Plugging Circuits (Full Lecture)  

Jim Pytel 31:06 

 

Wiring a Magnetic Reversing Motor Starter with Interlocks  

Jim Pytel 15:53 

 

Troubleshooting a Magnetic Reversing Motor Starter with Interlocks  

Jim Pytel 11:29 
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Reversing Motor Starters with Jogging (Full Lecture)  

Jim Pytel 18:21 

 

Megohmmeters (Full Lecture)  

Jim Pytel 16:19 

 

Primary Resistors Reduced Voltage Starters (Full Lecture)  

Jim Pytel 17:56 

 

Part Winding Reduced Voltage Starters (Full Lecture)  

Jim Pytel 16:04 

 

Y Start-Delta Run Reduced Voltage Starters (Full Lecture)  

Jim Pytel 21:57 

 

Soft Starters (Full Lecture)  

Jim Pytel 22:42 

 

Reduced Voltage Starters with Friction Brakes (Full Lecture)  

Jim Pytel 19:32 

 

Timers: On Delay (Full Lecture)  

Jim Pytel 40:01 

 

Timers: Off Delay (Full Lecture)  

Jim Pytel 34:19 
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Reduced Voltage Starters with Timers (Full Lecture)  

Jim Pytel 22:18 

 

Timers: On and Off Delay (Full Lecture)  

Jim Pytel 34:39 

 

Timers: Flash/Repeat/Recycle (Full Lecture)  

Jim Pytel 22:38 

 

Timers: One Shots (Full Lecture)  

Jim Pytel 42:05 

 

DC Injection Braking (Full Lecture)  

Jim Pytel 12:43 

 

Single Cycle Reciprocation with Dwell Period (Full Lecture)  

Jim Pytel 16:07 

 

Timers: Cumulative On Delay (Full Lecture)  

Jim Pytel 26:56 
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Is direct torque control accepted as superior to flux vector control of ac motors? 

ChatGPT said: 

Good question — and the short answer is “it depends on the application.” 

Let’s break down how Direct Torque Control (DTC) compares with Field-Oriented Control (FOC) 

(also called Flux Vector Control) and when each might be considered “superior.” 

 

    1. Basic difference 

Feature Direct Torque Control (DTC) 
Field-Oriented Control (FOC / Flux 

Vector Control) 

Control variables Directly controls torque and flux 
Controls stator current components 

(torque and flux-producing) 

Switching 
Uses a hysteresis comparator + 

switching table 

Uses PWM with modulation based on 

reference voltages 

Computation 
No coordinate transformation or 

PWM generation needed 

Requires transformations (Clarke/Park) 

and a modulator 

Response time Very fast (microseconds) 
Slightly slower (due to modulation 

stage) 

Torque ripple Higher (in classic DTC) Lower, smoother torque 

Steady-state 

accuracy 
Somewhat lower Very high 

Parameter 

sensitivity 

Less dependent on motor 

parameters 

More dependent on accurate motor 

model 

 

          2. Performance comparison 

• Dynamic performance: 

DTC is generally faster — it reacts almost instantly to torque commands. That’s why it’s 

popular in high-dynamic drives, such as traction systems or robotics. 
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• Steady-state precision: 

FOC usually provides smoother torque and better low-speed control, making it preferred 

in applications like machine tools or positioning systems. 

• Implementation complexity: 

DTC is simpler in concept (fewer transformations), but its switching logic and torque 

ripple management require high-speed DSPs and careful tuning. FOC is more 

mathematically complex but very well understood and widely supported in hardware. 

 

         3. Industry view (2020s–2025) 

• DTC, pioneered by ABB in the 1990s, was promoted as “superior” because of its 

response time and reduced parameter dependence. 

• However, modern FOC implementations with fast processors and high-frequency PWM 

have closed most of that gap. 

• Today, DTC is considered superior for dynamic torque response, but FOC is still the 

dominant standard in general-purpose industrial drives. 

 

        4. Summary 

Criterion “Winner” 

Torque response speed DTC 

Torque smoothness FOC 

Low-speed accuracy FOC 

Computational simplicity DTC 

Parameter robustness DTC 

General industrial use FOC 

High-performance motion / traction DTC 

 

   Conclusion: 

DTC isn’t universally accepted as “superior” — it’s better for certain fast-response applications, 
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while FOC remains preferred for most precision or low-speed control tasks. The line between 

them is blurring as modern digital controllers improve. 

Which company is leading in the FOC control 

ChatGPT said: 

There isn’t a single company universally accepted as the leader in solutions for Field-Oriented 

Control (FOC), because the ecosystem spans motor drives, microcontrollers/ICs, algorithms and 

system integration. However, several firms stand out for their strong capabilities and market 

influence in FOC and vector control. Here are a few of the top names, and what makes them 

important. 

 

Key companies 

STMicroelectronics 

• They explicitly promote FOC in their motor-control portfolio for AC / 3-phase motors. 

STMicroelectronics 

• Their MCUs and motor-control ecosystems (hardware + software) are broadly used in 

industrial and consumer applications. Dataintelo 

• So: ST is a major player in the hardware + software enabling FOC. 

Infineon Technologies 

• They develop motor-control ICs dedicated to FOC / vector control, e.g., their “iMOTION” 

motor-control family. EEPower+1 

• Their strengths are in power electronics & motor drives (particularly for high-efficiency, 

high-performance systems). Dataintelo 

• Therefore Infineon is another strong leader especially from the drive/IC side. 

NXP Semiconductors & Renesas Electronics 

• These two also get mentioned as “key players” in the FOC control-chip / motor-control 

space. Dataintelo+1 

• While perhaps secondary to ST/Infineon in some metrics, they are meaningful in specific 

application niches (automotive, appliances, industrial). 

 

https://www.st.com/en/applications/industrial-motor-control/3-phase-field-oriented-control-foc.html?utm_source=chatgpt.com
https://dataintelo.com/report/global-foc-field-oriented-control-control-chip-market?utm_source=chatgpt.com
https://eepower.com/new-industry-products/high-performance-motor-control-ics-with-field-oriented-control/?utm_source=chatgpt.com
https://dataintelo.com/report/global-foc-field-oriented-control-control-chip-market?utm_source=chatgpt.com
https://dataintelo.com/report/global-foc-field-oriented-control-control-chip-market?utm_source=chatgpt.com
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Which one is leading? 

If I were to pick a “leader” given current publicly-available information, I’d say 

STMicroelectronics edges out as the one with the broadest ecosystem and reference-design 

support for FOC in many applications (industrial drives, appliances, HVAC, etc.). Infineon is very 

strong, particularly from the high-power drive side. But “leadership” can depend on your 

specific domain: 

• Are you working in industrial drives (hundreds of kW)? Then power electronics + high-

performance controllers matter ⇒ Infineon or big drive manufacturers. 

• Are you working in embedded control / MCU + algorithmic side (small/medium motors, 

sensors, IoT) ? Then ST has strong position. 

• Are you working in automotive / EV / traction drives? Then other players or specialised 

companies may take precedence. 

 

Summary answer 

So: yes, FOC is well-established and several companies lead in enabling it. If you want one 

name: STMicroelectronics is a strong candidate for the most broadly influential in FOC solutions 

at this time. 

If you tell me which application (industrial drives, servo motors, HVAC, EV/traction, etc.) you’re 

interested in, I can identify the leader in that specific niche for FOC 

 

what drive technology does mitsubishi use for ac vfd 

ChatGPT said: 

Mitsubishi FR-A800 Series VFD is one of the latest variable-frequency drives (VFDs) from 

Mitsubishi Electric Corporation — here’s a breakdown of the drive technology they use (and 

how it stacks up). 

 

   Key Drive-Technologies Used by Mitsubishi 

Here are some of the important control methods and features that Mitsubishi builds into its AC 

VFDs: 

1. Magnetic Flux Vector Control / Vector Control 
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o For example, the FR-A800 series specifies “Advanced magnetic flux vector 

control” with wide speed-range performance (1:120 in some specs) and high 

starting torque. electropower+4MITSUBISHI ELECTRIC UNITED 

STATES+4Mitsubishi Electric+4 

o Earlier series (like the V/F or vector control drives) mention “digital flux vector 

controls achieve high response (200 rad/sec) over a wide (1500:1) speed range”. 

VFDs 

2. Sensorless Vector Control (“Real Sensorless Vector (RSV)”) 

o The FR-A800 description mentions “Real sensorless vector control” which allows 

good performance without the need for a shaft encoder. Mitsubishi 

Electric+2MITSUBISHI ELECTRIC UNITED STATES+2 

o With this they claim ability for “0.3 Hz to 60 Hz” driving in some cases. 

MITSUBISHI ELECTRIC UNITED STATES+1 

3. V/f Control (Volts per Hertz) 

o For simpler/less demanding applications, Mitsubishi still supports basic V/f 

control (voltage to frequency control) for induction motors. MITSUBISHI 

ELECTRIC UNITED STATES+2Mercon+2 

o They also mention “square V/f curve” and “linear V/f curve” settings for certain 

load types (variable torque vs constant torque). MITSUBISHI ELECTRIC UNITED 

STATES 

4. Optimum Excitation Control (OEC) and Flux Optimisation 

o Their product literature mentions “Flux optimisation ensures that the connected 

motor only gets exactly the amount of magnetic flux required for optimum 

efficiency.” Mitsubishi Electric 

o Also “Advanced optimum excitation control … high starting torque and rapid 

acceleration … without the need for complex parameter adjustments.” 

MITSUBISHI ELECTRIC UNITED STATES 

5. Permanent Magnet (PM) Motor Support 

o Some of their VFDs support PM motors (in addition to standard induction 

motors). For instance the F800 series supports both AC induction and permanent 

magnet motors. Automate+1 

6. Wide Speed/Low Speed Performance 

https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-a/fr-a800/features/?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-a/fr-a800/features/?utm_source=chatgpt.com
https://vfds.com/7.5hp-230V-mitsubishi-vfd-FRV220E5.5K?utm_source=chatgpt.com
https://www.mitsubishielectric.com/fa/id_en/products/drv/inv/pmerit/fr_a/fr_a800/a801.html?utm_source=chatgpt.com
https://www.mitsubishielectric.com/fa/id_en/products/drv/inv/pmerit/fr_a/fr_a800/a801.html?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-a/fr-a800/features/?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-d/d800/features/energy-innovation/?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-d/d800/features/energy-innovation/?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-d/d800/features/energy-innovation/?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-d/d800/features/energy-innovation/?utm_source=chatgpt.com
https://afr.mitsubishielectric.com/fa/af_en/plp/drv/inv?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-d/d800/features/energy-innovation/?utm_source=chatgpt.com
https://www.automate.org/motion-control/news/mitsubishi-electric-automation-introduces-energy-saving-variable-frequency-drive?utm_source=chatgpt.com
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o The FR-A800 series rates in some cases: starting torque of 200% at low 

frequencies and speed control ranges of 1 : 120 (or higher) when using vector 

control. MITSUBISHI ELECTRIC UNITED STATES+1 

 

       What this means in plain terms 

• Mitsubishi uses vector control (flux vector / magnetic flux vector) and sensorless vector 

control in their higher-performance drives. This is aligned with modern best practice for 

AC drives when you need good torque at low speeds, precision, etc. 

• For less demanding loads (pumps, fans, simple induction motors) they still offer V/f 

control, which is simpler, cheaper, and adequate. 

• The adoption of “optimum excitation” and flux optimisation means they’re trying to 

improve efficiency (less wasted flux, less losses) as well as performance. 

• The support for PM motors as well as induction motors means they’re addressing 

applications that use permanent-magnet rotor machines (which are more and more 

common). 

• Because they offer sensorless vector control, you don’t always need a separate encoder, 

which reduces cost/complexity. 

• For heavy duty / high performance uses (cranes, conveyors, multi-axis) the FR-A800 is 

rated with high capability, showing that Mitsubishi positions these drives for serious 

applications, not just simple HVAC/fan loads. 

 

       Comparison to some other drive-technologies (for context) 

• Vector control (flux vector) is generally higher performance than basic V/f control 

(especially for low speed, torque, dynamic response). Mitsubishi’s offering aligns with 

that. 

• Sensorless vector control removes the need for physical feedback but still retains many 

of the benefits of vector control; Mitsubishi’s “Real sensorless vector” is a sign they’re 

using that. 

• Efficiency improvements: Mitsubishi emphasises flux optimisation and optimum 

excitation — these help reduce losses compared to older drives that simply ran fixed flux 

or were tuned more roughly. 

https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-a/fr-a800/features/?utm_source=chatgpt.com
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• Support for PM motors: Many drives were historically built for induction motors only; 

Mitsubishi is showing support for PM machines, which require appropriate control (e.g., 

high dynamic range). 

 

   Summary 

In short: yes — Mitsubishi drives use advanced vector control technologies (magnetic flux 

vector, sensorless vector) as well as simpler V/f control, depending on the model and 

application. Their high-end drives (e.g., the FR-A800) represent the “top tier” of their 

technology in terms of response, low-speed torque, flexibility, and efficiency. 

 

Mitsubishi’s detailed control algorithm names and how they compare to competitors’ (e.g., 

ABB, Siemens, Yaskawa drives) so you can see “how they stack up.” Would you like that? 

Here’s a comparison of control-algorithms (or branded control-technologies) used by major 

drive manufacturers — including Mitsubishi Electric Corporation, ABB Group, and Siemens AG 

— for AC VFDs (variable-frequency drives). This gives you a sense of how they stack up, what 

terminology they use, and what features they emphasise. 

 

Mitsubishi Electric 

Key algorithm/branding names: 

• “Real Sensorless Vector Control” — Mitsubishi’s sensorless vector control mode. 

MITSUBISHI ELECTRIC UNITED STATES+2Scribd+2 

• “Advanced Magnetic Flux Vector Control” — Mitsubishi’s higher-end vector control 

variant. MITSUBISHI ELECTRIC UNITED STATES+1 

• “Vector Control” (with encoder) — full vector control when encoder feedback is used. 

Scribd+1 

• “V/f control” (Volts/Frequency) — the simpler scalar control mode, available on the 

same drives. MITSUBISHI ELECTRIC UNITED STATES+1 

Highlights / features: 

• They emphasise very wide speed/speed-range: e.g., for the FR-A800 series “Real 

sensorless vector control” allows 0.3 Hz to 60 Hz and starting torque ~200 % at 0.3 Hz. 

MITSUBISHI ELECTRIC UNITED STATES+1 

https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-a/fr-a800/features/?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/~/media/96c2fe60008d40b09975fe779c1a4270.pdf?utm_source=chatgpt.com
https://www.scribd.com/document/864886752/FR-A800-Instruction-Manual-Detailed-de-274661?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/~/media/96c2fe60008d40b09975fe779c1a4270.pdf?utm_source=chatgpt.com
https://us.mitsubishielectric.com/fa/en/products/drv/inv/pmerit/fr-a/fr-a800/features/?utm_source=chatgpt.com
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• The user manual indicates there are different “control methods” you set via parameters: 

V/f, Advanced magnetic flux vector, Real sensorless vector, Vector control, PM sensorless 

vector control. Manualsnet+1 

• They emphasise “Optimum excitation control” (flux optimisation) to improve efficiency. 

Mitsubishi Electric+1 

In short: Mitsubishi uses a tiered approach: basic scalar (V/f) → sensorless vector → full vector 

(with encoder) → advanced versions (e.g., for PM motors), with branding that emphasises “Real 

Sensorless” and “Flux Vector”. 

 

ABB 

Key algorithm/branding names: 

• “Direct Torque Control (DTC)” — ABB’s premium control technology for high 

performance. ABB Group+1 

Highlights / features: 

• With DTC, ABB says: controls motor flux and torque directly, rather than indirectly via 

current control. ABB Group 

• Claims include ultra-fast dynamic response (torque response time down to ~1 ms in 

some applications) and very good low-speed performance, often without encoder 

feedback. tekcome.com 

• The premium drives (e.g., ACS880, ACS580 series) emphasise this advanced control. 

tekcome.com 

In short: ABB’s offering emphasises the highest performance vector control technology (DTC), 

focusing on fast response, low speed torque, encoder-less performance. 

 

Siemens 

Key algorithm/branding names: 

• “Vector control” / “Closed-loop vector control” (with encoder) / “Sensorless vector 

control” (without encoder) — In their SINAMICS family. Siemens Industry+2Siemens 

Industry Support+2 

https://manualsnet.com/mitsubishi-electric/fr-a800?utm_source=chatgpt.com
https://afr.mitsubishielectric.com/fa/af_en/plp/drv/inv/fr_a800?utm_source=chatgpt.com
https://www.abb.com/global/en/areas/motion/drives/expertise-technology/direct-torque-control?utm_source=chatgpt.com
https://www.abb.com/global/en/areas/motion/drives/expertise-technology/direct-torque-control?utm_source=chatgpt.com
https://www.tekcome.com/en/ABB-ACS880.html?utm_source=chatgpt.com
https://www.tekcome.com/en/ABB-ACS880.html?utm_source=chatgpt.com
https://cache.industry.siemens.com/dl/files/185/83180185/att_938805/v1/SINAMICS_Engineering_manual_V6.5_July_2017_external-e.pdf?utm_source=chatgpt.com
https://cache.industry.siemens.com/dl/files/185/83180185/att_938805/v1/SINAMICS_Engineering_manual_V6.5_July_2017_external-e.pdf?utm_source=chatgpt.com
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• “V/f control” (Volts/Frequency) and “FCC” (Flux-compensated V/f) for simpler 

applications. ManualShelf+1 

Highlights / features: 

• Their manuals note that in vector control (field-oriented control) the motor model must 

accurately estimate the rotor field position to allow independent control of flux and 

torque. Siemens Industry+1 

• They clearly state that vector control improves rise times, better response to set-point 

changes and load disturbances compared to V/f. Siemens Industry Support 

• They offer both encoder and encoderless vector control, and note when encoderless is 

appropriate: e.g., for lower speed accuracy, smaller speed range, when torque < certain 

threshold. Manuals++1 

In short: Siemens uses standard vector control (FOC) terminology, provides both encoder and 

encoder-less versions, and positions this technology between basic scalar and full 

servo/position control. 

 

Comparative Summary 

Here’s a table summarising how they compare: 

Manufacturer 
Primary Control 

Technology 

Encoder / 

Sensorless options 
Application Focus 

Mitsubishi 

Vector control (sensorless 

& with encoder) + flux 

optimisation + V/f 

Yes (sensorless & 

encoder) 

Wide range: from general 

industrial to high performance 

drives (motors & PM motors) 

ABB Direct Torque Control (DTC) 

Strong emphasis on 

encoder-less in 

premium drives 

High performance, dynamic 

loads, low-speed precision, 

heavy industrial 

Siemens 
Field-Oriented/Vector 

Control (FOC) + V/f 

Both sensorless & 

with encoder 

Broad industrial applications: 

general to high performance, 

varying speed/torque 

demands 

 

https://www.manualshelf.com/manual/siemens/sinamics-g120/operating-instructions-english.html?utm_source=chatgpt.com
https://cache.industry.siemens.com/dl/files/185/83180185/att_938805/v1/SINAMICS_Engineering_manual_V6.5_July_2017_external-e.pdf?utm_source=chatgpt.com
https://support.industry.siemens.com/cs/attachments/25937619/FuMan_25937619_V3_0_en.pdf?utm_source=chatgpt.com
https://manuals.plus/m/f9ccf985aabd8d7b481c976eba6b5f53a9ffc5d00e7f9221125d394dc1a68778?utm_source=chatgpt.com
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My take (and what it means for you) 

• If you need highest dynamic performance, very fast torque response, and perhaps 

encoder-less control at low speed, ABB’s DTC stands out. 

• If you need good performance but also wide applicability and a balanced cost / 

performance budget, Mitsubishi’s sensorless vector + full vector options are very solid. 

• If you already use Siemens drives (e.g., SINAMICS) or standardise on Siemens 

infrastructure, their vector control approach is very mature and widely supported. 

• Pay attention not just to the algorithm name but to what the drive can actually do: 

starting torque, speed range, encoder vs no encoder, tuning requirements, stability 

under load changes. The algorithm branding gives a clue but you still need the specs. 
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Examples of applications using the cam instruction from the S7-1200 PLC from siemens 

ChatGPT said: 

Sure — Siemens S7-1200 “CAM” instruction (found in T-technology motion control functions) 

is used for electronic camming, where a slave axis follows a master axis according to a pre-

defined cam profile. It replaces mechanical cams and enables precise motion synchronization in 

automation systems. 

Here are some practical application examples using the CAM instruction on an S7-1200 with a 

technology object (TO) (for motion control): 

 

    1. Packaging Machine – Sealing Jaw Synchronization 

Description: 

A rotary sealing jaw must close exactly when a film with a product passes beneath it. The 

sealing jaw (slave axis) must match the film feed (master axis). 

How CAM is used: 

• The master axis is the film feed roller. 

• The slave axis is the sealing jaw motor. 

• A cam table defines angular synchronization: the jaw rotates fast through the sealing 

zone, slows outside it. 

• CAM instruction ensures perfect timing even if line speed changes. 

 

        2. Labeling Machine – Rotary Label Dispenser 

Description: 

A rotating label applicator needs to align with moving bottles or packages on a conveyor. 

How CAM is used: 

• Master = conveyor encoder (speed of bottles). 

• Slave = servo driving label roll. 

• Cam table defines label roll speed vs. conveyor position. 

• CAM automatically adjusts label placement as conveyor speed varies. 
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       3. Carton Erector – Folding Arm Motion 

Description: 

Arms fold and push cartons as the conveyor moves. 

The folding arm must move in a non-linear pattern relative to conveyor position. 

How CAM is used: 

• Master = conveyor axis. 

• Slave = folding arm servo. 

• Cam profile defines arm position over one carton cycle. 

• Smooth motion curve prevents damage or misfolding. 

 

   4. Cut-to-Length Machine 

Description: 

Material runs continuously through rollers, and a flying knife must cut at exact lengths while 

moving with the material during the cut. 

How CAM is used: 

• Master = feed roller encoder. 

• Slave = flying knife axis. 

• CAM profile defines acceleration, match speed, cut, return. 

• CAM ensures the knife tracks the material precisely during the cut. 

 

        5. Pick-and-Place Unit with Rotary Synchronization 

Description: 

A pick-and-place arm moves synchronously with a rotating table. 

How CAM is used: 

• Master = rotary indexing table. 

• Slave = pick arm servo. 
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• Cam table defines pickup and place positions relative to master angle. 

• CAM maintains timing alignment even if the master speed changes dynamically. 

 

     6. Print Registration / Print Mark Tracking 

Description: 

In printing or packaging, a roller must adjust rotation to maintain alignment with print marks. 

How CAM is used: 

• Master = web feed encoder. 

• Slave = print cylinder servo. 

• CAM table defines position correction curve. 

• CAM enables phase correction without stopping the process. 

 

      Siemens TIA Portal Example 

In TIA Portal (V17 or later), a typical implementation for an S7-1200T includes: 

• Configure TO_MA (Master Axis) and TO_SA (Slave Axis). 

• Define CAM Table in Motion > Cam Editor (Position vs. Position pairs). 

• Use instructions: 

o MC_CamTableSelect 

o MC_CamIn 

o MC_CamOut 

o MC_CamPrepare 

• The CAM instruction synchronizes the slave axis according to the selected cam table. 

 

If you’d like, I can provide a sample ladder or structured text (ST) example using a simple flying 

shear or labeling cam setup for the S7-1200T — would you like that? 

You said: 
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do you have some more examples 

ChatGPT said: 

Absolutely — Siemens’ CAM (electronic camming) function in the S7-1200 and S7-1500 “T” 

motion CPUs is used across many motion control applications where one motion profile must 

precisely follow another, often with variable or non-linear relationships. 

Here are additional real-world examples grouped by industry: 

 

              1. Food & Beverage Applications 

         A. Biscuit or Cookie Cutting Machine 

• Master: Conveyor or dough feed roller 

• Slave: Rotary cutter or guillotine knife 

• Use of CAM: 

o Knife speed and position are synchronized with dough feed. 

o The cam defines acceleration before cut, constant speed during cut, and 

deceleration after. 

o Allows for consistent shape and spacing at variable conveyor speeds. 

        B. Bottle Filler or Capper 

• Master: Star wheel or conveyor transporting bottles 

• Slave: Filling nozzle, capping head, or rotary turret 

• CAM Purpose: 

o Aligns fill or cap motion to bottle position. 

o Cam defines dwell times (for filling) and retraction profiles (for capping). 

 

       2. Packaging & Printing 

     A. Film Feed with Dancer Roller 

• Master: Film unwind or printing roller 



246 
 

• Slave: Dancer or tension control roller 

• CAM Role: 

o Synchronizes film tension correction to master roller angle. 

o Compensates for speed variation using a sinusoidal cam curve. 

     B. Shrink Wrapper 

• Master: Conveyor or infeed screw 

• Slave: Sealing bar or film wrapping axis 

• CAM Role: 

o Defines precise timing for the bar to descend when a product arrives. 

o Allows dynamic speed change without retuning. 

 

            3. Building Materials / Metals 

        A. Wood Saw or Cut-to-Length Line 

• Master: Feed roller moving wood or metal 

• Slave: Flying saw carriage 

• CAM Role: 

o Carriage follows material speed, performs a cut, and returns. 

o Cam curve defines move-in, synchronized cut, and return phases. 

   B. Tube Bender 

• Master: Rotary axis controlling bend angle 

• Slave: Feed axis pushing the tube 

• CAM Role: 

o Feed rate varies non-linearly with bend angle. 

o Cam ensures uniform bend radius and prevents wrinkling. 

 

         4. Automotive & Assembly 
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    A. Robotic Assembly Press 

• Master: Conveyor carrying components 

• Slave: Press or torque driver 

• CAM Role: 

o Synchronizes press engagement with part position. 

o Defines position-dependent speed profile for gentle contact. 

   B. Paint Line Conveyor 

• Master: Main conveyor 

• Slave: Oscillating spray gun arm 

• CAM Role: 

o The cam defines arm oscillation amplitude tied to conveyor position, ensuring 

uniform coverage. 

 

             5. Printing, Textile, and Paper 

         A. Yarn Winder 

• Master: Drum rotation 

• Slave: Traverse guide motor 

• CAM Role: 

o The traverse follows a sine-wave cam to distribute yarn evenly on bobbin. 

o Cam defines reversing motion at end points. 

     B. Paper Folder 

• Master: Roller pulling paper 

• Slave: Folding blade 

• CAM Role: 

o Blade movement synced to roller rotation for accurate fold timing. 

o Cam curve defines smooth approach, fold, and retract motion. 
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    6. Custom Machinery / Robotics 

     A. Battery Assembly Line 

• Master: Indexing conveyor 

• Slave: Pick-and-place gantry 

• CAM Role: 

o Gantry accelerates and decelerates in sync with conveyor index cycle. 

o Cam table ensures coordinated movement without collisions. 

    B. Servo Press Profile Control 

• Master: Encoder simulating crankshaft 

• Slave: Servo actuator controlling slide 

• CAM Role: 

o Cam defines mechanical linkage simulation curve. 

o Enables programmable motion without physical cam mechanism. 

 

   Key Siemens Function Blocks in TIA Portal: 

Typical instruction flow for all these examples: 

1. MC_CamTableSelect – Choose a predefined cam table. 

2. MC_CamPrepare – Load and prepare the cam for synchronization. 

3. MC_CamIn – Engage slave axis with master axis via the CAM table. 

4. MC_CamOut – Disengage camming (return to independent control). 

 

Would you like me to show one or two full examples in Structured Text (ST) — for instance a 

flying saw or label applicator — with actual Siemens S7-1200 CAM instructions 

(MC_CamTableSelect, MC_CamIn, etc.) in code form? 

You said: 
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yes 

ChatGPT said: 

Perfect    — let’s go through two complete examples of how to use the Siemens CAM 

instruction on an S7-1200T (T-CPU with motion control). 

I’ll show both the concept and a Structured Text (ST) implementation using Siemens motion 

blocks. 

 

    Example 1: Flying Saw Application 

        Goal 

Cut material into fixed lengths while it’s moving, by synchronizing a saw carriage (slave) with 

the feed roller (master). 

   Hardware Setup 

• Master Axis: TO_Master (feed roller motor with encoder) 

• Slave Axis: TO_Slave (flying saw carriage motor) 

• Control Type: Electronic cam via a cam table 

       Cam Table Concept 

Master Pos (mm) Slave Pos (mm) 

0 0 

200 180 

400 400 

600 180 

800 0 

This creates a motion profile where: 

• The slave accelerates to match feed speed, 

• Moves synchronously while cutting (midsection), 

• Then decelerates and returns. 



250 
 

 

       Structured Text Example 

VAR 

    camSelect     : MC_CamTableSelect; 

    camPrepare    : MC_CamPrepare; 

    camIn         : MC_CamIn; 

    camOut        : MC_CamOut; 

    camTableID    : INT := 1;             // ID of the cam table from TIA 

    masterAxis    : Axis_Ref;             // Reference to master axis 

    slaveAxis     : Axis_Ref;             // Reference to slave axis 

    startCam      : BOOL;                 // Command to start camming 

    stopCam       : BOOL;                 // Command to stop camming 

END_VAR 

 

 

// Step 1: Select the cam table 

camSelect(Axis := slaveAxis, 

          CamTableID := camTableID, 

          Execute := TRUE); 

 

// Step 2: Prepare the cam (must complete before engaging) 

camPrepare(Slave := slaveAxis, 

           Master := masterAxis, 

           CamTableID := camTableID, 

           Execute := camSelect.Done); 
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// Step 3: Engage the cam when ready 

camIn(Slave := slaveAxis, 

      Master := masterAxis, 

      CamTableID := camTableID, 

      Execute := startCam, 

      BufferMode := 0,           // immediate 

      MasterScaling := 1.0, 

      SlaveScaling := 1.0); 

 

// Step 4: Disengage cam (return slave to independent control) 

camOut(Slave := slaveAxis, 

       Execute := stopCam); 

Logic sequence: 

1. Load cam table (created in Motion & Technology → Cams). 

2. Prepare and engage when master speed reaches target. 

3. Slave follows cam curve automatically. 

4. CamOut disengages control. 

 

     Example 2: Label Applicator 

        Goal 

Apply labels to bottles on a conveyor; the label roller (slave) must synchronize with conveyor 

motion (master). 

   Setup 

• Master Axis: Conveyor motor (with encoder feedback) 

• Slave Axis: Label roll servo 

• Cam Table: Defines speed ramp for label application zone 
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Master Pos (mm) Slave Pos (mm) 

0 0 

100 90 

200 200 

300 210 

400 400 

 

       Structured Text Example 

VAR 

    camSelect2  : MC_CamTableSelect; 

    camPrepare2 : MC_CamPrepare; 

    camIn2      : MC_CamIn; 

    camOut2     : MC_CamOut; 

    masterAxis2 : Axis_Ref; 

    slaveAxis2  : Axis_Ref; 

    camID2      : INT := 2;    // Label cam table 

    camStart2   : BOOL; 

    camStop2    : BOOL; 

END_VAR 

 

 

// Select cam 

camSelect2(Axis := slaveAxis2, 

           CamTableID := camID2, 

           Execute := TRUE); 
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// Prepare cam 

camPrepare2(Slave := slaveAxis2, 

            Master := masterAxis2, 

            CamTableID := camID2, 

            Execute := camSelect2.Done); 

 

// Engage cam when bottle detected 

camIn2(Slave := slaveAxis2, 

       Master := masterAxis2, 

       CamTableID := camID2, 

       Execute := camStart2, 

       BufferMode := 0, 

       MasterScaling := 1.0, 

       SlaveScaling := 1.0); 

 

// Disengage after label applied 

camOut2(Slave := slaveAxis2, 

        Execute := camStop2); 

Process flow: 

• Bottle sensor triggers camStart2. 

• Label roll servo follows conveyor position using cam profile. 

• When label applied, camStop2 disengages servo control. 

 

    Tips for TIA Portal Implementation 
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• Define Cam Tables under: 

Technology Objects → Cams → New Cam Table 

• You can view or edit cam shape graphically (position vs. position). 

• Make sure to assign TO_Master and TO_Slave in PLC tags. 

• Test each cam motion offline using Trace in TIA to ensure smooth motion. 

 

Would you like me to show the same flying saw example in Ladder (LAD) format next, or keep it 

in Structured Text with added motion interlocks (e.g., speed threshold, homing check)? 

You said: 

lad 

ChatGPT said: 

Excellent    — here’s the Flying Saw example again, this time in LADDER (LAD) form for a 

Siemens S7-1200T using the CAM instruction set (MC_CamTableSelect, MC_CamPrepare, 

MC_CamIn, MC_CamOut). 

 

    Example: Flying Saw – Ladder Logic Implementation 

        Objective 

A flying saw (slave axis) follows a moving feed roller (master axis) during cutting. 

When the feed is running at production speed and a cut command is received, the saw axis 

engages a cam profile that synchronizes motion for one full cut cycle. 

 

   Required Elements 

Technology Objects: 

• TO_Master → Feed roller motor (master) 

• TO_Slave → Saw carriage motor (slave) 

• Cam table → e.g. Cam_FlySaw (created in Technology Objects → Cams) 

PLC Tags (BOOLs): 
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Tag Description 

StartCam Operator “Start Cut” signal 

StopCam Disengage / return home 

CamSelected Internal status bit 

CamPrepared Internal status bit 

MasterAtSpeed Interlock that master is at proper speed 

CutDone Signal that cut is complete 

 

       Ladder Network Breakdown 

 

Network 1 – Select Cam Table 

Instruction: MC_CamTableSelect 

Input Value 

Axis TO_Slave 

CamTableID 1 (Cam_FlySaw) 

Execute TRUE (rising edge at machine start) 

Outputs: 

Output Tag 

Done CamSelected 

          Purpose: Loads the correct cam table into memory. Usually done once after startup. 

 

Network 2 – Prepare Cam 

Instruction: MC_CamPrepare 
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Input Value 

Slave TO_Slave 

Master TO_Master 

CamTableID 1 

Execute CamSelected AND MasterAtSpeed 

Outputs: 

Output Tag 

Done CamPrepared 

          Purpose: Prepares synchronization parameters between master and slave before engaging. 

 

Network 3 – Engage CAM (Run Cut) 

Instruction: MC_CamIn 

Input Value 

Slave TO_Slave 

Master TO_Master 

CamTableID 1 

Execute StartCam AND CamPrepared 

BufferMode 0 (immediate) 

MasterScaling 1.0 

SlaveScaling 1.0 

Outputs: 

Output Tag 

Active CamEngaged 
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Output Tag 

Done CutDone 

          Purpose: Starts the cammed motion; slave now follows master according to the cam curve. 

When motion completes, CutDone can be used to trigger the return or next cycle. 

 

Network 4 – Disengage CAM 

Instruction: MC_CamOut 

Input Value 

Slave TO_Slave 

Execute StopCam OR CutDone 

          Purpose: Returns the slave axis to independent control after the cut. 

 

Network 5 – Home and Reset (optional) 

You may use MC_Home or MC_MoveAbsolute to return the saw to a defined starting position 

once the cam disengages. 

 

       Logic Flow Summary 

1. After power-up → select cam table (MC_CamTableSelect). 

2. When master is running → prepare cam (MC_CamPrepare). 

3. Operator presses “Start Cut” → MC_CamIn engages. 

4. Slave follows master via cam curve. 

5. When cycle done → MC_CamOut disengages. 

6. Return to home or await next trigger. 

 

    Tips in TIA Portal 

• You can see these blocks under “Instructions → Motion Control → Camming”. 
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• Use the Cam Editor to graph position-to-position curve visually. 

• Use the Technology Trace tool to verify synchronization timing. 

• Make sure both axes are homed and enabled before running cam functions. 

 

Would you like me to add a diagram showing how the master and slave motion curves look 

(cam shape) for this flying saw example? It helps visualize how the slave follows the master 

during the synchronized portion. 

You said: 

yes 

ChatGPT said: 
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what are some good programs for choosing and sizing of pumps and valves 

ChatGPT said: 

Great question. The “right” program for pump and valve sizing depends a lot on your use case 

(hydronic HVAC, process plant, water systems, safety relief sizing, etc.). Here are some solid 

software tools — plus their strengths — that engineers commonly use: 

 

Recommended Programs for Pump & Valve Sizing 

1. AFT Fathom 

o Very popular for incompressible fluid (liquid) systems. Empowering Pumps and 

Equipment+2docs.aft.com+2 

o Supports pump sizing and selection, control valve sizing, system simulation, 

scenario management. Datacor+1 

o Can import manufacturer pump curves, and it has a “Suggest Pump” feature to 

match a real pump. docs.aft.com 

o Handles variable speed, viscosity, NPSH, and more. Empowering Pumps and 

Equipment 

2. FluidFlow (by ADL / CASPEO) 

o Very flexible “pipe-flow” simulation software for liquids, gases, two-phase, and 

slurries. adltechnologies.com+1 

o Has auto-sizing functionality: can automatically size pipes, centrifugal or PD 

pumps, control valves, relief valves, etc. knowledge.fluidflowinfo.com+1 

o Comes with a built-in database of fluids, pumps, valves, and fittings—plus you 

can add your own. knowledge.fluidflowinfo.com 

o Supports heat transfer, so you can model temperature effects, insulation, 

exchangers, etc. adltechnologies.com 

o Import of piping layout via PCF (Piping Component Files) from CAD. CASPEO+1 

3. Nelprof (Valve Sizing & Selection) 

o A web-based tool for valve sizing, especially control valves, on-off valves, and 

actuators. Valmet 

https://empoweringpumps.com/products/aft-fathom/?utm_source=chatgpt.com
https://empoweringpumps.com/products/aft-fathom/?utm_source=chatgpt.com
https://www.datacor.com/products/fathom?utm_source=chatgpt.com
https://docs.aft.com/fathom/PumpSizing.html?utm_source=chatgpt.com
https://empoweringpumps.com/products/aft-fathom/?utm_source=chatgpt.com
https://empoweringpumps.com/products/aft-fathom/?utm_source=chatgpt.com
https://adltechnologies.com/fluidflow/?utm_source=chatgpt.com
https://knowledge.fluidflowinfo.com/knowledge/fluidflow-product-overview?utm_source=chatgpt.com
https://knowledge.fluidflowinfo.com/knowledge/fluidflow-product-overview?utm_source=chatgpt.com
https://adltechnologies.com/fluidflow/?utm_source=chatgpt.com
https://www.caspeo.net/pipe-flow-pressure-drop-calculator-fluidflow/?utm_source=chatgpt.com
https://www.valmet.com/flowcontrol/valves/valve-sizing-selection-software-nelprof/?utm_source=chatgpt.com
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o Includes performance analysis: cavitation, flashing, erosion, gas noise, plus 

actuator sizing. Everest Automation 

o SIL (safety/integrity) module for final element PFD (probability of failure) 

calculations. Valmet 

o Free-to-use via browser. Everest Automation 

4. myValve® (ARI-Armaturen) 

o Online or offline software for sizing various valve types: control, shut-off, safety, 

etc. ARI-Armaturen 

o Computes Kv, flow, pressure drop, sound level, torque of actuator, etc. ARI-

Armaturen 

o Project management: tracking of valve tags, spare parts, drawings. ARI-

Armaturen 

5. PRV²SIZE (Emerson) 

o Specialized for sizing over-pressure protection devices (safety/relief valves) and 

vents. Valve Sizing 

o Supports common design standards (API 520, API 521, ISO, etc.) for gas, liquid, 

steam, fire sizing. Valve Sizing 

6. SizeMaster (Curtiss-Wright / Farris) 

o Web-based tool for designing relief system / pressure relief valves. 

Valvesgroup+1 

o Lets you define overpressure scenarios (fire, thermal expansion, tube rupture, 

etc.) per API 521. Valvesgroup 

o Allows customization of valve material, accessories, and other parameters. 

Curtiss Wright Valves 

7. PumpLinx 

o A 3D CFD (Computational Fluid Dynamics) software: good for detailed pump and 

valve flow/pressure analysis, especially for rotating parts, cavitation, transient 

effects. Wikipedia 

o Useful if you need to validate very detailed hydraulic behavior, not just sizing. 

8. DWSIM 

https://everestautomation.com/products/nelprof-control-valve-sizing-and-selection/?utm_source=chatgpt.com
https://www.valmet.com/flowcontrol/valves/valve-sizing-selection-software-nelprof/?utm_source=chatgpt.com
https://everestautomation.com/products/nelprof-control-valve-sizing-and-selection/?utm_source=chatgpt.com
https://www.ari-armaturen.com/en/digital-solutions-and-tools/myvalve?utm_source=chatgpt.com
https://www.ari-armaturen.com/en/digital-solutions-and-tools/myvalve?utm_source=chatgpt.com
https://www.ari-armaturen.com/en/digital-solutions-and-tools/myvalve?utm_source=chatgpt.com
https://www.ari-armaturen.com/en/digital-solutions-and-tools/myvalve?utm_source=chatgpt.com
https://www.ari-armaturen.com/en/digital-solutions-and-tools/myvalve?utm_source=chatgpt.com
https://valvesizing.emerson.com/Software/PRV2SIZEoverview.aspx?utm_source=chatgpt.com
https://valvesizing.emerson.com/Software/PRV2SIZEoverview.aspx?utm_source=chatgpt.com
https://www.cw-valvegroup.com/en-gb/services/farris/sizemaster?utm_source=chatgpt.com
https://www.cw-valvegroup.com/en-gb/services/farris/sizemaster?utm_source=chatgpt.com
https://valves.curtisswright.com/en-gb/products/engineering-software/sizemaster-relief-system-sizing-software?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/Pumplinx?utm_source=chatgpt.com
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o Open-source chemical process simulator. Wikipedia 

o Good for process plants where you need to simulate not just hydraulics, but 

thermodynamics, reactions, streams, etc. 

o Not as specialized for detailed pump curve matching as the dedicated hydraulic 

tools, but valuable in process engineering. 

9. EPANET 

o Public-domain software by the EPA for modeling water distribution networks. 

Wikipedia 

o Models extended-period hydraulics in pressurized pipe networks, including 

valves and pump placement. 

o More suited for water distribution systems than process or industrial pumping 

plants. 

 

How to Choose the Right Tool 

Here are some criteria and tips to help you pick the right program: 

• Purpose / Scale: 

o For detailed system engineering (pipes, pumps, valves): go for AFT Fathom or 

FluidFlow. 

o For relief system/safety valve sizing: PRV²SIZE or SizeMaster. 

o For process simulations (chemistry, thermodynamics): DWSIM. 

o For detailed CFD work: PumpLinx. 

• Complexity: 

o If you need multi-phase flows, heat transfer, non-Newtonian fluids => FluidFlow 

is very strong. 

o For simpler incompressible networks, Fathom is very efficient. 

• Cost: 

o CFD tools (like PumpLinx) are likely more expensive, and require more expertise. 

o Some valve sizing tools/web tools are free or low cost (e.g. Nelprof). 

https://en.wikipedia.org/wiki/DWSIM?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/EPANET?utm_source=chatgpt.com
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• Standards / Compliance: 

o Make sure your tool supports relevant standards (e.g., API, ISO) if you need to 

meet regulatory or vendor requirements. 

• Data Integration: 

o Do you need to pull in manufacturer pump curves or valve data? Tools like 

Fathom support “Suggest Pump” from manufacturer libraries. docs.aft.com 

o If you're using CAD, FluidFlow supports PCF import. adltechnologies.com 

• Reporting / Documentation: 

o Tools like FluidFlow let you generate reports in Excel, Word, PDF. 

adltechnologies.com+1 

o For audit or safety-critical systems, you might need a sizing report — ensure the 

tool supports that. 

 

If you like, I can put together a comparison table (cost, pros/cons, ideal use cases) of the top 5 

tools as of now — do you want me to do that? 

You said: 

yes 

ChatGPT said: 

Good plan. Here’s a comparison table (5-tools) + breakdown: cost, pros/cons, and ideal use 

cases. Some of the pricing is approximate / depends on licensing, so treat as guidance. 

 

Comparison Table: Top 5 Pump & Valve Sizing / Hydraulic Tools 

Software 
Rough Cost / 

Licensing 
Strengths / Pros Limitations / Cons Best Use Cases 

AFT Fathom 

~ $5,100 for a 

standalone 

license. 

TrustRadius 

Very mature, great for 

incompressible fluid 

networks, pump 

sizing, NPSH, system 

simulation, “suggest 

Cost can climb with 

modules or 

network licenses; 

steep learning 

Hydronic systems, 

water networks, 

process plants 

where you need 

reliable pump + 

https://docs.aft.com/fathom/PumpSizing.html?utm_source=chatgpt.com
https://adltechnologies.com/fluidflow/?utm_source=chatgpt.com
https://adltechnologies.com/fluidflow/?utm_source=chatgpt.com
https://www.trustradius.com/products/applied-flow-technology-aft/pricing?utm_source=chatgpt.com
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Software 
Rough Cost / 

Licensing 
Strengths / Pros Limitations / Cons Best Use Cases 

pump” features. AFT 

Docs+1 

curve for very 

complex systems. 

valve analysis + 

cost comparison. 

FluidFlow 

- Permanent 

license: liquid 

$2,500; gas 

$3,000; two-

phase $7,500; full 

(all) ~ $10,000. 

Fluid Flow Info  

- Annual lease: 

liquid $1,000; gas 

$1,200; two-

phase $3,000; full 

$4,000. Fluid 

Flow Info 

Very flexible; can do 

auto-sizing of pumps, 

pipes, valves; 

supports multi-phase, 

heat transfer; good 

for process 

simulation. Fluid Flow 

Info+1 

Significant cost for 

full modules; 

maintenance / 

support cost after 

first year (if 

perpetual) ~20% of 

list price. Fluid 

Flow Info 

Process 

engineering, 

chemical plants, 

power plants, 

systems with 

mixed-phase flow, 

or where sizing 

optimization is 

needed. 

Nelprof 

(Valve 

Sizing) 

Free, web-based. 

Valin 

Easy to access; strong 

for control valve 

sizing; handles 

cavitation, flashing, 

noise, actuator sizing, 

SIL. Valin 

Limited to Valmet 

valves / 

components (or at 

least heavily 

oriented), not a full 

“system 

simulation” tool. 

Control valve 

selection, 

preliminary valve 

work, SIL analysis, 

actuator/trip 

sizing. 

AioFlo 

Commercial, but 

relatively modest 

cost (license is 

paid; they offer a 

fully-functional 

trial). Katmar 

Software 

Very lightweight, fast, 

good for quick pipe 

sizing / pressure drop 

/ flow rate 

calculations, for both 

liquids and gases. 

Katmar Software 

Not designed for 

complex system-

level simulation, 

two-phase, or 

detailed pump 

curve matching. 

Preliminary design, 

pipe-sizing checks, 

“back-of-the-

envelope” 

hydraulics, simple 

systems. 

PRV²SIZE / 

SizeMaster 

(Safety / 

(Note: pricing 

varies and often 

requires a quote) 

Designed for relief 

valve sizing per API / 

ISO, supports 

Very specialized: 

not useful for 

general pump 

Safety system 

design, 

overpressure 

https://docs.aft.com/fathom13-examples-metric/AFT-Fathom13-Examples-Metric-Units.pdf?utm_source=chatgpt.com
https://docs.aft.com/fathom13-examples-metric/AFT-Fathom13-Examples-Metric-Units.pdf?utm_source=chatgpt.com
https://portal.fluidflowinfo.com/ffdownloads/docs/FluidFlow_Overview_and_Pricing_LA_AF_AS_2017.pdf?utm_source=chatgpt.com
https://portal.fluidflowinfo.com/ffdownloads/docs/FluidFlow_Overview_and_Pricing_LA_AF_AS_2017.pdf?utm_source=chatgpt.com
https://portal.fluidflowinfo.com/ffdownloads/docs/FluidFlow_Overview_and_Pricing_LA_AF_AS_2017.pdf?utm_source=chatgpt.com
https://portal.fluidflowinfo.com/ffdownloads/manuals/quickstart.pdf?utm_source=chatgpt.com
https://portal.fluidflowinfo.com/ffdownloads/manuals/quickstart.pdf?utm_source=chatgpt.com
https://portal.fluidflowinfo.com/ffdownloads/docs/FluidFlow_Overview_and_Pricing_LA_AF_AS_2017.pdf?utm_source=chatgpt.com
https://portal.fluidflowinfo.com/ffdownloads/docs/FluidFlow_Overview_and_Pricing_LA_AF_AS_2017.pdf?utm_source=chatgpt.com
https://www.valin.com/process-control/products/nelprof-valve-sizing-and-selection-software-valmet?utm_source=chatgpt.com
https://www.valin.com/process-control/products/nelprof-valve-sizing-and-selection-software-valmet?utm_source=chatgpt.com
https://www.katmarsoftware.com/aioflo.htm?utm_source=chatgpt.com
https://www.katmarsoftware.com/aioflo.htm?utm_source=chatgpt.com
https://www.katmarsoftware.com/aioflo.htm?utm_source=chatgpt.com
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Software 
Rough Cost / 

Licensing 
Strengths / Pros Limitations / Cons Best Use Cases 

Relief 

Valves) 

pressure-relief 

scenarios, allows 

scenario 

management, fire-

case, etc. 

network sizing; 

requires domain 

knowledge. 

protection, relief 

valve selection and 

sizing in process 

plants. 

 

My Take: Recommendations Based on Use Case 

• If you need general system hydraulics (pumps + valves + pipes), FluidFlow or AFT 

Fathom are top picks. 

• If you are mostly focused on valve sizing/control valves, Nelprof is excellent and low 

cost (free). 

• For safety relief, go with a specialized tool (PRV²SIZE or SizeMaster). 

• For quick, lightweight checks (single pipe or simple network), AioFlo is very efficient. 

 

If you like, I can also include open-source or free alternatives (or lower-cost tools) in this 

comparison (in case budget is a concern). Do you want me to add those? 

You said: 

yes 

ChatGPT said: 

Good — here are some free / open-source (or very low-cost) tools you can use for pump, valve, 

and hydraulic / fluid-system sizing / simulation, plus trade-offs: 

 

Open-Source / Free Tools for Pump & Valve / Hydraulic Sizing 

Software What It Is / Does Well Limitations / When It Might Not Be a Great Fit 

EPANET 
Very commonly used for water 

distribution networks. Supports 

pumps, valves (pressure-reducing, 

Focused on water distribution. Not designed 

for chemical-process pumps or highly 

dynamic/mechatronic systems. GUI is 
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Software What It Is / Does Well Limitations / When It Might Not Be a Great Fit 

flow control, etc.), tanks, reservoirs, 

and simulates pressure, flow, and 

water quality over time. 

EPA+2EPA+2 

somewhat dated. Doesn’t handle two-phase 

flow or detailed valve actuator modeling. 

DWSIM 

Open-source process simulator 

(CAPE-OPEN compatible). Has unit 

operations like pumps, valves, pipes, 

pipesegments, and dynamic / 

steady-state simulation. DWSIM+1 

More geared to process engineering (chemistry, 

thermodynamics) than pure hydraulic network 

design. Less intuitive for detailed pump-curve 

matching unless you build that into your 

flowsheet. 

Hopsan 

Free, open-source simulation 

environment for mechatronic and 

hydraulic systems, developed by 

Linköping University. Supports 

hydraulic components, 

mechatronics, control, etc. 

Wikipedia 

More “simulation” than “sizing”: good for 

dynamic / transient behavior, control, system 

interaction. Not super focused on optimizing 

valve sizing for industrial control valves in the 

same way as a dedicated sizing tool. Requires 

some modeling expertise. 

Elmer 

FEM 

A multi-physics finite-element 

solver. Can model fluid flow, heat 

transfer, structural, etc. Wikipedia 

Very general-purpose. If you're just doing pump 

/ valve sizing, this might be overkill (and more 

work) because it's not specifically tailored for 

hydraulic network simulation or sizing of control 

valves. 

SimPy 
A Python discrete-event simulation 

framework. Wikipedia 

Not a hydraulic solver per se. Useful for 

process-level simulation (e.g., modeling events, 

queuing), but not for physical fluid flow or 

detailed pressure / valve sizing. 

 

My Recommendations (for Free / Open-Source Tools) 

• Use EPANET if your primary interest is water distribution networks — pumps + valves + 

tanks + diurnal demand, etc. 

• Use DWSIM if you need to do process-plant simulation, where hydraulics is just one 

part of the flowsheet. 

https://www.epa.gov/water-research/epanet?utm_source=chatgpt.com
https://dwsim.org/?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/Hopsan?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/Elmer_FEM_solver?utm_source=chatgpt.com
https://en.wikipedia.org/wiki/SimPy?utm_source=chatgpt.com
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• Use Hopsan if you're modeling hydraulic-mechatronic systems (actuators, feedback, 

dynamic valves) and need good simulation fidelity. 

• Use Elmer only if you need to couple hydraulics with structural, thermal, or other 

physics. 

• Use SimPy if you're modeling system-level behavior (e.g., “when does this pump turn 

on?”, event-driven modeling), but not for detailed flow calculations. 


