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Agenda

Part 2:
ÅMotor speed vs max load / cooling, use of motor 

RTDs

ÅOverspeed with fans / pumps and increase in 
torque and power (2.5%, 5% increases)

ÅMin speed with pumps

ÅSCCR for drives

ÅHRG vs solid ground

Part 3:
ÅLoad reactors on the output (and reflected waves)

ÅShaft grounding brushes / bearing currents

ÅWiring on input / output
ÅInsulation types
ÅConduit, tray
ÅType (VFD, individual wires)
ÅControl wiring management

Part 1:
ÅHarmonic Mitigation
ÅMethods to reduce Ithd, Vthd
ÅLine reactors and DC link chokes
ÅMulti-Pulse

ÅActive Rectifier Applications
ÅDownhill conveyors
ÅCentrifuges
ÅMaking Kevlar
ÅID fans

ÅActive Rectifier Operation 
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Load Reactors
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Reflected Waves

ÅFor many years, there was no real concern 
about the type of cable or the length of 
cable between the drive and motor.

ÅThis was because the switching speed of 
the power semiconductors used in the 
drives were slow, and most of the AC 
drives were for 230V motors.  Also, 
distances were usually less than 400ft.

ÅHowever, as the semiconductors became 
faster, and as the bus voltage increased, 
motors started to fail.  Why?

ÅPeak voltage at the motor terminals was 
exceeding a value that caused premature 
motor insulation failure

ÅAt the drive terminals, peak voltage is 1x  
the DC bus voltage

ÅAt a critical cable length, the peak voltage 
at the motor would be 2x the DC bus 
voltage

ÅThis is a problem
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Motor Insulation System

ÅPeak withstand voltage for slow risetimes 
(for example, > 6 us) was determined by 
the breakdown strength of the magnet 
wire insulation

ÅPeak withstand voltage for fast risetimes 
and higher carrier frequencies causes 
corona failure mechanism of the magnet 
wire insulation

Å IGBT technology creates greater stresses 
ƻƴ ǘƘŜ ƳƻǘƻǊΩǎ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳ ǘƘŀƴ 
previously seen with older style switching 
devices

6Z Liu, GL Skibinski, Method to Reduce Overvoltage on AC Motor Insulation from Inverters with Ultra-Long Cable, IEEE IEMDC Conference, 2017



When does PD (Corona) occur?
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ÅReflected wave produces voltage peaks at the motor terminals

ÅTerminal voltage in excess of the insulation system Corona Initiation 
Voltage (CIV) level will begin the Partial Discharge (PD) process

ÅExcessive voltage causes partial discharges / corona that attacks insulation 
materials
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Example, Medium Voltage Drive and Motor
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ÅWhy can this be a problem?
ÅPartial Discharge

ÅFirst-Turn Failures

ÅAffected by:
ÅLength of cable between drive and motor

ÅMagnitude of PWM voltage pulses (DC bus voltage)

ÅRate of rise of PWM voltage pulses (dV/dt)

ÅPWM minimum spacing between pulses

ÅMotor and cable surge impedance mismatch

ÅMotor load

9L Saunders, G Skibinski, S Evon, D Kempkes, Riding the reflected wave ςIGBT drive technology demands new motor and cable considerations, IEEE PCIC Conf, Sept 1996
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Why motor and cable surge impedance?

Å A difference in surge 
impedance between the 
cable and motor causes 
voltage ring-up

Å Reflection coefficient = ɱ
(gamma)

Å Cable impedance about 
80 to 180 Ohms

Å Motor impedance about
Å <5hp = 2000 to 5000 Ohms
Å 125hp = 800 Ohms
Å 500hp = 400 Ohms
Å load affect is secondary
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Short Cable
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Longer Cable
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Longest Cable
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Example of Motor Terminal Voltages vs Cable Length



Risetime Definition (MG1)



dV/dt Definition (MG1)



Vpk Definition (MG1)

NEMA MG-1, Sect 30, 31:  dt > 1us, Vpk < 2.04*Vrms rated
IEC uses 10-90% of Vpeak, not the steady-state DC bus voltage



Step size of 100%
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Vpk is about 1.7x the 
Voltage step size



Step size of 20%
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Pulse width 200 us

500 ft
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Pulse width 200 us

500 ft
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Pulse width 25 us

500 ft
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Pulse width 25 us

500 ft

-1.00

2.50

-500.00m

0

500.00m

1.00

1.50

2.00

800.00u 1.20m900.00u 950.00u 1.00m 1.05m 1.10m 1.15m

2DGraphSel1

    VM1....
    C5.V ...



Pulse width 11 us

500 ft

-1.00

2.50

-500.00m

0

500.00m

1.00

1.50

2.00

800.00u 1.20m900.00u 950.00u 1.00m 1.05m 1.10m 1.15m

2DGraphSel1

    VM1....
    C5.V ...

Need to eliminate very 
narrow pulses



dV/dt = 10,000 V/us

500 ft
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Small hp IGBTs have 
dV/dt ~ 5000 V/us



dV/dt = 1000 V/us

500 ft
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dV/dt = 700 V/us
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dV/dt = 500 V/us
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dV/dt = 200 V/us
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480V, 60Hz sinewave:  
max dV/dt = 2*pi*f*V*10-6

= 0.181 V/us
when voltage is crossing 
through zero

Slow down rate of rise



Multi-Step (5-Level) Approach, low dV/dt for MV Drives
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How else can we reduce the dV/dt?  Filtering

Basic Inverter and Motor

*dV/dt Filter

Sinewave Filter

Output Load Reactor

*Broadband Sinewave Filter

RC Terminator

M M

M

M M

M

* Used in MV drives

Does help but may also 
cause more oscillations.  
Better to go with a 
dV/dt filter or SW filter.

Its impedance will 
introduce a voltage drop 
to the motor.  Keep it 
around 1.5%.
Cap reduces drive 
current!
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Vmotorwithout and with Load Reactor (1.5%)
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Vpk greatly reduced to 1.2 x DC bus voltageCable length ~ 500 ft.  Vpk ~ 1.9 x DC bus voltage



Imotor without and with Load Reactor (1.5%)
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Cable charging current greatly reducedCable charging current can cause small drives to trip
on overcurrent the instant they start modulating.



Vmotorwithout and with dV/dt Filter
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Vpk greatly reduced.  ~ 1.15 x DC bus voltage



Imotor without and with dV/dt filter
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Cable charging current greatly reduced



Shaft Grounding Brushes and 
Bearing Currents
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What is Common Mode Voltage (CMV)?

CMV = (Van + Vbn+ Vcn) / 3

3ph Sinusoidal Voltages 3ph PWM Voltages

CMV = (Van + Vbn+ Vcn) / 3 = 0 CMV = (Van + Vbn+ Vcnύ κ о ґ л
High dV/dt = high common mode current

Icm= C x dV/dt 37



CouplingRotor

Stator

Drive

Load

Shielded Cable

Ground Bus

Frame

Currents within a motor and load

Cable shield not connected to motor frame
Paths of common mode currents from stator to ground back to drive

Load bearings may fail before motor bearings!
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CouplingRotor

Stator

Drive

Load

Shielded Cable

Ground Bus

Frame

Currents within a motor and load

Cable shield is connected to motor frame
Paths of common mode currents from stator to ground back to drive through the cable shield 
which is a low impedance path for high frequencies (shallow skin depth, large surface area).

Also, ground strap between motor frame and load frame to bypass load bearings. 39



Shaft Ground Brush
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Shaft Ground Brush
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Bearing Current Remediation

ÅProven results include:
ÅImproving the high-frequency ground connection from the motor to the drive and from 

the motor to the driven equipment 

ÅInsulate the bearing on the opposite drive end of motor

ÅTwo insulated motor bearings

ÅShaft grounding brush across the drive end motor bearing which could be mounted 
inside the motor housing or outside  

ÅAn important ground path is the connection between the motor and inverter.  Cables 
should be used that provide continuous, low resistivity shielding around the three phase 
conductors.  The termination of the cable shield should be made by landing these 
connections on a ground surface free of paint at both the drive ground bus and at the 
motor frame.  

R.F. ShiferlΣ aΦWΦ aŜƭŦƛΣ Ϧ.ŜŀǊƛƴƎ /ǳǊǊŜƴǘ wŜƳŜŘƛŀǘƛƻƴ hǇǘƛƻƴǎάΣ IEEE Industry Applications Magazine, August 2004
wΦ aŎ9ƭǾŜŜƴΣ CΦ IƻŀŘƭŜȅΣ ά.Ŝǎǘ tǊŀŎǘƛŎŜǎ ŦƻǊ aƛǘƛƎŀǘƛƴƎ .ŜŀǊƛƴƎ /ǳǊǊŜƴǘǎέΣ Pumps & Systems, June 2019, pp 51-55 
M. LaufikΣ ά¢ƘŜ bŜŜŘ ŦƻǊ {ƘŀŦǘ DǊƻǳƴŘƛƴƎ ƻƴ ±C5-5ǊƛǾŜƴ aƻǘƻǊǎέΣ Pumps & Systems, June 2019, pp 44-45 42



VFD Wiring, Common Mode
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Common Mode Voltage / Current

ÅModern PWM drives create switching patterns where 
instantaneous average voltage to ground is not zero.

ÅVoltage has a rapid change of magnitude with respect 
to time (dV/dt)

ÅHigh dV/dt results in capacitively coupled currents 
from motor windings to ground through several paths

I = C x dV/dt
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Voltage Probe Sites (Voltages with respect to ground)
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Vin and I in
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Distribution

Transformer Motor

AC Drive
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