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Today – more on voltage sags

• Motor starting (picking up from L5)

• Motor starting mitigation voltage sag mitigation

• Impacts of voltage sags and short interruptions on 
equipment:

–Rectifier-based loads

•Electronics

•AC Drives

–Motors

–Relays, contactors
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Motor starting analysis: voltage division

Lecture 6
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Xs:  System ipedance - determines short-

circuit MVA at primary side of service 
transformer

Other customers ar econnected here

Xt: Transformer impedance – with Xs 

determines short-circuit MVA at the 
motor terminals

Xm: Motor impedance – with Xs and Xt 

determines magnitude of volgage sag 
when motor starts
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Basic calculation example:

Voltage at the motor and at the transformer primary side 

during motor start:

Lecture 6

Basic voltage division…
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Reactances and kVA or MVA

• We can solve this problem using reactance or the short-circuit VA 

values. Working in per-unit we can convert back and forth between 

reactances and short-circuit VA.

Lecture 6

1pu voltage( )
2

1pu impedance
1pu Power

• The system, the service transformer, and the motor each 

have a short-circuit capacity based on 1pu voltage and 

1pu impedance. We can calculate these and then use 

them to calculate voltages during motor starting.
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Same example using VA values
• Motor: 500hp, Locked-rotor kVA = 6kVA/hp (See table 4.2 in FPQ)

• System short-circuit capacity at transformer primary: 30 MVA.

• Transformer: 1.5MVA, 6% impedance.
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See page 

117 in FPQ.

Short-circuit kVA is 

inversely proportional to 

impedance, so we need to 

invert the short-circuit kVA 

values.
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Finding reactances from system data:

• First, pick a base VA – One of the existing ones makes things easier –

I’ll use the transformer rating:

• System short circuit MVA, and motor starting MVA both imply 1pu 

impedance on their own bases.  We’ll convert both to the transformer 

base:

Lecture 6
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Where the data used comes from

Lecture 6

Transformer:
12.47kV:480V (L-L) 

Wye-wye

750kVA

X = 5.3%

Motor:
460V (L-L) 3-phase

100HP

NEMA Code letter G

Full-load Amps: 117

Nameplates
System simulations

Primary System:
12.47 kV (L-L) 3-phase

3-phase Fault duty: 1193A
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Motor starting mitigation
(See FPQ pg. 121-131)

• Autotransformer starters

– Reduce voltage applied and corresponding current and starting 

torque

•Starting current and torque are reduced to 25%, 42.25%, or 64% of full 

voltage values.

• Resistance or Reactance starters

– Insert a series impedance which reduces the voltage applied to the 

motor.

•Starting current and torque reduction varies.

Lecture 6
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Motor starting mitigation

• Part-winding starters

– Lower voltage is applied to one of two parallel windings during 
starting.

•Starting current and torque are reduced to 50% of full voltage values.

• Wye-delta starters

– Stator connected in wye for starting, then changed to delta.

•Starting current and torque reduced to 33% of full-voltage values.

Lecture 6
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Motor starting mitigation

• Solid-state Soft Starters

– Similar to a Variable Frequency drive – motor voltage is controlled by SCRs

Lecture 6

Motor
3-phase 
supply

Run 
contactor

SCRs

Motor voltage
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Motor starting mitigation

• All of these methods reduce the starting current drawn by 

the motor and result in reduced starting torque.

• In the prior example, voltage sagged to 82% with across-the-

line starting.

• What if we apply a wye-delta starter in that example?

Lecture 6
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Impact of “soft starting” the motor

• In our example, a voltage sag to 82% of nominal 
voltage is reduced to a “voltage fluctuation” or 
flicker of about 6.8%. This may still be too much.

• How much flicker is acceptable?

– Energy providers usually limit the maximum system 
fluctuation, or how much one can flicker the neighbor’s 
voltage.

– Providers may also consider flicker when sizing service 
transformers and conductors for certain customer 
classes.

Lecture 6
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Starting current limits

• Energy provider may limit starting current to limit voltage dip 

or flicker. Example – what starting current in amps at the 

460V motor will limit starting voltage dip to 4% on the 

primary system? 

Lecture 6

1pu current on a 

1.5MVA, 460V base

Maximum starting 

current at the motor, in 

amps.
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Allowable flicker – see PSQ p. 347, 512-519

Lecture 615

Voltage Sag impacts:

The switch-mode power supply - again

Lecture 616
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Regulated DC

The issue is how low the unregulated DC bus voltage can get before the 

regulated DC bus voltage can no longer be maintained at an acceptable level
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Energy storage in capacitors

Lecture 617

𝐽𝑜𝑢𝑙𝑒𝑠 =
1

2
𝐶𝑉2

𝑉(𝑡) = 𝑉𝑜
2 −

2𝑃𝑡

𝐶

Energy (Joules) stored in a capacitor is a function 
of the size of the capacitor and the voltage across 
the capacitor.

Voltage at some time after discharging begins (t) 

depends on the initial voltage Vo, the power or load 

P, the size of the capacitor C, and the elapsed time

(P=Watts, t=seconds)

How voltage sags impact loads

Lecture 618

• Rectifier-based loads: Normal
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How voltage sags impact loads

• Rectifier-based loads: single-phase sag

– Light load compared to capacitor size

Lecture 6
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How voltage sags impact loads

• Rectifier-based loads: single-phase sag

– More load, or smaller capacitor, or both

Lecture 6

The storage capacitor discharges more 

quickly and voltage on the unregulated 

DC bus drops below the minimum level 

necessary.
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ITI Curve: Equipment “ride-through”

Lecture 6
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SEMI F47 standard: equipment “ride-through”
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Variable frequency AC drives

• Issues associated with rectifier-based loads apply

• Drive’s control system may trip the drive: 

– Low DC bus voltage

– Overcurrent – reduced voltage will increase current drawn by drive 

for same power output

– Voltage imbalance

– Current imbalance 

• Post-sag inrush current may damage rectifier

Lecture 6
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AC drive responding to a voltage sag

Lecture 625

Voltage sag impacts - Example:

Lecture 626

• Variable frequency drive subjected 

to multiple back-to-back voltage 

sags and short interruptions

3-phase AC input

Rectifier
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Inrush currents in rectifiers

• For voltage sags; 3-phase symmetrical sags cause the most severe 

inrush currents for 3-phase rectifiers [1]

• Switching transients can cause the same effect, but switching is 

usually an isolated event

• Multiple voltage sags can occur in a short period of time

• Drive manufacturers often limit how often a VFD can be powered up

• Single-phase rectifiers are also vulnerable

Lecture 10

[1] A.M.Shewale, et.al., Effect of Voltage Sag on Ageing of Front End

Rectifier Diodes of ASD, IEEE, 2013.
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Single-phase rectifier responding to switching…

Lecture 10
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Line-connected motors

• Motors on the system will slow down during a voltage sag 

and need to re-accelerate.

• Re-accelerating motors increases the sag recovery time.

• Whether or not a line-connected motor trips off during a sag 

is determined by the response of its contactor.

Lecture 6
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Typical voltage sag tolerance – IEEE Standard 1346

Equipment Most 
Vulnerable

Average Least 
Vulnerable

PLC 20ms, 75% 260ms,60% 620ms, 45%

PLC I/O card 20ms, 80% 40ms, 55% 40ms, 30%

5hp AC drive 30ms, 80% 50ms, 75% 80ms, 60%

ac control relay 10ms, 75% 20ms, 65% 30ms, 60%

Motor contactor 20ms, 60% 50ms, 50% 80ms, 40%

PC 30ms, 80% 50ms, 60% 70ms, 50%

Lecture 6

Better voltage sag performance
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How a voltage sag turns into an “outage”

Lecture 631

• The “EMO” (Emergency Off) circuit:

L1
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Circuit

Breaker

Process

Equipment

EMO

EMO2

MRelay/contactor coil

Relay/contactor contacts
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How a voltage sag turns into a process outage

• “EMO” (Emergency Off) circuits may respond as if someone pressed 

the emergency off button.

• Emergency shutdowns are typically not orderly or controlled.

• Other equipment may keep running making it difficult to determine 

why some equipment tripped.

• Economic Imacts:

– Process outages 

– Damaged products

– Lost time spent restarting

– Increased waste
Lecture 6
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Next time…
• More on the issue of post-sag damage to rectifiers

• Characterizing sags and sag performance

– Standards and indices

• To do:

– Quiz 2 is posted

– Read PSQ Chapter 3

– Read FPQ Chapter 3 and 4

– Work on homework 2 – you have everything you need

– Download the paper: Troubleshooting induction motors, by 

W.R.Finley, IEEE, 2000. Read section V; “Motor Instantaneously 

Taken Off Line” for information on the impact of the initial DC 

offset in motor starting current. 

Lecture 6
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