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First Quadrant – speed control 

Chapter 22 
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Chapter 22 

Speed varied by changing armature voltage 
a initially 90O, switch closed, a decreased to 

increase armature Vdc, increasing Id 

1.No armature resistors needed (no losses) 

2.Power loss reduced, improved efficiency 

3.Current limit prevent over current. 

4.PF poor during start period 
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Chapter 22 

A typically 15O at full conduction 

Ed > Eo by Id*Ra 
To lower speed, a increased, Id = o, motor 

coast to lower speed till Id /= 0 

Ripple voltage large, but L gives smooth Id 

Motor coast to stop (no breaking) 

6 
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A 750 HP, 250V, 1200 rpm, dc motor is connected to a 

208V, 3 phase, 60 Hz line using a 3 phase bridge 

converter Fig 22.2a.  The full load armature current is 
2500A and the armature resistance is 4 mW.  

Calculate 

Example 22-1 

a. The reqired firing angle 

a under rated full load 

conditions 

b. The firing angle required 

so that the motor 

develops its rated 

torque at 400 rpm. 
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Example 22-2 

Referring to Example 22-1, calculate the 

reactive power absorbed by the converter 

when the motor develops full torque at 400 

rpm. 
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Two quadrant control via field reversal –  

Dynamic Brake – resistor across armature 

Regenerative brake – generate power back to line 

Procedure follows: 

Chapter 22 

Motor control by field reversal 
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1.Delay gate pulse by 180O (cause Ed to be neg) 

2.Reverse If (Delayed) 
3.Reduce a so |Ed| < |Eo| 

4.Once speed lowered, Delay gate pulse again by 

180O (cause Ed to be positive 

5.Reverse back If (Delay) 
6.Increase a so |Ed| > |Eo| 

Chapter 22 

Motor control by field reversal 
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Two quadrant control via armature reversal (single 

converter) –  

Quicker response – La << Lf 

Delay gate pulse by 180O (cause Ed to be neg) 

Reverse Eo to reverse Io  
Reduce a so |Ed| < |Eo| 

Chapter 22 

Motor control by field reversal 
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Once speed lowered, Delay gate pulse again by 180O 

(cause Ed to be positive 

Reverse back Eo to reverse back Io  
Increase a so |Ed| > |Eo| 

Chapter 22 

Motor control by field reversal 
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Two quadrant control via armature reversal (two 

converters) –  

Only one operates at a time – quicker response 
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Only one converter gate at a time, other has gate 

pulses blocked 

Gate circuit for both set to same Ed (converter 1 has 
a1, converter 2 has a2 = 180O – a1) even though 

one blocked 

Chapter 22 

Converter 2 operation 

Converter 1 blocked. 
Converter 1 operation 

Converter 2 blocked. 
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Four quadrant control via armature reversal (two 

converters with circulating current) –  

Low speed (low Ed operation) current may be 

discontinuous – allow converters to operation 

simultaneously to overcome 

Dc inductors L1 and L2 to limit circulating current.  

Chapter 22 
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Example 22-3 

The dc motor in Fig 22.8 has an armature 

voltage of 450V while drawing a current of 

1500 A.  Converter 1 delivers a current Id1 of 

1800A and converter 2 absorbs 300A.  If the 

ac line voltage for each converter is 360V, 

calculate the following; 
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Example 22-3 

a. The dc power assoicated with converters 1 

and 2 

b. The active power drawn from the incoming 

3 phase line 

c. The firing angles for converters 1 and 2 

d. The reactive power drawn from the 

incoming 3 phase line 
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Two Quadrant (1&2) control – reversing with same 

torque direction 
Raise – Quadrant 1 – motoring – 0O<a<90O 

Chapter 22 
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Two Quadrant (1&2) control – reversing with same 

torque direction – Eo reverses 
Lower – Quadrant 2 – Braking – 90O<a<180O 

Chapter 22 
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Four Quadrant Drive – 

Utilizing 2 converter 

system 

Chapter 22 
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Converter 1 – 

  Rectifier Mode 

Converter 2 – 

  Inverter Mode 

Chapter 22 

Converter 1 – 

  Inverter Mode 

Converter 2 – 

  Rectifier Mode 
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Example 22-4 

An industrial drive has to develop the torque 

speed characteristic given in Fig 22.11.  A dc 

shunt motor is used, power by two converters 

operating back to back.  The converters 

function alternately (only one at a time).  

Determine the state of each converter of the 

26 second operating period, and indicate the 

polarity at the terminals of the dc machine.  

The speed and torque are considered positive 

when acting clockwise. 

22 
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6 pulse converter with freewheeling diode –  

Without diode, small values of Ed contain negative 

portions of Ed 

Chapter 22 
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Due to lag, reactive current large.   Also, I line 120O 
regardless of a                I = 0.816 Id 

Chapter 22 
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Placing diode prevents Ed from being negative 

Chapter 22 
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For same a, increased Id – increase a angle for 

same Id, note I line no longer 120O 
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Chapter 22 

With Freewheeling diode, calculation of Ed 

and I become – (note- eqn only apply for 
reduced voltage ( a > 60O) where there is neg 

comp of Ed.) 

 
Ed = 1.35 E [1 – cos (120-a)] 

 
I = Id S [(120-a)/90] 

Ed = dc voltage (V) 

E = effective value of line to line votlage (V) 
a = firing angle (between 60O and 120O) 
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Chapter 22 

Example from Book (22.8) –  

Given: 

Rated power = 100 HP 

Rated armature voltage = 240 V 

Rated armature current = 320 A 
Armature resistance = 25 mW 

Armature inductance = 1.7 mH 
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Chapter 22 

Motor at rest and Eo = 0 
Ed = IR = 320A * 25m W = 8V 

Firing Angle = 
8 = 1.35 X 184 (1-cos[120-a]) 

a = 120 – 14.6 = 105.4O 
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Chapter 22 

Line current I, lags Vln by : 

 
Fd = 30O + a/2 

 
Fd = displacement phase angle (degrees) 

a = firing angle (must lie between 60O and 

120O (degrees) 

 
PF (displacement) = cos Fd 

30 
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Chapter 22 

Effective value of line current : 

 
I = Id S [(120 – a) / 90] 

 

Reactive Power: 

 
Q = P tan Fd 
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Half Bridge Converter –  

3 diode/3 SCR  

Chapter 22 

Electric Machines and Drives 
Thomas Blair, P.E.  

(tom@thomasblairpe.com) 

Note – 3 pulse rectifier – again I line < 120O 
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Electric Machines and Drives 
Thomas Blair, P.E.  

(tom@thomasblairpe.com) 

Chapter 22 

Half Bridge Converter – 
Ed = 0.675 E (1 + cos a) 

Ed = dc voltage across the load (V) 

E = effective value of line voltage (V) 
a = firing angle (angle (must lie between 60O 

and 180O (degrees) 
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Converter A – 3phase, 6 pulse 

Converter B – 3phase, 6 pulse w/ FW diode 

Converter C – 3phase, 3 pulse half bridge 

Chapter 22 
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DC Traction Example of simple DC to DC Chopper: 

 

Eo = Es f Ta = D Es 

 

Note, either F or Ta or both can be varied to vary D 

and thereby  

vary Eo 

Chapter 22 
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Example 22-5 

A trolley bus is driven by a 150 HP, 1500 rpm, 

600V series motor.  The nominal full load 

current is 200A and the total resistance of the 
armature and field is 0.1 W.  The bus is fed 

from a 700V dc line.  A chopper controls the 

torque and speed.  The copper frequency 

varies from 50 Hz to 1600 Hz but the on time 
Ta is fixed at 600 mS.  Calculate 
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Example 22-5 

a. The chopper frequency and the current 

drawn from the line when the motor is at 

standstill and drawing a current of 240A. 

b. The copper frequency when the motor 

delivers it rated output. 

38 
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Example 22-6 

Referring to Example 22-5 and fig 22.18a, 

calculate the peak value of currents Is and I 

when the motor is at standstill. 
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Motor Drive via DC to DC switching converter 

Operation in all 4 quadrants - 

Chapter 22 

Ed = 1.35 E 

 

ELL = Eh ( 2 D – 1) 
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Example 22-7 

A 25 HP, 250V, 900 rpm dc motor is connected 

to a dc to dc converter that operates at a 

switching frequency of 2 kHz.  The converter is 

fed by a 6 pulse rectifier connected to a 240V, 
3 phase, 60 Hz line (Fig 22.21a).  A 500 mf 

capacitor C and an inductor Ld act as filters.  

The armature resistance and instance are 
respectively 150 mW and 4 mH.  The rated dc 

armature current is 80A.  We wish to 

determine the following: 

41 
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Example 22-7 

a. The required duty cycle when the motor 

develops its rated torque at rated speed 

b. The waveshape of current I1, I2, and Ia 

c. The waveshape of voltages E12 and Eab. 

42 
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Example 22-7 

Chapter 22 
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DIa = A / La 

Chapter 22 
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DIa = A / La 
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Waveshapes of current / voltage in example 22- 7 

Chapter 22 
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Example 22-8 

We now consider the question of cynamic 

braking.  The same motor is used in example 

22-7 and we assume it is running at 900 rpm at 

the moment that braking is applied.  Further 

assume that the inertia of the motor and its 

load is very large.  As a result the speed can 

not change quickly.  The connection between 

the convert and 6 pulse rectifier is removed 
and a braking resistance of 20W is connected 

between terminals 1 and 2 along with the 500 
mF capacitor (fig 22.22). 

47 
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Example 22-8 

We assume that a braking torque equal to 75% 

of nominal torque is sufficient.  Consequently, 

the required armature current is  

0.75 X 70A = 60A 

The switching frequency remains unchanged 

at 2 kHz.  We wish to determine the following 

a. The voltage across the resistor 

b. The duty cycle required  

c. The braking behavior of the system 

48 
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Example 22-8 

Chapter 22 
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Chapter 22 

Electric Machines and Drives 
Thomas Blair, P.E.  

(tom@thomasblairpe.com) 

Special 

Current Fed 

DC Motor 

Chapter 22 
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Chapter 22 

Brushless DC Motor 

DC current source -> 

Torque in direction shown -> 

Commutator - DC->AC 

6 segments -> 60O conduction 

T = k I B 

T = motor torque (N m) 

I = current in conductor (A) 

B = average flux density surrounding 

conductor 

k = constant dependent on # of turns per cooil 

and size of armature 52 
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DC current in source converted to AC source in 

armature winding, frequency 

is; 

f = p n / 120 

Chapter 22 

 

Commutator generates AC 

current in armature to 

cause rotation 

Speed is balance between 

Tl and Tm 
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Replace 

Commutator with slip 

rings – 

Reversing switch 

between source and 

ring 

Synchronize 

switching to rotation 

Same effect as 

commutators 

Chapter 22 
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Slip Rings would be 

maintenance – 

If put Field on rotor 

,Armature on stator, 

reduced slip ring 

maintenance 

requirements 
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Armature on stator 

GTO switches 

GTO synched to 

rotor speed 

Reduce switches by 

using converter 

The armature is now 

stator and switches 

are thyristors. 

Chapter 22 
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Important properties: 

Never “pull out” when 

triggering related to 

rotor position 

GTO device PF lead, 

lag or unity (not for 

LCI) 

Can be motor or 

generator 

Chapter 22 

Brushless motor 

driven by converter. 
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If AC source frequency 

Fixed, speed fixed.  

Now can “slip pole” 

(when switching related 

to rotor position – closed 

loop 

When switching fixed, 

open loop) 

Chapter 22 
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Example of Brushless DC motor 

12V, 1W brushless DC motor.  Coil stationary.  Hall 

detector H triggers coils A on and B off 

Chapter 22 
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H pickup provides 

trigger signal to Q1 

and Q2 

Chapter 22 
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AC synchronous motor / generator natural transition 

between DC motor control theory and AC motor 

control theory 

Chapter 22 
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Chapter 23 – Control of AC Motors 

Electric Machines and Drives 
Thomas Blair, P.E.  

(tom@thomasblairpe.com) 

Chapter 23 

Where DC motors controlled by controlling 

Voltage and Current, AC motors controlled with 

Voltage and Frequency 

Types of AC drives – 

Static Frequency Changers 

Static Voltage Changers 

Rectifier / Inverter Systems with Line 

Commutation 

Rectifier / Inverter Systems with Self 

Commutation 

PWM Systems 
64 
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Chapter 23 

VFD standards –  

NEMA “Application Guide For AC Adjustable 

Speed Drive Systems” 

Available Free at:  http://www.nema.org/ 

IEEE Std 958 “Guide for Application of AC 

Adjustable-Speed Drives for Electric Power 

Generating Stations” 

IEEE Std 1566 “Standard for Performance of 

Adjustable Speed AC Drives Rated 375 kW 

and Larger “ 

Available at: http://www.ieee.org/standards 
65 
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IEEE Std 1566 – sample datasheet (purchaser) 

Chapter 23 
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IEEE Std 1566 – sample datasheet (Vendor) 
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Static Frequency Changer -  convert fline to fload 

Chapter 23 
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Static Voltage Controller – Vary AC voltage to motor to 

control torque / speed (also used to softstart) 

Chapter 23 
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Rectifier / Inverter w/ line commutation – AC to DC to 

AC conversion.  Rectifier uses Line to commutate.  

Inverter uses Motor to commutate (LCI).  Used on 

Synchronous and Wound Rotor Motors. (why not 

induction machines?) 

Chapter 23 

LCI VFD 

Wound Rotor Motor 
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Rectifier / Inverter w/ self commutation – AC to DC to 

AC conversion.  Rectifier uses self commutation.  

Used on squirrel cage induction motors that can not 

provide commutation energy. 

Chapter 23 
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PWM system – AC to DC to AC conversion.  Used on 

induction motors. 

Chapter 23 
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Synchronous motor current source drive –  

Operate like brushless DC motor (control Ia & If) 
Es Q speed & If.  Gate controlled by rotor position. 

Speed controlled by Ia or If. 

Chapter 23 
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Chapter 23 

Converter 2 in inverting mode –  
E2 = 1.35 Es cos a2 

 

E2 = dc voltage generated by converter 2 (V) 

Es = effective line to line stator voltage (V) 
a2 = firing angle of converter 2 (degree) 

 

Converter 1 in rectifying mode -  
E1 = 1.35 EL cos a1 

 

74 
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Trigged to provide leading PF – provide var for 

reactive power needed by converter 2 –  

Regen brake by Converter 1 invert, Converter 2 rect, 

inverting E1 and E2 (Idc same direction) 

Chapter 23 
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Example 23-1 

A 3 phase synchronous motor rated at 200 kW, 

480V, 60 Hz, 450 rpm is connected to a drive 

similar to that shown in fig 23.8.  The three 

phase electric utility voltage is 600V, 60 Hz. 

The motor runs at a speed of 535 rpm.  The 

effective terminal voltage is 511V and the 

motor draws an effective line current Is of 239A 

at a power factor of 95%.  The motor has an 

efficiency of 93%.  Neglecting the losses in the 

converts, calculate; 

76 
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Example 23-1 

a. The frequency applied to the stator 

b. The fundamental component of the stator 

current Is 

c. The current I flowing in the dc linnk. 
d. The firing angle a2 of converter 2 

e. The voltage E2 of the dc link 
f. The firing angle a1 of converter 1 

g. The reactive power supplied to converter 1 

h. The mechanical power developed by the 

motor 

 

 

 

77 
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Cycloconverter – 

each leg has 2 

converters 

Fo < Fline 

Input PF lagging, 

output around unity 

Firing angle varied 

for each line cycle 

Isolation 

transformer to 

isolate each phase 
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Line voltage typically based on max op freq, not line 
freq – improves PF by reducing a 

Voltage between line A and N 

Chapter 23 
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Instead of isolation 

transformers, 

isolated windings 

can be used 

Only 1 converter 

on at a time. 

Separate cooling 

typical. 

Chapter 23 
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Example 23-2 

A 3 phase, squirrel cage induction motor has a 

full load rating of 25 HP, 480V, 1760 rpm, 60 

Hz.  The three independent windings each 

carry a rated current of 20A. 

This motor is connected as shown in Fig 

23.15.  The cycloconverter is connected to a 3 

phase, 60 Hz line and generates a frequency 

of 8 Hz.  Calculate the approximate value of 

the following. 

81 
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Example 23-2 

a. The effective voltage across each winding 

b. The no load speed 

c. The speed at rated torque 

d. The effective current in the windings at 

rated torque 

e. The effective voltage of the 60 Hz line 

82 
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Torque speed 

curve for variable 

speed 

If V/F constant, 

flux constant, 

peak torque same 

Chapter 23 
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Converter 1 on when I +, Converter 2 on when I – 

Converter 1 rectifier when Ea + 

Converter 1 inverter when Ea – 

Converter 2 rectifier when Ea – (same as Ia) 

Converter 2 inverter when Ea + (opp as Ia) 

Chapter 23 
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Static voltage controller – adjust voltage (not freq) 
T Q V2  

Greater slip. 

Increased rotor heating 

Small motor only 

 

Chapter 23 
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Solidstate voltage reduction 

Adjusting delay angle – 

Reduced Vac to motor 

Vrms not linear to angle 

Chapter 23 
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Waveform at full 

conduction 

Chapter 23 

Waveform at partial 

conduction 
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Solidstate softstart –  

reduce mechanical shock,  

reduced peak  

start current. 

5 basic type 

Ramp down vs  

DC injection. 

Chapter 23 
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Chapter 23 

Terminology – 

Soft start 

Reduced Voltage Starter (RVS) 

Solid State Reduced Voltage Starter (SSRVS)  

Purpose of softstart  

Reduce the inrush current during start 

Reduce peak torque during start. 

Brief review of motor theory for how soft start 

effects these parameters 
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Simplified SLE -  

Power = Eg * I = T * Speed 

Chapter 23 
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How does Eg vary as motor accelerates to full speed? 

At low speed, Eg changes little = constant impedance 

device. 

At high speed, Eg changes greatly = constant HP 

device. 

Chapter 23 

Electric Machines and Drives 
Thomas Blair, P.E.  

(tom@thomasblairpe.com) 

Irunning = (V - Eg) / Zmotor 

At locked rotor, Eg = 0  

Istarting = V / Zmotor 

As motor increases speed, Eg increases 

Motor current decays as Eg increases 
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LRA 
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NEMA design 

E 

LRA 
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Speed/ 

Torque 

Chapter 23 

Electric Machines and Drives 
Thomas Blair, P.E.  

(tom@thomasblairpe.com) 

Power vs Speed 
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PF vs Speed 
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Reduction of current proportional to reduction of 

voltage. 

Reduction of torque proportional to square of 

reduction of voltage. 
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Chapter 23 

Ensure sufficient motor available torque to start the 

motor. 

Acceleration Time (Tacc) is defined as: 

 

Tacc = [ WK2 X RPM] / [308 X Avg Acc Trq] 

 

Average Acceleration Torque (Avg Acc Trq) is 

defined as: 

This definition does not account for load: 

Avg Acc Trq = {[(FLT+BDT)/2] + BDT + LRT}/3 
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ATL start, variable torque load 
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ATL start – constant torque load 
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RVS (I limit) – variable torque load 
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RVS (Limit) – constant torque load 
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Chapter 23 

Trequired = Tmotor + Tload 

Evaluate motor and load torque curves. 

Ensure sufficient motor accelerating torque exists 

throughout acceleration curve. 

API 841 recommends Tmotor >1.1*Tload 

throughout the speed range. 

 

Trequired =  
[ WK2 X DRPM] / [308 X Avg Acc Trq] + T load 
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Chapter 23 

Motor heating of ATL vs RVS 

 

Dependent on load torque during start. 

Motor Ploss is proportional to I2. 

Total energy in motor during start is 

Ploss * time. 

Motor available torque is proportional to I2. 

Accelerating time is inversely proportional to 

AAT. 
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Chapter 23 

Heating example (No Load Start)–  

 

If current 1/2 

Ploss = 1/4 

Tmotor = 1/4 

Taccel = Tmotor = 1/4 

t_start = 4 

Energy = Ploss * T_start = same 
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Chapter 23 

Heating Example (under load start) –  

 

If current 1/2 

Ploss = 1/4 

Tmotor = 1/4 

Taccel = Tmotor - Tload < 1/4 

t_start > 4 

Energy = Ploss * Time > ATL 

Reduce Load to Reduce Mtr Heating or 

shorten accel time and raise I limit. 
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2300V or less 
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> 2300 V 
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Chapter 23 

Adjustments –  

Torque point 

Accel time / Decel time 

Boost time/level 

Current limit level 

Shear pin level 

Overload setting 

DC brake time 
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Chapter 23 

Applications for reduced voltage start 

Pump Applications; prevent water hammer 

Mech. transmission issues; reduce torque 

(electronic shear pin) 

Weak distribution lines; limit voltage dip during 

start 

Electronic braking; actively stop loads 

Damp applications; motor heating 
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Next Week – Chapter 22 continued - 
Control of AC Motors 
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