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Example of gating pulses on SCR condition
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Chapter 21
Circuit Operation

Angle o time inierval Explanation of circui aperation

zero 0 b, Although the anode s positive, conduction s impassible because the gate voltage is zero, The
thyristor behaves like an open switch,

angle 6, Conduction starts becanse both the anode and gate ure pesitive.

610 180" Conduction continues even though the gate voltage has fallen to zero. Gate pulses have no

further effect once the thyristor conducts. The anode io cathode voltage drop is less than 1.5V,
wonsequently, we can cansider that the anode and cathode are shorted. The thyristor beluves like
 closed swilch. -

angle 180°  The thyristor current is zero, conduction ceases, and the gake regains control.

180°10.360°  Conduction is impossible hecause the anode is segative. Although the gate is triggered at angle
#y. it produces no effect. The thyristor experiences an inverse voltage during this half-cycle.

360° 10 540°  Conduction starts at f, and ceases gain us soon as the current is zero, The gate pulse is delayed
more than during the first positive half-cycle. Consequently, the anode current flows for 2
shorter time.

720° 10 900°  Conduction starts at angle -, but the resulting anode current is very small because of the long
delay in firing the gate.
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Chapter 21

Natural commutation vs forced commutation
Stop commutation by:

1. Reduce dc supply voltage to zero

2. Open load circuit via switch

3. Force anode current to zero
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IVERSITY OF i i i
L‘Iq OUTH FLORIDA Electric Machines and Prlves
/\ POLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com)




Chapter 21

“Power Converter” converts power from one frequency
to another frequency (including DC) and may be
rectifier, inverter, or rotating machine

Six most common circuit configurations

FABLE 210 SOME BASIC THYRISTOR POWER CIRCUITS

Circuit No. Thyristor circuit Typical upplications

1 Controlled rectificr supplying a passive load Electroplating. dc arc welding, electrolysis

2 Contrulled rectifier supplying an active load Battery charger, dc motor control, de
transmission line

3 Line-commutated inverier supplying an active ac load  AC motor control, wound-rotor motor speed
control, de transmission line

4 AC static switch Spot welding. lighting control, ac mator speed

rol, ac starter

5 Cycloconverer ynchronons motor control,
electroslag refining of metals

6 Three-phase converier High-voltage d¢ transmission, synchronous mo-
tor drive
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Reactive power due to
lagging current due to
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Rectifier — Passive load
(no source of energy in
load)
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Chapter 21
RMS Voltage not linear with conduction angle

Vims'  Delay Angle |
Vpeak 150 135 on 45 [
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Rectifier — active load (load has energy source)
Peak current = amp*seconds / inductance
Apparent and real power flow to load
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Line commutated inverter — active load (load has
energy source, note polarity)

Peak current = amp*seconds / inductance
Apparent power to load, real power to source

DC to AC conversion

oo 6 6,

8 h
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Line Commutated Inverter —

DC to AC real power conversion

Forced Commutated — commutation by current
reversal within power bridge

Line Commutated — Commutation current

provided by line.

Due to polarity of Ed, Power flows to source.
Source side voltage must be present to

provide needed VAR
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Chapter 21 Chapter 21

AC static switch — back to back SCRs
3 phase, back to back

Reactive power draw
Phase anale. zero fired. on/off |
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Ei potential levels +
qure 21.33 | @
a. Electronic contactor. Ca \©/ N
b. Waveforms with a resistive load.
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3 phase hybrid
Voltage Doubler
SCR

Diode
SCR | *
D Diode
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. Cycloconverter — Fsource > Fload
Inside Delta_— Each successive sinewave delay angle adjusted
Id = 58% I line

Ploss = 58% of in line device
PIV =173% of in line device
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Chapter 21

Chapter 21
Note Source / Load Voltage polarity

3 phase, 6 pulse, converter —
If Eka (+), rectifier, if Eka (-), inverter

L®
ko t K os
3 phase
tine o
)
- w1 Figure 21.37 Figure 21.38
hos {Ros Rectifier made (see Fig. 21.38) Inverter mode (see Fig. 21.36)
a. Q1 and Q5 conducting. a. Q1 and Q5 conducting
b. Q2 and Q4 conducting b. Q2 and Q4 conducting
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Trigger point critical —
Trigger late, reduced output,
Trigger early, no conduction
2w o
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Chapter 21

3 Phase, 6 pulse rectifier — to active load
Vd=1.35*V *cos o

Ed > Eo for current flow, Ed < Eo zero current flow
Id=(Ed-Eo0)/R

08 05 o
tires fires

o

14UE
1228 F

Aphase
ling.
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Delayed trigger — rectifier mode
Increased delay angle, reduced Ed Bd=1.35E cos a
Conduction angle still 60° ) .
Each thyristor still conducts for 1200 Excel Spreadsheet showing calculation
R A - .
LR Also available on web page

1408, Qe 1], 02-+1+-07, Q1= 03, Qom0 05 -8, 06e)
" ! ! g i
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Chapter 21
Ed =1.35 E cos «

Ed = dc voltage produced by the 3 phase 6 pule
converter (V)

E = effective value of he ac line to line voltage (V)
o = firing angle (degree)

Note: if Ed < Eo, Id forced to 0 — Forced
commutation mode — Important mode to LCI drive.
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Conduction
angles of 45°
and 75°

Chapter 21
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Example 21-7

The 3 phase converter of Fig. 21.39 is connected to
a 3 phase, 480V, 60 Hz source. The load consists
of a 500V dc source having an internal resistance
of 2(). Calculate the power supplied to the load for
trigggering delays of (a) 15° and (b) 75°.
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Delayed Trigger —

Chapter 21

Inverter Mode

Note Polarity of Eo and Ed

I=(Eo-Ed)/R

Fphase
line

IA‘LHH HNIC
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Inverter mode, 90° < o < 180°
Eo > Ed current flow, Ed > Eo, zero current flow
Power flow to source

@ m o@m M s e
L fires tires fires fires fires fires. fires
06, 0B 0= 106" —==+-06, Ql-=f=-01, Q2-=f+-02, Q3-=l=03, 04-+[=+04, O 05, 06—+|
- e
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Firing Angle

typically 15° to
165° to ensure
controlled firing
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Chapter 21

one cycle——— o
forbidden firing__| _ firing zome forbidden firing

zome {for Q1) for Q1 zane {for Q1)
a=15% a=080"| o= 165"
L
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Chapter 21

MG set with Vdc out

Current unidirectional

Vdc magnitude /

polarity tied to phase

angle

Ripple increases as !
Vdc decreases !E“”‘L‘”JI

Vdc = Ed + ec(ripple) .
E—CSO
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Chapter 21
3 phase converter in rectifier mode

EEED P
E=PQ

3-phase =D
line
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Chapter 21
3 phase converter in inverter mode

P &=
EEpQ

3-phase =
line
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Chapter 21

Real Power flow either direction — reactive power
always absorbed

No Electric isolation like MG set would provde (without
isolation xfmr)

af Q3 04 05 06 o1 @ 03 at
O fires fires fires fies fires fies fires fires fires fires

s, 08| 45° (6, 701, 03[0z, G303, 04[04, G5[0s, Q8[Ge, 1|1, 3[4, O3
conducting
1414
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Chapter 21
Current flow: 1= V(2/3) Id =0.816 Id
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Chapter 21

Reactive Power draw of bridge dependent on Real
Power draw and delay angle

Q=Ptan o

Q = reactive power absorbed by converter (var)

P = dc power of the converter (positive for rectifier,
negative for inverter) (W)

o = triggering angle (degree)
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Example 21-8

In Example 21-7, and for a triggering angle of 15°,
calculate;

a. The dispalcement power factor

b. The ractive power absorbed by the converter
c. The total power factor
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Example 21-9

A 16kV dc source having an internal resistance of 1
W supplies 900A to a 12kV, 3 phase, 6 pulse, 60
Hz inverter. Calculate

a. The dc current carried by each SCR

b. The dc voltage generated by the inverter

c. The required firing angle a

d. The effective value of the ac line currents

e. The reactive power absorbed by the inverter
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Commutation Overlap period,

/4 — commutation angle

Light load /=50, large load /(=20°
Conduction = 120° + /¢

Delayed firing, reduced PF, reduced Edc

mmmulahon

1207
ar
conducting canductlng
Lnnduclmg
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Extinction angle () — allow SCR to recover blocking
ability before anode becomes (+)
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Conduction begin somewhere between 0-180°
Extinction 180° + 120° < 300°

Aka margin angle adequate time for reverse
bias of SCR

Advance angle is Commutation + Extinction
f=p+7=180-«

4 = Commutation Angle

o = Delay Angle

(3 = Advance Angle

7 = Extinction Angle
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SCR limits — turn off via commutation current
Max fc 2khz due to commutation time

GTO — No Blocking capability, Vak(on) higher
Negative current in gate commutate off

a2V Tak

Sk 3KA
+ thyristor A a1o Alj e
Frmax =2 kHz o S = 500 Hz :

holding &7 haiding E&_. 7
ot currant o current P
- o hyristor Eak 4k ato
@ ]
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Chapter 21

BJT —le = Ic + Ib, used in saturated region
Ib large enough to drive into saturation
Can not tolerate negative Vce

‘cg |3v
600 A
BJT ‘ on C ll Ic
Fmax =20 kHz

off . s

\ B Ej

Chapter 21

Darlington Configuration — higher base to emitter
current gain — reduced base current requirements

——of2
3
4 °—J C2E10— -
5 1 ]
6 2
7
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MOSFET - voltage controlled gate
Vg on = +12vdc, Vg off = -5vdc

p i 13V
100 A ! o
| D40
1
MOSFET | [ on
Frmax ~ 200 kHz G
off Fas
—_— "y 5

T £bs 1kv
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IGBT — FET gated BJT
Fast switching

Chapter 21

DC to DC converter — voltage level conversion
Switching converter (chopper)

During charge, di = VI*dt/L

When switch opened:

W =1%L la2

la=(Es—Eo)T1/L

L Y1
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800 A
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Chapter 21

El = Eo, -> di/dt constant
(VI =L * di/dt)
| decays at constant rate of:

i=la—(Eot)/L
At time T2, current = 0, . —
diode commutates off

repsst
the cycle

T2= (Es-Eo0) T1/Eo L

e

Figure 21.59
Eand fin the inductor of Fig, 21.58.
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Chapter 21
Rapid Switching — DC current 10 ->

lo = (la + Ib)/2
Source current is ->

Is=loD WhereD=Ta/T

Is = dc current drawn from the source (A)
lo = dc current absorbed by the load (A)
Ta = on time of the switch (s)

T = period of one cycle (s)
D=dutycycle=Ta/T
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Chapter 21
Rapid Switching — /s

Figure 21.60b
Current in the load.

Figure 21.60c

Figure 21.60a
Current pulses provided by the sourge.,

Currents in a chopper circuit,
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Chapter 21
Es *Is = Eo * lo, but
Is=lo*D->
Eo=DEs

Eo = dc output voltage of the converter (V)
Es = dc voltage of the source (V)
D = duty cycle
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Example 21-10

The switch in Fig 21.60a opens and closes at a

frequency of 20 Hz and remains closed for 3

ms per cycle. A dc ammeter connected in

series with the load Eo indicates a current of

70A.

a. If a dc ammeter is connected in series tith
the source, what current will it indicate?

b. What is the average current per pulse?
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Example 21-11

We wish to charge a 120V battery from a 600
Vdc source using a dc chopper. The average
battery current should be 20 A, with a peak to
peak ripple of 2A. If the chopper frequency is
200 Hz, calculate the following;

The dc current drawn from the source.
The dc current in the diode

The duty cycle

The inductance of the inductor

coop
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Chapter 21
Ro=Eo/lo=Es*D2/Is ->
Rs = Fo/D?
ol e} NC)
e
=3 oA EJ l:.,
@ @
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Example 21-12

The copper in Fig 21.62 operates at a
frequency of 4 kHz and the on time is 20 ys.
Calculate the apparent resistance across the
source, knowing that Ro = 12().
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Chapter 21

2 quadrant DC to DC converter
S1=D=Ta/T,S2=1-D=Tb/T

El=DEh IL=(El-Eo)/R

If, EL>Eo, P flow to Eo (boost), if EL<Eo, P flow to EL
(buck), controlled by D

14778
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Example 21-13

The following data is given on a buck/boost

converter (Fig 21.65):

Eh=100v Eo=30V R=2W L=10mH

Switching frequency = 20 kHz with a duty cycle

D of 0.2 for S1. Determine the following:

a. The value and direction of the dc current IL

b. The peak to peak ripple superposed on the
dc current
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Chapter 21

D=02 f=20kHz

10 mH

2 2
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Chapter 21

Diodes required to allow for reverse current flow
Dead time for one switch to turn off before gating
3

second switch ...
| m) Xxor

Q2 A D2 Ep
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Chapter 21

4 quadrant DC to DC converter — bidirectional EH, Eo
(2 quad converter, unidirectional EH, Eo)

Q1 & Q4 operate in pair for Ta/T = D, Q2 & Q3 operate
in pair for Tb/T = 1-D

When D = 0.5, Ell = 0 (note there is still ac component)
When D =1, Ell = Eh o am
When D =0, Ell = -Eh
ELL=Eh (2D -1)
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Chapter 21

By

0

o 5 1 15 2 25
Figure 21.72
Figure 21.71 Voitage output when D = 0.8, The average voltage £,
WVoltage output when D = 0.5.The average voltage s~ $0.6 &,
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Chapter 21

L & C filter out ac FT
component 4
R could also be
active source,

thereby sinking or !
sourcing power [

4-quadiant
s

comverer

T
[x]
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Chapter 21

Switching Losses —

Four distinct operations:

1.Turn-on time T1 — Current increases, voltage
decreases

2.0n-state time T2 — Current flowing, Vt 2-3
VvDC

3.Turn-off time T3 — Current decreases,
Voltage increases

4.0ff-state time T4 — Current zero, Voltage
high.
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Chapter 21

Snubber — During turnoff — controls dv/dt across
device

Ty =turn-on time

T, = on-state time
T3 = turn-off time

— T, = off-state time
! T
switching D = duty cycle = -2

semiconductor
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Chapter 21

T=T1+T2+T3+T4=1/fc

Pavg loss = {E(T1) + E(T2) + E(T3)} /T
Energy = P1T1 + P2T2 + P3T3 + P4T4
Power loss = P1T1fc + VtitD + P3T3fc

v ]
instant, v, Ve

voltage

instant, 1, It Lo
current

average p Vil oo
power

energy PTy  VpltTy 3Ty 0P

Figure 21.75b
Four stages of a GTO switching operation.
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Chapter 21
DC to AC rectangular converter
E=0.9*Eh
e 127V -
+100 . -
/ J b
ok il .. y
- 100 A
Figure 21.76a
The square wave contains a fundamental sinusiodal
component. )
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Chapter 21

DC to AC converter with PWM

Adjust D waveform, adjust Ell Magnitude and
waveform — fc must be 10 times > f out
ELL=Eh (2D -1)

1
Eap ‘la_‘ fe Eap
. ) T
*Ew +En
Epp =usfﬁ‘ | W
o ﬁ f L]
-Eg 1l Y -Ey

(6) D=08 Ey=+06Ey
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Chapter 21

DC to AC converter with PWM

Adjust D waveform, adjust Ell Magnitude and
waveform — fc must be 10 times > f out
ELL=Eh (2D -1)

1 1
. - 1 % R
Exp 05 | | Exs Exn 02 |\ fe [ka
B / LT / fe Y
N W +Ey ' +Ey
1 1 i
L ‘ I
Ei=0 Ot o 0 :
] ]
g UL Ey *II:’D-SZS 1 L _n
() D=05 E =0 (d) D=02 £ =-06Fy
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Chapter 21

Varying D, varies Ell
Generate any
frequency (as long as
Fc > 10* Fout), any

Chapter 21
DC to AC sine wave converter —

waveshape.
Real power flow )
bidirectional o
0.6 Eyy
1]
OB Ey
—Ey
UNIVERSITY OF i i i
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Chapter 21

From Equation — Ell(t) = Eh (2D-1)
We rewrite as — D(t) = “4[1+(ElI(t)/Eh)]
If waveform wanted is — E = Em sin (360ft+0)

Duty Cycle waveform is —
D(t) =% [1 + (Em/Eh)sin(360ft+0)

UNIVERSITY OF i i i
SOUTH FLORIDA Electric Machines and Drives
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3
+
4-quadrant
switching
converter
2 by
=LA
D=05 (1 . )
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Chapter 21

Duty Cycle waveform is —
D(t) = ¥ [1 + (Em/Eh)sin(360ft+0)

or simply, DC is —
D(t) = Y2 [1 + (m)sin(360ft+0O)

M = Em/EH
Mf = fc/f (must be at least 10)
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Example 21-14

A 200Vdc source is connected to a 4 quadrant
switching converter operating at a carrier
frequency of 8 kHz. It is desired to generate a
sinusoidal voltage having an effective value of
120V at a frequency of 97 Hz and phase angle
of 35° lagging. Calculate the value of the
amplitude modulation ratio, the frequency
modulation ratio, and derive an expression for
the duty cycle.

UNIVERSITY OF i i i
-II SOUTH FLORIDA Electric Machines and Prlves
POLYTECHNIC Thomas Blair, P.E.
(tom@thomasblairpe.com)

8/4/2011

Chapter 21

Example of PWM calculation — Given:
Peak ac voltage required = 100V
Frequency required = 83.33 Hz
Carrier frequency = 1000 Hz

DC supply voltage Eh = 200V

Duration of one cycle is
T=1/f=1/83.33=0.012 S = 12 000 .«S
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Chapter 21

Duration of one cycle is
T=1/f=1/83.33 =0.012 S = 12 000 4S

Carrier Frequency period is
Tc = 1/fc = 1/1000s = 1 mS = 1000 .S

# of carrier cycles per fundamental cycle is
12 000 /+S /1000 /.S =12

Electric Machines and Drives
Thomas Blair, P.E.
(tom@thomasblairpe.com)
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Chapter 21

If 12 carrier cycles per fund cycle, then 6
carrier cycle per % fund cycle (other half cycle
mirror image) — using equation —

D(t) =% [ 1 + (ELL/Eh)]

Period 1 —
D(t) =% [ 1+ (ELL/Eh)] =% [ 1 + (0/200)]
D(t)=0.5

Electric Machines and Drives
Thomas Blair, P.E.
(tom@thomasblairpe.com)
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Chapter 21

Period 2 —
D(t) =% [ 1+ (ELL/Eh)] =% [ 1 + (50/200)]
D(t) = 0.625

Period 3 —
D(t) =% [ 1+ (ELL/Eh)] =% [ 1 + (86.6/200)]
D(t) =0.716
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Chapter 21

Extending this Ut Tz cENERATNG A SINE wave
for % cycle and —r  En

angle  Eup 0L Qdon Q20300
inverting for other jdegl V] 0wl fus]  interval
1 cycle we develop 0 0 ai(\ . «:2 ;m ;
30 50 0.625 625 375 i]
Table 21E 60 8h6 0716 716 284 C
9 100 0.75 750 250 D
120 6.6 0716 6 284 E
150 50 0.625 625 375 F
180 0 05 500 500 G
210 =50 0375 375 625 H
240 —86.6 0.284 284 716 I
270 100 0230 250 750 1
300 —~86.6 0.284 284 716 K
330 50 0.375 75 625 1.
360 4] 0.5 00 S00 M

UNIVERSITY OF i i i
(\“ MR Electric Machines and I?nves
POLYTECHNIC Thomas Blair, P.E.
(tom@thomasblairpe.com)

13



Chapter 21

Resultant waveform — Bipolar PWM
Duty cycle continuously changing, reason for PWM
name

200

b
| I e

200 .
lalslclolelFlalult[slklL]A]
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Chapter 21

Example of unipolar PWM — same resultant
fundamental value

Higher fc easier to filter, but high switching loss
Limit to max fc, loss and turn-on/turn-off time

200

100

210 340 270 300 330 360
0 30 60 90 120 150 180+, -
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Chapter 21

Two quadrant PWM chopper and load. The filter
eliminates carrier frequency component.

UNIVERSITY OF i i i
SOUTH FLORIDA Electric Machines and Drives

POLYTECHNIC Thomas Blair, P.E.
(tom@thomasblairpe.com)

Chapter 21

Triangular generation of PWM
waveform

When V>EI — off

When V<EI - on

NOTE: Technology has i i
application past power — f/
example, fiberoptic converters

3 4

Transmit real time waveformvia = -
" MU JU

=
UNIVERSITY OF i i i
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Chapter 21

3 phase, DC to AC converter

3 single phase converter shifted 1200
Ean, Ebn, Ecn = E/V3, Em = E*V2, ->
Em = E*V6

| o)

(a) ¥

UNIVERSITY OF i i i
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Chapter 21
|- T

Q1 closed when Eay>Efc ) Lo '
Q3 closed when Eby>Efc f LR L
Q5 closed when Ecy>Efc AN LTI LN
Q2 closed when Eay<Efc / ¥ 4
Q4 closed when Eby<Efc

Q6 closed when Ecy<Efc

by
Fil e

s

UNIVERSITY OF
SOUTH FLORIDA
POLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com)
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Chapter 21

Line to Line vs Line to neutral values
Neutral is floating — switching between phase to
phase.

1
Ean = S(E!\B + Exc) PN

1
Egn = g(EBr\ + Egc)

1
b
Een = E(EC-\ + Ecs) ®
UNIVERSITY OF : . )
- SOUTH FLORIDA Electric Machines and Drives
POLYTECHNIC

Thomas Blair, P.E.
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Chapter 21

a. PWM pulses between terminal A and B and the
fundamental Eab component of the pulses.

Chapter 21

b. PWM pulses between terminal B and C and the
fundamental Ebc component of the pulses.

+Ey

+Ey nmn _
T
Bal]| | M \ L
oL LU g w0 o ]|
] 90 lm ] H HLr 60 as0
Rt
i)
(a)
(tom@thomasblairpe.com)
Chapter 21

c. PWM pulses between terminal B and neutral of
load. Dotted sine wave is fundamental component
“buried” in the PWM pulses.

+Ey
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Chapter 21
. I
Block diagram of 3] LA~~~
3 phase PWM .
converter. 3pn 8 L N
cur’?\t;‘:gr ki m
- EDNONE
Dy
Eg Er

N
1 comparator |

Ey Bt oy

E, /_‘\(*\, -5'1 AA )
- —
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Example 21-15

We wish to generate a 3 phase, 245V, 60 Hz

source using the converter of Fig 21.93. The

dc supply voltage Eh is 500V and the carrier

frequency fc is 540 Hz. Determine

a. The peak value of the fundamental voltage
between terminal L1 and the floating
neutral N of the load

b. The period T of the triangular wave and the
corresponding angular interval in degrees

c. The PWM program
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Example 21-15

d. The waveshape fot eh PWM voltage
between terminals A and Y during one
cycle

e. The waveshapes of the PWM votlage
between termnals A-Y, B-Y, and C-Y

f. The waveshapes fo the PWM voltages
between termnaals A-B, B-C, and C-A
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Chapter 21
Converter as Universal
Generator —
Fast response,

. S 1
Small impedance L

No isolation without At

transformer |
RLC to filter out fc
C1 to filter DC bus
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Chapter 22 & 23 next session
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