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1.1 Introduction

» Switching devices
— The devices are operated like a switch.
— Popular switching devices
* SCR - silicon controlled rectifier (thyristor)
* GTO — gate turn off thyristor

* IGBT — insulated gate bipolar transistors

* POWER MOSFET — mental oxide semiconductor field
effect transistor

1.1 Introduction

* SCR — Silicon controlled rectifier (thyristor)

To turn it on, i,>0
Anode

l, + To turn it off, V<0 : (apply a reverse voltage)—
i,=0—the SCR is turned off.
i Vr Note: a “-ve” i, will not turn the device off.
g
Gate
Cathode Device rating: i,=10A~6000A
i, — Anode current V=50V~6500V
i, — Gate current Operating frequency: up to SO0Hz

Main applications: ac-dc converters/rectifiers




1.1 Introduction

* GTO — Gate turn off thyristor

. Anode
la +
. VT
Ly
Gate Cathode

i, — Anode current

Iy — Gate current

To turn it on, i,>0
To turn it off, ig<0

Current-controlled device

Device rating: i,=10A~6000A
V,=50V~6000V
Operating frequency: up to 1KHz

Main applications: high power dc-ac converters
(inverters)

1.1 Introduction

» IGBT — Insulated gate bipolar transitors

C Collector

Ig
G
Gate

Emitter
E

To turn it on, V>0
To turn it off, V<0

Voltage-controlled device (i;=0 at steady state)

Device rating: up to 1200A/4500V
Operating frequency: up to 20KHz

Main applications: dc-ac converters (inverters)




1.1 Introduction

 POWER MOSFET — mental oxide
semiconductor field effect transistor

D
GA‘ t‘
N-Channel 'S

D
G—‘ :—_*1
S

P-Channel

*For N-Channel devices:
To turn it on, V>0
To turn it off, V<0
*For P-Channel devices:
To turn it on, V<0
To turn it off, V>0
Device rating: up to 150A/1000V
Operating frequency: up to 200KHz

Main applications: dc-dc converters (switch
mode power supplies)

1.1 Introduction

* Device rating

Switching devices Single device Operating Gate control
rating (max.) frequency (max.)
SCR 4500A/6500V 500Hz Current
GTO 4500A/6000V 1KHz Current
IGBT 1200A/4500V 20KHz Voltage
POWER 150A/1000V 200KHz Voltage
MOSFET




1.1 Introduction

* Summary

SCR and GTO are current-controlled devices. The device turn-on is
controlled by gate current. SCR can NOT be turned off by applying a “-
ve” gate current.
IGBT and POWER MOSFET are voltage-controlled devices. The
device turn-on and turn-off are controlled by the gate voltage. In power
converters, these devices will be either turned on (shorted) or turned off
(open circuit). They NEVER operate in active mode.
All these devices are unidirectional.
In power electronics, all these devices are simplified as ideal switches:

+ when turn on, saturation voltage is zero;

« when turn off, leakage current is zero.

Increase switching frequency — decrease device rating

1.1 Introduction

* Power converters
— dc-dc converters (buck, boost, cuk, flyback, forward, push-

pull)
BN =
Vi (de, fixed) Coiti;:r(’iers V, (dc, adjustable)
7y
V.- dc input voltage, fixed Controller | * !f V=V, —Buck converter

V, — dc output voltage, adjustable

Main functions:

* If V 2V, =Boost converter

* V<V, or V 2V, — Buck-boost
converter, Cuk converter

» Adjustable output voltage (dc).

* A good output voltage regulation. 9




1.1 Introduction

— ac-dc converters (rectifier)

1

Fixed magnitude
Fixed frequency

V.—ac input voltage, fixed

magnitude and fixed frequency

V, — dc output voltage, adjustable

ac-dc
Converters

7y

Controller

Main functions:

+
V. (dc, adjustable)

¢ Ac-dc conversion

 Adjustable dc output

10

1.1 Introduction

— dc-ac converters (inverters)

R
V. (dc, fixed)

V; —dc input voltage, fixed

¥V, — ac output voltage, adjustable
magnitude and adjustable frequency

dc-ac
Converters

7y

Controller

Main functions:

+ Variable magnitude

V; (ac) Variable frequency

¢ dc-ac conversion

 Adjustable magnitude and

frequency output

11




1.1 Introduction

— ac-ac converters (cycloconverter, matrix converter)

+ Variable magnitude

ac-ac
Vi Converters V; (ac) Variable frequency

Fixed magnitude 7y
Fixed frequency Controller

V.—ac input voltage, fixed Main functions:

magnitude and fixed frequency . Ac-ac direct conversion

magntude and adjosable fequency | * Adusable magnitude and
frequency output

12

1.1 Introduction

— Conclusions
 The input voltage/frequency of the converters is usually

fixed
* The output voltage/frequency of the converters is
usually adjustable and regulated.

— The converters to be studied in ELE754, which are

widely used in industry.
* dc-dc converters
* ac-dc converters
* dc-ac converters

13




1.2 Buck Converters

» Topology

+ i D T, — MOSFET, switching device,
either turned on (closed) or turned off
D (open), never in active mode
T,

G_||-|_<

S L i i
v, +._+N\If/2ﬂ:+._+$_
I/oixDl C = vV §R
- — 5

D, — free wheeling diode, provides ~ L,C — Low pass filter
current path for the current of

. . 14
inductor L when T, is off.

1.2 Buck Converters

 Features
— High efficiency
» Switching device loss
T)is on — VpROV—P| =V eI ~0W
T, is off — i F0A—P, s~V ps*i A0W
* L, C and diode loss — negligible
— Small size
* High switching frequency — small size of L and C.
» Assumption:
— Ideal switches: Vg
(Diode D,)

— C=co—V =constant, no voltage ripple

=0V (MOSFET T,) and V,, ,,=0V

on lon

15




1.2 Buck Converters

* Waveforms (continues current mode)

Ve

oi

ton tojf

| | | T, — switching period

! D — duty cycle (ratio),
t
D=2

T

s

1, — average choke

current.

1, — output current.

V,— input dc voltage.

V, — output dc voltage.

16

1.2 Buck Converters

— Summary

e T ,period: T,on — V =V,— i1, energy stored in L, v,=V -V, due
to C== and V_=constant.

¢ T,yperiod: 7| off — energy in L released through C, R and D,— D,

is on, v,=0.

» Average output current / =?

No dc current increase —/,=/;

* Output voltage V =?

Ideal inductor — No dc voltage drop on the inductor —
Area A,;=Area A,.

_)( Vd- Vo)to

{y,~v.0

= Votof]': Vo( Tv_ton)

0<D<1—V <V —buck converter, or step-down converter

17




1.2 Buck Converters

* Boundary between continuous and discontinuous current mode

i, continuous —continuous current mode
i, discontinuous ~ —discontinuous current mode

LAY N N -I-ILBtz Los
1, duntili, =0

/RN ANy

Ip

D V= VL
G ,: T . dt At L
B . Duringt,,.v, =7, -,

Va ++ v - ST Ly=tieitia=tlchy
V < LB 2 L,peak 2 L 2 L on
m'TDI CT v, 3R 1

- - _ =—W,-V)DT,

: > 2L( d o) s
18

1.2 Buck Converters

* Identify the operation mode of buck converter

1
—W, -V )DT,
2L(d n) K

If I,>1, , — continuous current mode

Iz =

If I,<I, , — discontinuous current mode

"V, =DV,
TV,

oAy ="4D(1-D)= f(D

15 ="37-D(=D)= /(D)

19
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1.2 Buck Converters

» Discontinues current mode
— Waveforms

I

t
Energy stored in L is fully released
175 2%s ) L= 0— Vv, = 0

20

1.2 Buck Converters

— Output voltage V =?

Area A = Area A,
—(V, =V, )DT, =V AL

D
->V = V. 1
o D + Al d ( )
AIL :ﬁAtﬁineal\ - AITVY
I :
i
N Al — L,peak — [0 (2)
VoT; 4[LB,maxD
2 -
D2
= V, for discontinuous current mode
D™+ E(IO/ILB,max)

21

11



1.2 Buck Converters

¢ Summary
— Assumption

 Ideal switches, switching device and diode
» Constant output voltage
— Key equations
.V
Aip =—At
L

V., =DV, for continuous current mode
DZ
V,=— V, for discontinuous current mode
D* +7:(10/1L3.max)

_1

I =
LB 2L

(1-D) 1I,>1,, — continuous current mode
1, <1, — discontinuous current mode
TV,

LB.max — SL

—  Waveforms
C Ve Vi

22

1.2 Buck Converters

* Output voltage ripple
— Filter capacitance is not infinite, practical value
— Ripple voltage AV /V, usually is less than 1%
— Assume
* All the ripple component of inductor current flows through the capacitor.
* The dc component of inductor current flows through the load resistor
— Pick continuous current mode as example: current waveforms

23

12



1.2 Buck Converters

— Voltage waveforms

Vee Tlv?j":"’:':t{. ]j> AV, ——J‘ idt= j =1 )dl
AT, 1 AL Ly 1) AT, W
8C

L “on
— B VL*_}_I‘ o c[zzz 2 22
E_‘Bdfl}x Vo kD, CT v, 3R AIL:%(PD)T.\. @

@—->

(3)

1 .
where, f, = ———is corner frequency
o VJLC

2

of LCfilter and f| = % is switching
’ 24

frequency.

1.2 Buck Converters

— Reduce voltage ripple
* Decrease the corner frequency — L1 or C1 — Larger
size of the converter.
* Increase the switching frequency — switching loss 1 —
efficiency | .

» How to reduce switching loss?
— Use low switching loss device, such as MOSFET
— Use soft switching topology, such as ZVS, ZCS)

— 1, =(10~100) f, =4V /V  usually is less than 1%

25
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Example |

» Example | T

i " I
o Cr —E " g
¥ \7 + L
Va G D, = |V R
5 . >
Adjustable \ Voltage
duty cycle feedback
Controller

Given:V, =150V, f, =20KHz, L =1mH, C = 47.0pF,
V. =48V and load resistance R =100, Assume the output voltage is kept constant.

Find : (1) operating mode, (2) ripple voltage AVV"

o

(3) inductor's current ripple A7, , (4)duty cycle if R =100Q 26
Example |
Solution (1) :
stepl =1, =z=£=4.8A
R 10
step2 =1, =1, =4.8A
. Vv, 48
step 3 = Assume continuous current mode: D = —2% =——=10.32
v, 150

-6
TVs pi— )= 30X10° X150

stepd =1, = x0.32x(1-0.32)=0.816A
P oL 2x1x107 ( )

where T, = % =ﬁ =50x10"s
sw X

step 5= I, > I,, — Continuous current mode

27

14



Example |

Solution (2) :
In continuous current mode :

2 2 2 2
Ao 7 op)de| =% (—032f P43 _ysmy
V.2 f) 2 20x10

o

s

1 1
where f, = = =734.13Hz
22VLC 271107 x47x10°°
Solution (3):
Current ripple
Al = VeV, t, = VaV, DT, = 150‘?38 x0.32x50x107° =1.632A
L L 1x10

or

v 14 48 .
AI, ==2t =-2(1-D)T. = x(1-0.32)x50x107° = 1.632A 28

e L( ) 1><10_3( )
Example |
Solution (4) :
stepl = 1, =£=ﬁ=0.48A
R 100

step2=1, =1 =048A

. V.
step 3 = Assume continuous current mode : D = 7" =0.32
d

step4 = I,; =0.816A

step 5= I, < I,, — disontinuous current mode
D2

Dz +%(10/1L8,max

D= %(IG/ILB,max) — %(048/09375) — 02454
\/ v,-V, 15048

TV, S0x10°x150
where ILB,max = 8Ld - 8><1><1073

step6 = useV, = )Vd—>

=0.9375 2

15



1.3 One Quadrant Chopper

* One quadrant chopper with RL load

— Circuit diagram

T ; + v, -
o Cy £ o—> AN
+ \7 + L
GT
Va D V R
1 0
o O
One-quadrant chopper Inductive load
1 1,>0 1, 7 =+
V>0 ;
? V>0
Y, v,
Output of one- Output of two-
quadrant chopper quadrant chopper 30
1.3 One Quadrant Chopper
— Waveforms _ _
t, Ly i does not increase
V, ‘ or decrease linearly!
when 7, ison :
A v =, =1%  ri
dt
Yo v ot ot
v, ig(t)=d(l—e TJ+1mine @
R
. Lion D On//—-// when T, is off (D, ison):
L T .
¢ ¥ Imax dl
7& __7{__: ____/.C___ VOZOZLj"'Rin_)
" “J . 1 (Average

~

Note: r% =—x+b—ox()= xoe% + b(l - e%j,

where x,= x(0)is initial value and b = x(w0)is final value.

=iz
L L(O)=1,.e %
on 7; L . .
where 7 = A{ 1s time constant

of inductive load
31

16



1.3 One Quadrant Chopper

- Imax and Imin

From current waveform

V L _t
io(t):1‘3’(1—e’]+lme’,09<tm (D)

(=)
io(t)zlmaxe %’ton St<]—; (2)

I, Lon
From Eq'(l) At t = tt)ﬂ’ io(t011) = [max _> Imax = 2(1 —-e i j + Imme ! (3)

From Eq.(2) At 1 =T,,1,(T) = Ly > Loy = e * )
Solve Eq.(3) and Eq.(4)
v 1-e % v, % —1
max g —TS/ and[minziT
R l-e 77 e’ —1 32
Example 11
* Example II
T, ; + VvV, _
o Cy £ o—>
¥ \7 ¥ L
v, GI D, v, R
o L5
U
D=75%
Given : one quadrant chopper with RL load (inductive load)
V, =120V, f, =1KHz, L =4.5mH, R =1.5Q, D =0.75
Find : (1) inductor's current ripple A/, , (2) average [, and V,
33

17



Example 11

Solution (1) :
L 45x107
stepl >7=—=———=3ms
R 1.5
1 1
step2 =7, =—=——=1Ims
© f.,, 1000

step3=1,=DT, =0.75x1=0.75ms

vi-e 7 1201-¢"

stepd=1_,. = ——F =—————=024A
Ry_, 7 15 1_h

tuﬂ .
_ne%e1 120
=R 1S

stepS=Al, =1, —1,, =624-575=49A

=57.5A

34
Example 11

Solution (2) :

Vyae =DV, =0.75x120 =90V

Vowe 90 .
1, e = 2 = s = 60A, (because of no dc voltage drop on the inductor)
Also
s Loy + Ly _ 624+57.5 60A
,avg 2 2
35

18



1.3 One Quadrant Chopper

* One quadrant chopper with RLE load

— Circuit diagram

o Ci _E i L R
¥ l_.I_Z’ ¥
v ¢ D, 7, 20
o O
One-quadrant chopper Load

Load: DC motor equivalent circuit

L: armature winding inductance

R: armature winding resistance

E: back emf 36

1.3 One Quadrant Chopper

— Waveforms (continuous current mode)

ton toﬁ’

| ] | | | when 7} ison:

t
v,=V,=L "+Rl .%
l(t)—E(l e’j+l e’

! when T, is off (D, ison):

v,=0=L "+R1.%
o

where 7 = % is time constant

_ Area Al V t, _ of the load
omg T Yy 37

s s s

19



1.3 One Quadrant Chopper

- Imax and Imin

From current waveform

t t
i(1)= VdRE(l—e ’]+Imme T0<1<1,

(=1, ~(e=1,,)
io(t)z—%(l—e %j+lmaxe % t

<t<T, 2)

> “on

(Tt (Tt
FromEq.(Z)AttzT:,iO(TY)zImin%Imin:—%(l—e 4j+1maxe a “)

Solve Eq.(3) and Eq.(4) Note: continuous
_Ql—e_t% E 7, e% -1 E current mode!

max = ——and Imin =
Ry R . e%—l - 38

1.3 One Quadrant Chopper

— Waveforms (discontinuous current mode)

ton tojf (1) t(m <t< tx’
Y
9 , L is releasing the energy to the load
—Djison—>V, =0
% T
° : (2)atz,
The energy in L is fully released
- R Ly
t —i,=0
.| _Ton Don Doff ()1, <1<T,
’ I i =0 D, isoff >V, =E
/\ AreaA 1+ AreaA2
t —
Zon t\\ 7: I/o*an - T
Imin = 0 — ) —
_Vit, BT —1,) _ybny T
T L I 3

20



1.3 One Quadrant Chopper

-1 =?and [, =0
FI'OI’II current Waveform

io(t)sz;E[l—e’J,OSt< ‘) 1)

(=) (1.0
io(t)z—%(l—e 4j+1maxe %,tonsmtx 2)

) V,—E —
FromEq.()Att=¢,,,i (¢,) =1 = Lo = = l-e " 3)
X2 lo

(1) (t-t)
From Eq.(2) Atr=t_,i (£,)=0—> 0=—%(1—e 4j+1me % @

Solve Eq.(4) . .
) _ y Note: discontinuous
t, =rln{e%[1+%(1—e /ﬂ} current mode!

40

1.3 One Quadrant Chopper

— Summary
» Equations
Continuous current mode : Discontinuous current mode :
tnn tOIl ]; — tx
Va,avg:_sVd :DV;i Vo,avg:EVd_F TS EiDVd
I = VG,dVg - E I = I/o,avg _E
0,avg R o,avg R
7’0!! ton
V-7 E I =M[l_erj
max -T, - max R
R l1-e 4 R 7 0
ton min =
Ve % =l g

[ =4 T _Z9) oy _ 1,
"R R tx=rln{e /f[1+¥(1—e /ﬂ}

» waveforms
41
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Example 111

» Example I1I

T .
o C + _1 E ) la L R
+ \7 +
Vd G Dl vo E C)
o O

1

Given : one quadrant chopper drives a dc motor

V, =110V, f,, =400Hz, L = 0.2mH, R = 0.25Q, D = 0.5and E = 40V

Find : (1) operation mode (continuous or discontinuous),
2)1_, and /[

max min ?

(3)average [, and V,

42

Example 111

Solution (1) :
step 1 = Assume continuous current mode

-3
step2:>r=£=w=0.8ms
R 0.25

step3:>Tr=L=L=2.5ms
’ 00

Sov
stepd =1, =DT =0.5x2.5=1.25ms

turt -
VeV -1 B 1105 -1 40
stepS=>1, =—— -——= >3 -
R, _| R 025, %s_1 025

step 6 = [, < 0 — discontinuous current mode

= —84A

43
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Example 111

Solution (2):
Ll _ N
R 0.25
[min = OA
Solution (3):

tﬂﬂ —_ _t(m
stepl = ¢, = Tln{e %[1 + VdE E (1 —-e 4)}}

~0.8% 103{5'%8[1 + M(l - e'l'”wﬂ} ~1.94ms

40
Stepzjn,avg :%Vd + T;]Ttx E :EXIIO+MX40:64V
V,we—E  64—-40
step3=>1 =-2¢ = =96A
P27 Loae =7 p 0.25 44

1.4 Project 1 dc-dc converter

* Power Converter Module

Al A2 A3 A4 POWer

T Yesrs P
|Ga be P42 e ° T;J‘} Tjé} T:Q} Circuit
A A

b1

SISV o0 1on swi Ta |Tb D3 05
- camn § ) AS
TP6 RS
A R E3 Y R9g =C2
115V or A Rs S Y A6
60HZ. mov | uGHT Diw1 Diw2 Re

— "\ ——W—OAT7
82 TPt
- o | T4 6 T2 R7
< % q .|K 4K R1-R7=10HM
Db |Da D4 D6 D2

UGl oo el [ TOM ey pgppes [

H | T i

Pivem P2 | SCR CHOPRER || | DEAD TIME | GBT |

[ GATING BOARI) e

CONNECTOR B GATING BOARL CONTROL GATING BOARD
cal  dav jae a1} feslas

MC68HC11 BASED MPP BOARD

LOGIC
P1 P2 +5V+12V 12V POWER SUPPL®
Control
aronsn Circuit | 45

l +BV+12V =12V

23



1.4 Project 1 dc-dc converter

115/118V

Bt TP2

115V
60HZ

B2

Higieto75392 lig

,,,,,,,,,,,,
AAZ L AS T
i
s lo
e P4 R2 o TP5R3 4 L
|x C 1
A
Ta Tb
TP3 u !
|
|
i R8 = Vd Vo'! R
Diw 2 5
+Db +Da
COM | _ LOAD

V,— dc voltage, from SCR rectifier, A1(A2) respect to COM

R8 — discharge resistor for safety

Tc — IGBT switching device

R2, R3 — current sensing resistor, 1Q

46

1.4 Project 1 dc-dc converter

Gy PA6

]

t

T
1
On 1
]

T

[TIME_HI] =

1

f;'W

= 200045, f;_,,, = IMHz

[TIME_HI] = D x 2000 = (100 x D) x 20
[TIME_LO] = (1— D) %2000 = [100 — (100 x D)] x 20

t
on _ —
- tan x fEfcycle - DvaEfcycle

* Duty cycle control
-/, 1s fixed — 7T is

fixed

— D is variable —

t,, 1s variable

47




1.4 Project 1 dc-dc converter

* Programming
— Main program
* All non real-time subroutines
+ Use subroutines (easy to debug, easy to read)
— ISR (interrupt service routine)
* Real-time running
* As short as possible
* Optimize the code to save CPU time

48

1.4 Project 1 dc-dc converter

LMA#I * Main program flow chat

| Initialization |
I

'
Display message on terminal

v
Call GETCHAR (duty cycle from
keyboard)

l

Call LCD_DSP (display duty cycle
on LCD)

|

Call CONV (convert duty cycle in
ASCII code to # of e-clock
| 49

25



1.4 Project 1 dc-dc converter

V¢ , PA6 Logic"l" * ISR
Logic "0"|—| — Set the output port
G Ly t PAG6 to logic “0”
i i - i or ccl 29
' - — Set output
Interrupt request by OC1 compare register
I I 1 .,  OCI (timer) for

/ \ next interrupt

Set PAl=logic “1” Set PA1=logic “0” .

£ £ — Return to main
OCI1=TIME HI OC1=TIME LO

- - program

50

1.4 Project 1 dc-dc converter

» Ramp function flow chart

Call delay Call delay
subroutine subroutine

N N
Dyow =Dy ? D,y =D,y ?

Y Y

51
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1.4 Project 1 dc-dc converter

 Gate signal generator

. . Carrier wave - triangular waveform
— Analog circuit
Analog circuit: RC circuit with/without

— Dlgltal circuit operational amplifier (OP)

Digital circuit: digital counter

1 1 1 1
/i ! I/i I/i | N Control signal: use to control the
coa et duty cycle
1 ! 1 | 1 ! 1 1 I
: Gate signal after comparator
| \A_‘/. .
(digital or analog comparator)

Comparator

—>—hm

52

1.5 Fourier Analysis of 1Q Chopper

 Theorem

— Fourier series
f) = f,+Y a,cos(nat)+ > b, sin(ner)

n=1 n=1

1 2 1
where £, = [ (0 (er)=
a, = J}" fl)oostnanii(an) =2 ['f(e)oos(narat

:%J‘:”f(t)sﬁl(nm)d( ) ;JZ‘( )sm(na)t)df

0

dc component
Jof e ——

} nth order harmonics

also:

()= f,+ ¢ sin(net + 6, ) where ¢, =+Ja’ + b’ and 6, = tan"!| <=
f 0 n n n n n n b

n=1

53
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1.5 Fourier Analysis of 1Q Chopper

— Example

V., 2kn <t<(2k+ D)7
= k=0,1,2,...
~V, Qk+1)r<t<Qk+2)x

m

Fourier series :

> 4 . 4 . 1. 1.
Vo = z L/m Sln(na)t) = —V’” sin ot +—sin3ax +—sinSat + ...
’ nrw T 3 5
n=1,3,5,...

A vo

54

1.5 Fourier Analysis of 1Q Chopper

»

—m lst
7 3" Sth
e
oL T :/\\ 2 T /\\ 4n g)t
' W Y W

lst + 3rd Ml” + 3rd + Sth
wmwn ] (/V\/mwn ]

55
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1.5 Fourier Analysis of 1Q Chopper

Fourier Analysis of 1Q Chopper

— Methodology
T , + v, -
o C+ -E o ~N
+ \7 A L
G" R
v, D, V,
5 3
One-quadrant chopper Inductive load
VO
V, 0<¢t<DT V,
n)=1" S
0 DT <t<T, t,,=DT T
56

1.5 Fourier Analysis of 1Q Chopper

Fourier analysis :
1 (7 1 (on . Vi ot
V= ?J'O v, (t)dt = ?Uv V,dt + J'Drpdt +) = ?j"om =DV,
2 1, 2 1 oz,
a,= EL v, (t)cos(nat )t = fﬁfo v, cos(nat)d(not)
- sin(na)t}om‘ :&sin(na)DTs):Qsin(ZmD)
nof, nof, nr
27
h = af =
where @ = 27f T
2 (n, . 21 (or
b, = ?‘J'O v, (t)sm(na)t)dt = f%J‘o v, sm(na)t)d(na)t)

= 2V, [— cos(na)t)]:T\ = 2L[I - cos(na)DTS )] = Q[l = cos(27mD)]
nol, nol, nw

s

v, (t)=DV, + :—" 3 sin(2zmD)cos(net )+ Y i[l —cos(2/mD)|sin(nar)

n=1,2,3... nrw n=1,2,3... 57

29



1.5 Fourier Analysis of 1Q Chopper

— High frequency equivalent circuit

I o.dc I ol a)lL

O —

+ +

Va de R VUI R

o o

dc equivalent circuit fundamental equivalent circuit
1, o, L
2r

+ where @, =27f =
Voh R 7:
_ 2z
O ) = 27Thf = Th

s

hth order harmonic equivalent

.. 58
circuit

Example 1V

Given: 1Q chopper with RL load. V=100V, D=0.4, R=10Q and L=1mH, the
switching frequency is 1KHz.

Find: (1) The harmonic components of v,, up to 5" order harmonic
(2) The harmonic components of i, up to 5" order harmonic

T, L
+ \7 +

T
Va’ G D 1 Vo
6 O

Use following formulas :

V=DV, a,= Qsin(zfmz)), b

f = Q [1 — cos(ZﬂnD)]
niw niw

59
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Example 1V

Solution (1):
a = Qsin(zﬂp) = @sin(zﬂ x0.4)=18.71,
T T

1
nw

b, =—L[1~cos(2mD)|= m[1 —cos(27 x0.4)|=57.58
T

v, =+Ja? + b =/18.71° +57.58 = 60.55V (peak)

a,= Qsin(zzz x2D)=-15.15,b, = Q[l —cos(2z x2D)]=11.00
2 2
V., =+a;+b; =18.71V (peak)

a, =10.09,b, = 7.33,V,, = 12.47V (peak)
a, =—-4.68,b, =14.40,V,, =15.14V (peak)
ag=0,b,=0,V,, =0V

60
Example 1V
Solution (2) :
v, =60.552 =L + R =27 x10° x1x10° ] +10° =11.81
1, = I;”l‘ :% =5.13A (peak)

v, =18.71,2, =J@rx 2 /LY + B =27 x2x10° x1x10°f +10* = 16.06

Voo (1871 1.17A (peak)

I = =
27, 16.06

Q: How to calculate rms value?
V,=1247,7,=21.34,1 , =0.58A (peak)
v, =15.14,2,=27.05,1 , = 0.56A (peak)
Vs =0,2,=32.97,1,5=0A rms value =

A: for At order harmonic,

peak value
V2

61
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Example 1V

Spectrum of v, Spectrum of 7,
60.5V 5.13A
4A
40V
18'7V15.1V L17A
10,1V
TT T To.ssA 026A
¥>F>f » jth TT XXXY » jth
/o 2 345678910 012345678 910
DC 3rd
harmonic
lst
fundamental 62

1.6 Two Quadrant Chopper

* Circuit diagram

+0
R,

~ \ '
L

Vd G] G2'| D1

o
Two-quadrant chopper Load

Bidirectional power flow
D, ; D, )

o I—H—l i L R o I—H—l i L R

+ T l.'._Z [ e + T l.'._Z [ he

5 5 5

I,>0andV, >0 I, <0andV, >0 63
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1.6 Two Quadrant Chopper

 Circuit diagram Applications:

* Battery control: charge or
+: | discharge the battery.
D

T,
6K
Vd T2

G;'S ADp
o .

Two-quadrant
chopper Load

* DC motor drives: provide
fast dynamic braking

* Any dc-dc applications need
bidirectional power flow.

64

1.6 Two Quadrant Chopper

» Waveforms (always continuous current mode)

t Loy
Vol = | ) ] | | | when 7, /D, ison:
A S YN
Y ! e °

[ ] [ 1 t

v,—E(, - ]
it)=—2t—|1l-e" |+ e~
0() R ( J min

when 7, /D, ison:

o<
Q“
~

v, _o= % +Ri, +E—
i dt
0 v | E —(t—t,m)/) —(t—to,,)/
max: i (H=—"|1- LA By 4 T
on 7: mn where 7 = %? is time constant
Area Al Vit t of the load
oavg: = dan:Vdﬂ:DVd
| N es
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1.6 Two Quadrant Chopper

e Current waveforms

v, D on

Al
d | ¢
—|" Ton ~JLon
Donjp 70 ™
|~ _“_“af_;ﬁ_'\\___

0 \ t Imin !
t on T
1 A $

0 <t <t : The energy stored in L is releasing to V,, D, is ON

at ¢, : The energy stored in L is fully released

t, <t<t, :The energy from ¥/, isstored in L,i, T, 7 is ON

t,, <t<t,:The energy stored in L is releasing to R and E, D, is ON
at ¢, : The energy stored in L is fully released
t, <t < T, :The energy from E isstored in L,

i | 1,7, is ON

66

1.6 Two Quadrant Chopper

 Current paths

67
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1.6 Two Quadrant Chopper

* Imax and Imin

From current waveform

From Eq'(l) At t= Z(()n’ i()(t()n) = Imax - 1maX = Vd 2 E (1 - eznj + 1 i 37% (3)

(Tt (Tt
FromEq.(Z)AttzT:,io(TY)zIminﬁllnin:—%(l—e 4j+1 e a 4

max

Solve Eq.(3) and Eq.(4) Note: always continuous
v,1-¢ % E v,e% -1 E current mode!

max -T, __andlmm__ T, T o
R_e % R e%—l R 68
1.7 Boost Converters

» Topology Assumption:
(1) Ideal switches: Vg, =0V (MOSFET

T)) and Vp, ,,=0V (Diode D))

(2) C=2—V =constant, no voltage ripple

Dl Iy Io
+ . - +
D
C=V, §R
+—O

69




1.7 Boost Converters

* Waveforms (continues current mode)

ton tOff

" | | | | ; Area Al= Area A2.
TS - I/afton = (I/o - I/d)tojf
vy y
y =—1
d ~ 1-D

0<D<1-V, >V,

— boostconverter,

or step - up converter

70

1.7 Boost Converters

* Output current

7

36



1.7 Boost Converters

* Boundary between continuous and discontinuous current mode
i, continuous —continuous current mode
i, discontinuous  —discontinuous current mode

During? v, =V,

1 lv 17 1
Iy=—i, pu=——LAN=—-4t =—V DT
LB 2 L, peak 2 L 2 L on 2L d s
TV,
o= D(1-D)
TV,
Iy= i D(1-D) 72

1.7 Boost Converters

* Identify the operation mode of buck converter

TV, TV,
1,= ﬁD(l ~D)orl,, = 57 D(1-DY

If1,>1,, orI>I,,— continuous current mode

If1,<I,, orI<I,,— discontinuous current mode

IOB’ILB

73
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1.7 Boost Converters

» Discontinues current mode

— Waveforms
i T
ton to[f
lL,peak
t
Energy stored in L is fully released
AT AT, i,=0->v,=0
Vi

74

1.7 Boost Converters

— Output voltage V =?

Area A, = Area A,
D+A

—>V,DT, =V, ~V,)AT, >V, = v, ()
1
— Li, . .
Ail = ﬁAt g iL peak = I/O V AlTv - A1 = lLva]\ = ]0 (2)
L ’ L A (Vo - Vd )Tv 41LB,maxD

02 + %(IO/IOB,maX)
%(IO/IOB,maX)

2)->0V, = V, for discontinuous current mode

if ¥ is constant

D= l z—l L ,WhereIOBmale—Tde
27\V, Lo max ’ 27 L

75
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Summary

Topologies: buck converter, one-quadrant chopper,
two-quadrant chopper, boost converter, etc.

Waveforms: current and voltage

Operating mode and boundary (inductor current):
continuous current mode or discontinuous current
mode.

DC component of voltage and current in two
operating modes.

Ripple current and ripple voltage

Fourier analysis and high frequency equivalent
circuits.

76

1.8 Isolated Switch Mode Power

Supplies
 Flyback converter
— Topology

: i\
o R e >

_ D m| +
v, V, C—T VO § R

.+ J—

-
_'_r Assumption:
=0V (MOSFET

VT (1) Ideal switches: V
T)) and V), ,,=0V (Diode D))

m

(2) C=2—V =constant, no voltage ripple
77
(3) No leakage inductance of the transformer
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1.8 Isolated Switch Mode Power

Supplies

— Waveforms (continues current mode)

v ton tojf
‘ | | |
T,
41 i V,
1, sz\—%Vo
Il IR ’___/24 _____ ’%

Area Al= Area A2.

Vi

N,
- deon = N o off

'
2
LMD,
N, 1-D
Comparewith:
Buck - boost converter

=,
1-D

78

1.8 Isolated Switch Mode Power

Supplies

— Analysis

t,, interval

Note: Note:

Loy interval

Energy is stored in the transformer Energy stored in the transformer is

i1, D, is off, the load is supplied by C

inl, Dy ison.

released to C and load

79
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1.8 Isolated Switch Mode Power
Supplies

» Forward converter
— Topology

2

+
=7,

&

Assumption:
(1) Ideal switches: Vg =0V (MOSFET

T)) and V, =0V (Diode D)

ISR

(2) C=»—V =constant, no voltage ripple

80
(3) Ideal transformer

1.8 Isolated Switch Mode Power

Supplies
— Waveforms (continues current mode)
ton tojf
Y6 | | | | | Area Al= Area A2.
t
T
v %(N% —Vo}m Vit
v, —=V, -V, N,
1
t >V = & DV,
AZK\ _ V Nl
; ° Comparewith:
‘ Buck converter
V,=DV,
t

81
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1.8 Isolated Switch Mode Power
Supplies

* Practical design
% AL de-dc
* T converter % Load

L f
Features:
Controller

(1) Isolated power supply

(2) Wide input voltage range %4—

(3) Multiple output Challenges:

(4) Low utilization of the transformer (1) Improve efficiency

(2) Compact size: >50W/in?
82
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