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This thesis proposes a suppression of electromagnetic interference (EMI) emission from
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— CA1524, CA2524
- CA3524

April 1994 Regulating Pulse Width Modulator
Features Description
* Complete PWM Power Control Circultry The CA1524, CA2524, and CA3524 are silioon monolithic
. intograted arcuits designed to provide all the control circudtry
g;ﬂ::;;n Outputs for Single-Ended or Push-PUll 4 in 3 broad range of switching regulator circuits.
The CA1524, CA2524, and CA3524 have ail the fealures of
Koivie 6 S FARINEIOR v vy 02%(TYP) 1o industly types SG1524, SG2524, and SG3524,
+ Internal Reference Supply with 1% (Max) Oscillator respectively. A blockdiagram of lha CA1524 series is shown
and Reference \Voltage Varlation Over Full in Figure 1. The circuit incudes a zenor voitage reference,
Temperature Range transcondudiance error amplifier, procision R-C osdillator,
puise-width modulator, pulse-steering flip-Nlop, dual aternat-
* Slandty Guirentof Luss Than ZhmA ing output switches, and curentlimiting and shutdown
« Frequency of Operation Beyond 100kHz circuitry. This device can be used for switching regulators of
oither polarity, transformer-coupled dodc  converter,
+ Varlable-Output Dead Time of 0.5us to Sus transformeriess voltage doublers, do-ac power inverters,
* Low Vg (ss Over the Temperature Range highly effident variable power supplies, arx polarity
converter, as well as olher power-control appiications.
Applications
Ordering Information
+ Positive and Negative Regulated Supplies
PART TEMPERATURE
* DuakOutput Regulators NUMBER RANGE PACKAGE
* Flyback Converters CAI524E S5°C lo +125°C | 16 Lead Plastic DIP
= DC-DC Transformer-Coupled Regulating Converters CA1524F 55°%C 1o +125°C | 16 Lead CarDP
= Single-Ended DC-DC Converters CA2524E 0°C 1o +70°C 18 Lead Plastic DiP
* Varlabls Power Supplies CA2524F 0°C lo+70°C | 18LeadCerDP
CAISZ4E 0% lo+70°C | 18LeadPlashe DIP
CA3524F 0°C io +70°C | 16 Lead CarD P
Pinout
CA1524, CA2524, CA3524
{PDIP, CERDIP)
TOPVIEW
INV, INPUT E - E] Veer
NON-
wv.meur [2] 5] v
oscout [7] (1] emrrrens
Moo 73] coLLecTor s
cL.
Ha [ 2] colLecToR A
n [7] [17] eMnTER A
& [T [10] suToOWN
COMPENSATION
- E *] ano comparator
CAUTION These devices am 5o05tve 10 ekt static Sschargs, follow propar IC Handing Procedures. File Number 1239.3

407-727-0207 | Copyright © Intersi Corperation 1660
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Functional Block Diagram
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Specifications CA1524, CA2524, CA3524

Absolute Maximum Ratings

Input Voltage (Between V) and GND Terminals) 40v
Operaling Voltage Range (Vi 10 GND) . . 8 to 40V
Qulput Cumrent Each Oulput

(Terminal 11, 120r13,14) ............. ... 100mA
Outpul Current (Reference Regulalor). . .. .. .. 50mA
Oscillator ChargingCurrent . ................... 5mA

Thermal Information

Thermal Resislance ITY

Plastic DIP Package 100°C/W
Device Dissipation

Uplo Ta=+26°C. ...... PR Ja !

Above To=+25°C...... .. . Derale Linearly at 10mW/°C
Operating Temperalure Range -55°C lo +125°C
Slorage Temperature Range . -B5°C lo+150°C
Lead Temperature (During Soldenng)

Aldstance /16 £in. (1.59mm £079mm)

fomcase for 10sMax......... ... . . +285°C

CAUTION: Strasses abave thosa fisled in “Absolute Maximum Rabngs® may causa paermanent damage lo the devica. This is a slress only rating and operation
of tha devica af [hese or any ofher conditions above those indcaled in the aperabonal seclions of Ihis specificalion Is not implied.

Electrical Specifications T, =-55%C to +125°C for CA1524, 0°C lo +70°C for the CA2524 and CA3524; V+ = 20V and
f=20kHz, Unless Otherwise Slaled

CA1524, CA2524 CA3524
PARAMETER TEST CONDITIONS MIN I TYP | MAX | MIN | TYP | mMax | uNITS
REFERENCE SECTION
QutpulVollage 48 5 52 48 5 54 \%
Line Regulalion V+=8lod0V - 10 20 - 10 30 mv
Load Regulalion I, =0lo 20mA 2 20 50 . 20 50 mv
Ripple Rejection f=120Hz, Ty =25°C - 66 - - 66 - db
Short Circuit Current Limit VRer =0, Ty =25°C 100 - - 100 E mA
Temperature Slability Over Operaling Temperalure - 03 1 - 03 1 %
Range
Long Term Slability Ta=25°C - 20 - - 20 mvihr
OSCILLATOR SECTION
Maximum Frequency Cy=00014F, Ry =2KQ - 300 - - 300 - kHz
Initial Accuracy Ry and Cy Conslant - 5 - 5 - %
Voltage Stability V+=8 1040V, Ty =25°C - - 1 - - 1 %
Temperature Slability Over Operaling Temperalure - - 2 - - 2 %
Range
CQutput Amplilude Terminal 3, Tp = 25°C - 35 - . 35 - v
Qutpul Pulse Width (Pin 3) Cr=0.014F, Ty =25°% - 05 - - 05 - us
Ramp Vollage Low (Note 1) Pin7 - 06 - - 08 - Vv
Ramp Voltage High (Nole 1) Pin 7 - 35 . 35 - %
Capacitor Charging Curent Range Pin 7 (5-2 Vgg)Ry 0.03 - 2 0.03 - 2 mA
Timing Resistance Renge Pine 18 - 120 18 - 120 kO
Charging Capaciter Range Pin7 0.001 - 0.1 {0001 - 01 na
Dead Time Expansion Capacilor on Pin3 100 - 1000 § 100 - 1000 pF
Pin 3 (when a smdl osc. cap is used)
ERROR AMPLIFIER SECTION
Inpul Offsel Vollage Vem =286V - 05 5 - 2 10 mv
Inpul Bias Current Vo =2.8V - 1 10 - 1 10 PA
Open Loop Vollage Gain 72 80 - 80 80 dB
Common Mode Vollage Ty =269 18 - 34 18 - 34 v
Common Mode Rejecton Ralio Ta=25°C - 70 - - 70 - dB
Small Signal Bandwidh Ay =0dB, 14 =25"C - 3 - - 3 Ml
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Specifications CA1524, CA2524, CA3524

Electrical Specifications T, =-85°C 1 +125%C for CA1624, 0°C lo +70°C for e CA2524 end CA3524, v+ = 20V and
= 20kHz, Unless Olherwise Staled. (Continued)

CA1524, CA2524 CA3S2AU
PARAMETER TEST CONDITIONS MIN § TYP | MAX § MIN | TYP | MAX UNITS

Qutput Vollage Ta= 25‘3_(2 0s - 38 05 - 38 Vv
Amplfer Pole - 250 - - 25 - Hz
P 9 Shuldown Currert External Sink - 200 - - 20 - HA
COMPARATOR SECTION

Duty Cycke % Each Outpul On 0 . 45 0 - 45 %
npul Threshoki Zara Duly Cyda . 1 - - 1 v
riput Threshold Max Duty Cyde - 35 - - 35 - v
Input Bias Current - 1 - - 1 pA
[CURRENT LMITING SECTION

Sense Voltage for 25% Outpul Duly | Terminal @ = 2V with Error 190 § 200 | 210 § 190 | 200 | 220 my
Cyde Amphiar Sel for Max Out,
Ta=25°C

Sense Voltage TC - 02 . - 02 - mwC
Common Moda Voltege B - 1 -1 . +1 v
Rallotf Poleof R51 C3 + Q84 - 300 - - a0 - Hz
QUTPUT SECTION (EACH QUTUT)

Caltoctor-Emetier Voltage 40 - - 40 - - v
Collector Leakage Curent Veg =40V - 01 50 - 01 80 A
Sawration Vollage Ve =4V, |5 = 50mA - 08 2 - 03 2 v
Emitier Output Voltage Va =20V 7 18 - 7 18 v
Rise Time Rp= 2K, Ty =25°C - 02 - - 02 - ns
Fal Time Ro=2Ka, Ty =25 - 01 . - 0.1 - us
Total Standoy Currenl (Note 2) kg Ve = 40y . 4 10 . 4 10 mA
NOTES

1 Ramp vdlage atFin 7 Lwt W whera 1= 08C penod in microseconds
t= RrCy with Crin microfarads and Ry in ohms
Quiput frequency ateach ou! tarﬁlsw ishall OSC Fequency wheneach oulpulis used separately and is aqual to the OSC Fequancy
whean each cutpulis connecled in parallel.

2 Excludng oscilator charging cument, error and cument imit dviders, and with oulputs open

68



CA1524, CA2524, CA3524

Schematic Diagram
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CA1524, CA2524, CA3524

Schematic Diagram (Continued)
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CA1524, CA2524, CA3524

Circuit Description
Voltage Reference Section

The CAI524 series contains an internal series voltage regu-
lator employing a zener reference lo provide a nominal 5-voll
output, which is used to bias all internal timing and control
circuitry, The output of this regulator is available at terminal
16 and is capable of supplying up lo 50mA oulput current.

Figure 1 shows the lemperalure variation of the reference
voltage with supply voltages of 8V to 40V and load currents
up to 20mA. Load regulation and line regulation curves are
shown in Figures 2 and 3, respactively.

502 l " -

[ Ve a0y, L= 0mA

Z — — Ve =20V, I, = OmA

8 sm et Vo= 40V, I = 20mA

g Ve =8V, 1= 0mA

S Vo =20, I =20mA

g 498 Ve =8V, I|_=20mA

e
A - o
& 408

60 40 20 0 20 40 60 BO 100 120 140
AMBIENT TEMPERATURE (°C)

FIGURE 1. TYPICAL REFERENCE VOLTAGE AS AFUNCTION
OF AMBIENT TEMPERATURE

51

V+ =40V

4.9
4.7
4.5

4.3
4.1 b

V=20V \
TA = #250G

Vi =20V \\
V= 8y
3.7 —1
35 | |
0 8 16 24 32 40 48 56 64 T2 %0
REFERENGE OUTPUT GURRENT (mA)

FIGURE 2. TYPICAL REFERENCE VOLTAGE AS AFUNCTION
OF REFERENCE OUTPUT CURRENT

39

REFERENCE VOLTAGE (V)

| .
|__TA=+250C

2 e ~u e

[

REFERENCE VOLTAGE (V)

L] 10 20 30 40
SUPPLY VOLTAGE, V+ (V)

FIGURE 3. TYPICAL REFERENCE VOLTAGE AS AFUNCTION
OF SUPPLY VOLTAGE

Osclllator Section

Transislors Q42, Q43 and Q44, in conjunction with an
external resistor Ry, establishes a constant charging current
into an external capacitor Cy to provide a linear ramp vollage
al terminal 7. The ramp vollage has a value that ranges from
0.6V to 3.5V and is used as the reference for the comparaltor
in the device. The charging current is equal lo (5-2Vgg)/Rt of
approximalely 3.6/Rt and should be kepl within the range of
30pA lo 2mA by varying Ry. The discharge lime of Cy deler-
mines the pulse width of the oscillator output pulse at termi-
nal 3. This pulse has a practical range of 0.5us to 5Sus for a
capacitor range of 0.001 o 0.1pF. The pulse has two internal
uses: as a dead-lime control of blanking pulse lo the output
stages to assure that both oulpuls cannol be on simulla-
neously and as a trigger pulse o the internal flip-flop which
controls the switching of Lhe culput between the two output
channels. The output dead-lime relationship is shown in Fig-
ure 4. Pulse widths less than 0.5ps may allow false trigger-
ing of one output by removing the blanking pulse prior 10 a
stable state in the flip-fliop.

100 - 1!
T Ta=+25°C
VE=BY- 4oV

10

1.0

OUTPUT DEAD TIME (us)

]

0.1
0.0001 0.001 0.01 0.1 1.0

TIMING GAPAGITOR, Gy (1F)

FIGURE 4. TYPICAL OUTPUT STAGE DEAD TIME AS A
FUNCTION OF TIMING CAPACITOR VALUE

If a small value of Ct musl be used, the pulse width can be
further expanded by the addition of a shunl capacitor in the
order of 100pF but no greater than 1000pF, from terminal 3
to ground. When the oscillator oufput pulse is used as a sync
input to an oscilloscope, the cable and input capacilances
may increase the pulse width slightly. A 2-KQ resistor at
terminal 3 will usually provide sufficient decoupling of the
cable. The upper limit of the pulse width is delermined by the
maximum duty cycle acceptable.

The oscillator period is determined by Ry and Cr, with an
approximate value of { = R1Cr, where Ry is in ohms, Cyis in
uF, and tis in ps. Excess lead lengths, which produce stray
capacitances, should be avoided in connecting Ry and Ct lo
their respective lerminals. Figure 5 provides curves for
selecting these values for a wide range of oscillator periods.
For series regulator applications, the two outputs can be
connected in parallel for an effective 0-90% duly cycle wilh
the oulput stage frequency the same as the oscillalor
frequency. Since the oulpuls are separate, push-pull and
fiyback applications are possible. The flip-fiop divides Lhe
frequency such that the duty cycle of each output is 0-45%
and the overall frequency is half that of the oscillator. Curves

#1



CA1524, CA2524, CA3524

of the output duty cycle as a funclion of lhe voltage al
terminal 9 are shown in Figure 7. To synchronize two or
more CAI524's, one musl be designated as master, with Ry
Crt sel for the correct period. Each of the remaining units
(slaves) must have a Cy of 1/2 the value used in the master
and approximately a 1010 longer RyCy period than the mas-
ter. Connecting terminal 3 together on all unils assures that
the master output pulse, which occurs first and has a wider
pulse width, will reset the slave units.

Ta =+25°C [ |
g 105 | v+ = 8v-dov —
& Gr=0,0014F “ =
=0.0020F
g coi 0.005F /‘ l"/
1= 0.
b H Y /4 ,_
a " \ f — Cp = 0.020F
o 4 “Cr = 0.050F
z
z A N Ner =01
T
10% |°T=°”1"F ” 1 I”
1 0 102 107 104
OSCILLATOR PERIOD, 1 (is)
FIGURE 5. TYPICAL OSCILLATOR PERIOD AS A FUNCTION
OF Ry AND Cr

Error Amplifier Section

The error amplifier consisls of a differential pair (Q56,Q57)
with an adlive load (Q61 and Q62) forming a differential
transconductance amplifier. Since Q61 is driven by a
constant current source, Q62, the output impedance Royr.
terminal 9, is very high (= 5SMQ).

The gain is:
Ay =gmR =8 Ig RIZKT = 10%,
where R = ﬂ R =0, Ayoc 104
Rout +RL

Since Rpyr is extremely high, the gain can be easily
reduced from a nominal 10* (80dB) by the addition of an
external shunt resistor from terminal 9 to ground as shown in

Figure 6.
80
.RL=IG
0 !
7 Re = 30 ‘OPEN LOOP GAIN .
@ 60 |R = 1MO >
E' a
z Ry = 300k z
30
3 | \ @
w m
O 40 |Ry=100k o= 5
g e = 2
o o a
> m
m
N 8
90°
OPEN LOOP PHASE
(IEEII IR S B 1)
10 102 10% 104 10°
FREQUENCY (Hz)
FIGURE 6. OPEN-LOOP ERROR AMPLIFIER RESPONSE
CHARACTERISTICS.

The output amplifier terminal is also used lo compensate the
system for ac stability. The frequency response and phase
shift curves are shown in Figure 7. The uncompensated
amplifier has a single pole al approximately 250Hz and a
unily gain cross-over at 3MHz.

Since mosl oulput filler designs introduce one or more
additional poles al a lower frequency, the best network to
stabilize the system is a series RC combination al terminal9
to ground. This network should be designed to inlroduce a
zera to cancel out one of the oulpul filter poles. A good start-
ing point to determine the external poles is a 1000-pF
capacitor and a variable series 50-K potentiometer from
terminal 9 to ground. The compensation point is also a
convenient place lo insert any programming signal 1o
override the error amplifier. internal shutdown and current
limiting are also connected at terminal 9. Any external circuit
that can sink 200pA can pull this point to ground and shut off
both output drivers.

While feedback is normally applied around the enlire regula-
lor, the error amplifier can be used wilth convenlional
operational amplifier feedback and will be stable in either the
inverting or non-inverting mode. Input common-mode limits
must be observed; if not, outpul signal inversion may result.
The internal 5V reference can be used for conventional regu-
lator applications if divided as shown in Figure 8. If the error
amplifier is connecled as a unity gain amplifier, a fixed duty
cycle application resulls.

Tp=425°C
= v = 207
£ a4
%‘ i Gy = 2700pF -
4 Ry = 6.19K
E 45 fosc = 60kHz _|
2 M
W 'y =1000pF
'é 1% . o RO —
>
E "/ fosc = 20KkHz
2 Josc =20
: CTTd

0 04 08 1216 2 24 28 32 36 4
GOMPARATOR VOLTAGE (V)

FIGURE 7. TYPICAL DUTY CYCLE AS AFUNCTION OF
COMPARATOR VOLTAGE (AT TERMINAL 9).
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FIGURE 8. TYPICAL QUTPUT SATURATION VOLTAGE AS A
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CA1524, CA2524, CA3524

Output Section

The CA1524 series oulputs are two identical n-pn
transistors with bolh oollectors and emitlers uncommilted.
Each output transistor has antisaturation circuitry that
enables a fast Uransient response for the wide range of
osallator frequencies. Cumrent limiting of the outpul section
is sel al 100mA for each output and 100mA tolal if bolh
outputs are paralleled. Having both omitters and collectors
available provides the versatility to drive either n-p-nof p-n-p
axtemnal transistors. Curves of the output saturation voltage
as a funclion of termperature and output current are shown in
Figures 8 and 9, respectively. There are a nurmber of cutput
configurations possible in the application of the CA1524 to
vollage regulator drcuits which fall into hres basic
classifications:

1. Capacitor-diode coupied voitage multipliers
2. Inductor-capacitor single-ended circuits
3. Transformer-coupled circuits

20
£ T:nﬂ'ﬂ'
! e 2 1Y Lo Y
5 oS
3
> p.
=
§ 1
g (Y3 ]

]

1 20 i “ 1] 100

OUTPUT CURRENT, |y (mA)

FIGURE 9. TYPICAL OUTPUT SATURATION VOLTAGE AS A
FUNCTION OF OUTPUT CURRENT

Device Application Suggestions
For higher currents, the circuit of Figure 10 may be used with
an extemal p-n-p transistor and bias resistor. The intemal
reguiator may bo bypassod for oparation trom a fixed 5V
supply by connedting both terminals 15 and 16 to the Input
voltage, which must nol excoed 6V.

Qi

IRCIN
DEPENOING
ON CHOICE
1000 CAISHM FOR QY
~— REFERENCE -—@-— —
e BECTION Veer

+
nE o
o |

FIGURE 10, CIRCUIT FOR EXPANDING THE REFERENCE
CURRENT CAPABILITY

The internal 5V reference can be used for conventional regu-
lalor applications if divided as shown in Figure 11. If the error
ampifier is connected as a unily gain amplifier, a fixed duty
cydle application results.

7
e R2 POSITIVE
L ANt QUTPUT
K3 VOLTAGES
9
2
5K 2 ; 4
RIS
1 v X5V (R1+R2)
GND e
Vier RWA2
) RT+R2
RIZ
< E
K
1
s
ke NEQATIVE
OUTPUT
[ 17— R2 VOLTAGES

FIGURE 11. ERROR AMPLIFIER BIASING CIRCUITS

Vy CAI1524
__...®_—— | REFERENCE
SECTION

¥+ CANNOT
EXCEED 8V

NOTE' V+ Should Bein the SV Range
And Must Nol Excesd 8V

FIGURE 12. CIRCUIT TO ALLOW EXTERNAL BYPASS OF THE
REFERENCE REGULATION

To provide an expansion of the dead (ime without loading the

osdllator, the dreuil of Figure 13 may be used.

lm..__ﬂ_@

FIGURE 13. CIRCUIT FOR EXPANSION OF DEAD TIME, WITH-
OUT USING A CAPACITOR ON PIN 3 OR WHEN A
LOW VALUE OSCILLATOR CAPACITOR IS USED
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FIGURE 14 FOLDBACK CURRENT-LIMITING CIRCUIT USED

TO REDUCE POWER DISSIPATION UNDER
SHORTED OUTPUT CONDITIONS
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FIGURE 15 CAPACITOR-DIODE COUPLED VOLTAGE

MULTIPLIER OUTPUT STAGES
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TABLE 1. INPUT vs. OUTPUT VOLTAGE, AND FEEDBACK

RESISTOR VALUES FOR || = 40mA (FOR CAPACI-

TOR-DIODE QUTPUT CIRCUIT IN FIGURE 18)

Vo (V) R (KO} V4 (Min.) (V)
05 s ]
25 10 [

-3 11 10
) 13 11
3 15 12
3 17 13
7 19 14
| 1 15
9 23 18
-10 25 7
KT 27 ]
a2 Z9 9
-13 3 20
14 a3 21
18 LT3 22
8 ar 23
7 £ 2
18 41 25
-19 43 28
20 45 i
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FIGURE 17. TRANSFORMER-COUPLED CUTPUTS
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CA1524, CA2524, CA3524

Applications e 1

A capadilor-diode output filter is used in Figure 19 (o convert
+15Vpe 10 -5V at output currents up lo 50mA. Since the
output transistors have bult-in current limiting, no additional
current limiting is needed. Table % gives the required
minimum input voltage and feedback resistor values, R2, for
an oulput vollage,

Capacltor-Diode Qutput Circult

A capacitor-diode output filter is used in Figure18 ta convert
+15Vpc 10 -5Vp¢ al output currents up 1o 50mA. Since the
output transistors have built-in current imiting, no additional
current limiting is needed. Table { gives the required
minimum input voltage and feedback resistor values, R2, for
an output voitage range of -0.5V fo -20V with an output
current of 40mA.

Single-Ended Switching Regulator

The CA1524 in the dreult of Figure 19 has both outpul
stages conneded in paraliel to produce an effoctive 0% -
90% duty cyde. Transistor Q1 is pulsed on and coff by thase
outpul stages. Regulation is achieved from the feedback
provided by R1 and R2 lo the error amplifier which adjusts
the on-time of the output transisiors acoording to the load
current being drawn. Varous output voltages can be
obtained by adjusting R1 and R2. The use of an output
inductor requires an R-C phase compensalion network 1o
stabilize the systermn. Current limiting is set at 1.9 amperes by
the sensa resislor R3.

NOTE:
1 Foradditional informalon on the apphicaton of this device anda
furher explaration of the drcuts balow, see Intersil Applicabon
Mole ANBIS “Application of he CA1524 sanes PWM IC"

Y+
+15Y o
fr &
T 15K
KD
Ak ‘
AL :—I O_' IN4DO T
u:pm.: 3 @ i 1 20uF  INGOOE -
it IO som@_ CAIS24. —® {1 20mA
(D —(D—4¢ —_—
I O = —C)—t ¥ sl sour
._ "“( :}] R1=3KQ
(p o.omr.l. - M(:I‘lol:;-ﬂ
REF ~ 4.
= i
FIGURE 18. CAPACITOR-DICDE QUTPUT CIRCUIT
-mvv' :"“‘""““ : Mg +5V 1A
2Rt ' p ] o
[ w3 1
YWy T o H
ey _0" 3 - o Soeur
I : i
B < SKO [ W rmprremmry, WG}
3 D J— A ruro4t

Q

556558
!

"

0.001pF

w 14
AAA

Yy

FIGURE 19. SINGLE-ENDED LC SWITCHING REGULATOR CIRCUIT

13



CA1524, CA2524, CA3524

Flyback Converter

Figure 20 shows a fiyback converter arcuil for generating a
dual 15V output al 20mA from a 5V regulaled line.
Reference voltage is provided by the input and the inlernal
reference generator is unused. Current kmiting in this circuit
is accomplished by sensing current in the prmary line and
raselting the soft-start circuit.

Push-Pull Converter

The output stages of the CA1524 provide the drive for
transistors Q1 and Q2 in the push-puit application of Figure
21. Since Ihe internal flip-flop divides the osdillator fraquency
by two, the osallalor must be sol at twice lhe output
frequency. Current limiting for this dircuit is done in the
primary of transformer T1 so thal the pulse width will be
reduced if transformer saluration should occur.

Low-Frequency Pulse Generator

Figuro 22 shaws the CA 1524 baing used as a low-frequency
pulse generator. Since all components (error amplifier.
oscillator, oscillator reference regulator, output transistor
drivers) are on Lha IC, aregulatod 5-V (of 2.5-V) pulse of 0%
- 45% {of 0% - 90%) on lime is possible avor a trequency
ranga of 150 to 500Hz. Swilch $1 is used to go from a &V
outpul pulse (S1 dosed) 1o a 2.5-V oulput pulse (S1 open)
wilh a duty cyde range of 0% lo 45%. Tha outpul frequency
will ba roughly holf of the osallator frequency when tha
output transistors are not connected in parallel (75Hz to
250Hz, raspectively). Switch S2 will allow bolh outpul stages
to be paralleled for an effeclive duty cyde of 0%-90% with
the oulput frequency range from 150 1o 500Hz. The
frequency is adjusted by R1; R2 controls duty cyde.
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FIGURE 20. FLYBACK CONVERTER CIRCUIT
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The dircuit diagram of the CA1524, used as a variable output  variad, the feedback voltage will lrack that level and cause
voltage power supply is shown in Figure 23, By connediing  the outpul voltage fo change according to the change n
the two oulpul transistors in paradlel, the duly cyde Is reference voltage.

doubled, ie.. 0% - 90%. As the reference voltage level is
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SEMICONDUCTOR®

Data Sheet

15A, 400V - 600V Ultrafast Diodes

The MUR1540, MUR1560, RURP 1540, and RURP1560 are
ultratast diodes (t;; < 55ns) with soft recovery
characteristics. They have a low forward voltage drop and
are of planar, silicon nitride passivated, ion-implanted,
epitaxial construction.

These devices are intended for use as energy
steering/clamping diodes and rectifiers in a variety of
switching power supplies and other power switching
applications. Their low stored charge and ultralast recovery
with soft recovery characteristics minimizes ringing and
electrical noise in many power swilching circuits, thus
reducing power loss in the switching transistor.

Formerly developmental type TAQ9905.

Ordering Information

PART NUMBER PACKAGE BRAND
MUR1540 TO-220AC MUR1540
RURP1540 TO-220AC RURP1540
MUR1560 TO-220AC MUR1560
RURP1560 TO-220AC RURP1560

NOTE: When ordering, use the entire part number

Symbol

MUR1540, MUR1560, RURP1540, RURP1560

January 2002

Features

+ Ultrafast with Soft Recovery........c..ovviuns <55ns
+ Operating Temperature. . . .........c.oueevenin. 175°C
» Reverse Voltage Upto.......covvvvinninninnes 600V

* Avalanche Energy Rated
* Planar Construction

Applications
» Switching Power Supply
* Power Switching Circuits
* General Purpose
Packaging
JEDEC TO-220AC

ANODE
CATHODE

Absclute Maximum Ratings Tg = 25°C. Unless Otherwise Specified

Average Rectified Forward Current

(Tg = 145°C)

Repetitive Peak Surge Current

(Square Wave 20kHz)

Nonrepetitive Peak Surge Cument

(Haliwave 1 Phase 80Hz)

Maximum Power Dissipation
Avalanche Energy (See Figures 7 and 8)
Operaling and Storage Temperature

........................................ IF(av) 15 15

........................................... IFRM 30 30

.................................... Tstae. Ty

......................................... VRAM 400 600 v
.......................................... Vawm 400 600

......................................... Irsm 200 200 A

MUR1640 MUR1560
RURP1540 RURP1560 UNITS
v
VR 400 800 v
A
A
Po 100 100 w
.. EavL 20 20 mJ
-5510 175 -5510 175 e ol

©2002 Fairchild Semiconductor Corporation

MUR1540, MUR1560, RURP1540, RURP1560 Rev. B
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MUR1540, MUR1560, RURP1540, RURP1560

Electrical Specifications Tg =25°C, Unless Otharwise Specified

MUR1540, RURP1540 MUR1560, RURP1560
SYMBOL TEST CONDITION MIN TYP MAX MIN TYP MAX UNITS
Vg Ig = 15A . . 1.25 - - 15 v
Ig = 15A, Tg = 150°C - - 112 - . 12 v
I/ VR = 400V - - 100 - - - WA
VR = 600V - - - - - 100 A
VR = 400V, Tg =150°C . - 500 - - - WA
VR =600V, Tg =150°C - - - - - 500 HA
e Ig = 1A, dIg/dt = 100Afus - - 55 - - 55 ns
IF = 15A, dip/dl = 100A/s - - 60 - - 60 ns
la IF = 18A, dipidl = 100A/us - 30 - - 30 - ns
Iy IF = 156A, dip/dt = 100A/us = 17 = - 20 = ns
Raic - - 1.5 - - t.5 °cw

DEFINITIONS

VE = Instantanecus forward woltage (pw = 300ps, D = 2%)
Ip = Instantanecus reversa curent.
L = Reverse recovery time at dig/dt = 100A/us (See Figure 6), summaltion ol t; + .
14 =Time lo reach peak reverse current al dig/dt = 100A/ s (See Figure 6).
t, =Time from peak I 10 projected zero cressing of Iy based on a straightline from peak Iqy through 25% of Iy (See Figure 6).

Rgyc =Thermal resistance junction to casa.

pw = pulse width

D =duty cycle.

Typical Performance Curves
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FIGURE 1. FORWARD CURRENT vs FORWARD VOLTAGE FIGURE 2. REVERSE CURRENT vs REVERSE VOLTAGE

©2002 Fairchild Semiconducior Cerporation MUR1E40, MUR1E80, RURP1540, RUAP1560 Rev. B



MUR1540, MUR1560, RURP1540, RURP1560

Typical Performance Curves (Continued)
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FIGURE 3. 1y, 1a AND t, CURVES vs FORWARD CURRENT

Test Circuits and Waveforms

YGE AMPLITUDE AND
R CONTROL dipidt L
t1 AND t2 CONTROL I
DUT  CURRENT
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FIGURE 5. t; TEST CIRCUIT
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FIGURE 7. AVALANCHE ENERGY TEST CIRCUIT
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MUR1E40, MUR1 560, AURP 1540, RLRP1560 Rev. B
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IRFP460

N - CHANNEL 500V -0.22Q -20A-TO-247
PowerMESH™ MOSFET

TYPE Voss Roscom lo
IRFP460 500V <027 Q0 20A
TYPICAL Rpg(eny =0.2202
EXTREMELY HIGH dv/dt CAPABILITY
100% AVALANCHE TESTED
VERYLOW INTRINSIC CAPACITANCES
GATE CHARGE MINIMIZED

DESCRIPTION

This power MOSFET is designed using the
company's consolidated strip layout-based MESH
OVERLAY™ process. This technology malches
and improves the performancas compared with
standard parts from various sources.

APPLICATIONS

» HIGH CURRENT SWITCHING

= UNINTERRUPTIBLE POWER SUPPLY (UPS)

= DC/DC COVERTERS FORTELECOM,
INDUSTRIAL, AND LIGHTING EQUIPMENT.

w2

INTERNAL SCHEMATIC DIAGRAM

L= LA
ABSOLUTE MAXIMUM RATINGS
Symbol [ Parameter Value Unit
Vos _|Drain-source Voltage {Vas = 0) 500 v
Voor__|Drain- gate Voltage (Res = 20 ko) 500 v
Vgs  |Gate-source Voltage + 20 v
lo  |Drain Cument (continuous) at Te = 25 °C 20 A
lo  |Drain Current (continuous) at Te = 100 °C 13 A
Iouts) |Drain Current {pulsed} 80 A
Put  |Total Dissipation at Te = 25°C 250 W
| Derating Factor 2 WPC
dvidt{1) |Pesk Diode Recovery voltage slopa 35 Vins
Tag  |Storage Tomporature -B5 tn 150 o
T |Max, Operating Junction Temperature 150 ‘e
T Pulss widn iriled by So/6 Oporabng area T Bo <30 A, d00 5 150 RS, Voo % Vigrpss. 115 T
Seplember 1998 18
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IRFP460

THERMAL DATA

Rinj-caze |Thermal Resistence Junclion-case Max 0.5 °CIW
fname | Thermal Resistance Junclion-ambient Max 30 oC/W
Rine.siox | Thermal Resistance Case-sink Typ 0.1 *CIW
Ti Maximum Lead Temperature For Sokdering Purpose 300 °C
AVALANCHE CHARACTERISTICS
Symbol Parameter Max Value Unit
lar Avalanche Current, Repetilive or Not-Repelitive 20 A
{pulse wiith limited by T, max)
Eas Single Pulse Avalanche Energy 1000 mJ
{starting T) = 25 °C, lp = lan. Voo = 50 V)
ELECTRICAL CHARACTERISTICS {Tease =25 °C unless othermisespecified)
OFF
Symbol Parameter Test Conditions Min, | Typ. | Max Unit
Vigrioss |Drain-source lo=250 pA Vas=0 500 v
Breakdown Voltage
loss Zero Gate Vollage Vos = Max Rating 10 wA
Drain Current {Vas = 0) |Vos = Max Rating Te= 125°C 100 wA
loss |Gate-body Leaknge  [Vag =+ 20 V 100 | nA
Current (Vog = 0)
ON (¥)
Symbol Parametor Test Conditions Min. | Typ. | Max. | Unit
Vaasan |Gate Threshold Voa = Vas o= 250 pA 2 3 4 v
Voltage
Rpg[gn) Static Drain-spurce On VQ; = 10V 'D =12A 0.22 027 Q
Resistance
Toten On State Drain Current [Vos > logem X Rosion)maex 20 A
Vas= 10V
DYNAMIC
Symbol Parameter Test Gonditions Min, | Typ. | Max. | Unit
Ors (+)  |Forward Voa > loien X Roswnymex 0= 12A 13 8
Transconductance
Cisa Input Capacitance Vpa=25V f=1MHz Vga=0 4200 pF
Coss  |Output Capacitance 500 pF
Cius  |Reverse Transfor 50 pF
Capacitance
28 &7




IRFP460
ELECTRICAL CHARACTERISTICS (continued)}
SWITCHING ON
Symbol Parameter Test Gonditions Min. | Typ. | Max. | Unit
tiom | Turn-on Time Vop=250V Ip=10A 32 ns
t Rise Time Re =4.70 Vgs =10 V 15 ns
(seo test circuit, figure 1)
Qg Total Gate Charge Voo =400 V lp 2 20 A Vas = 10V 100 130 nC
Qgs Gate-Source Charge 21 nC
Qg Gate-Drain Charge 37 nC
SWITCHING OFF
Symbol Parameter Test Conditions Min. | Typ. | Max Unit
L ovorny Off-voltage Rise Time Vw =400V Ip=20A 20 ns
Fall Time Ra=470 Vos=10V 25 ns
te Cross-over Time (se0 o5t circuil, figure 5) 47 ns
SOURCE DRAIN DIODE
Symbol Parameter Test Conditions Min. | Typ. | Max. | Unit
fep Source-drain Current 20 A
fapu(+) |Source-drain Current 80 A
{pulsed}
Vgp (») |Forward OnVoltage |lsp=20A Vgy=0 18 v
b Reverse Recovery lsp= 20 A difdt = 100 Alus 700 ns
Time Vop =100V T, =150°C
Q, Reverse Recovery (500 tost circuil figure 3) 9 pC
Chargo
|5 Reverse Recovery 25 A
Current
%] Pdsed Puise duralian = SU0 B8, duty oyde 1.5 %
(+] Pulse widih limtad by safe cperating area
Safe Operaling Area Themal Impedance
i COTRIY K CCTRING
'u(»\:. i 4 = 0.5 111
T 11 11
3 1ozl
. &
T+ IR T =
- ™ “\ ) ‘m I . 3'32
" ¥ SE s =; 9'¢] 4 Zg= KRy pe
! SR ¢ 1 A5 i i
¥ 10~ . !
e8| 2. oPeRaTION \N il = als
' — s,i._]
2
i’ ey AR 7 i AR g7 4in 1073 H 1“ ””“
10° ‘o 1 100 v () 16°* 167 107 1ot 107 g (s}
(571 i
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IRFP4860
Output Charactenstics Transfer Characleristics
T 30 a9
1 {A) b2 (M)
m
40 I
60
Nog = OV oy
P
i }‘ Y g Vpg =22Y
10 / B
"N
30 Z0 /
20 f
4 & 1c
w
5V
0 5 10 15 20 25 20 Vps(V) G 2 4 6 8 Vs (V
Transconductance Static Drain-sourca On Resistance
ICTTS
EoARAD Realon)f l i
w1, 05) - {mii) I
| ’ //"" i Vo= 10V
T;= 40°%C
18 ! W S sl
y 35 "0
i/ 260
19 .
VoA S /
240
o L /
rd
" Yep =15V = A
/
200
o 6 12 18 26 1elA)
0 4 8 12 16 piA)
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Normalized Gate Threshold Voltage vs
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IRFP460

Fig. 1: Unclamped Inductive Load Test Circuit Fig. 1: Unclamped Inductive Waveform
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And Diode Recovery Times




é’l

IRFP460
TO-247 MECHANICAL DATA
oM. mm inch
MIN. TYP. MAX. MIN. TYP. MAX.
A 47 53 0.185 0.209
1] 22 28 0087 0.102
E 04 08 0018 0.031
F 1 14 0039 0.055
F3 2 24 0079 0,004
F4 3 34 0.118 0.1234
G 108 0429
H 183 159 0802 0828
E 197 203 0778 0779
L3 142 148 0559 0413 n.562
L4 48 1.382
LS 58 Q217
M 2 3 oa79 0.118
Dia 355 3.E5 0.140 0.144
L3
; E
f )
[y 7
| S
M
D
L4
L5
Dia.
PO25P
8
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Controlling Conducted EMI emission on a Buck-boost converter
using gate controlled circuit

Jamras Kaewchal, Werachet Khangern and Shuichi Nitta®
Faculty of Engineering and EMC laboratory,
Research Center for Communications and Information Technalogy (ReCCIT),

King Mongkut’s Institute of rechnology ladkrabang, Bangkak, 10520, Thailand.
Phone/Fax: + 662 737-3000 Ext. 3322, E-mail: kkveerac@kmitl.ac.th, $1061035@kmitl.ac th,
*Graduate School, Production System Engineering Saiesian Poiytechic,

2-35-11 lgusa Suginami, Tokyo, 167002, Jupan.

Emaii: nitta@ce tuat.ac.jp

Adbsiraes -The suppression of conducted EMI emissions of a  step voltage. The current slope is defined by the following
Buckboost converter using a gate controlled elrcult Is  equations [4, 5]:
presented. The results indicate that the conducted EMI could

be suppressed by cotrolling the rise and fall time of gate n
signzl for a MOSFET a: a switching device. The simulated dly  Emlp kmlg ’
results of Buckboost converter at 100 kHz switching dr Cpe  Cis
frequency of are compared with the experimental results, ®)
. ﬂ‘é.z_{s'"_ =
Index terms-- Condueted EMI, EMI Suppression, @ Ceay
Electromagnetic compatibility (EMC), Budloost converter, 3
i ’ (3)
LA G
1. INTRODUCTION @t Cody
Switched mode power supplics (SMPS) are Where
widely used in power clectronics systems because of ¥4  Drain-source voltage.
smalier size, and lower weight in comparison with to Jy  Drain current.
linear power supplies. . G
However, some drawback of SMPS that operates ‘e ST

at high frequency is to generate high di‘dt and high dvidt
rate. These two rates are the cause of conducted EMI
cimission, EMI studics can be divided into three parts that Ciry
are the EMI source, the EMI coupling path. and the EMI

victim {1, 2, 3).

In this paper, another means of EMI suppression
at the EMI source by controlling the rise time and fall time
of a MOSFET’s gate drive signal is proposed. In this
paper. the cffectiveness of the EMI suppression at the EMI
source by controlling the rise and fall time of the gate
drive signal of the MOSFET switching device is
presented. The wmeasurement of drain-source voltage is

&, Forward transconductance.
Input capacitance
i Parasitic capacitance between gate and source.
v R it 114 . al ar

53{/‘” ' Coday Parasitic capacitance between gate and
drain.

The MOSFET switching behavior can be controlled the
by the above parameters.

III. SIMULATION AND EXPERIMENTAL RESULTS

shown and conducted EMI emission is verified. Finally it : The proposed gate control circuit is applicd to the

is shown that it is possible 10 suppress conducted EMI by buck-boost converter using a MOSFET as a switching

the proposed circuit. device. The EMI performance of the device (MOSFET) 1s

improved with the usage of gate control circuit. The

Il THEORY AND GATE-DRIVING STRATEGIES simulated circuit is shown in Fig 1. The dotted box shows

The switching behavior of MOSFET can be the controlled delay gate circuit. The PWM signal (/) is
obtained from the gate drive curve [4). The voltage slope delayed according to #C parameters,

is related 1o the rate of supply of charge to the gate during
the Miller-effect zone and to the change of the capacitance
valucs. Supplying voltage pulses to power MOSFET
generates switching waveforms that can be considered a

0-7803-7277-8/02/$10.00 52002 IEEE.
541



Fig. | The simulated circuit

The RC parameters of the gate circuit for

simulation arc shown in Table 1.

91

Switching frequency: 100 kHz
Input Voltage V.
Qutput Voltage  :20-70 V.,

A PWM regulator CA3524 and TC4010BP are
used to generate a PWM signal and used as a high current
integrated buffer in the control circuit. l'he prototype
buck-boost conventer is shown in Fig 5.

TABLE | (a) £y for case |
RC PARAMETERS FOR SIMULATION

o R —— S
ad } e g 4 _*_v NS oA l
Ron @ Y - | -] | N
1 10 None l : : |
2 10 i T i ; | %
"j ;g § o } | -
e ——— e "“1’4:..1!"_"‘_‘_;"‘—“ ]

The simulated gate waveforms are shown in
Fig.2. The first waveform is the simulated result of the RC
parameter of gate circuit according to case 1 in the table 1
and the second waveform is the simulated result of case 4
The simulated results in Fig. 3 (sec (A) in (a) and (b))
show that the current decrcases during the switching
transients so the level of EMI decreases, while the
stmulated results show that the rise time in case 4 is longer
than it in case 1. The drain-source voltage shown in time
domain waveforms identifies that the high frequency
component  of  drain-source  voltage decreases, By
considering equations (1), (2) and (3) the current transition
varics according to both R and C paramcters in the gate
control circuit, meanwhile the voltage transition varies
according to R.

Koe=100hns
Without €,

R,.«10vhns
C.o® InF

Fig. 2 The simulated gate conirol waveforms

Fig. 4 shows the frequency spectrum
corresponding to the waveforms shown in Fig. 3 for
observing the ettectiveness of RC circuit,

The buck-boost converter is designed and
constructed to test the hypothesis described previously.
The operating conditions are as follows:
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(c) v, forcase 1 (d) vy for case 4

Fig.3 Simulated drain current and drain-source voltage
waveforms

(d) vy for case 4

(¢) vg for case 1

Fig.4 Frequency spectrums of drain voltage and drain
current
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Fig. 5 The prototype

Fig.6 Conducted emission measurement configuration
IV, Conoucten EMI TEST

A Measurement configuration

The configuration of Conducted EMI emission
measurement of Buck-boost converter is shown in Fig 6.
The converter as equipment under test is connected to the
muain power via the LISN model 3810/2 as a network
buffer [6). The E7401A Agilent EMC analyzer is used as a
receiver to display the frequency spectrum of the signals
coming from the LISN. The results of the conducted
emission measurement are displayed over the frequency
range from 150 kHz to 30 MHz [7]. A personal computer
(PC) with the E7415A EMI measurement software is used
to process the report and allows an casy display of
measured data in graphical form. Peak, quasi-peak and
average detection can be selected for the measured results.

« A"‘_l' 2

TTJ |

- _

_.ﬁ i j

(a) EUT with buck-boost converter

(b) EUT without buck-boost converter
Fig. 7 Schematic of the equipment under test (EUT)

I
L o
=
l

L)

B Methodology
Conducted emission from EUT in Fig 7(a)
consists of both EMI from AC-DC power supply and EMI

_from Buck-boost converter. In Fig 7(b), a resistive load is

. considered by

replaced instead of the Buck-boost converter. The current
through resistor is adjusted to the same value as the buck-
boost converter is connected. The conducted emission
from the buck boost converter is obtained by subtracting
the measured EMI in Fig 7(b) from the mcasured total
EMI in Fig 7(a).

C EM measured resulls

The most of the converters, which is the main
EMI source have the switching devices, and the conducted
EMI noises can be divided into common mede noise (CM)
and differential mode noise (DM). The main source of the
DM noisc is the parasitic resistance of the input capacitor,
whereas the main sovrce of the CM noise is the high
frequency curtent generated by the fast rise and fail time
of the drain voltage over the capacitance between the drain
and ground of the switching device [R). The accuracy of
EMTI analysis is corresponding to the precision of parasitic
component modeling. In this paper, the parasitic modeling
is not explained in details.

EMI analysis from Buck-hoost converter 1s
the drain-source vollage frequency
spectrum and the drain current frequency spectrum. The
simulated results in case 2, 3 have the similar results in
case 4. Therefore, the comparisons are shown for only
case | and case 4. In Fig 3. the /4 and vy, are shown in
time domain waveforms. Fig 4(d), the drain-source voltage
spectrum is suppressed at high frequency range at around
20 MHz in the proposed circuits.

The measured EMI results in Figure 8, 9 show
that EMI emission is reduced at high frequency according
to the decrement of drain-source voltage spectrum. The
EMI results in case | are compared with casc 4 in the
same Figure, so that the difference results are clearty
shown in the Fig 8. In boost operation at duty cycle D=(.6,
the measurcd EMI is shown in Fig 8. The waveforms in
casc | and case 4 arc the measured EMI from Buck-boost
converter for the case that gate signal is applicd according
to operating condition of case 1 and case 4 in table I,
respectively. For the buck operation at duty cycle D= 0.4,
with control circuit in case of | and 4, the EMI measured
results are shown in Fig 9(a) and 9(b), respectively. The
EMI emission could be suppressed at high frequency

_range ot eround 20 MHz to 30 MHz (double arrow lines

A, B).



1.2 A

P 2

b

|

—_— 1

-

L i_.

r—r H
i
!

kg 2 M
Sranp 1242 5 (400 o)

fralt T4 g
wien Ch 120 7Kz

Figu, 8 The measured EMI from EUT in boost operation

"l 1507 i
Furl o2 sl 2171 gl
Fra T 3
L } ¥ {
1 T
= !
lco - !
| i
B fr——i T
£ ]
- 2 -
1 i
W e i
'%0'__
S S S . ; -
X : ; o o
: [ (A)
- . % o EEEC SR i)
i ' [
Sears 1500k Tiec TN
afan BR = ogHr WA e Teesd WD w2 (AR 2ia)

(a) Gate control circuit in case of 1

Mt 1121 Mz
3.3 450l

!
- i L (B)
i
LTS S RO Geap i Ve
BT T H YEid G ogAr Cugep 1310 s (00 19

(b) Gate control circuit in case of 4

Fig. 9 The measured EMI from EUT in buck aperation

544

g4

V. CONCLUSION

The simulation results show that the reduction of
the drain-source voltage contributes to the reduction of
EMI at high frequency by controlling ris¢ time and fail
time of gate driver circuit, This technigue can also be
combined with other EMI reduction techniques. The future
issues are to obtain the quantitative conductive EMI by
simulation.
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Abstract

This paper is concerned with the suppression of conducted
electromagnetic interference (EMI) emission produced
from conventional boost converter using turn on snubber to
suppress recovery current of diode. A proposed technique
can be used to improve the EMI performance. The
experimental results are compared with simulation results.

Index Term: EMI suppression, Recovery current
recduction, Conducted EMI Emission.

1. Introduction

In power electronis converter, the power stress is
imposed on a power semiconductor device beyond its
ratings. One of the basic ways to relieve the problem is to
add the snubber circuits. The function of a snubber circuit
is to reduce the electrical stress placed on a device during
switching by power converter and the dv/dt and di/dt that
are essential effect on EMI during the switching period[1].

In switched mode power supply, diode recovery current
spike have been paid attention. This diode recovery current
is known to be the main EMI source [2].

This paper proposes the boost converter with LR
snubber to reduce recovery current of diode for the EMI
reduction. This RLD snubber is not needed to minimize
over voltages, therefore the snubber design is focused
significantly on to minimize reverse recovery current. The
reverse recovery current reduced by RLD smmbber and
EMI performance of the system will be discussed.

2. Principles of Operation

In switched mode power supplies or other applications
that require high frequency rectifier response, not only the
voltage and current rating of diede match the designed
rating, but also diode characteristics are considered
significant ly in term of recovery time (t:;) [3]. The reverse
recovery current waveform is shown in figure 1. The boost
converter circuit with a snubber cireuit (in solid line hox)
is shown in figure 2.

57

e
i

Fig. 2 Boost Converter with and a snubber circuit

The operation of the diode inboost converter, when the
switch ¥ turned on, the diode is reversed bias. When the
switch is turned off, the diode is conducted Considering
the instant at switch turned on, the reverse recovery current
i,y feed though MOSFET owing to the characteristic of

diode and the discharge current of output capacitor results
in a large current feed through the switch [4].

3. Conducted EMI and Test Setup

The conducted emission can be separated into common
mode (CM) and differential mode (DM)[4]. Both CM and
DM conducted emission are measured through required
Line Impedance Stabilization Network (LISN) to provide
constant impedance (50 chms) and isolate the EUT from
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external is conducted neise on the power [5-10]. The
boost converter connected to main power line through )
LISN. The block diagram figuration of conducted EMI test

is shown in Fig 3. The EMCO LISN model 3810/2 is used nd
a LISN. The E7401A Agilent EMC analyzer is used as a
EMI receiver to display the magnitude spectrum of the o
signals coming from the LISN. Moreover, the peak

Wi

detector is used for all the tests. The simulation results are iy, 2 ST 3 R T
compared with the measured results over in the frequency e
of 150 kHz to 30 MHz. (a) With snubber
0
[. [ | : ; : i ; i 4 i
Hridge [ 1| Propesed M T e
LISN | x| %% | T | Converter N T l T
. (EUT) _ : : : : : ;
N : ;i : : :
AC EnLL B >
Iines =1 Receirer = (b) Without snubber
Fig. 5 vas of MOSFET with snubber and without snubber
"& l
Fig.3 The EMI measured Test circuit

4. Simulation and Experimental Results

4.1 Simulation

The simulated circuit is shown in figure 4. The circuit is
simulated with Vin=100 V, L=700 uH, C,= S60uF and
R1=200 ohms. The simulated results are shown in figure 5
for and figure 6.

P 1
FT. F7
Yo 3 hand
Pig, 4 Circuit schematic for simulation . (b) Without snubber X
i
The simulation circuit of the boost converter with the k
tum -on snubber is shown in figure 4. wl R C
The current waveform of diode (D1) with snubber and I S o
without snubber is show in figure 5(a), 5(b), respectively. =t
The spectrum frequency current waveform of D1 with | ‘
snubber and without snubber is show in figure 6(a), 6(b), 1
L wEE G wE FE RS A

respectively. . .
A circuit model of the LISN that used in the EMI (c) Envelop waveforms of specira of Ves

simulation is shown in figure 7. Fiz. 6 Frequency spectruin of Vas
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(c) Envelop waveforms of spectra of laode
Fig.8 Frequency spectrum of diode current idiod.

59

97

AR W (A L * .enE *
< Z50ury T H N
FO TR
35k 5
Loor s po
o SIE E5 .5 5 5
TR = £ e
.
L % AT AL
i & y el
250uH ok
Fig.9 Circuit model of LISN for simulation
42 Experiment

The boost converter has been used for analysis and EMI
emission measurement. Ultra fast diode MUR1560 has

been selected as D1 in the boost converter. The MOSFET

IRF460 is used.

The converter operates in continuous current mode. Vin=
100 V, Duty cycle D=0.5, switching frequency £=100 kHz,
Rioad =200 chms.

—

(@) With snubber v : 200 V/div; 2us/div

Bl e e e e s aie R -, ¢ - -r._.-.;.-(;..,____.,.
..umuf . o L\n«.—.«_ *e .

(b) Without snubber Va: : 200 V/div ;2us/div
Fig. 10 vz of Boost converter of boost converter
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(a) iaiode With snubber fauge : 25 A/div; lus/div

(b) 1aiode without snubber faidoe : 25 A/div; lus/div
Fig.11 idiades of Boost converter with snubber and

without snubber
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Fig.12 Measured conducted EMI

(a) The green line for boost converter with snubber

(b) The pink line for conventional boost converter

(¢) The comparison between with and without snubber

5. Discussion

The snubber for reducing recovery current related to
EMI reduction was studied by measuring conducted EMI
with and without snubber. The snubber inductor Ley helps
to reduce the discharge current from output capacitor
during the recovery time of diode. The peak recovery
current of diode is suppressed as shown in the figure 11
and the experimental results in figure 11 agree with the
simulation results in figure 7.

The snubber inductor L affects to the higher ringing
voltage at the drain-source voltage Vas. The frequency
components of Vas with snubber are greater than without
snubber in 150kHz-10MHz frequency range and less than
in 10MHz-30MHz frequency range. The conducted EMI
generated from converter with snubber is improved at
10MHz30MHz frequency range.
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INTERACTIVE POWER ELECTRONICS EDUCATION

S. Kaitwanidvilai J. Kaewchai and W. Khan-ngern
Faculty of Engineering, King Mongkut’s Institute of Technology Chackhunthaharn, Ladkrabang, (KMITL)
Thailand

Abstract

The presentation of inverter performance in visual,
Matlab with Simulink program is used. The presentation
shows the circuit, waveform, math equations of
waveform, and inverter performance of switching
paterns. The important point for this  simulation
program for education is that the students can
interactively modify a load, modulation index. DC link
voltage, voltage switching method (unipolar or bipolar
switching) and also effect of dead time by themselves.
Then waveform and all output properties are achicved by
modifying input paramcters. This advantage makes a
good understanding and an effectively learning for
students in the field of power clectronics. Finally, The
algorithms of program simulation as an interactive tool
are arranged in good way for understanding.

Keywords . ,
Interactive power electronics, Inverter education, PWM.
THD.

1 INTRODUCTION

In power electronics. various switching patterns are
widely employed to control the output of static power
converter, Development of these switching techniques is
rapidly growing, for example, from phase control to
pulsc width medulation(PWM). In PWM techniques,
there are various types of switching patterns which have
diffcrent  characteristic  output voltage, harmonic
contents, voltage and cument waveforms etc. Various
techniques of PWM switching patterns are for instance,
sinusoidal PWM(SPWM), Harmonics Injection PWM
(HIPWM), Space Vector PWM (SVPWM) and
Discontinuous PWM (DPWM) or dead band switching
have been developed. In this paper. the simulation of
waveform qualities, voltage and current spectrum are
presented and arranged in program.

Nowaday the development of each switching technique
is rapidly growing, therefore it’s-hard to study in
properties of each techuique. Several switching pattern
arc presented in [1] and [3).However, most of them
described the performance and modeling of switching
pattern in the form of mathematical equations make it
more difficult (o learn and understand. This interactive
education program was designed to help the process of
leamning and understanding the power electronic
subjects. The studies of learning the performance and
modeling of switching patterns by using mathematics

equations are difficult to students who are starting to
learn in power electronics. Most of the students would
like to have a user fricndly program that help them to
understand and enjoy to study. In this paper, the
capabilities of this interactive program, input required
and output from this program, block diagram and
Simulink boxes are shown in the way that easy to
understand and use. The first step of designing and
writing the program, programmer must know and lcarn
more about inverter performance, switching pattern
technique and simulation program using MATLAB. The
second step, the algorithms are arranged by programmer
for easy useful and good understanding of the switching
technique performance. Finally, the arrangement of
simulation program and visual output are shown to
present each switching pattern in visual, In this work, the
interactive program to can help undergraduate students
to learn in switching pattern performance by their own
facilities,

2 THEORY

In this paper, SPWM, HIPWM, DPWM, and SVPWM
are presented for sclection in the simulation program,
The development of switching pattern makes more good
performance of outpul waveform qualities, for example,
HIPWM (Harmonic Injection PWM ) is PWM technique
that is injected 3th harmonics to control signal. The
advantage is increasing efficiency of output
performance. The another switching patterns properties
and the advantage can be seen in [4] for more details.
Tables 1 and 2 show the summary of the mathematics
model of patterns and definition of output performances
that be studied before beginning to writing the program.

Table 1 :Output Inverter Performance Definitions

Value Definition
THD; ©
\/Z I,
2
_ I
THD, ©
WA
=2
"
Vims Vet V2
Vs ]
\ ’Z V, (oot include dc component)
h=1

851.

100



UpeatV V2

Table 2 : Switching Patterns Mathematics Equations

Switching Model
patterns
SPWM M sin(wt) P 0Swt<2w
HIPWM 2 . a .
7.3—M (sin(wt) + Esm( 3wt))
:0=swt<2xw
DPWM | Msin(wi) 1 0Sw<27/3
. w
Msm(wt—~3—) 2rBSW<47/3
0 ArB<w<2m
SVEWM. | M Bsntet) soswsni
. 4
Msm(wt+g) TS WE /2
g V4
Msin(wt——-s—) AR<WM<ST/6
MA3sin(wt) szi6<w<r7l6
: T
Msm(wt+—6—) Ar6SW<3zT/2

‘ T
Msm(wr-g) 3rns<w<liz/e

MA3sin(wt) MzmE<w<2z

Then M is modulation index
V is peak voltage at harmonics order h
1y is peak current at harmonics order h
THD, is total harmonics distortion in voltage
THDyis total harmonics distortion in current
a, is magnitude constants of 3th harmonic

Method of current analysis in this paper use this concept:
the voltage waveform produced by synchronous pulse
width modulation is generated by comparing a reference
waveform with a triangular wave. The output voltage
waveform includes the deadtime or load current
distribution which are the functions of the load power
factor. The voltage and currént harmonic is obtained by
applying the Fast Fourier Transform (FFT) to the
waveform generated by using the forward difference or
prediction method. For a single phase inverter shown in
Figure 1, the relation between ©(f) and i) is
expressed as in following equation :

For a single phase inverter, the voltage can be expressed
as in equation (1).

852
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v(t) = Ri(t) + L% (1)
The forward difference method is shown in equation (2)

di _ilt+A1)-i(r)

dt dt )

By using Equation (3), the load current can be calculated
as Equation (3) show below.

vlt+Aar)=Ri(t+ A1)+ LG~ 3: = i)

Li(t+ A1) Lifr)
dt dt

= Ri(t + A1)+

=i(t+Ar{R+—{‘—]—L@
: dt di
Thus,

Li(t)
U(’ + A’)+ —'E'r-—

i(t+Ar)= 1)

R+—
dt

Equation (3) expresses the effect of a R-L load on
current commutation using this method. However, only
the steady-state operation is of interest for this study.
The next section describes the inverter simulation using
MATLAB to generate voltage and current waveforms
and their harmonic contents. For more delail see in
appendix.

% e
L L

Figure | : A single phase Inverter

V(t)

DC/AC

3 SIMULATION ALGORITHM

For clearly describes to simulation algorithm of this
programs, Simulink box diagram in Figure 2 and Tables
3 and 4 arc shown. When start to use these program,
students necessary enter some required data as shown in
Table 3 to Simulink of MATLAB and it will be
processed to generate the matrix data file (.mat) that be
used in MATLAB program. The MATLAB program (.m
file) will process again and generated outputs that shown
in Table 4. Tables 3 and 4 show the parameters of
entered inputs and outputs respectively. The outputs
would be shown in visual and clearly to understand.




4. EXAMPLE OF RESULTS

Various switching patterns simulation control signal are
shown in Figure 2 that shows the different patterns at
modulation index 0.8. This results come form the
process as shown in Fig 2. Another results , Figure 3
shows the outputs waveforms and spectrum in various
swilching patterns at modulation index 0.8 at the input
parameters. Tables 5 and 6 show the output values in
various switching patterns agree well with theory value
that can derived by mathematical equations.

Every outputs can be proved and verify with the theory,
the results are in with agreement All results in Tables 5
and 6 are calculated base on harmonics order 200®.That
calculation results can vary by students to another range.

In case 1 phase can also modify by select in the Simulink
box interface but not show in this paper. From example
of results, it have seen THDv value are large because
PWM generate in this paper still not pass filter, That
make students too understand in nature of PWM pattern.

C e ‘Iq_ ._CY—.?lr
Ol p——y 1 ‘_]-.-hl ol ] o e
L
i | - _\_
o, N | e sk | I
T =
E »i
* 3 Fhise Senaster
Figure 2 : Simulink Box to interface user
Table 3 : Inpul Parameters of Simulation Program
Switching Switching I-phase | 3-phase Modulation Deadtime DC link
Pattern Methods Index (0-10 % voltage
(Bi/Uni) (0-overmod) of Ts) )
SPWM B/U S S Xi Xi Xi
HIPWM B/U - S Xi Xi Xi
DPWM B/U S S Xi Xi Xi
SVPWM B/U - S Xi Xi Xi
Table 4: Qutput of Simulation Program
.Patterns v, Vi I Tormi THD; THD, V&l V&l
Spectra wavcforms
SPWM Xo Xo Xo Xo Xo Xo P P
HIPWM Xo Xo Xo Xo Xo Xo P P
DPWM Xo Xo Xo Xo Xo Xo P P
SVPWM Xo Xo Xo Xo Xo Xo P P
BU : select between bipolar or unipolar switching methods:
S :select ormot select )i : Input value is changed by students.
Xo > output results. . P : output waveform or frequency spectrum in picture.

Table 5 : Output Performance, results at the same input
eter as Figure 3, M = 0.8

Patterns | Vi | Viws | lims | Ime | THD; | THD,
SPWM [ 3230 [4381 [461 [4.61 [097 | 77.09
HIPWM [ 3739 [ 4711 | 534|534 [080 | 6043
SVWM [3742 [4715 | 534 | 534 [ 081 | 6047
DPWM [3740 [4710 |534 | 534|107 | 6923

853

Table 6 : Output Performance, results at the same input
eter as Figure 3, M'=0.5

102

Patterns Vj',,.,,, V,.,,,, ij ]m THD: THDy
SPWM | 201.7 | 346.3 | 288|288 | 1.32 117.9
HIPWM [ 233.5| 3723 |3.33 333 112 106.6
SVPWM | 2345 | 373.1 | 335]335] 111 106.3
DPWM | 233.9| 373.2 334 339{1.92 112.2
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connection, Dead time : 0 Carrier frequency = 3 kHz, Power factor=0.5, Load impedance=70/~/3 ohms, Control
signal frequency = 50 Hz, Modulation index = 0.8
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Figure 3 : Simulation waveform in various switching pattern.

In the results, it can be seen that HIPWM, SVPWM, and
DPWM voltage output are about 15% more than that
SPWM. That is one of their advantages.

Figure 4 is shown the effect of dead time, it can see that
harmonic order near the fundamental are generated by
this effect. The error voltage generated by dead time
effect is shown in equation(4).[5]
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(a) Error vokage of ine to line voltage
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(b) Harmonic contents of error vokage
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Figure 4 Impact of deadtime in single phasc SPWM, deadtime = 1.0% of ¢,

The example of the result of dead time impact on
SPWM shgwn in Figure 4 shows the error voltage
waveform at deadtime = 1.0% of t, (switching period).
This figure is shown both error voltage and frequency
spectrum of waveform that effected by deadtime.

5 CONCLUSIONS

The wuser friendly simulation program for the
understanding and effective leaning in field of power
electronics is proposed. Interactive tool is arranged in
such as way for better understanding. It would help
independent learming. This interactive program is
suitable for undergraduate level using at faculty of
Engineering, KMITL. For the future work, the device
effect will be included in the next simulation version.

APPENDIX

Some parts of MATLAB program used in Figure 2:
....%Find Current

p=0.5;

Z=10;

angle=acos(pf);
R=sqrt(1/(1+(tan(angle)"2)));
L=(sqrt(1-R"2))/(2*pi*50);
step=0.0000048828125;

Yostep=0.02/m

=0.02;

t=0:step:tf;

KL=2*pi*50*L;
ZE=Z¥(sqri(RA24+XLA2));
anglel=atan(XIL/R);
I=1*(sin(-angle1))/(Zt*sqrt(2)); V=V/Z;

[INC=V,
TS=0; ;
for g=1:(t/step)+
IINC(g)=(V(gr+L*Ustep)/(R+L/step);
TS=TS+step;
T(@=TS5,
I=1NC(g;
end
...... iteration
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