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In developing power MOS FETs, Hitachi took note of
the outstanding characteristics of small signal MOS FETs
"‘) for high frequency amplification in TV tuners and FM
tuners. After intensive research, we perfected high-output
MOS FETs and introduced them as commercial products.

Hitachi’s power MOS FETs have the line-up shown in
Table 1-1. Each pair consists of an N channel type and a
P-channel type, which have complementary characteristics.

MOS FETs have the following advantages:
® Require a very low driving power as they are voltage-

controlied devices.

Table 1-1 Series and Maximum Ratings of Power MOS FET

M gy

¢ Free from current concentration, and hence have

enormous resistance to destruction.
e Good frequency response and high switching speed due 4

to absence of carrier storage effect.

These advantzges make for the outstanding characteris-
tics of power amplification devices. On the other hand, it is
difficult to provide MOS FETs with the high voltage and
high current characteristics required of power amplifiers.
Hitachi succeeded in imparting these characteristics to MOS
FETs by the method described in a later section of this
application note.

Vosx (V)

10—':50

Type
Outline In (A) Peh * (W)
N-Channel P-Channel (Voss (V)) PW
T 38K183 23748 e 120 100 . :
JEDEC: T0-3 $5-10
25K134/() 28749, ) EiAL 1O 78-3 1 140 100
34
2SK135/F) 28J50,/® 1 180 100 s .F
H
28K175/@) 28J55 /() a 130 125
skre $7g
28K1176/GD 25356,/ 8 200 125 T3 %
28K220 @ - 8 (160) 100 B
3 28K221 @) - 8 (200) 100
g8K225 237181 7 130 100
28Kz2z26 z8J82 7 140 100
28Kz2z27 28783 7 1690 100
28K213 28J78 0.5 140 30
L 2SK214 28777 0.5 160 30
28K215 28378 0.5 180 30 :
. Skab & 2rd6
28K210 28779 0.5 200 30 <
- s 3179 $ 2.06

* Value at Te=25"C
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A problem encountered in comrr~rcializing a MOS FET
for power applications is the required high-voltage and
high-current characteristics.

The high-voltage characteristics will be explained with
reference to the cross section of a power MOS FET in
Fig. 2-1. The gate oxide layer (5i0,) of an FET withstands
a voltage of 20 ~ 30 V at best. As shown in Fig. 2-1, a
power MOS FET has an offset-gate structure in which the
drain and gate are separated. And between the separated
gate and drain, a dopant is implanted by ion implantation,
to create an ion-implanted layer so as to ease electric field

concentration. Moreover, to prevent electric field concen.

tration near the gate, a field plate is provided. In this way,
destruction of the gate oxide layer is avoided and high
voltage durability is achjeved.
High current characteristics are obtained by a comb-
structure of source-drain pattern. Fig. 2-2 shows the
f)equiva!ent circuit of N channel device, Ig is the AC
resistance of gate electrode, and Cgs is the equivalent
capacitance of gate oxide layer,

2 HITACH])
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Nt lon-Implanted layer

P-8i (N7

Fig.2-1 Cross section of a Power MOS FET
(Example of the N-Channel Device)

rg==90{) QCgd=30pF
Go— " J- oD
Cgs =500 -[ v C) $rd150Q)
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gm V| 108

i, Cds== 300pF
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Fig.2-2 Equivalent Circuit of Power MOS FET
{Example of 25K135)
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2.1 Output Characteristics 3.2 Frequency Respomse Charactsristics

£~y Figs. 3-1 and 3-2 show the output characteristics of the Fig. 3-3 shows the frequency response characteristics of
.+-channel MOS FET 28K135, Whereas in a small signal a power MOS FET in the source common state. The cut-off
MOS FET the forward transconductance yg is 10 ~ 20 frequency of an N chamnel device is about 3 MHz. The
mS (milli-siemens) at best, in a power MOS FET it is 1.0 S. frequency response is dependent on the gate resistance and

Also, as obvious from Figs. 3-1 and 3.2, 25K135 has input capacitance shown in Fig. 2-2.
pentode characteristics and an excelient linearity of y,_ in In the output stage of an audio amplifier, a source
relation to . . follower is used. The frequency response of the source
P channel MOS FETs also have similar characteristics. P follower is 10 times greater than in the case of source
channel and N channel types have complementary charac- common because, as shown in Fig. 3- 4, input capacitance is
teristics. reduced by the mirror effect. The frequency response of a
power MOS FET is more than one order better than that of

a bipolar transistor.

Yog = 0~10V( 1V Step}
10 /
hY {/‘
— 3 8 4
: T
= l hg=0
] & . ° -y £
E A -t T “7
o — B-4 ;iIJi
4 R S_e 20V 46 1) N LooON N
5 g_s | Rg N N
2 2 i
é'lo_‘ 1A
| = Sy mAinn
) 0 1o 20 30 0 50 -14 HIT
Drain to Source Voltage Vos (V) 1k 10k 100k 1M 10M
Frequency (Hz )
Fig.3-1 Typical Qutput Characteristics (1)

Fig.3-3 Frequency Response Characteristics of lyfsl
{Source Common}

Vos = 0~14V (0.2V Step)

500
- .
N /
2w ] |
£ / 2 T T
! MOS FET H
- 500 " 1 ) Fﬁfg\anncl
- ] S
g 200 =1
9y Pt a2
% 3-3 50(2 — 1A \ HPO]al' |
m .
i BT W e
= et sl
(] @ 8 120 160 zoo & _g-wib i
- Drainto Soarce Valtage Vou (¥ | ~* [T
. ,a i
) 1ok 100k IM loM 100 M
Fig.3-2 Typical Output Characteristics (2] Frequency ( Hz )
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, Fig.3-4. Frequency Response Characteristics of
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3. Operational Features and Reliability

p— [

,-;\L3.3 Switching Characteristics
7

A power MOS FET has no minority carrier storage and
can switch a 2 A current at speed of 10 ~ 30 ns. This
switching speed is 50 ~ 100 times as high as that of a
bipolar transistor and represents a great advantage when a
power MOS FET is applied to various high-speed large-
power switching circuits, such as described later in this
application note, .

Fig. 3-5 shows current waveforms where a power MOS
FET is applied to a class-B amplifier stage of an audio
amplifier. The waveform is ideal for a power MOS FET
which, unlike a bipolar transistor, has no storage time.

T i ———————— .

3.4 Area of Safe Operation (A.5.0.)

Since a2 power amplifier device is operated at high
voltage and high current levels, it must be designed to
withstand electrical destruction. A power MOS FET basical-
ly takes full advantage of its excellent thermal stability, so
that a much wider area of safe operation can be guaranteed
for it than for a bipolar transistor,

Fig. 346 shows the areas of safe operation for DC
operation and pulse operation. Since a power MOS FET is
free of secondary breakdown in the high voltage region, the
guaranteed area of safe operation is equal to the range of
thermal limitation.

) Bipolar Transistor

R N
100 /}-A1--] A/
N

i
-

i

T~

{a) Emitter Current Waveform

Power MOS FET

N1
- 13871

°- 4
I} A
|/ \
IEE vamEEY
{b} Source Current Waveform
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10 20 S0
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- 7g9.3-5 Current Waveform of Class-B Ampilifier
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Fig.3-6 Area of Safe Operation {2SK135/25J50)

35 Temperature Characteristics

Fig. 3-7 shows the transfer characteristics of power MOS
FETs. in the high current area, the temperature coefficient’
is negative and currént concentration does not occur, so
that a wide area of safe operation is provided and
destruction by thermal runaway is largely prevented. Since
the transfer characteristics of power MOS FETs are of the
enhancement type, as in the case of bipolar transistors,
power MOS FETs do not require a complex biasing circuit

- asdepletion type FETs do.

In power MOS FETs, the temi:eratu:c coefficient of
‘drain current becomes zero around Ip =100 mA.
By taking advantage of these temperature characteristics,

‘the power MOS FET drcuit can dispense with an idling

current compensation circuit and feedback resistance for
current stabilization, which are required in the bipolar
transistor circuit as shown in Fig. 3-8. Hence, a simple
circuitry as shown in Fig. 3-9 is obtained.

vy
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3. Operational Features and Reliability

_ 1.00
< Tc =-—25‘C4,
5 T i A
0.
= 7
-E VDS =20V
g os0 /]
5 V
&) /
=1
‘s 025 Z
Q
0 05 1.0 1.5 2.0
Gate to Source Voltage Ves (V)

Fig.3-7 Typical Transfer Characteristics

'

t Temperature
¢ Compensation
1 Circuit

Fig.3-8 Audio Output Circuit using of
Bipolar Transistor

——o0+ Vec

N.Channel

Fig.3-9 Audic Cutput Circuit using of
. Power MOS FET

R - . {Example of the P-Channe] Device)

3.6 Reliability

High quality and high reliability are achieved in power
MQOS FETs by applying the process technology and quality
control - established for MOS LSI "and bipolar power
transistors.

In order that you may use Hitachi's power MOS FETs
with high reliability, explanation will be given by referring
to reliability test data.

{1) Relizbility design and process features

The chip structure of a power MOS FET is illustrated in
Fig. 3-10. In order to achieve high voltage durability and
high output characteristics, the following design and
process considerations are given:
® Chip structure

To ease electric field concentration between source and
drain, a low-<cencentration dopant is implanted by ion
implantation, to form an offset gate structure. Further, by
providing a source field plate, high voltage durability is
achieved.

e Chip fabrication process

Since micropatterns and integration degrees similar to
those of LSI are used, basic process technologies established
for MOS LSI, such as surface passivation and electrode
formation, are applied.

Source . _
£ 1~ Gate

1Rkt atleiagl
1

Drain

IR R A RNARANEREIL

(a) Electrode Pattern
of Surface

Layer to achieve P
i kd

high breakdosp g

[ LY J

Bottom Electrode

{b) Cross Section

Fig.3-10 Pattern of Surface and Cross Section of
Power MOS FET
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3. Operational Features and Reliability -
{2) Reliability data Items for reliability tests and failure criteria are present- é
® Failure criteria ed in Table 3-1. k4
Table 3-1 Failure Criteria :
Fallure Criteria (Note) %
Item Symbol Unit :
Lower © Upper . ‘-5;
V(BR)DSX :
Yol Lx08 - Y 4
Breakdown Voltage V(BR)GSS
Leak Current Ipsx - Ux2 T pA . |
- tlgss ) ;
Cut-off Voltage VGS (off) 0 Ux1.2 v . :
Saturation Voltage VDS (sat) - Ux1.2 v i
—) Saturation Voltage Ratio aVpS (sat) =30 + 30 % g
- . Forward Transfer Admittance lyfs)| Lx0.8 Ux1.2 s .
i
Forward Transfer Admittance Ratio afyfs| - 30 +30 %
(Note) U: Upper Limit After the Test
L: Lower Limit After the Test i
® Reliability test results ] ' Table 3-3 shows the temporal changes of ma_pr para- !
The results of reliability tests on complementary pair meters in device life tests. '
'wr MOS FETs 25K135/25150 are given in Table 3-2. . ~
. . : ;
Table 3-2 Test Results | i
N-Channel (2SK135) P-Channel (25150) .
d [tem Test Conditions Sample Testing Sample Testing . i
Namber | Time | FiOUS | Number | Time | Failue j
(pes) () (pes) (hr) pes) j
Lo Ta=25°C, Pchi=2TW, Vyg=80V _ ' E:
Operating Life Test Heat Sink 8¢=3*C/W (T 2150°C) 80 2,000 0 100 2,000 0 3 ‘ 1
' {'}cg gg*; rature Re- | Ta=150°C, Vpgx=160V, Vog=-10V 125 2,000 0 140 2,000 0 ,
Humidity Test Ta=80°C, RH290% t 7 2,000 0 77 2 000 0
A Ta=55°C 45 2,000 0 45 2,000 0 . ‘
. aTr=90°C, Timax=150°C
Thermal Fatigue Test ON: 1 minute, OFF: 1.5 minutes 50 10k cycles 0 50 10k cycles 0
Temperature Cycle Test| —~55~+150°C, 30 minutes each 730 10 cycles 0 580 10 cycles 0 §
- )
B Ean e SOMer | 260°C, 10 seconds 2 - 0 22 - 0 !
Drop Shock Test 1500G, 0.5ms, XYZ(3 times each) 77 - 0 77 - 0
Vibration Fatigue Test | 60Hz, 20G, XYZ(32 hours each) 38 - 0 38 - 1]
Yibration-Variabie 100~2000Hz, 20G, cycle time 4 min.
Frequency Test XYZ (3 times each) 38 - 0 38 - 0
Qonstant Acceleration | 59000G, XYZ(1 minute cach) 38 - 0 38 - 0
Capabili Elec- | C=200pF, Y=300Y forward and reverse
troatatic ﬂfi"l-fn:: T:Sct poiu")i‘:g' between G-S (one tit.rl:e er:ch) 100 - 0 100 - 0
. 7 AR ‘ ‘1'
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3. Operational Features and Reliability

[ Type No. 2 8K135 Changes of breakdown voltage and saturation voltage
-~
J Test item High temperature reverse bias test
.. ‘] Ta=150T 250}
Test condition | yrox m 160V, Vos=— 10V ) 200} H\%—’—H——%
»
Vpsx = higher then 128V 2 150}
Failure criteria | Vog (sat ) = lower then 144 V £ max
£ Vps (st} = within = 30 % 100} p=150pcs Em
Failure mode | Surface degradation Sof ) . ) min )
0 188 500 1000 1500 2000
Description - Tirme (hr)
1. There is almest no breakdown S 1ok .
change after 2,000 hours. ~ H_+_§__H
2. Change of Vos{sat) increases a little at 2 81 _
the initial period. but the changes i comp- » 6F _ 50 ’
=50 pcs
letely saturated afer 2,000 hours. £ P mﬂ
4 3. There is almost no degradation of Voss st R Sien
I¥fsl and other parametes. L L L L 2
0 168 500 1000 1500 2000
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4.1 Design of High Power Application
(Parallel Operation)

As stated in section 3.5, the negative temperature
coefficient of drain current and the high input impedance
of power MOS FETs enable paralle] operatic;n to be
performed with an extremely simple circuit.

In the parallel operation of Uipolar power transistors,
scattering of Vpg and hpgp characteristics causes an un-
balance in collector current and, as a result, large current
trangistors generate high heat, which in turn further
increases current flow; this may lead to thermal runaway.

* In a power MOS FET there is no possibility of thermal
. runaway because the drain current has a negative t_hermal
coefficient.

Fig. 4-1 shows a triple connection circuit. Forward

{ rnsfer admittance is three times as large as when a single

vice is used. In Figs. 4-2 and 4-3, this is expressed in-

waveform on a curve tracer. A current of about 20 A can be
controlled by several volts of gate voltage.

‘ Fig.4-1 Triple Connection Circuit
' {Example of the N-Channel Device)

ﬁq-l—-‘l"(ll! Seep )
»

|

I i

Drals Curret |y 4
-
4

Draia to Sowrce Yoltage V,, ¥

I; . . m e e e

Fig.4-2 Qutput Charactenstucs in Triple Connection

Cireuit{1)
; 4 " Vas = t=1¢¥{ 1 ¥ Sup}
it
2
s T
g M
¥ | Al 1 = -
\ b
() e e
Fig.4-3 Output Characteristics in Triple Connection
Circuit(2}
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4.2 Design of High Breakdown Voltage Application
{Series Operation)

(1) Totem pole connection

Fig. 44 shows a basic “totem pole” circuit, in which
power MOS FETs are connected in series. This circuit has
been used extensively as a saturated logic circuit, the basic
dreuitry for TTL IC. Operation of this circuit will be
explained.

When no bias is applied te Q,, Q, is cut off because
power MOS FETs have enhancement type transfer charac-
teristics; thus the following relationships hold,

Vg1 = 0, Ip=0

Rg
Vg2 = 2Vpp (Vg2 = Vpp* R8+Rs)
Vo = Ve2—-Ves:z
= 1AVpp - V2

~

Source

Fig.4-4 Basic Totem. Pole Circuit

where Vin is the threshold voltage of Q Generally,
Vin2 < VDD- Therefore Vo= /ZVDD
And the voltage applied to Q; and Q, will be about “Vpp

Next, let us consider a transient state. When the gate bias
of Q; i3 increased gradually from zero, Q, will become
conductive and so will Q, at the same time. If load
rsistance Zj is inserted between Vpp and drain of Q;,
drain woltage will be Vp = Vpp — Zi + Ip and Vo
(FAVp — Vso) will gradually decrease.

If Vpp has a much larger value than Vgsp and Q; is
driven up to the saturation region, then the characteristics
of an equivalent MOS FET would be dependent on Q.

Generally, when devices are operated in series, voltage
unbalance due to switching time difference presents a
problem. This problem is overcome in power MOS FETs
because switching time can be made as short as several tens
of nanoseconds,

Figs. 4-5 and 4-6 show breakdown and output charac-
teristics where a single device is used. When this device is
used in the circuit shown in Fig. 44, the breakdown and
output characteristics would be as shown is Figs. 4-7 and
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4. Appiication.Hints

4.8 Breakdown voltage in Fig. 4-7 is twice as high as in Fig.
4-5. The disadvantage is that on-resistance is zlso doubled,
as is obvious from Figs. 48 and 4-6. A method of im-
proving on-resistance is described in the following section.

{2) How to reducze on-resistance in basic circuit

On-resistance {or saturation voltage) can be reduced by
performing level shift of the Q, gate potential in the
positive direction. This can be accomplished, for instance,
by the methods shown in Fig. 4-9. Fig. 4-10 shows the
output characteristics for a case where the gate is level-
shifted to the positive side. (14 V is the maximum
allowable gate-to-source voltage.)

In the circuit shown in Fig. 4-9, as in the basic circuit,
the equivalent drain to source breakdown voltage is twice as
high as when a single device is used.

AAA “MMI‘ AAA
sy 1 n I‘r‘ yrry

8 o D
Q Q:

(A) Level Shift by Using of Dicde

g

0
> o
> M

1
r
>
F4
-
<
2
d
-

8 oD
Q; Q!

(B) Level Shift by Using of Breakdown Voltage
in External Transistor

G
T Rg Rg

W
I I i o s D OO
Q Q:
(@) Level Shift by Using of External Power

Supply

Fig.4-9 How to Reduce ON—Resistance
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-

Fig.4-10 Output Characteristics {{C) Circuit) . Fig.4-12 Passive Equivalent Circuit of Totem pole

{3) Improvement of high frequency characteristics in totem - : - : B ) % i
", pole connection ; S ' :
When the circuit shown in Fig. 44 is modified for a
source follower, because of the different operation of Q, )
and Q,, a phase differential occurs under the influence of : S e P
the power MOS FET input capacitance (about 500 pF _ o Y
for 2SK134, 600 pF for 25J49, f=1 MHz). As a result, f N -
characteristics worsen, as high frequency gain drops and : ‘ ST e e !
phase shift increases, . ’
This is expressed in Fig. 4-11. The equivalent drcuit L ) S o
ith passive devices alone is represented in Fig, 4-12. . S T ' '
It has been verified experimentally that the phase e e
differential of V5] and Vg; can be eliminated and driving '

in the same phase can be achieved by equalizing C, with ' —
Cinz and that phase shift as 100 kHz can be limited within : A
~9Q degrees.
(=]
Bg > -

Vo2 .. L

Oiny + Ciny ¢ Input Capacitance
Ra : Signal-Source Resistance

Oz : Compensation Capacitance ) ' Tt -

£
‘]' _ R g : Gate Biasing Resstance
Fig.4-11 Improved Totem Poie Circuit

10 HITACHI




5.1  AS.0. Limitation of Power MOS FETs

s The most basic and important characteristic required of
i‘3pc>wvar devite is a high breakdown strength, As stated,
breakdown strength is closely related to other characteris-
tics. Power MOS FETs have a thermal durability close to
their thermal limitation, which is dependent on package
configuration.
Fig. 5-1 shows breakdown points of power MOS
FETs in relation 1o those of bipolar transistor. In Fig. 5-1,
the curves marked 50, 100, 200, and 500 (W) are thermal
limitation curves. Breakdown points of actual devices are
along these curves,

Drain Current I
Coltector Current lc (A}

. " Drasa to Source Veltage Vps )
i . = .. Collector to Emetter Veltage Vex .
is - :

1 L7

[P : R

Fig.5-1 A.S.0.Limitation of Power MOS FET
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5.2 Thermal Mapping.of Chip Surface Under
Power Application

Current flowing in power MOS FETs does not concen-
trate Jocally but flows uniformly in the silicon chip.

Fig. 5-2 shows the thermal mapping of chip surfaces
under power application for a power MOS FET and
conventional bipolar transistors, Whereas the thermal map-
ping in the power MOS FET is uniform, a hot spot is
generated in the bipolar transistor shown in Fig. 5-2 (c)
although the power applied is one-half that applied to the
power MOS FET. '

Vos =60V, Ip=2A
(WPower MOS FET ( 2SK185)

Vbe =30V, Ip=4A
(B Bipolar Transister (23C1348)

_ Vog =60V, Ip=1A
QOccurence of Hot Spot .
(O Bipolar Transistor { 23C1348)

Fig.5-2 Thermal Mapping of Power MOS FET and
Bipolar Transistor with an Infrared Scanner.
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Handling precautions and simple check’sg methods will
be described for the benefit of those who use Hitachi’s
wer MOS FETs.

_¥ handled improperly, power MOS FETs cannot display
their excellent performance described in the foregoing. Not
only that. Improper use can lead to destruction of the
devices,

Also, it is necessary to take into consideration the
abnormal oscillation due to high gain, high input
impedance, and excellent liigh frequency characteristics,
which are some of the features of power MOS FETs.

By observing these precautions, circuits can be designed
with outstanding performance that cannot be expected

6.1 Pin Arrangement

As shown Fig. 6-1, the pin arrangement is different from

that of ordinary transistors. (The source is the case )

1.
1.
3

(Bottom View)

Gate
Dram
Source (case)

from using conventional power devices,

)

Fig.6-1 Pin Arrangement of Power MQOS FET

6.2 Measurement of Breakdown Voltage
Vpsx and Vggsg

Avoid measuring Vpgy (drain-to-source breakdown
voltage) and Vgc(gate-to-source breakdown voltage). At
breakdown, negative resistance characteristics are gener-
ated, leading to oscillation and destruction.

6.3 Observation of In-Vpg Characteristics

e When the In-Vpg characteristics (source common
output characteristics) are observed, oscillation may be
caused depending on the type of curve tracer used
(input capacity/resistance differs). This can lead to
destruction of the device. Oscillation can be prevented
effectively by connecting a series resistance of about
10 k52 to the gate,

® When drawing a I-Vpg curve on an X-Y recorder,
also, prevent oscillation by connecting a series resist-
ance of about 10 kf2 to the gate or by inserting a
capacitor of about 0.5 uF between the gate and source.

6.4 Circuit Experiments

& In performing circuit experiments, it is recommended
that you connect a resistance of 100 § ~ 2 k{2 to the
gate in series, to prevent oscillation, until you get used
to handling,

e In using the device as a source follower, it is recom-
mended that oscillation be prevented by inserting a
100 uF capacitor between the Vpp line near the drain

: and ground.

(Note) _
The precautions described in 6.2 through 6.4 above are
required because of the excellent high frequency charac-
teristics and transfer characteristics of power MOS FETs.
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6. Handlinﬁ Precautions

|

| 6.5 Checking with Circuit Tester

J ‘ Here are-some simple ways to check power MOS FETs

with a circuit tester to see that they operate normally. .
® Gate-to-source ‘ E :
i i ed i itive
Check and make sure there is no gate-to-source The gate is charged in posi Circuit Tester

conduction in either direction.
l ® Drian-to-source (for l\_l-channel devices}
Set the circuit tester for resis}a&_n\cc measurement (x
192). As in Fig. 6-2 (2), connect the plus lead to the source,
contact the n?ﬁlls lead to the gate and then connect it to
the drain. Since the gate is then charged positively (forward
basing), the pointer will flip to indicate conduction.
Next, as in Fig. 6-2 {b), connect the minus lead to the
source and after contacting the plus lead to the gate -
(whereupon the gate will be charged negatively), connect '
: )e minus lead to the drain and the plus lead to the source.
The pointer will not flip indicating a cut-off state,
As long as the above results are obtained, the device
may be expected to perform normally.
For P channel devices, checking can be performed
_ similarly simply by reversing the plus and minus leads.

l indicates conduction

The gate is charged in negative Circuit T

[Eoﬂme
o - . . | - | o , /\ e @Termmaj

Black Lead
i e}
. t "
.’ o
N R R S G e @ Fig.8-2 Checking with Circuit Tester for
T S N-Channel Devices
£ ° ‘t‘
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Function

‘Application

Wide band linear amplification

Audio power amplifiers*

Deflection circuits for CRT displays -

Medium wave — high frequency band modulators, transmitters*
Citizen band transmitters

Power switching

DC-AC inverters

AC-AC converters

DC-DC converters®

General-purpose switching regulators®
Pulse motor drivers

Power
application

Humidifiers, cleaners and other ultrasonic applications*
High-frequency heaters® .

Power
oscllation High voltage
application

Lighting equipment and other high frequency,
high efficiency applications
Dischargers, zir cleaners®

High-speed switching

Laser pulsers
Modulzators and drivers in high power transmitter circuits for optical communication

Bubbie memory drivers

Qther

Series regulators

4

* Explained in detail in the following section.
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LB.‘I Audio Power Amplifiers

’ \l Basic design philosophy
® Frequency characteristics (frequency vs, gain, phase)
The output stage of an ordinary power amplifier uses a
push-pull emitter follower (source follower). This method is
popular because it provides a wider transfer bandwidth and
more stable operation than other grounding systems.
Meanwhile, the forward transconductance (forward
transfer admittance) ygg of power MOS FETs is as large
as 1.0 S (siemens). Yet it is only a fraction of that of
general bipolar transistors and this represents a disadvantage
* in terms of open loop distortion. The reason is that when
bipolar transistors are used as an emitter follower, yg, is
given as:

.- Ig .
) er”’fm RS
. where o = Emitter equivalent resistance
K = Boltzmann constant
T = Absolute temperature
q = Electron charge e
Ig = Emitter bias current
Ry = Load resistance

Fven when Igis1 A, for instance, y, =408.
ONow the relationship between input and output js

R

L
e fe. = ———
S

and the nonlinier component of ygg causes distortion, so
that a larger yf; is of greater advantage. In other words,
in-c 3 power MOS FET has a distortion 2bout 20 dB larger
.1 a bipolar transistor, it is necessary to use a larger open
loop gain and a larger negative feedback than a bipolar
transistor. As shown by the frequency characteristics m
Fig. 34, however, a Darlingoton connection must be used
for bipolar transistors in order to enlarge the bandwidth,

so that the two-stage emitter follower would worsen the

phase characteristics. In applying a negative feedback, a

large phase shift would force a sacrifice of gain frequency

characteristics in 2 phase compensation cireuvit and the like.
Thus, with 2 scurce follower with a single power MOS FET,
much feedback can be applied over a large bandwidth, and
distortion can be reduced.

The driver stage of a power MOS FET does not
require a conventional class B driver stage. Therefore,
the poles in the amplifier system can be reduced
U a stable negative feedback amplifier can be form-
ed,

In the frequency characteristics of open loop gain,
setting the peak value near 10 ~ 20 kHz is the key
16 HITACHI

to forming a good circuit.

Setting the peak value at the upper limit of the
audible range is impossible with conventional bipolar
transistors. This can be realized only by using power
MOS FETs with excellent high-frequency and switch-
ing characteristics.

Fig. 81 shows the difference in open loop gain
of audjo amplifiers designed with power MOS FETs
and bipolar transistors,

| Power MOS FET

5

Open Loop Gatn
{Arbitrary Scale)

[—)

&

é’-§
$

° 100 1k 0k 100k
’ Frequency (Hr)

Fig.8-1 Open Loop Gain of Audio Power Amplifier

® Consideration for parastic oscillation ,

As power MOS FETs have excellent high-frequency
characteristics, they are liable to cause oscillation
when used in highgain designs such as described in
the preceding section. To avoid this, a gate resistance
(200 ~ 500 2) may be used to prevent a real part
of the input impedance to be negative. Or the gate
wiring pattern may be minimized (within 5 cm), as
stated in the section on precautions in fabrication
later in this manual. Or one-point grounding may be
used, _

When a gate resistance is inserted, frequency char-
acteristics are worsened as shown in Fig. 8-2, so that
optimum values must be selected in designing. The
gate resistance will have no effect in case the former
stage has a high impedance as in a dass A driver

) TN T
_ ‘_[__.' N : N . N :4
3 L\
T R TIIO ,
- nite
_JCinx mpst Capacrance \ %S‘ il
T : Gats Equivaient Remsance A %i

o ; Forward Tr. dh
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]

Voltage Gaim sqnl (4B)
-

ofee L A
. o0 1 \[ i
N R P RS VY
-4 Rl # g/ wCinml \\ \ T
-—“ - ] [} | e L]

Proquesncy # (W4}

Fig.8-2 Frequeney Characteristies of Source
Follower . {Calculated Value)
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{2) Typical design — 1 {100 W output at 100 kHz,
0.01%) ’

8. Designing Application Circuits

-

A circuit is shown in Fig. 83. Design of each
. amplifier stage will be discussed below.

I AC 100V l

i

B ety
—w—
0.28u
——
Cu
c
— N
19000 /B8

Fig.8-3 Full Circuit of 100 W Qutput Audio Amplifier

e Resign of output stage

k. 84 shows an equivalent circuit of the output
stage for N channel MOS FETs. Row is a drain-to-
source equivalent resistance when the power MOS
FET is on. The resistance 1.71§1 contains some
margin as it was calculated for the worst case from
the specifications for 2SK135 and 2SJ50.

VDS(sat) 12 | 171@ o

Ron T A )

Pel’ current 1 flowing in load Ry = 8 Q at P =
100 W is caleulated from mean current I, -

Po=I*-Ry ,Ip=v2°], '
P, .
mlp=VZV 2 = VIV A

Therefore, if transformer regulation is estimated as
20% and AC line regulation as *15%, then power
supply voltage Vpp is given as

Ypp~™ 1.2x1.15 {RL+0_5 (Ron* RS)}x 1p=61.8V.

In Fig. 83, the voltage is set at %65 V including -
a magin.

D

—) Yoy

L LR

(¥ ] ~oom
tdenl
MOs FET |} v
Wihowt Row ° i L
P ] L-;
-ng M — o
iy, 1 ——
b i ‘
H H
{ H
L et - X

Fig.8-4

Equivalent Circuit of the Output Stage for
N-Channet Power MOS FETs
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8. -!esigning Application Circuits

¢ Design of voitage amplifier stage
A power MOS FET can be used with a low driving
power. Fundamentally, only the power for charging and

,»-"'icharging the gate-to-source capacitance is needed to

£ output stage, so that no class B driver stage is
required.

The driving power varies with input frequency. At
100 W output and 10 kHz frequency, it would be
about 10 mW,

Therefore, an output- stage power MOS FET can
be driven directly from a class A predriver (voltage
amplifier stage) used in a bipolar transistor amplifier.
By eliminating the class B driver, the number of

components can be reduced, and impairing the am-

plifier’s performance caused by the drver itself can
be avoided. Further, the number of poles for transfer’
function (open loop gain vs. frequency characteristics)
decrease, and the stagger can easily be increased,

)sequently, the stability against oscillation is im-
proved.

Transistors for the voltage amplifier stage are re-
quired to have a high voltage durability, low Cobs
and high fy. Here the 2SD756A/2SB716A developed

especially for power MOS FETs are used. With the ™

NPN Jdifferential amplifier and PNP constant current

load, high gain and low distortion characteristics were

obtained.

. class A stage bias current is set as 10 mA. When bias
rent is lacking, sufficient power to drive a power MOS

FET at high frequency cannot be supplied, and distortion

would worsen,

The drain current temperature coefficient of a power
MOS FET undergoes a reversal of polarity at around I, =
100 mA and temperature compensation in the large current
region will be unnecessary. Hence, the bias circuit for a

r MOS FET is vastly simplified because only one
mxed resistor {1 k) for setting idling current will
suffice.

O

18 HITACHI

® Design of input stage circuit
For the input stage, a stable differential amplifier circuit

was formed by using the high-voltage, low-noise transistor

25A872, which is known for its high performance in
improving the S/N ratio. Bias current is set as 0.5 mA.
® Typical cha-acteristics of experimental circuit {Fig, 8-3}

Output vs, distortion characteristics are shown in Fig.
85. At f = 1 kHz, total harmonic distortion (THD) is
approximaiely 0.002%, which is the limit value for any
measuring system available on the market today.

Through optimum design, the following can be obtained
at rated output:

f=DC ~ 100 kHz,

. THD<0.01%

Thus, characteristics that cannot be obtained with
conventional bipolar transistors are realized with power
MOS FETs. .

L 1] Y
HE T T T T
[YTTs] I 1 |
—~ ¥ee « 203¥ Unlonded I
: o1 iz Curent:= 188mA (per each dewcel
a e
= T
fu JH
i
£ i T 7=
E : T AR
2 oo : r‘i-_-l_'-_—f;/‘,z -
e M 3euH:
b H-""':..‘h:"“"—'--__ 19nHy i 4_/}
e . , L :
e e § |
g e002 =
K3 r
]
] 1 1o -] » 100 109
Ootpast power P o (W)

Fig.B-5 Total Harmonic Distortion VS. Qutput
Characteristics

® Precautions in fabrication

o Minimize the gate wiring, although its relationship with
gate resistance must be taken into consideration.

© Provide one-point grounding for the amplifier base plate,
power supply, chemical fapacitor to prevent * line
unbalance, and speaker terminals.

© The output coupling coil has the effect of reducing
distortion in the high frequency range, and preventing
abnormal oscillation in capacitance loaded operation,
But the values should be determined while experiment-
ing.
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{3) Typical design — 2 (50 W output at 50 kHz, 0.01%)
Introduced here is a power amplifier with a rated output
W and which attains a total harmonic distortion of
0.01% over the entire frequency bandwidth of from 5 Hz to
50 kHz. The basic design method has been introduced in
the previous section. The output stage, as shown in Fig. 8-6,
is of the single push-pull construction. Considering the
power supply voltage and transformer regulation, the
complementary pair 2SK133/28J48 would suffice as the
power MOS FETs to be used.
This circuit can produce an output of about 70 W by

8. Designing Application Circuits

improving transformer regulation or stabilizing the power
supply line.
In the frequency characteristics of open loop gain, the
peak point is set at 10 kHz, 100 dB. Even 2t 100 kHz, a
high gain of 85 dB is ensured.
Fig. 8-7 shows the distortion vs. output characteristics
with the experimental circuit,
In this high negative feedback amplifier, caution must be
taken to avoid the oscillation which depends on the printed

pattemn,

+43V (Full Loaded)
+30Y (Unloaded)

$3A873

1/ 1W

100 R 108 nul SmA

23B713
25K 133

%ﬁ

»

00
™

B

L,-1eaH

J_o,oun
tSJ 48 |Cs

—45Y (Full Loaded)

Ry

«1/
Ry, =
OsW ’L s}

é AC100V

? W] e
C.%u- C--ﬁmooo- .
Fig.8.6 Full Circuit of 50W Output Audio Amplifier
(| "
S Messuring Equipments
L 1] !
~ Caciitor : YHPF Modal $4%3 4
bot Diatortion Meter © YHP Model 43334
a Vokmeter : HEF Medel #30EL
> AL=1(} /
o - ¥Yec=1 4 8V (Unlosded
King Current=188mA /[
j -1 = 200nHs ~— /
wiHs
RS RS — _/ /
] —]
. g ) \h\-—::-::— A
-
[ 1}
(9] L® ] ] ie 30 £ ] ] 199
g'"’, Cutput Power Pu (W)
Fig.8-7 Total Hormonic Distortion vs. OQutput -
Characteristics 7
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B. Designing Application Circuits

Fig. 88 shows the standard printed pattern. The

amplifier devices that drive the output stage power MOS

~ETs consist-only of five small-signal tiansistors, so that the
printed board is extremely small,

Wiring between the voltage amplifier stage collector and
the power MOS FET gate must be minimized. The arrange-
ment and configuration of the printed board and the heat
sink must be selected carefully,

e

OUTPUT = |

INPUT-]

Fig.B-8 Standard Printed Pattern in Actual Size
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8. Designing Application Circuits

-

In Fig. 8-8 which shows the example of the printed board {4)_Recommended line-up by output power
pattern, the printed board is attached directly to the heat

sink to minimize the gate wiring.

Line-up of devices in audio amplifiers of different
outputs is shown Table 8-1.

’ )able 8-1 Line-up of Devices in Audio Power Amplifier .

Input Stage Driver Stage Cutput Stage

. - {Output ¥ -

‘ P&?’)er N-Channel | P-Channel | N-Channel { P-Channel Con- TO-3 HPAK VYpsx
(NPN) (PNP) (NPN) (PNF) | mection |\ eonnel | Pochannel | NChantel | P-Channet | (V)
2sK151 | 25551 © | 2skn13 | 28076
(TO- (TO- (TO- (TO-
92MOD.) | 92MOD) | 220AB) | 220AB)

25K133 | 25148 25K225 | 25J81 120
2SD756 | 2SB716
(TO- (To-
S0~ 92MOD.) | 92M0D.)
80 25C1775 | 25A872 ?{’8755“ ZBT16A
S5 {do- | (To.
(T052) | @09 | 53mop) | 92moD) Single y » » .
2SK1 25749 25K226 82 14
25K214 | 25177 Push-Pull :
~ (TO- (TO-
220AB) | 220AB)
2SD758 | 25B718
(TO-202AA| (TO-202AA
MOD.) MOD.)
2SK175 | 28155 - - 180
8K216 | 28179
{TO- (TO-
220AB) | 220AB) -
2SD666A | 25B646A
ooy | Shuo 9
IMOD.) MOD
100~ | 25€1775 | 254872
25K134 | 25349 25K226 | 25182 140
140 | (TO92) | (TO-92) | y5po1s | 25177
’ (TO- (TO-
220AB) | 220AB)
(grsg_ma %1:‘33-6481& Parallel
126MOD) | 126MOD ) | Push-Pull
25K135 | 25150 25k227 | 25183 160
2$K215 | 28578
{TO- T0-
220AB) | 220AB)
25D758  |2sB718
100 | ZSiTIsA Z48AA | (T0-20244)(TO 20244 K176 | 2556 _ _ 200
I ( MOD.) MOD.)
.- R )
- - + i
o b
“.
{”i wrt hig oo
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8. Designing Application Circuits <
8.2 Power Oscillators (1)

"j Power MOS FETs have excellent high frequency charac-
teristics and their operating frequency extends to the 10 ’ Re G o
MHz band and higher. Taking advantage of their high I 3
switching speed and ease of biasing, one can use them for ) Cga
economical high-frequency power sources as in such new . _ z, oz
application as high-frequency heating and high voltage F—_(I-‘!z_ z !,t
generation, L

Power MOS FETs require a far lower driving power than
bipolar transistors do, and can be parallel-operated easily,
providing the required large output. Basic design procedures
for an oscillation circuit and practical applications will be
described below.

{1) Basic design of power oscillation circuit

Operation in a high frequency circuit is affected by
ight capacitances of the devices and parts used, Also
depending on the DC bias circuit arrangement and ground
pbints, feedback quantity varies and affects the characteris-
tics. Therefore, a circuit configuration determined through
calculations must be modified in the process on construc-

tion. Described below are the basic principles that provide

design guidelines for high frequency FET oscillation cir-
cuits. '
In Fig. 89, (2) is a basic oscillation circuit, and (b) an

q:;:ivalent circuit. Z,, Z, and Z form a tank circuit, By

ing the same type of reactance for Z, and Z,, positive
feedback can be applied. The signal applied to the gate is
amplified at the drain with 2 180° phase differential and
current of the same phase flows in reactances Z; and Z,,
so that it will have a 180° phase differential against the
source current. As a result the amplified signal at the gate
is positively fed back.

When power MOS FETs are used in a Colpitts oscilla-

.on circuit with Z, and Z, as capacitances, operation at

high frequency becomes possible.
Limitation for high frequency operation is created by
losses expressed by electrode capacitance C,, and series

. gate resistance R, in Fig. 8-9. The voltage applied to the

gate is divided between R, and C,,, and reduces gy, at high
frequency. At the same time, phase delay is caused.
The frequency at which g,, decreases by about 3 dB s,
in the case of 2SK135:
_ 1
f(“B)_ 2r+ Ry Cg

=3 MHz

€
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(a) Basic Oscillation Circuit

T
3
z,
{b) Equivaleat Circuit
= jXg-Em-Rg-i,
Zg~Bg—jXg , Z= R+jX

Zy=HRg-iX3 , 2= 3%

Fig.8-9 Basic Oscillation Circuit and Equivalent
Circuit by Usinga Power MOS FET

® Oscillating conditions

Since power MOS FETs have a large g, and power gain,
an oscillator can be formed even at frequencies higher than
fzam)- .

Next, oscillating conditions will be sought for Fig. 8-9
(®).

When gate current i¢ denoted by i,, drain current by i,,
and tapk circuit current including load by iy, the following
equation holds for the loop current:

—jXg *8m*Ro-ir *
(Ro+Z,;}i, -Z;°13 =0
Zyoiy v Zgcig = (2 +Z+2Z1)ig =0 reeeeeme - (1)

(Zy +Zp)ir -Z,+13=0 ,
Equation (1) has finite solutions other than i,=i;=i,=0.

'In other words, in order that the circuit may oscillate, it is

necessary that the value of the determinant consisting of
constants be zero, as follows:

Z: (X8 gm” Ro + 200 20 )
—(R°+L){Z,+ -
Z,+2
(z,+z+zl)z_t}=o ...................... - )
1

In an area of operation where drain current i, is not de-
pendent on drain voltage but rather on gate voltage, Ry is
far larger than the other parameters and the following equ-
ation holds:

——




] . v vl ¢ — A - o

Y

' 1220 Xg g + 4

-(Zz‘*Z*Zx)E'—Zﬂ I (3)
1
aginary part is:
‘ Ri* Xi* X;"Bm - (R; +R) Ry
+(X,—X)(X1+X‘)+X;'X,=0 .................... %)

If the terms with load resistances Ry and R of the oscil-
lator are neglected, then frequency would be determined by
the following equation:

"y Xi1°Xg

X"X, v Xe

F Xy st e e snsrnes (5)

Thus,

Q2 = o =II(E.—1& + El:) ........................ )

Next, from the real part, we get:
X ¥
X Xg-gm - Ry +R) T
P0G - X e Xy)E =0 ™
. 1
gm — (R: +R) | X,
Xa?  X;Xg/(Xy + Xg)
R Xi-Xg 1,
Xg' X; +Xg X,
From Equation (8), since g, must be large enough to
compensate for circuit loss, the following oscillation start
‘ cop ns are obtained:

N +
slnzcg + Cl «Gin + C, GL [ — (9)

0 e ®

Where G;;, and Gy are loss conductances of input and

i output dreuits respectively.
. Rg Rg +R
| e

In the case of high-efficiency power oscllators, the
ise term on the right side of Equation (9) represents an
limp  nt loss term, and By, 15 expressed with gate voltage
_Vg, oTitput voltage V and output power P ., as
follows:

out?

‘ YVout 2-Pout :
| gm2 Ty CL Vg-Vout , (10)
\ ® DC bias conditions and AC amplitude
~ Let us consider the relationship between DC bias con-
 ditions and AC amplitude in the various operating modes of
- the power oscillator in Fig. 8-10.

At conductor angle @, the various current and voltage
| parameters of the device are as shown in Fig. 8.11. Drain
: current is: )

_iD=IA(coswt-—coup) (11)

8. Designing Application Circuits

Basic wave amplitude: )
I= %- f: ip cos witd (wt)

=1, . P Sing-cosy
N —T

= . (12)
Mean current:
1 L
Io ‘-;' f: lDd (Wt)
sing —pcosy
= IA . —————ﬂ ......... (l 3)
The relationship with peak current: I =1a {1 —cos )
1.9 sing * cosy .
I=Ip _F_—u'(l Teosg) | e (14)
-1 . sing — ¢ cosp
In=Ip ——__n'(l Tosg) T (15)
Ve
i RFC
E2 ]
2 ) 13K 83
il L_.._"..__"__-_.
Cga Can
- {»..
n i—
[+ - Cy
- =
1
P
[-N
M ot

s
Dryin Correne
i» i»
I
/ —-
. L84 -l
]
ﬂ Conduction Angle
t=3y
_ - 4
<
f Yau

Fig.8-11 QOperating Mode of Power Oscillator

The ratio of maximum power against supplied DC power,
viz., drain efficiency, is expressed as follows, where current
and voltage efficiencies are denoted by n, and 7, respec-
tively:

\d
D %M TV,

L1, 1 e—sing-cosy
%2 1, 2 sing— g cosp
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8. Designing Application Circuits

N, <an be calculated similarly.

The relationship between conduction angle & and n; is
given as in Fig. 8-12. :

Next,the bias conditions that determine conduction
angle 8 = 2y will be sought.

If peak gate voltage is denoted by Vgp then:

O

vasz0+VGA—R3'IO ........................ (17)
R, . .
~ =V ey : Initial bias voltage to gate
where Yco=Yo R, + K, i voltag ga

VG A - Gate amplitude
IO : Drain mean current

R3 . Source resistance
. 2 — 100
~~ —~
-
! : 1 e 50 *
~ p—_
‘T] Py ~
! X x 3 :x
z2 9 {rad) 2

Fig.8-12 Current Efficiency VS. Conduction Angle

If the gate voltage satisfying the conditions for oscilla-
tion start is

then, from Fig. 8-11, we get
i[ : VGA‘COS(P:"RB'IO—VGO ......................... - (19)
: From Equations (17), (18), (19), we get:
Cosyp
VGS-I-"'I_W'VGP ................... . (20)
| " lo-Ist
@ VooVosrtRsig @n
VGp
' } VGA‘z 1 —cosp (22)

® Detarmination of circuit parameters .
Circuit parameters and maximum ratings of devices for

an FET oscillator will be considered. For high-efficiency

operation, drain bias voltage must be maximized. Lat us

make it onc-half the allowable voltage Vpoy max. of the

device. ’
1

.- ) - Vo .7VDSIMX R—— (23)

- Prom the relationship between allowable drain loss and
mean volhic, we get the drain mean current as follows:
D

U o
- Equation (24) represents a condition where allowable
loss is not exceeded even at oscillation stop.
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|

Vo

The peak current for class B operation Is obtained from

Equation (15) as follows:
]p =n- 10 (25)
Gate peak voitage Vp can be determined as a value
cotresponding to I'p in Equation (25) from the Ip - Vpg
characteristics of power MOS FETs (see Figs. 3-1 and 3-2 in
Chapter 3). As for oscillation starting current [, from the
conditions of Equation (10), denoting drain voltage ampli-
tude by V, the following is determined:
2:-Pout. 2:lo-"p
& VgV T v
For safety’s sake, the value of oscillation start current is
determined from the Bm - Ip characteristics of power MOS
FETs (see Fig. 8-13) as the value of I, corresponding to
twice the value of Equation (26). From these data and

Equations (20), (21) and (22), the bias parameters of V5
and VGA can be determined.

11
,/*"\ L

)
dachedd

............................................................

(26)

Lo

im(8)

Vos l oy
1
N-channel Devices

T il

L] -
Ia(A)

. Fig.8-13 Drain Current Dependency of

Transconductance

® Example of parameter calculation
By applying the above method to 28K135, the following

calculated results are obtained:
Vo = 70 )
lo =143 (A)
Ip =45 (A)
VGp= 6 (V)
8n = 2x0374 (S)
Ip =06 (&)
Vo5 29 )

® Calculation of resonator capacitance
In order to set the divided voltages of gate voltage Vg =
VGA) and drain voltage Vpto meet the above operating
conditions, resonator capacitances C’ and C2 will be
determined, :
With regard to drive voltage drop due to Rg, the
following equation holds:

el ﬂ}i. 3pr
ke
Gate W Ods Drain
G Ca YaxxYe
Source

Fig.8-14 Equivalent Circuit of Resonator
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Vg _Cds+C; 1
VD CgS"’Cl 1+(_
Wa
1

‘ Rg - Cgs ,

'~And the values of capacitance pair C| and C, are
determined. Coil inductance for the desired frequency can
be derived from these capacitance values.

The value of load Q can be increased by using a Clappe
type oscillator in which a capacitance is provided in parallel
between the gate and drain or inserted in series with the
inductance.

The load is expressed as follows, using output voltage
Vout and circuit efficiency 7.

where wg =

1 Vout?

PO'LI,t = Pm N nD - nc = E. -—R—I-‘—- renctiimarrrrases (28)

The specified output can be obtained by giving a

e ‘\;.noe or output voltage satisfying Equation (28).

_als oscillator gives the maximum output at optimum
lo  rut no destruction of devices occurs even under over-
load. In other words, gate driving voltage is proportional
to drain voltage and, under light load, drain voltage does
not exceed bias voltage. Under heavy load, drain voltage
amplitude decreases and the power MOS FET is protected.
{2) Experimental circuit and typical characteristics {135

MHz, 40 W)

n the constants are determined in accordance with
t].4Fasic design procedure described in item (1) above, the
circuit shown in Fig. 815 is obtained. The circuit con-
figuration is extremely simplified and can be applied to
circuits that give the desired frequency and output power.

Fig. 8-16 shows the supply voltage dependency of major
characteristics. An outstanding feature is that high-
effidency oscillation is obtained because circuit efficiency
does not change with supply voltage or output power.

—— 10 Y
L4
[ I’m.
I | wé o .
s <"
Mty M ’ .
m.y rrPC
1} P ——o Ye
/XL
a ' ¥
e {:E[ D !
i '
3 ¥ 3 = Unit &:0
ng T""’T"" T“. c:r
.
-

Fig.8-15 Source-Common Type Oscillator
. (Class - AB Operation)
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g .
0“:‘ “.lr:ual I
[ 1 —
gg"‘g- /#“;’/'
[ = —
358 1 =
@Tg -
25—“ ) - [
%:39,} // - — gm—
g3
3% — 1
E Drain Biaa Voltage V3 (V)

Fig.8-16 Osciltation Characteristics

8.3 Power Oscillators {1}
{DC-DC Inverter)

The inverter described hére introduces the basic theory
of the Colpitts oscillator referred to above in order to
obtain high frequency and high power, so that it can be
applied to high-frequency, high-efficiency lighting equip-
ment, dischargers, and air cleaners. Important performance
requirements for inverters and converters are as follows:

o High power efficiency (small circuit losses).

e Large area of safe operation for power devices and
minimal temperature rises for equipment,

o Low spike noise at switching of power devices and stable
output,

s Little unnecessary radiation from equipment.

e Small weight and volume of equipment.

The above requirements vary in importance depending
on the system in which inverters and converters are used.
But indispensable performances of power devices are
exactly those which Hitachi's power MOS FETs feature,
namely:

« High switching speed. i

e Simple driving circuit; large power gain so that driving
power may be minimized.

e Large current handling capability in the area of safe °
operation, particularly in the high voltage area (se-
condary breakdown region}, because these devices are
used at high voltage.

® Typical design

With 400 ~ 500 V output voltage and 400 kHz
frequency a8 the target specifications for the inverter,
circuit constants will be determined.

For deriving output, a capacitor loaded in the middle of
the oscillator loop will be used. Qutput current will thus be
obtained by discharge of electrons accumulated in the
capacitor. ,

First the basic circuit is set as in Fig. 8-17, where Cy
denotes a load capacitor, Ry and R, are bias resistances of
gate, and V; stands for unstabilized input voltage (which

_gives VG and VD).
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8. Designing Application Circuits

Fig. 818 plots output voltage and frequency with Cjas
parameter under the conditions of Cy=se,
' = 0.05uF, L = 0.0384mH, Cg = 5 pF, Rg = 24,
-Ag = 0.1uF, Cp = Open, Ry = 70 kR, V; = 45V,
The figure shows that output voltage is dependent on
the C, value and there is an optimum output voltage,
Oscillation frequency also varies with C, and shows a
tendency of monotone increase and decrease.
Next, characteristics measured with input voltage Vi as
parameter are shown in Fig. 8-19, The measurement
conditions are C;' =9,C, =0.05 uF, Cg = 5 pF,

RE = 20, CE = O-Iﬂp, (.:L = Open, R: = 70 m.
Fig. 8-19 shows that the desired output voltage is

- dependent on input V; and can be selected at will and that

frequency variation can be reduced. Frequency drift during
operation is due to heat generation in the capacitor. For
practical purposes, a low-loss capacitor with a small
temperature coefficient (e.g., mica, polypropylene) must be
used. '

The inverter introduced above involves a relatively zmall
power. But a similar principle applies to high-voltage power
supplies that require higher frequencies and higher voltages.

1000 P

RFC

T AC

-

; J

Cu Load Capacitance, R.R;: Gate Biasing Resistance
Vi:Unstabilized Input Voltage

Fig.8-17 Basic Inverter Circuit

Cy==. G =tstal
O =6 J1aF . Camip? b

A =30, O =Opan
By =FER{). F| = a3 ¥

Ta

(=

Outpat Yoktage v» (V)

Output Oucillation Frequency ferd (alia)

',l“ t . . )

[ .
[ YERR Y 3]

Fig.8-18 Vo, fosc - Cy Characteristics
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8. Designing Application Circuits

fose

MuV-l.- Ve (V)

Output Oucilistion Frequency fess (k Ha')

Vy‘
/ Ci=9 O'--l.ll'
N / Ca=3p? Ci=3000pP
R =3} Ca=alarl

G =Opes Ry=Tokf}

! -

L

B I L C

gt Voltage Vi

" - [
4 2]

L . —
Fig.8-19 Vo, fosc- Vi Characteristics

Medium-Wave Transmitters (Based on data of NHK

8.4
" Technical Research Laboratories)

Solid state devices are being used increasingly nowadays
in medium-wave transmitters, However, no optimum power
d’s are available for use in power amplifier circuits and
not a few problems involving circuit performance remain to
be resolved. A high-efficiency, high-power pulse amplifier
using power MOS FETs will be described.

Generally, in pulse amplification, power MOS FETs have
many advantages over bipolar transistors, as follows:

. @ -Pulse width does not change because of the absence
of carrier storage effect.
Drain current has a negative temperature coefficient,

so that no thermal runaway or current hogging -

occurs; as a result, stable operation is ensured.

© They have 2 large input resistance; since they are
enhancement type devices, input and output termi-
pals are jsolated and the bias circuit is simplified
compared with other field effect transistors.

© A small driving power suffices; driver and input

power amplifier circuits are simplified.

® The desired output is obtained easily by parallel

operation.

@ Design, adjustment and operation are simple.

A class D SEPP pulse amplifier with 1 kW CW at 0.5 ~
1.5 MHz carrier frequency and 80 ~ 90% overall efficiency
will be described. A class D type is selected because a final
power amplifier efficiency of 90% or better can be
expected theoretically.

{1) Class D SEPP type pulse amplifier

Fig. 8-20is a block diagram of the power amplifier.

In the carrier generator, radio frequency is pulse-width-
modulated by the audio frequency signal. Here, pulse-
width-modulated wave is generated according to the two-
valued logic, and is drawn out as two-phase pulse and

- applied to the driver stage.

The input parts of the power amplifier are transformer
coupled. Amplitude modulation wave is mixed and filtered
in the output tank circuit and applied to the load
{antenna),

Yo wte¥ Trraws?¥

i !

Carrier Ganarsaer Chrosit

Oweput Tamk Circun

| MI
2- 1Pa 1 Tramale

Ml» P:':-' ___:__{—r‘_}__ mix F—{riLvsa I“ﬂ Leed
.
3 ‘ -
Fig.8-20 Block Diagram of SEPP Pulse Power Amplifier ;
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8. Designing Application Circuits : ”
® Power amplifier circuit .
Fig. 8-21 shows a power amplifier circuit. A total of 16
: wer MOS FETs are used, four each in parallel.
In the SEPP system, since the source electrodes of power — / \ —
’ ° ™
supply side MOS FETs Q, and Q, are connected to the - _J fO— L
output transformer, an AC coupling system with capacitors - —\\ f \ — r
and resistors cannot be used. A transformer coupling as
in Fig. 8-211i i | [ \ f ! [
shown in flg. 8-21is reqpued. o _ . . \ f \ f X I
The primary and secondary winding ratio of the input
transformer is 1 : 1 (5 turns each) and bifiler winding is . }

used. An E type core is used, but output characteristics
vary considerably with the kind of core.

A clock pulse of 140 Vp_p, which is the maximum rated
voltage for this device, is applied to the gate of the PA stage
power MOS FET.

Fig. 8-22 shows theoretical waveforms at different
Ve j.?:ts in Fig. 8-21. Since only carrier signals are used in this

, only the unmodulated carrier component is obtained
at the output terminal.

When a pulse-width-modulated wave is applied as a clock
pulse to the MOS FET gate, a two-valued PWM wave (1
level: Vp,, —1 level: —Vp,) that has undergone pulse-
width modulation with audio frequency is obtained at the
output transformer secondary. This PWM wave is filtered in
the series resonance circuit consisting of a choke coil and
capacitor, and the basic component is derived. Since the

t value of waveform of this basic component varies with
pulse width, only the amplitude modulated wave is derived
at the output terminal.

| e F——
e —— . S
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Fig.8-22 Theoretical Waveforms (Unmodulated)
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® Output variation by transformer winding ratio
Figs. 8-23 through 8-25 show the dependence of output
~“yer and power amplifier efficiency on PA supply voltage
at different winding ratios. Fig. 8-26 plots the relationship
between PA efficiency and output power with winding
ratio as the variable,

While no reference will be made here to transformer
types (e.g., core shape, bobbin shape), it has been verified
experimentally that use of an E type core and a flat bobbin
is effective in achieving high efficiency.

T

/ Trassionmer Wisding Ratie

—]
—
'\-’

" Cutput Powat 1o 14
o
.
PA Efficiency = 1ot

> i
J 7

= C C =
PA Supply Yoltage = 17

‘the result of optimum selection based on these tendencies.

Fig.8-23 Output Power and PA Efficiency vs.
PA Supply Voltage for Various winding
Ratio of Transformer

D //‘-"J L] ]
. T o
C -

PA Efickency *» <0i

—_—
= = -

3 = C
PA Sucply Vohegy = (1)

{4-25 PA Efficiency vs. PA Supply Voltage for
Various Winding Ratio of Transformer.

o

The charactenstics shown in Fig. 8-23 through 8-25 are

From these experiments, it is found that an efficiency of
80 ~ 90% can be expected at PA power supply voltages of
0 ~ 140V, if the output transformer primary vs. secondary
winding ratio is selected at below I : 4. Particularly at a
winding ratio of 1 : 2, stable operation was obtained at 1.3
kW output power (I MHz continuous wave) and 87%
efficiency.

Output Ppwar bt twy 3
—
e
]
~

I

/
7
A

PA Sapoly Voliage s v

Fig.8-24 Output Power vs. PA Supply Voltage for
Various winding Ratio of Transformer

A [T

\/
{

. PA Rifctonty vty

) i .M;.l“' Pout * =

Fig.8-28 PA Effciency vs. Output Power for
Various Winding Ratio of Transformer
- - »”r
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[Reference Data)

Table B-1 Various Transformer Types

O

Winding Ratia

Bobbin

Core

i Secondary = 1:2
Fi ) Primary 8 Turns, Parallelin 5 ) Material: Teflon Insert H6ER-type
Secondary : 16 Tums, Parallel in 2 Refer to Fig. 827 Ferrite
Material Enamel wire ¢ 2mm :
Primary Secondary = 1:4
F Primary 3 Turns, Paralle] in 4 ECote
Sevondary : 12 Tuins, Parallel in 2 - Refer to Fig. 8-28(2)
Material Enamel wire ¢ 2 mm - i
Primary -: Secondary=1:6
F3 Primary : 2 Turns, Parallelin 4 ) E-Core
Secondary : 12 Turns, Parallel in 2 = Refer to Fig. 8-28(a)
Material : Enamelwire ¢ 2mm
; Primary Secondary = 1:2
F4 Primary : 2 Turns, Parallelin 4 ) E-Core
Secondary : 4 Tumns, Parallel in 2 - Refer to Fig. 8-28(b)
Material : Enamelwire ¢ 2 mm
J Primary : Secondary = 1:3
( ' s (Primary : 2 Turns, Parallel in 4 E-Core
y Secondary : 6 Tums, Paralletin 1 - Refer to Fig. 8-28(b)
Material Enamel wire ¢ 2 mm
|
|
o e
! .
Q ——
i
Loz 13
» ) W CC___';E"'- /
\-._______/ 18
- - — H ’ -
182 o ’ 11]
[ i,
. | J Hegn /_f
( Unic - mm)
Primuery | Bobhin Secomdary Betbin o )
l as \/
[N} { Ui ey
-
Fig.8-27 Bobbin Shape Fig.8-28 E—Core Shape
(—. BT -~ o7 % 1o TR COAS s e T RN
._) - - b N ~ n st
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: }Design of a 500 W class switching regulator using power

‘ 8.5 High Power Switching Regulators Using Direct
Rectification System

MOS FETs will be introduced. Described below are the
features of power MOS FETs as switching devices, followed
by calculation of ideal characteristics, design procedure,
and measured values.

{1} Advantage of power MOS FETs

Power MOS FETs are capable of high-speed switching, so
that the driving circuit is simplified even for frequencies as
high as several hundred kHz. Also, when a varable duty
ratio control system is used, carrier storage time of the
power MOS FET can be neglected, and a wide control range
is ensured. :

Therefore, output well follows input ripples, and a small
filter capacity suffices. This contributes much to improving
:  Tator performance.

. <xt, switching frequency can be raised to the limit,
which is dependent on the performance of the high-speed
rectifier diode. Therefore, efficiency can be augmented,
equipment can be made compact, and safety improved
compared with transistor converters.

{2) Calculation of ideal characteristics
Fig. 829 shows a theoretical drcuit for a switching
tor. When it is assumed that capacity C is sufficiently
1-" A output Eq is constant, and both switch S and coil L
have a0 loss, then, from the current waveform of Fig. 9 30
the following equilibrium equation holds:

Fig.8-29 Theoretical Circuit for a switching
Regulator .

Fig.8-30 Output{Load) Current Waveform

8. Desigming Application Circuits

-

L : .

At switch on:
dIL
L *=E-Eo - ¢}
__]L=_E£EO RN 3 PR )
I, = E'LEO ¢ Tyt lp v (3)
At switch off:
dl '
L« o=~ (Eo+Vp) ©
sl = EOZVD't“'I ................................. (S)
+V
* Io=1, - Eo D o P v et 6)

Thus, (E - Eg)Ty =(Ep + Vp)Ta

Therefore, Eg = B+t — Vp L where T=T, + Ty~ (7)
Mean load current [ will be:
IR = .L;_Io_ - (8)
_ Next, if I, I, is denoted by Ig, then
E-E
II=IR+ 2'L0 L [ . (9)
E-Eg
=]g - T 1
L=l - ST - T, (o)

Since minimum load current 1, is larger than 0, from
Equation (10}, the minimum value for coil L will be:
E-
Law® 52Ty - )
R
If the variation value of load current is put a8 A[ = [, —
Io, then, from Equations (9) and (10), we get
al= E; Eo. 1, (12)
If variation ratio is put 2 @ = A1/Ig , then the required L
value is determined as

L= Ml | CRE T - cemsen (13)

GIR

To seek conduction angle Ty/T, from Equation (7),
. we get

Eo=E- T -Vp (1~ Y
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Therefore,
T Eg+Vp
T E+ VD (14)

@ Next, let us seek the values of power and efficiency.

InputpowerW|=¢rE—f:l(EdE°-t+[o)dt

L
E E-
=*.l—.(—2L-E—O' Ti+1 *Ty)
Substituting Equations (9) and (10) into this, we get
T, L -1,
W;=-1-E +1
1= " E( 3 0)
T, Ep + Vo
=-——=+E+] =E"—""-‘-'I ............. 15
T R E+ VD R ( )
Output power
Wo =Eq * Ip - (16
Output efficiency
- Wo Eo E+Vp
n=_—YY=- 20, - an
i ) W; E Eg+Vp

Power loss Wy, of the rectifier diode is given as:

1 +V
Wp =Vp T (1, - EOL D 1) gt

i! 1 +V,
l. =VD’?(I]'T2-‘E%1"——D‘T§)

\4 I - T.
’"‘.1—.9(11'1‘:- 1210 *Ty)=Vp- Iy '“—-I‘.J"

E-Eo ’
=Y., . - 18
N
Thus, W; =Wy + Wp =(Eg + Vp+ wﬁ)xk
S E+VD
=g.E0*Vp, 19
E E+Vp Ir (19

® Typical values _
lfitisassumedtha!E'-'-100V,E0=50V,WL =200W,
Vp = 1V, Ig = 4A, [ = B0 kHz (T=125 ps), then T,
7.5

When a=0.5, then L = ET-IFQ—-T, =157 uH,
R
17=0.99 (99% efficiency)

. Effidiency increases as input, output voltage ratio E_/E

- approaches 1.0. In designing an actual switching regulator,

losses and optimum values must be calculated individually

i for the main power supply, switching circuit, contro}
drcuit, and filter circuit.

ST sl TN
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(3} Typical design

Basic design philosophy

.
-# Maximum output 500w

* Varable voltage range 10~ 100V
* Input power 500w

¢ Input voltage 140V

L ]

Input part is a 100 V AC direct

bridge rectification system; pow-

er MOS FETs are driven by

capacitance-coupling and con-

trolled by variable duty type

control,

40 kHz (25 ps)

Rectifier diodes currently availa-

ble have a reverse breakdown

voltage of 300 V, a maximum

" current of 6 A, a reverse re-
covery time of 02 ps, and z
forward volfage of 0.8 V or so.
If these performance figures are
improved, switching can be per-
formed at higher frequencies.

® The sensing output voltage feedback loop is isolated bya
photo coupler.

® Qutput transformer
winding ratio and
core

® Cautions in fabrication

® Since the output transformer winding is subject to sharp
current spikes, it is required to have 2 large capacity,
Vinyl wire is recommended.

® Providing a center tap on the output transformer’s

Type of circuit’

® Switching frequency

20 : 18 in tumns; EIH-90.

secondary winding and using full-wave rectification are .

effective in reducing rectifier diode loss. (In the example

described below, the bridge rectification system is used

for both primary and secondary windings.
* A large capacity choke coil should be used in order to

maintain a constant current over a wide range.
® Circuit operation

The basic circuit configuration of this regulator is shown
in Fig. 8-31.

in the sensing block, the voltage at the output terminal
is divided and compared with the reference voltage gener-
ated by a Zener diode, and the error voltage is output,

Here, a single operational amplifier IC, HA17741, is used
in the error amplification circuit and the overcurrent
limitation circuit. The circuit configuration is a stand.
ardized one.

In the control block, a variable duty drcuit is used to
reduce noise.

The power MOS FET has a switching speed as fast as 20
“~ 30 ns and is lable to generate noise. Also, its high input
impedance can induce external noise, which in turm can

e e o o

L

L ——— o —— &




cause misoperation. :

In the variable duty circuit, therefore, rectangular waves
gvhich the direct current component is superposed on the

r signal are integrated and the voltage comparator is

operated at the cross-zero point.

As a result, the loop has a low response speed but is not
affected by noise.

The drive block uses the CMOS inverter IC HA14011B
which drives the power MOS FETs and a complementarily
connected 200 mW class transistor. This block illustrates

8. Designing Application Circuits

o

the characteristic ease of use of power MOS FETs. The
driver need only have an input power of 10 V and a

" charge/discharge capacity of 1,000 pF. The drive circuit is

vastly simplified. If it is assumed that the power MOS FET
rise time t_ is 30 ns, then, one only has to consider the 300
mA transient current and the approximately 0 mA steady
state current (there is a slight leak current),

The circuitry of the blocks described above is presented

in Figs. 8-32 through 8-34,
Fig. 8-35 shows a timing chart for the control block.

> -
-~ —
S ar {1 O% r | —
] o—]| X F 3 Il—o 1
3 1 <
AC <o 1 2
5 L — | B
Input o § r =T - I g1 Outpa
C 121
£ G a4 | z
= —i| % x I}-—o Pl
L | ] L—O
3 =
= GND1
8+ S3 s1 81
v +10V T ‘
- to 31 !
Z -~
-
= B[ wOND} 1 )
Al -sv AL = —ow g4
F—0 to 83 from P1 0— ] b2
= Control |- Drive
' sm‘thk Block (o[ Block [~ Cea
. At Bl — toGs
e from P3 ©—] —— Ds
: 5 +1v Bl [0 to G2
2w ws: .
- = = |
2 B0 toGNDa |
-]
W | -sv .
. g - w34 i d
GND13 GNDt
Core of Output Transformer E1H- 90
Winding Ratic 3¢T: 18T
Choke Coil 80T, secalt
Fig.8-31 Block Diagram of High Power Switching Reguiator :
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;81
2802308
D 1 j Qtogs
VJzSAwae
N
: jSl
- 0.01
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8. Designing Application Circuits ¥ : - :
o Nominal characteristics of experimental circuit about 70%. Other characteristics illustrated are the follow- 1
Figs. 8-36 and 8-37 show voltage waveforms, respective- ing: ' ; ' :
A\ ly, for the output transformer secondary and differential . Fig. 8.38 Regulation characteristics
voltage between choke coil terminals, It will be seen that Fig. 8-39Efficiency vs. output current characteristics(Vg constan;
the conduction angle follows the specified output. Under Fig. 8-40Efficiency vs.output voltage characteristics (Tg constan:
the operating conditions of 80 V and 3 A, the duty factor is .Fig. 841 Efficiency vs.output current characteristics (Po constany
R
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-y i |
: Output ’ a - { R P
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aAo' *‘_—1 ——] R : i , e
’ - ov I | l i
P S
4 % Yt Y ae, B b ASAiv A
Fig.8-36 Voltage Waveforms for the Transformer Fig.8-37 Voltage Waveforms for the Differential
Secondary ' Voltage between Choke Coil Terminals
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Fig.8-38 Regulation Characteristics
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8.6 Low-Noise DC-DC Converters

The converter introduced here is based on a design

‘:) philosophy different from that of the high-power, high-

efficiency switching regulator described in the preceding
chapter, . -

Spike noise has been reduced to the limit in this
converter, so that it can be vsed in the PCM decoder part of
electronic switching systems which are sensitive to noise at
the small signal leve].

The circuitry and test results are described below.

{1} Circuit configuration and operation

A block diagram is presented in Fig. 842, It is a
single-transistor converter using 2 power MOS FET as the
main switch. Low noise is achjeved by:
® cffectively utilizing the electrode structure of power

MOS FETs (source electrode is connected to header),
.

® loosely coupling the output transformer,

For driving and controlling the power MOS FET, a
CMOS gate IC is employed.

A 12V, 5 mA subsidiary power supply is provided by
dividing the voltage at the AC input.

The control loops are isolated by means of a photo
coupler of 4 MHz bandwidth,

Radiation can be coped with by a shield plate; there is
no need for a special noise filter. (When the converter was
mounted in a PCM decoder, crosstalk to the adjacent
channel was below ~90 dBm/20 kHz.)

Since carrier storage effect can be neglected in driving a
power MOS FET, a mirror integration circuit is formed
with C, and the transformer primary, as shown in Fig.
842, As a result, the switching waveform draws a gentle
slope and the spike component is completely removed.

| by . C: -
. Input 2 B
0 T
—438YV
r
. Driver

+12Vv

+ 1.7TA
Output

by 30w

Photo Coupler

: 20kH:z
Reference
Osillator

Stop Signal

»

)

. Plip—FPlop
Power Alarm

R+ 2R;

Under-Yoltage -
SCR Check
Timer —-_
Over-VYoltage Ry ot
738 : HA17733 — Check ]
Photo Coupler ._J._ Rs
~ i

Fig.8-42 Block Diagram of DC-DC Converter
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" +ov
- —08V - i T .
448V
_ CMO83
| [ | L] | HD14011R/14012B
T Power MOS FET
l_ 01aF 28K13 4
- fr 20~30mA <
om Comparator ..o Current Limitter 2 Current Senser
10 .
.J.—— = el
Fig.8-43 Drive Circuit for DC—DC Converter
I wQesults of experiment ‘ -
“lajor performance figures are shown in Table 8.2, By ' 7
taking advantage of the performance, circuits that produce o
the desired output voltage and current can be designed. Ty
- / ~
Table 8-2 Major Performance Figures - - - ,
Item Condition Performance '
Input Voltage - 485V ‘
tput Voltage, Current Full logd +12V.1.7A a3 - 0 T
pike Voltage Full load 4mVpp — - - - -
Regulation for Input 48V
Voltage Changes —--53V +2mY
Regulstion for Load Non lcad - _t -
Changes ~Fullload | ~17mV . T
. Full Load T T
Efficiency Full Circuit 71% N ~
i - . .
-~
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8. Designing Application Circuits

Figs. 844 and 845 show operation waveforms of the

wer MOS FET, and Fig. 8-46 the output terminai ripple :
(ﬁ:’d spike noise waveforms.
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.8-45 Operation Waveforms of Power MOS FET T
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Fig.8-46 Ripple and Spike Noise Waveforms
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