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AN 80-WATT SWITCHING REGULATOR FOR
CATV AND INDUSTRIAL APPLICATIONS

INTRODUCTION

Switching regulated power supplies are -growing in
popularity in a wide variety of applications. The efficient
operation and small size of a switching supply are very
attractive features in most applications. This is especially
true in cable TV (CATV) systems where small size, weight
and efficiency are prime considerations. Although the
regulator discussed in this application note was designed
to meet specific CATV requirements, the basic approach,
including line operation, can be applied to many other
applications in the industrial marketplace. A brief dis-
cussion of line operation will be included at the end of this
application note.

A block diagram of a typical CATV trunk station is
shown in Figure 1. The input consists of the RF infor-
mation signal and a 60-Hz square wave from a ferroreson-
ant transformer. The 60-Hz square wave is used to power
the RF circuitry via the regulated dc supply contained
within the trunk station. The RF processing block can
contain a forward amplifier, a reverse amplifier, a bridger

amplifier and AGC circuitry representing a load current
(IL) of as much as 3 Amperes.

In many existing systems the output level of the ferrores-
onant transformer is 30 Volts and the dc regulator is
required to work over a 20-to 30-Volt range depending on
the physical distance between the transformer and the
trunk station. In newer systems, this output is 60 Volts with
the regulator required to work over 40-to 60-Volt range.
Ideally, it would be desirable to have the dc power supply
work over a 20-to 60-Volt range so that existing 30 Volt
systems could be easily retrofitted with any new regulator
designs and fewer power supplies would be required.
However, some compromise in performance and cost
would be required to obtain this wide range of operation.
These compromises will be discussed briefly in the design
section; in the meantime, the discussion will be limited to
a specific design developed to meet the specifications
shown in Table I.

Circuit diagrams external to Motorola products are included as a means of illustrating typical semiconductor applications; consequently,
complete information sufficient for construction purposes is not necessarily given. The information in this Application Note has been care-
fully checked and is believed to be entirely reliable. However, no responsibility is assumed for inaccuracies. Furthermore, such information
does not convey to the purchaser of the semiconductor devices described any license under the patent rights of Motorola Inc. or others.



TABLE | — CATV Trunk Station Supply Design Specifications

Input Voltage — 40 V to 60 V Squarewave @ 60 Hz
120 Hz Input Ripple — 5 V Peak-to-Peak
Input Transient — 120 V for 200 ms

Output Current— 0.3 A to 3 A

Output Voltage — 20 to 27 Vdc (Adjustable W/1% Regulation)
Output 20 kHz Ripple —< 14 mV Peak-to-Peak

Output 120 Hz Ripple —< 14 mV Peak-to-Peak

Input-Output Isolation

Figure 2-A shows a series switching regulator approach
that is very popular in many applications and is used in

some existing CATV systems. There are two major dis-
advantages with this approach. The basic circuit does not
provide input-output isolation and the dc input voltage
must be greater than the ouptut voltage. To alleviate these-
problems, a fairly expensive 60 Hz transformer is required
on the input as shown. The “ringing” choke converter
approach shown in Figure 2-B eliminates the 60 Hz trans-
former, provides isolation, can be designed to operate over
a wide range of input voltages and can operate from a dc
stand-by source. Because of these inherent advantages, this
approach was used to develop a switching regulated power
supply for CATV trunk staions.
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THEORY OF OPERATION AND CIRCUIT DESCRIPTION
Power Conversion and Regulation

A functional schematic of the circuit which uses a
dual operational-amplifier (MC1458) and an integrated
circuit timer (MC1455) to control a new high-voltage,
high-speed power transistor (2N6546) is shown in Figure 3.
The concept, as in all switching regulators, is to operate
the power transistor between saturation and the off state
at a high frequency (preferably above the audible range)
and vary either the on time or off time, or both, to
maintain a constant output voltage. For this particular
design, the off time is fixed and the on time is varied.

At start up, the base drive supplied through R1, satu-
rates the 2N6546 and the full input voltage is applied
across the primary winding (W1) of the power transformer.
With this voltage constant, the current ramps-up linearly
until the 2N6546 is switched off. While the power transistor
is on, the current transformer represented by W4 provides
adequate base drive to keep the 2N6546 in saturation
(Ic/1g = 10). At the same time, the secondary (W2) is
phased so that diode CR4 is reversed biased and no current
flows in the secondary. This causes all of the energy
absorbed during the on time of the power transistor to be
stored in the primary magnetic field.

When the power transistor is switched off, the trans-
former polarities reverse, diode CR4 is forward biased,
and the energy stored in the primary is transferred to
the secondary. The output capacitor, Co, charges up to
the required output voltage and must be large enough to
supply worst case load current during the time that diode
CR4 is in the blocking state (on time of the power
transistor).

The output regulation is accomplished by sensing both
the output and input voltages and varying the on time of

the power transistor to supply more or less energy depend-
ing on the output and input conditions. The output voltage
is sensed via a resistor divider network and applied to the
non-inverting input of A1 (% MC1458). This feedback volt-
age (K1 V() is compared to the voltage reference (Vyef),
the difference is amplified by A1 and A2 (¥ MC1458) and
the result appears at the output of A2 as a positive dc
level (Vdc).

The positive portion of the signal from W3 is pro-
protional to V| (K2Vy) and is integrated by A2 producing
a negative ramp at the output of A2. The slope of this
ramp is proportional to the input voltage and the starting
point (Vdc) is proportional to the input and output
voltage. As the slope and the starting point vary, the time
required to reach the threshold voltage of the MC1455
varies, thereby, varying the on time of the 2N6546.

When the output voltage of A2 goes below the threshold
voltage of the MC1455, its output goes high and turns on
a control transistor which pulls the base of the 2N6546 to
ground and turns it off. A pulse transformer is used
between the control circuitry and the power transistor to
maintain input-output isolation. The off time is fixed by
the MC1455 and is set to allow complete transfer of
energy under worst case conditions (heavy load and low
input voltage). When the MC1455 times out, the 2N6546
is allowed to turn on again and the cycle repeats.

A complete schematic of the circuit is shown in Fig-
ure 4. Note that the control circuitry (Al, A2, and A3) is
powered from the output circuit. This eliminates the need
for a separate regulated supply but requires some additional
start up circuitry as the control circuitry does not operate
until the output voltage is established.
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Start Up Circuit

Figure 4-A is a partial schematic showing the start-up
circuitry. Initially the power transistor is allowed to run
at a higher current than required under full load conditions
to insure start-up with heavy loads. The current in Q4
increases linearly, as in normal operation, until sufficient
voltage is developed across R13 to turn on Q5. Q5 provides
base drive for Q1 which drives Q8 into saturation and
shunts base drive away from Q4. This action, as in
normal operation, causes an abrupt change in Q4 collector
current, a reversal of transformer polarities and transfer of
energy from the primary of T1 to the secondary. Since
the current through Q4 and R13 decreases rapidly, some
sort of hysteresis is required to prevent Q4 from rapidly
turning back on and oscillating about some high dc current
level. Auxiliary winding A, Q6, and Q7 provide this
hysteresis. During the on time, winding A is positive and
provides a small amount of base current to Q4 through
R14 and CR7. When the transformer polarities reverse,
winding A goes negative turning on Q6 and Q7 which
holds the base of Q4 at ground until the secondary has
completely discharged. When the secondary current decays
to a fairly low level, Q4 is allowed to turn on again and
the cycle is repeated until the control circuit takes over.
If the output is shorted, this start-up circuit operates at a
low duty cycle and protects Q4. However, short circuit
currents will appear in the output circuit and could result
in component damage if the short circuit condition is

prolonged. Continuous short circuit operation could also
overstress the start-up circuitry, which was designed for
intermittent operation only.

Input Over Voltage Shut Down Circuit

This portion of the supply is designed to shut down if
a transient appears on the input line. If the supply was
allowed to operate under this ¢ondition, the power tran-
sistor would have to withstand a voltage level equal to the
transient voltage, plus the kick back voltage that appears
during turn off. If the circuit is shut down, the components
need only block the peak transient voltage that occurs.

A typical condition for CATV systems has been specified
in Table U as 120 Volts for 200 ms. If much higher tran-
sients are expected, some other means of protection such
as a zener clamp across the dc input, would have to be
used in addition to or instead of the shut down circuit.
The partial schematic of Figure 4-B shows the portion of
the circuit used for over voltage shut down. The value of
zener VR2 is chosen to clamp the base of Q1 at a voltage
slightly higher than the normal operating voltage. When
the input voltage exceeds this level plus the zener drop of
VR1, Q1 begins to conduct and turns on Q8 shunting the
base drive away from Q4. Q4 will be held off as long as the
input voltage is high and will automatically restart when
the over voltage condition disappears. Resistor R2 and
transistor Q1 were designed for low duty cycle (< 1%)
operation and would have to be increased in power handling
capability if prolonged operation is required.
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FIGURE 4-B — Input Over Voltage Shut Down Circuit

Output Over Voltage Shut Down Circuit

Under no load conditions the output voltage will rise
rapidly at start-up. This situation can cause some problems
since the control circuit is designed to work within a very
narrow range centered around the output voltage level.
The control circuit is saturated in either the high or low
state when the output voltage is outside of this range and
Q4 operates under start up conditions. If the output
voltage passes through this range before the control circuit
can react, it would continue to increase until some com-
ponent breaks down. The circuit components shown in

the partial schematic of Figure 4-C are used to guard
against this and other situations that could result in loss
of control. The circuit is designed to shut down the supply
when an over voltage condition exists at the output and
automatically restart when this condition disappears. When
the output voltage exceeds the zener voltage of VR3, the
optoelectronic coupler, Q3 (used for input-output iso-
lation), turns on, driving a darlington transistor (Q2) into
saturation. This provides base drive for Q1 and discharges
C3 through Q2. Q1 turns on, drives Q8 into saturation
which holds Q4 off and prevents the supply from operating.
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FIGURE 4-C — Output Over Voltage Shut Down Circuit

When the output voltage drops below the zener voltage of
VR3, Q3 and Q2 turn off, but C3 has to recharge to a
level close to the input voltage before Q1 and Q8 turn off
and allow Q4 to return to normal operation. The delay
time represented by the recharging of C3 is needed to
insure that the output voltage has decayed to a value below
the desired output level. This will allow the output voltage
to pass through the control range again when the circuit
is restarted.

DESIGN CONSIDERATIONS AND EQUATIONS
Input Rectifier and Filter

This portion of the circuit consists of a bridge rectifier
assembly and a filter capacitor. A 12 Ampere bridge was
used, even though the average current drawn by the supply
is less than 3 Amperes, to improve efficiency under start
up and heavy load conditions. A 2000 uF capacitor was
used to keep the input ripple below 5 V peak-to-peak.

Power Transformer (T1)

The power transformer design is a critical part of this
power supply, and requires special consideration. The de-
sign begins by assuming that the primary winding is a
linear power inductor, and calculating the inductance
and operating current level required to meet the system
specifications.

System Specifications

Vi =40 to 60 Volts

Assumed Specifications
fmin =18 kHZ, t=155 MS
n = Efficiency = 80%

The required input power based on the assumed efficiency
is:

Pin =Pout x %= 80/0.8 = 100 Watts

and the maximum energy (W) per cycle is

W =Pj, x t = 100 Watts x 55 us/cycle
= 5500 uJ/cycle

This is the energy that must be stored in the primary
during the on time of the power transistor. Knowing this
energy, the primary inductance can be calculated as
follows. The energy stored in an inductor is

=K LI2pk (1)

and the voltage-current relationship is

di
V= Ld—t
When V is constant, the peak current reached during a

specific time interval At, assuming zero initial current is

Vat
Ipk = 1 (2)
Substituting equation (2) into equation (1) and solving
for L
2
- L ( va t)
L
and
_ (VAt)z
W (3)



The minimum frequency occurs at maximum load and
low input voltage. If we limit the duty cycle at the low
frequency to 50 or 60%, at can be chosen to be 30 us.
Substituting the known quantities into equation (3) we
get:

-6)2
L= (40x30x10-0)2 _ 130 uH
2 (5500 x 10-6)
With this inductance and the fact that the maximum peak
current occurs at maximum duty cycle, equation (2) can
be used to calculate the current required.

Vat 40 (30 x 10-6)
Ipk (max) = —— =2V 7 =99 Am
pk (max) = 130 x 10- P

This is the peak operating current at maximum load
conditions. However, during start up, Ipg will reach
10 Amperes which is set by R13 shown in Figure 4-A.
At this point the material, shape and size of the trans-
former core must be chosen. In this design example a
ferrite pot core was used because it was readily available
and would give good performance at reasonable cost and
size. However, system requirements may dictate a different
choice and the designer should carefully investigate avail-
able materials and cores before making a final decision.
Ferroxcube’s 3B7 material was chosen for this design
example and the following approach was used to deter-
mine the minimum core size.

First determine the required ACACB product from

1.3 Po

x 106 (cm%
f Bmax ( )

*ACACB =

4

AC = Available Winding Area of Core (cm2)
A(CB = Effective Area of Core Bobbin (¢cm?2)
Pout = Output Power (Watts)

f = Frequency (Hz)
Bmax = Saturation Flux Density (Guass)

where

For 3B7 material Bypax = 3800 Gauss, therefore:

1.3(80)
(18 x 103) (3.8 x 103)

ACACB = x 106 =1.52 cm4

Two available cores that met this requirement were
Ferroxcube Part Nos. 3622P-L00-3B7 and 4229P-L00-3B7.
The specifications for these parts are shown in Table 1I.

From the ACACB product, the 3622 core could be
used, however, the 4229 core was chosen to allow some
flexibility in the design. Having decided on a core size and
material, the minimum number of primary turns can now
be determined from

Lp Ipk

=———— x108 5
Ac Brnax ©
where: Np  =Primary Turns
Lp  =Primary Inductance (Henries)
Ipk  =Peak Primary Current (Amperes)
A = Effective Area of Core (cm?2)

Bmax = Saturation Flux Density (Gauss)

Since the saturation flux density of ferrite materials
decreases with increasing temperature, the value of Byax
should be adjusted in equation (5) to provide for high
temperature operation. Based on the published high tem-
perature data for Ferroxcube 3B7 material, Byax was set
at 2000 Gauss instead of 3800 Gauss (Bpax @ 25°C).

Calculating Np from equation (5)

_ (130uH) (10 A)
(2.66 cm2) (2000 Gauss)

x 108 = 24 Turns

The required air gap can be determined using the follow-
ing relationships for the effective flux path.

_ 0.4 7NpIpk uay

Bmax

6

€

and

(N

where

le = Effective Flux Path (cm)
Np = Primary Turns
Mgy = Average Permeability
Ipk = Peak Primary Current (Amperes)
Bmax = Saturation Flux Density (Gauss)
Im = Length of Magnetic Path (cm)
lg = Length of Air Gap (cm)

The average permeability for 3B7 material, as shown in
Table II is 1900, and calculating le from equation (6)

1, = (04) (3:14) (24) (10) (1900)

3000 =286 cm

TABLE 1i
Core Core Ae Ac Acs Im Bmax RAV AcAcB
Material | Number (CM2) (CMm2) (cm) Gauss (cm4)
3622 2.02 1.08 0.116in2 5.78 3800 1900 1.51
0.748cm?2
3B7 4229 2.66 1.94 0.217in2 6.81 3800 1900 3.72
1.40cm?2
2213 0.635 0.420 0.046in2 3.12 3800 1900 0.189
0.297cm?2

*The equations used in this approach are from Reference 7.



Substituting this value for lg and the value for Iy from
Table II into Equation (7) we get

286 cm = 6.81 cm + (1900) g

_2.86 - 6.81

lg = —190—()‘~ = 0.147 cm = 0.058 in

Now the minimum primary to secondary winding ratio
can be determined by considering the maximum allowable
discharge time in the secondary circuit. Using the previous
assumption of a 30 us on time at 18 kHz, the secondary
circuit must discharge within 25 us, and the turns ratio
can be found from the following relationships

_Lsdls Lg2lg

dtoff  Otoff )
Lg = Lp/(Np/Ng)? )
Is =Ip(Np/Ng) (10)

Substituting Equations (9) and (10) into (8) and solving
for (Np/Ng) min

Ve o ILPI(NP/NS)2] [AIP(NP/NS)]
5~ Atoff

Ve PCIP)
$ ™~ (Np/Ng) (Btoff)

Np (Lp)(2lp)
Ns  (Vs)(&toff)

Np _(130x10-6h)(9.2A) _ L77
min ’

Ng (27 V)(25 x 10-63)

Solving for the secondary turns

Ng = Np/1.77
=24/1.77 = 13.55 (used 13 turns)

The number of turns for the control windings (Y-Z and
A) shown in Figure 4 were chosen to give reasonable drive
signals. Winding A performs a polarity sensing function
and can be 1:1 with a series resistor to limit the current.
Winding Y-Z drives the integrator and was set at a 6:1
ratio to give a 10-Volt signal at the maximum input voltage.
Once the number of turns for each winding is known, the
wire size can be chosen and the fit can be checked. The
wire sizes for the primary and secondary windings were
chosen so that their ampere per square inch ratings were
less than 1500 A/square inch. Almost any convenient wire
size down to 40 gauge can be used for the control windings
as the currents in these windings are very low. Number 16
gauge H. F. wire was used for the primary and secondary
and number 26 gauge for the control windings.

Using the turns per square inch factor for each wire size,
we can determine the fit as follows.

acn> P Ns Ny-z Na
CBZTi6¥ Ti6 " T26 'T26

where

" Np = Primary Turns
Ng = Secondary Turns
Ny.z = Turns On the Y-Z Winding
NA = Turns On the A Winding
T16 = Turns Per Square Inch for #16 Gauge
T26 = Turns Per Square Inch for #26 Gauge

24 13 4 24

SO S S L) i
ACB= 337 * 337 * 3933 T 5037 ~ 0122 sa-In.

From Table II, ACB for the 4229 core is 0.217 square
inch, therefore, this design should fit on the 4229 core.
The complete specifications for T1 are shown in Table III.

BASE DRIVE TRANSFORMER (T2)

The base drive transformer was designed as a low-level
pulse transformer. The winding ratio of this transformer
should be chosen so that the power transistor operates at
a forced gain low enough to maintain a reasonable satura-
tion voltage at peak collector currents. In this design a
1:10 ratio was used which will provide 1 Ampere of base
drive at 10 Amperes operating current (starting conditions).
Figure 5 shows the base drive circuit and the voltage and
current waveforms for transformer T2. As shown in wave-
form B, the secondary voltage during the on time of the
power transistor is equal to two diode drops, a VBE drop
and the drop across R13. These voltages increase with
increasing base current; worst case conditions are shown
in Figure 5. An important consideration in the design of
this transformer is to keep the percentage droop at the
operating frequency as low as possible. This will insure
that the voltage and current pulses are transformed with
minimum loss. The percentage droop of a pulse transformer
is defined by the following relationship:

100 Rt
*PD=T_£ (11)
m

where

Pp = Percentage Drop (Percent)
R = Effective Primary Circuit Resistance (Ohms)
tp = Width of the Pulse Being Reproduced (Seconds)
Lm = Magnetizing Inductance of the Transformer
(Henries)

The effective primary resistance (R) in equation (11)
consist of several components as shown in the transformer
low frequency equivalent circuits of Figures 5-A and 5-B.

*The equations used in this approach are from Reference 7.
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From Figure 5-B, R is equal to (Rg + Rzp) in parallel
with the parallel combination of R¢ and (n2Rg +n2R[).
However, a simplified approximation for R can be obtained
if the following assumptions are made.

a) R§ <R

b) Rc is large (meaning core loss is low)

¢) Rg>Rp

d) Rg> n2Ry,

In this application these are reasonable approximations and

R =n2R[,

From Figure 5

R _VS_ 4.3V_ -
L™ 1A T
n = ._1_
1
Therefore:

R = (—1%)2 (4.3) = 0.043 Q

10

With this value of R and assuming a droop of 1%, the
minimum value of Lpyat the maximum pulse width can be
determined from Equation (11).

100R t -6
Ly = p =100(O.O431)(30x10 ) - 129

Pp

Now the core can be sized using the same approach that
was used in the design of T1.

1.3P
Zoout 106 (cm4) (4)
X

=
ACACB TBrg

From Figure 5 Poyt = (4.3 V) (1 A) = 4.3 Watts

Therefore:

1.3(4.3) x 106

=0.155 cm#
(18x 103)(2 x 103) om

ACACB =

The smallest available pot core meeting this requirement
was Ferroxcube Part No. 2213P-L00-3B7. The specifi-
cations for this part are also shown in Table II. The number
of primary turns can now be determined from

A
Lp=04 anZMaV,EJ x 10-8

solving for Np

Np= / Lm

\/0.4 ﬂuavﬁjx 10_8

129 x 10-6
(0.4) (3.14) (1.9 x 103)

Np =

0.63
3712

=V26.5=5.1 Turns, Used 5 Turns

x 10-8

and

N
Ng =_nl_’ = 5/(1/10) = 50 Turns

Using the same current per square inch value as before,
#16 gauge wire was chosen for the primary and #24 gauge
for the secondary. Checking the fit,

Np Ng

> 42
ACB=T16 " T4
5 . 50

Zanms t e = 0. in sq.
ACB 327+1893 0.0416 in sq

The Acp for the 2213 core is 0.046 in. sq. from Table II.
The complete specifications for T2 are shown in Table III.



TABLE 11l — Transformer Specifications

T1: Primary — 24 Turns of #16 AWG
Secondary — 13 Turns of #16 AWG
Y-Z Winding — 4 Turns of #24 AWG
A Winding — 24 Turns of #24 AWG
Pot Core — Ferroxcube #4229P-L00-3B7
Bobbin — Ferroxcube #4229FID
Air Gap — 0.058 in. :

T2: Primary — 5 Turns of #16 AWG
Secondary — 50 Turns of #24 AWG
Pot Core — #2213P-L00-3B7 Ferroxcube
Bobbin — #2213FID Ferroxcube
Air Gap -0

T3: Primary — 330 Turns of #32 AWG
Secondary — 33 Turns of #26 AWG
Pot Core — #2213P-L00-3B7 Ferroxcube
Bobbin — #2213FID
Air Gap —0

M- O
Ein Lm Vs

= Generator Impedance

Primary Resistance

Care ! mee Racictancs
L ore LOSs nssistance

= Secondary Resistance
= Load Impedance
= Turns Ratio

FIGURE 5-A

CONTROL CIRCUIT PULSE TRANSFORMER (T3)

The procedure used to design this transformer is exactly
the same as the procedure used to design the base drive
transformer (T2). Figure 6 shows the specific circuit com-
ponents used to determine the output requirement for T3.
During the initial turn-off of Q4, Q8 is required to sink
IB2, plus Ig] from the base drive transformer. Ig| will be
present until the collector current begins to decrease
(depending on the storage time of Q4).

Therefore, initially

IcQ8max =1B1+1B2

_Icq4 1co4 . e
T, + 10 (assuming Ig| =Ig2=
Ic/10)
92A 92A
ICQ8max =T+T =1.84 Amp
Rg Rp
n2RS
Ein Ve Lm Rc
1 anL
o ® O nVg

Rg = Generator Impedance
Rp = Primary Resistance
Core Loss Resistance
Rg = Secondary Resistance
R = Load Impedance

N = Turns Ratio

]

FIGURE 5-B — Low Frequency Equivalent Circuits
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R26
Control Q9
Signal
From MC1555 _|_
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Vs=Vcrs* VR16 * VBEQS

Worst Case Conditions

Ig = 0.092 Amp
Vcrg = 0.8 Volts
VBeQg = 0.8 Volts
VR16 = R16 Ig

FIGURE 6 — Control Transformer Circuit (T3)
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If Q8 is operated at a forced gain of 20 under worst case
conditions, then

_lcQ8max _1.84 Amp
20 20

Is =0.092 Amp

The winding ratio of T3 can be chosen so that the
control circuitry works at a fairly low current level and
adequate voltage is applied to the base circuit of Q8. CR8
is used to protect the base-emitter junction of Q8 from
reverse voltages induced during turn-off and R16 is used
to limit the base drive during the on time. Using a standard
low-speed diode such as the 1N4003 for CR8 provides
some reverse bias for Q8 during turn-off and improves its
switching time. The reverse bias appears because of the
reverse current of the diode during reverse recovery. In this
example the winding ratio was set at 10:1 and R26 was
added to limit the current in Q9 during possible fault
conditions. Solving for the primary voltage (Vp)

Vp=V0 - VR26 - VCE(sat) Q9
=V - (Is/n)(100) - VCE(sat)Q9

With the output voltage of the supply adjusted to its low
value (VO = 20 Volts) and assuming a saturation voltage
of 0.3 Volts for Q9 gives

VP(min) = 20 -(0.092/10)(100)-0.3 = 19 Volts
and
VS(min) = VP/N =19/10 = 1.9 Volts

knowing the minimum V§, R16 can be set to provide the
required base drive. From Figure 6

Vs = VCR8 + IsR16 + VBE Q8
Vg - VCRS8 = VBE Q8 _ 1.9-08-0.8

R16= Is = T0092

= 3.26 2 (used 3 2)

At higher supply output voltages the base drive and oper-
ating current of the control transistor (Q9) will increase
but will still be within the ratings of the devices.

The reflected primary impedance can be calculated,
based on the secondary requirements as follows:

Vs

= 2 —4
R= 15 (@
substituting this value into Equation (11), allowing a 10%
droop and solving for Ly,

_ 100 Rtp
Lm

1.9

2=
0.092(10) 2065 Q

Pp (11)

or

_ 100(2065 £2)(25 x 10-6 us) _

Lm 10

516 mH

12

Calculating the turns and wire size using the same
procedure that was used for T2 resulted in the transformer
specifications shown in Table III for T3. Sizing the core
based on output power requriements indicated that a
smaller core could be used; however, in this example the
2213 core was used for convenience.

POWER TRANSISTOR (Q4)

Most of the important power transistor requirements
can be established based on the design of the power trans-
former (T1) and the base drive transformer (T2). Q4 must
operate at approximately 9 Amperes with a forced gain
of 10 and reasonably low saturation voltage.

The required blocking voltage for Q4 can be determined
from the following relationship.

BVCEX > Vj (max) +nT] VO (max) (12)

where:

BV(CEX = The Collector-to-Emitter Breakdown
Voltage With Specified Base Circuit Conditions

VI (max) = 80 Volts Before Shutdown Occurs

nT] = T1 Winding Ratio = 2

VO (max) =27 Volts

Therefore

BVCEX >80V +(2)(27)
BV(CEX > 134 Volts

This voltage will appear across Q4 after it is completely
off. However, during the actual turn-off, Q4 will be
required to handle maximum current at some higher voltage
with the base-emitter junction reversed biased. The voltage
reached during the turn off transition will depend on the
snubber network used across the primary of T1 (which will
be discussed in some detail later). To properly design the
snubber network, the device capability during reversed
bias turn off must be established. The Eg/p, rating (sec-
ondary breakdown energy in the reversed bias mode) shown
on many power transistor data sheets guarantees the device
capability with a specific load inductance. However, data
has shown that the Eg/p rating decreases significantly
with increasing inductance. Also, in most applications the
voltage is limited and does not reach the avalanche voltage
of the device, so that an Eg/p rating does not necessarily
apply. On the data sheet for the 2N6546, used in this
application, a new specification has been added which is
shown in Figure 7. The specification states that the device
can switch rated current at a specific clamped voltage
(i.e. if the collector voltage is clamped at or below the
specified value, the transistor can switch rated current
regardless of inductive load). With this information the
circuit designer can optimize the clamping network and
still be assured that the device is being used within its
safe operating area.
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FIGURE 7 — Switching Safe Operating Area — Vo (Clamped)

The switching time of Q4 (especially the fall time) is
important and should be as low as possible to reduce
power losses during turn-off. CR6 and C7 shown in
Figure 4 were added to provide some reverse bias during
turn-off and improve the switching of Q4.

The voltage and current waveforms for Q4 are shown
in Figure 8. The load line is shown in Figure 9.

LOAD LINE SHAPING NETWORK

Load line shaping is used to reduce transistor dissipation
during switching and to protect the device from overstress
conditions. The load line shaping network is shown in
Figure 10. A conservative approach in designing this net-
work is to choose C4 to limit the rate of rise of voltage
across Q4 so that the collector voltage reaches the rated
clamp voltage at a time greater than the fall time of the
power transistor. This will insure that the power transistor
is operating within its safe operating area (SOA).

Therefore:
Ipk ty
C4=——
VClamped (13)
where:
Ipk = Peak Current In the Primary (Amperes)
ty = Time to Reach Clamp Voltage (should

be greater than the inductive fall
time of Q4) (Seconds)
VClamped = Rated Clamp Voltage (Volts)

To calculate C4min use ty = tfmax = 1 us

in:(10)(1.0><10—6)

=0. F d 0.047 uF
350 0.029 uF (used 0.047 uF)

C4m

13
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FIGURE 8 — Voltage and Current Waveform for Q4
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FIGURE 9 — Q4 Load Line
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FIGURE 10 — Load Line Shaping Network

R10 should be selected so that C4 charges close to
the input voltage during the on time, but limits the addi-
tional current supplied to Q4 at turn on. The minimum
on time which occurs at minimum load, is approximately
6 us.

Therefore:

R10C4=6x 1065
R10=6x 10-6/(0.047x10-6)=128 Q(used 130 £2)

The major portion of the power dissipation in R10
occurs during the charging cycle and can be estimated

as follows: v K
_ VI T
PDavg = RI0 T (14)

where

K = A Constant Used to Transfer the Expon-
ential Power Pulse in R10 Into An Equiv-
alent Rectangular Pulse and Is = 0.5

7 = RC Time Constant (Seconds)

T =Period at Maximum Frequency (Seconds)

Substituting and Solving for PDan gives

_(60)2(0.5)(6x10-6) _

2.7 Watts
ave  (130)(31 x 10-6)

CONTROL CIRCUIT

The most important design considerations for this
portion of the circuit (see Figure 11) are the dc gain from
the supply output to the output of the integrator (A2), the
integrator time constant and the time constant of the
MC1455 (A3). The zener reference diode (VR4) is not
critical in this design because the output is adjustable.
However, if R11 and R12 are fixed, then the combined
tolerances of R11, R12 and VR4 will have to be less than
the specified output voltage variation.

The integrator time constant (R22C10 from Figure 11)
can be set to equal the maximum on time of the power
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transistor (30 us at low input and heavy loads). If a
convenient value is chosen for C10 then R22 can be deter-
mined. In this design, C10 was chosen to be 0.005 uF then

t -6
R22=_on_30x10"0us

= :6kQ
C10  0.005 x 10-6

At low input, the Y-Z voltage to the integrator A2
during the on time of Q4 is

Ny.
VY. = (5 (Vi ow) =(1/6)(40V) = 6.67 Vol

d the output of A2 will h lope of ——VY-Z
an € ou pu (o] Wi ave a s Ope [e] —m
_ 667
30 x 10 -6

At low input, maximum load conditions, the output of
the integrator will change by 6.67 Volts in 30 us. As the
threshold voltage of the MC1455 is 1/3 V¢ or 4 Volts,
the maximum integrator voltage must be 4 + 6.67 = 10.67
Volts at the beginning of the on time (Vdc shown in Fig-
ure 11).

At the other extreme of high input, the Y-Z voltage
during the on time of Q4 is

+Vy.z = (1/6) (60 V) = 10 Volts.

The integrator output will therefore have a slope of
10

30 x 10-6°
high input, minimum load, can be calculated from the
relationship of energy stored during on time to energy
needed during the complete cycle.

If we assume an efficiency of 50% at minimum load
of 8 Watts, input power will be 16 Watts. Required energy
per cycle is

The on time of Q4 under the conditions of

W =Pip (ton *+ toff) = 16 (ton + 25 x 10-6)Joules.

Energy stored during Q4 on time is

_ (VI ton)? _ (60ton)?2

W =
2L 2x 130x 10-6

As these two energys must be the same, we can equate
and solve for tgp.

(60 ton)2
2x130x 10-6

=16 (ton + 25 x 10-6)
3600 t3, = (4160 x 10-6) (ton + 25 x 10-6)
3.6x103t2 -4.16x10-3 ton-1.04x10-7=0

Solving this equation results in top == 6 us

In 6 us, with high input voltage, the integrator output
will change by

10

—WX 6 X 10_6 = -2 Volts.
X -



w2 4——4 t

A2 Output

A3 ———-/f Output—l__'——l__
]

ton toff

Vo
tVy.z...
0
R11 }\
——AN—S
K1 Vo Y
\ R21 ¢
2= A1 —~AAA
MV = Z g
R12 R19
L AAA—
R20
VR4

>
R24%

c12 toff = 1.1 R24C12

S

FIGURE 11 — Control Circuit

The maximum integrator voltage under high input, mini-
mum load conditions is therefore 4 + 2 = 6 Volts.

The dc level of the integrator output voltage must
change by 10.67 -6 = 4.67 Volts when going from worst
case maximum load to worst case minimum load. The dc
gain of the control circuit determines how much of a
change in Vg will be required to cause 4.67 Volts change
at the integrator output. If we choose 1% regulation over

R12
RI1+R12’
cannot change more than 1%, or 0.12 Volts. Minimum
control circuit gain may then be calculated as

0.12 A=4.67
A =38.9.

worst case line and load, then KV, where K =

DC gain of the control circuit shown in Figure 4 is 11 x
4.35 = 47.9 which gives regulation of

4.67 _ _
m = 0008 = 08%
for worst case line and load changes.
The time constant for the MC1455 is set to equal the
off-time which was chosen to be 25 us. From the MC1455
data sheet and Figure 4

1.1 R24C12 =25 us

A convenient value can be chosen for one of the com-
ponents, which fixes the second one. For the circuit of
Figure 4, R24 = 2.4 k2, C12=0.01 uF.

OUTPUT FILTER

The output filter section shown in Figure 12 is required
to maintain the high frequency ripple at or below 14 mV

15

peak-to-peak. To reach this level with a single capacitor
filter (C5) at heavy loads would require approximately
7500 uF. In this example we chose to reduce the size of
CS and add an LC section (L1 and C6) to achieve the
design specification. If 50 mV is allowed across C5 then

C5 = 10 max ton(max)
VRipple

-6

- (3—_A)5 (()3)? = ) = 1800 uF (used 2000 4F)
The L1C6 section has to attenuate the 50 mV signal to
14 mV or less. C6 should be chosen so that its impedance
(Xc) at the operating frequency is much less than the
minimum load impedance (R ). This will reduce the effect
of the load on the attenuation process since the impedance
of C6 (X) in parallel with the load impedance (R[) will
be approximately equal to the impedance of C6. Setting
XC(max) < 10% Ryp(mijn) will give reasonable results.
For this example

|-—<
¢
LS

FIGURE 12 — Output Fiiter Section



_VOomin _20_
RL(mln) = —I_O—r;‘]—a_x = —3—— 6.67 £2

and
XC(max) < (0.1) (6.67) = 0.667

solving for C6 from

-
XC (maX) 2w fmln C6 min

gives
C6émin = ____.’1_4—’ = ___'_,ld——-——
2 fmin XC6 max  2(3.14)(18% 103)(0.667)

=13.3 uF (used 20 pF)

L1 can be determined from the following relationship for
the required filter attenuation.

Xc6

JAN ~__ 22 A
Vo XL1 + XC6 v

14 mV >

solving for XL1

XC62VI

XL1 +XC6=TV—6-

AV 50
XL1 = XC6 (Z\T)‘I) = 0667(% -1)=12.7 8,

assuming AVQ = 10 mV instead of 14 mV
and from

Xp1 = 2afL1

XL1_ 2.7

L= 3~ 2(3.14)(18x 103)

=24 uH (used 25 uH)

The core for this inductor can be designed using the same
procedure used for the power transformer. Since Imax =
Idc + lac =3 A, #l 6 gauge wire was chosen. Then:

AX L Imax
* ACACB = m X 108 (cm4)

where Ay = cross sectional area of the wire in cm?

*The equations used in this approach are from Reference 7.
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0.013 cm2)(25x10-6n) (3 A
ACACB =( (0.8))((2000 ) BGA) 108 cmd

=0.06 cm#

From Table II,core #2213-L00-3B7 should work. The
number of turns can be calculated from

08 = (25% 10-6)(3 A)
X (0.635)(2000)

= 5.9 (used 6 turns)

Llmax
= x 108
AeBmax

checking the fit:

N _ 6 0.018 in. sq.

>
ACB~Z 77 ~32

Since this ACB for the 2213 core is 0.046 in. sq., this
winding should fit.

Checking the magnetic path length required,

_(04)7NImax HAV _(0.4)(3.14)(6)(3)(1900)

€

Bmax 2000
= 21.5cm
le =1m + ulg
21.5cm=4.5 cm+ (1900) Ig
17 =1900 Ig

Ig = 0.0089 cm = 0.002 ins

PERFORMANCE AND CONCLUSIONS

The overall performance of the circuit is summarized in
Table IV

TABLE IV —

Output Current — 0.3 Ato3A

Output Voltage — 20 to 27 Vdc (Adjustable)

20 kHz Ripple — < 15mV Peak-to-Peak

120 Hz Ripple Rejection — >60dB (<14 mV Peak-to-Peak)
Load Regulation — < 1%

Line Regulation — < 0.5%

Efficiency — > 75%

The excellent 120 Hz ripple rejection can be attributed
to the control technique used, which senses both the
output and input voltage. The circuit performed well to
an ambient of 70°C. This could be improved with a change
in core material and/or shape, additional heat sinking and
possibly a selection of critical devices.

As was mentioned in the introduction, the circuit can
be designed to operate over a wider range of input




voltages with certain trade offs. Three possible approaches
to accomplish this and their effects on the operation are
listed below.

1. USING A SIMILAR TRANSFORMER DESIGN; at
lower input voltage, the minimum operating fre-
quency would be lower and the maximum operating
current would be higher. This would require a
redesign of the drive circuit, a higher current power
transistor, an increase in the off time to insure that
secondary completely discharges, some modification
to the transformer to prevent saturation and larger
filter elements.

2. TI COULD BE REDESIGNED TO OPERATE
AT THE SAME CURRENT LEVEL, BUT AT A
MUCH LOWER FREQUENCY WITH LOWER IN-
PUT VOLTAGES. This would require either an
increase in off-time or a change in winding ratio.

3. T1 COULD BE REDESIGNED TO OPERATE AT
THE SAME CURRENT LEVEL AND FREQUENCY
WITH LOWER INPUT VOLTAGES. This would
require a reduction in off time, a higher turns ratio,
higher voltage capability for the power transistor,
higher peak currents in the secondary, larger output
filter elements and higher frequency operation at
high input voltages.

The second approach appears to offer the least amount
of compromise. The major disadvantage is the lower fre-
quency of operation.

In other applications such as line operation and lower
output power systems the basic circuit could be scaled up
or down depending on the requirements. Line operation
may be possible with the same power device (2N6546)
used in this application as it has high voltage blocking
capability. The maximum operating current in a line oper-
ated system would be much lower for equivalent output
powerrequirements because of the high input voltage. This
would also reduce the drive requirements for the power
transistor. On the other hand, higher output power could
be achieved with a line operated version if the operating
current is held constant (200 to 300 Watts may. be
achievable). The voltage capability of the input bridge and
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portions of the contro] circuitry would have to be increased
for line operation. Various resistors would have to be
increased to limit currents and power dissipation.

In summary, the basic approach is very flexible and can
be tailored to specific systemrequirements by following the
design approach shown in this application note and adjust-
ing component values to meet the design specifications.

REFERENCES

1. Calkin,E.T. and Hamilton, B.H.: Circuit Techniques for
Improving the Switching Logic of Transistor Switches in
Switching Regulators, IEEE Conference Record, 1972
IAS Annual Meeting, pp. 477-484.

2. Calkin, E.T. and Hamilton, B.H.: A Conceptually New
Approach for Regulated DC to DC Converters Employ-
ing Transistors Switches and Pulse Width Control,
IEEE" Conference Record, 1972 IAS Annual Meeting,
pp. 485-494.

3. Beiss, J.J., Lalli, V.R,, Schoenfeld, AD. and Yu, Y.:
The Application of Standardized Control and Interface
Circuits to Three DC to DC Power Converters, Power
FElectronics Specialists Conference 73 Record,
pp. 237-248.

4. Steele, W.: Use a Single Ended Switching Regulator,
Electronic Design, June 6, 1975, pp. 72-76.

5. Okada, R.H.: Switching Power Supplies, RO Associates
Brochure, Copyright 1973.

6. Turnbull, J.: Ferrite Cores,Electronic Products, May 15,
1972. pp. 53-55.

7. Ferroxcube: Applying Ferroxcube Ferrite Cores to
the Design of Power Magnetics, Bulletin 330-A, Copy-
right 1966.

8. Ferroxcube: Magnetic Design Manual, Bulletin 440,
Copyright 1971.

9. Magnetics: How to Select the Proper Core, Bulletin
10A-5.

10. Dudley, B.W. and Peck, R.D.: High Efficiency Switch-
ing Regulators, Hewlett-Packard Journal, Volume 25,
Vol. 4, December 1973 '

I1. Haver, RJ.: 4 New Approach to Switching Regulators,
AN-719 Motorola Semiconductor Products Inc.,

May 1974.



@ MOTOROLA Semiconductor Products Inc.

Printed in Switzerland



	05722123.tif
	05722124.tif
	05722125.tif
	05722126.tif
	05722127.tif
	05722128.tif
	05722129.tif
	05722130.tif
	05722131.tif
	05722132.tif
	05722133.tif
	05722134.tif
	05722135.tif
	05722136.tif
	05722137.tif
	05722138.tif
	05722139.tif
	05722140.tif
	05722141.tif
	05722142.tif
	05722143.tif
	05722144.tif
	05722145.tif
	05722146.tif
	05722147.tif
	05722148.tif
	05722149.tif
	05722150.tif
	05722151.tif
	05722152.tif
	05722153.tif
	05722154.tif
	05722155.tif
	05722156.tif
	05722157.tif
	05722158.tif
	05722159.tif
	05722160.tif
	05722161.tif
	05722162.tif
	05722163.tif
	05722164.tif
	05722165.tif
	05722167.tif
	05722168.tif
	05722168a.tif
	05722169.tif
	05722170.tif
	05722171.tif
	05722172.tif
	05722173.tif
	05722174.tif
	05722175.tif
	05722176.tif
	05722177.tif
	05722178.tif
	05722179.tif
	05722180.tif
	05722181.tif
	05722182.tif
	05722183.tif
	05722184.tif
	05722185.tif
	05722186.tif
	05722187.tif
	05722188.tif
	05722189.tif
	05722190.tif
	05722191.tif
	05722192.tif
	05722193.tif
	05722194.tif
	05722195.tif
	05722196.tif
	05722197.tif
	05722198.tif
	05722199.tif
	05722201.tif
	05722202.tif
	05722202a.tif
	05722203.tif
	05722204.tif
	05722205.tif
	05722206.tif
	05722207.tif
	05722208.tif
	05722209.tif
	05722210.tif
	05722211.tif
	05722212.tif
	05722213.tif
	05722214.tif
	05722215.tif
	05722216.tif
	05722217.tif
	05722218.tif
	05722219.tif
	05722220.tif
	05722221.tif
	05722223.tif
	05722224.tif
	05722224a.tif
	05722225.tif
	05722226.tif
	05722227.tif
	05722228.tif
	05722229.tif
	05722230.tif
	05722231.tif
	05722232.tif
	05722233.tif
	05722234.tif
	05722235.tif
	05722236.tif
	05722237.tif
	05722238.tif
	05722239.tif
	05722240.tif
	05722241.tif
	05722242.tif
	05722243.tif
	05722244.tif
	05722245.tif
	05722246.tif
	05722247.tif
	05722249.tif
	05722250.tif
	05722250a.tif
	05722251.tif
	05722252.tif
	05722253.tif
	05722254.tif
	05722255.tif
	05722256.tif
	05722257.tif
	05722258.tif
	05722259.tif
	05722260.tif
	05722261.tif
	05722262.tif
	05722263.tif
	05722264.tif
	05722265.tif
	05722267.tif
	05722268.tif
	05722268a.tif
	05722269.tif
	05722270.tif
	05722271.tif
	05722272.tif
	05722273.tif
	05722274.tif
	05722275.tif
	05722276.tif
	05722277.tif
	05722278.tif
	05722279.tif
	05722280.tif
	05722281.tif
	05722282.tif
	05722283.tif
	05722284.tif
	05722285.tif
	05722286.tif
	05722287.tif
	05722288.tif
	05722289.tif
	05722290.tif
	05722291.tif
	05722292.tif
	05722293.tif
	05722294.tif
	05722295.tif
	05722296.tif
	05722297.tif
	05722298.tif
	05722299.tif
	05722300.tif
	05722301.tif
	05722302.tif
	05722303.tif
	05722304.tif
	05722305.tif
	05722306.tif
	05722307.tif
	05722308.tif
	05722309.tif
	05722310.tif
	05722311.tif
	05722312.tif
	05722313.tif
	05722314.tif
	05722315.tif
	05722316.tif
	05722317.tif
	05722318.tif
	05722319.tif
	05722320.tif
	05722321.tif
	05722322.tif
	05722323.tif
	05722324.tif
	05722325.tif
	05722326.tif
	05722327.tif
	05722328.tif
	05722329.tif
	05722330.tif
	05722331.tif
	05722332.tif
	05722333.tif
	05722334.tif
	05722335.tif
	05722336.tif
	05722337.tif
	05722338.tif
	05722339.tif
	05722341.tif
	05722342.tif
	05722342a.tif
	05722343.tif
	05722344.tif
	05722345.tif
	05722346.tif
	05722347.tif
	05722348.tif
	05722349.tif
	05722350.tif
	05722351.tif
	05722352.tif
	05722353.tif
	05722354.tif
	05722355.tif
	05722356.tif
	05722357.tif
	05722358.tif
	05722359.tif
	05722360.tif
	05722361.tif
	05722362.tif
	05722363.tif
	05722364.tif
	05722365.tif
	05722366.tif
	05722367.tif
	05722368.tif
	05722369.tif
	05722370.tif
	05722371.tif
	05722372.tif
	05722373.tif
	05722374.tif
	05722375.tif
	05722376.tif
	05722377.tif
	05722378.tif
	05722379.tif
	05722380.tif
	05722381.tif
	05722382.tif
	05722383.tif
	05722384.tif
	05722385.tif
	05722386.tif
	05722387.tif
	05722388.tif
	05722389.tif
	05722390.tif
	05722391.tif
	05722392.tif
	05722393.tif
	05722395.tif
	05722396.tif
	05722396a.tif
	05722397.tif
	05722398.tif
	05722399.tif
	05722400.tif
	05722401.tif
	05722402.tif
	05722403.tif
	05722404.tif
	05722405.tif
	05722406.tif
	05722407.tif
	05722408.tif
	05722409.tif
	05722410.tif
	05722411.tif
	05722412.tif
	05722413.tif
	05722414.tif
	05722415.tif
	05722416.tif
	05722417.tif
	05722418.tif
	05722419.tif
	05722420.tif
	05722421.tif
	05722422.tif
	05722423.tif
	05722424.tif
	05722425.tif
	05722426.tif
	05722427.tif
	05722429.tif
	05722430.tif
	05722430a.tif
	05722431.tif
	05722432.tif
	05722433.tif
	05722434.tif
	05722435.tif
	05722436.tif
	05722437.tif
	05722438.tif
	05722439.tif
	05722440.tif
	05722441.tif
	05722442.tif
	05722443.tif
	05722444.tif
	05722445.tif
	05722446.tif
	05722447.tif
	05722448.tif
	05722449.tif
	05722450.tif
	05722451.tif
	05722452.tif
	05722453.tif
	05722454.tif
	05722455.tif
	05722456.tif
	05722457.tif
	05722458.tif
	05722459.tif
	05722460.tif
	05722461.tif
	05722462.tif
	05722463.tif
	05722464.tif
	05722465.tif
	05722467.tif
	05722468.tif
	05722468a.tif
	05722469.tif
	05722470.tif
	05722471.tif
	05722472.tif
	05722473.tif
	05722474.tif
	05722475.tif
	05722476.tif
	05722477.tif
	05722478.tif
	05722479.tif
	05722481.tif
	05722482.tif
	05722482a.tif
	05722483.tif
	05722484.tif
	05722485.tif
	05722486.tif
	05722487.tif
	05722488.tif
	05722489.tif
	05722490.tif
	05722491.tif
	05722492.tif
	05722493.tif
	05722494.tif
	05722495.tif
	05722496.tif
	05722497.tif
	05722498.tif
	05722499.tif
	05722500.tif
	05722501.tif
	05722502.tif
	05722503.tif
	05722504.tif
	05722505.tif
	05722506.tif
	05722507.tif
	05722508.tif
	05722509.tif
	05722510.tif
	05722511.tif
	05722512.tif
	05722513.tif
	05722514.tif
	05722515.tif
	05722516.tif
	05722517.tif
	05722518.tif
	05722519.tif
	05722520.tif
	05722521.tif
	05722522.tif
	05722523.tif
	05722524.tif
	05722525.tif
	05722526.tif
	05722527.tif
	05722528.tif
	05722529.tif
	05722530.tif
	05722531.tif
	05722532.tif
	05722533.tif
	05722534.tif
	05722535.tif
	05722536.tif
	05722537.tif
	05722538.tif
	05722539.tif
	05722540.tif
	05722541.tif
	05722542.tif
	05722543.tif
	05722544.tif
	05722545.tif
	05722546.tif
	05722547.tif
	05722548.tif
	05722549.tif
	05722550.tif
	05722551.tif
	05722552.tif
	05722553.tif
	05722554.tif
	05722555.tif
	05722556.tif
	05722557.tif
	05722559.tif
	05722560.tif
	05722560a.tif
	05722561.tif
	05722562.tif
	05722563.tif
	05722564.tif
	05722565.tif
	05722566.tif
	05722567.tif
	05722568.tif
	05722569.tif
	05722570.tif
	05722571.tif
	05722572.tif
	05722573.tif
	05722574.tif
	05722575.tif
	05722577.tif
	05722578.tif
	05722578a.tif
	05722579.tif
	05722580.tif
	05722581.tif
	05722582.tif
	05722583.tif
	05722584.tif
	05722585.tif
	05722586.tif
	05722587.tif
	05722588.tif
	05722589.tif
	05722590.tif
	05722591.tif
	05722592.tif
	05722593.tif
	05722594.tif
	05722595.tif
	05722596.tif
	05722597.tif
	05722598.tif
	05722599.tif
	05722600.tif
	05722601.tif
	05722602.tif
	05722603.tif
	05722604.tif
	05722605.tif
	05722606.tif
	05722607.tif
	05722608.tif
	05722609.tif
	05722610.tif
	05722611.tif
	05722612.tif
	05722613.tif
	05722614.tif
	05722615.tif
	05722616.tif
	05722617.tif
	05722618.tif
	05722619.tif
	05722620.tif
	05722621.tif
	05722622.tif
	05722623.tif
	05722624.tif
	05722625.tif
	05722626.tif
	05722627.tif
	05722628.tif
	05722629.tif
	05722630.tif
	05722631.tif
	05722632.tif
	05722633.tif
	05722634.tif
	05722635.tif
	05722636.tif
	05722637.tif
	05722638.tif
	05722639.tif
	05722640.tif
	05722641.tif
	05722643.tif
	05722644.tif
	05722644a.tif
	05722645.tif
	05722646.tif
	05722647.tif
	05722648.tif
	05722649.tif
	05722650.tif
	05722652.tif
	05722653.tif
	05722654.tif
	05722654a.tif
	05722655.tif
	05722656.tif
	05722657.tif
	05722658.tif
	05722659.tif
	05722660.tif
	05722661.tif
	05722662.tif
	05722663.tif
	05722664.tif
	05722665.tif
	05722666.tif
	05722667.tif
	05722668.tif
	05722669.tif
	05722671.tif
	05722672.tif
	05722672a.tif
	05722673.tif
	05722674.tif
	05722675.tif
	05722676.tif
	05722677.tif
	05722678.tif
	05722679.tif
	05722680.tif
	05722681.tif
	05722682.tif
	05722683.tif
	05722684.tif
	05722685.tif
	05722686.tif
	05722687.tif
	05722688.tif
	05722689.tif
	05722690.tif
	05722691.tif
	05722692.tif
	05722693.tif
	05722694.tif
	05722695.tif
	05722696.tif
	05722697.tif
	05722698.tif
	05722699.tif
	05722700.tif
	05722701.tif
	05722702.tif
	05722703.tif
	05722705.tif
	05722706.tif
	05722706a.tif
	05722707.tif
	05722708.tif
	05722709.tif
	05722710.tif
	05722711.tif
	05722712.tif
	05722713.tif
	05722714.tif
	05722715.tif
	05722716.tif
	05722717.tif
	05722718.tif
	05722719.tif
	05722720.tif
	05722721.tif
	05722722.tif
	05722723.tif
	05722724.tif
	05722725.tif
	05722726.tif
	05722727.tif
	05722728.tif
	05722729.tif
	05722730.tif
	05722731.tif
	05722732.tif
	05722733.tif
	05722734.tif
	05722735.tif
	05722736.tif
	05722737.tif
	05722738.tif
	05722739.tif
	05722740.tif
	05722741.tif
	05722742.tif
	05722743.tif
	05722744.tif
	05722745.tif
	05722746.tif
	05722747.tif
	05722748.tif
	05722749.tif
	05722750.tif
	05722751.tif
	05722752.tif
	05722753.tif
	05722754.tif
	05722755.tif
	05722756.tif
	05722757.tif
	05722758.tif
	05722759.tif
	05722760.tif
	05722761.tif
	05722762.tif
	05722763.tif
	05722764.tif
	05722765.tif
	05722766.tif
	05722767.tif
	05722768.tif
	05722769.tif
	05722770.tif
	05722771.tif
	05722772.tif
	05722773.tif
	05722774.tif
	05722775.tif
	05722776.tif
	05722777.tif
	05722778.tif
	05722779.tif
	05722780.tif
	05722781.tif
	05722782.tif
	05722783.tif
	05722784.tif
	05722785.tif
	05722786.tif
	05722787.tif
	05722788.tif
	05722789.tif
	05722790.tif
	05722791.tif
	05722792.tif
	05722793.tif
	05722794.tif
	05722795.tif
	05722796.tif
	05722797.tif
	05722798.tif
	05722799.tif
	05722800.tif
	05722801.tif
	05722802.tif
	05722803.tif
	05722804.tif
	05722805.tif
	05722806.tif
	05722807.tif
	05722808.tif
	05722809.tif
	05722810.tif
	05722811.tif
	05722812.tif
	05722813.tif
	05722814.tif
	05722815.tif
	05722816.tif
	05722817.tif
	05722818.tif
	05722819.tif
	05722820.tif
	05722821.tif
	05722822.tif
	05722823.tif
	05722824.tif
	05722825.tif
	05722826.tif
	05722827.tif
	05722828.tif
	05722829.tif
	05722831.tif
	05722832.tif
	05722832a.tif
	05722833.tif
	05722834.tif
	05722835.tif
	05722836.tif
	05722837.tif
	05722838.tif
	05722839.tif
	05722840.tif
	05722841.tif
	05722842.tif
	05722843.tif
	05722845.tif
	05722846.tif
	05722846a.tif
	05722847.tif
	05722848.tif
	05722849.tif
	05722850.tif
	05722851.tif
	05722852.tif
	05722853.tif
	05722854.tif
	05722855.tif
	05722856.tif
	05722857.tif
	05722858.tif
	05722859.tif
	05722860.tif
	05722861.tif
	05722862.tif
	05722863.tif
	05722864.tif



