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Understanding the Basic Operation

The purpose of this note is to provide an understanding of power circuits that are used in the
SMPS.

1. The Transformer

1.1 The Need for a Transformer
There are three reasons for needing a transformer in the power conversion circuit.

The first is for safety. For a power source, a large voltage, applied between the ground and recti-
fied voltages, can cause an electric shock. However, after isolating the primary and secondary
sides with a transformer and grounding the output voltage GND,and then connecting it to an elec-
tronic mechanism, the electronic mechanism would be safe to touch.

The second reason is for voltage conversion. For example, if a DC/DC converter (Buck Converter),
Figure 1 (b), switching at 50kHz is used to obtain 5V from 100V, the control circuit must control a
short time of around 1us, which is not an easy task. Even if this was possible, the internal voltage
and current of each element increases, greatly reducing efficiency. The problem aggregates if the
output current is large. In such case, as shown in the circuit diagram of figure 1(b), using a trans-
former to lower the voltage to 10V and then controlling the time of around 10us is beneficial in
aspects of cost and efficiency.

The third is for potential fluctuations. For example, though all control in a 1000V electronic mecha-
nism occurs at the 5V power source on the GND side, a transformer is absolutely required if power
is needed for either current sensing at the 1000V side terminal or for other controls. If the isolation
voltage between the windings is sufficient, a 1000V potential difference is maintained between the
first and secondary windings and power can be delivered. Furthermore, a transformer is absolutely
required if the power GND has a sudden potential fluctuation like the half-bridge converter gate-
drive power source.
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Figure 2. Ideal Transformer

The transformer is an circuit device that uses induction coupling between the windings to deliver
power or electric signals. If necessary, it can isolate the primary and the secondary sides and raise
or lower the voltage. The ideal transformer that describes the transformer concept is shown in the
circuit diagram of Figure 2. An ideal transformer is an imaginary transformer that satisfies the fol-

lowing three conditions.

i) The coupling coefficient between each coil is 1. (The leakage flux is 0.)

ii) The coil loss is 0.

iii) The inductance of each coil is infinite.

Rev C, November 1999




The input/output voltage ratio of an ideal transistor is proportional to the winding ratio, and polarity
corresponds to the direction of the dot. The current ratio is proportional to the inverse winding ratio
and current direction is such that if current enters from one side, it leaves at another. Then, the
sum of NI that flows into the dot is 0. (The dot, indicating the coil polarity, is placed to make the flux
direction in the transformer core uniform when current flows into the dot.) Furthermore, in the case
of an ideal transformer, if the path of the secondary side windings is cut off, the current on the pri-
mary side becomes 0.

1.3 The actual transformer
There is significant difference between the actual and ideal transformer.

i) The coupling coefficient between each coil is finite. Especially, when a gap is placed in the core
as in the flyback trans, the coupling coefficient becomes even smaller. (There is a leakage flux.)

i) There are transformer losses such as iron loss (hysteresis loss), Eddy Current loss and caoil
resistance loss etc.

i) The inductance of each coil is finite. Especially, when a gap is placed in the core as in the fly-
back trans, the inductance becomes even smaller.

Even if the secondary side was opened, the current flows to the primary side because of iii) above.
This means that energy is not stored in an ideal transformer, but is stored in an actual transformer.
The magnetizing inductance considers exactly this energy storage phenomena. The circuit below
represents a transformer, which includes the magnetizing inductance, and is also called a total
coupling transformer. The equivalent circuit below (Figure 4) is sufficient for understanding the
above explanation so this should be enough for our discussion on the transformer and will end
here. A detailed equivalent circuit and short description are placed in the next figure as reference.
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Figure 3. Complete Coupling Transformer
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- Rp: primary side winding resistance

- Rs: secondary side winding resistance
- Llp: primary side leakage inductance

- LIs: secondary side leakage inductance
- Lm: magnetizing inductance

- Rm: transformer core loss resistance

Figure 4. Actual transformer equivalent circuit

2. Basic Operation of the Flyback Converter

2.1 Continuous Conduction Mode(CCM)

When the inductor current operates always greater than zero within one switching cycle, this is
called the Continuous Conduction Mode. CCM stands for the Continuous Conduction Mode. The
following is a short explanation of the operating wave forms (Figure 6).

Dto~t1=Ton

The MOSFET is turned on at ty. Just before, the inductor current flowed through D and D turns off
when MOSFET turns on. Because MOSFET turns on, Vpg becomes zero and Vp becomes (Vg
+Vi/n). In this interval, V; is applied to L, so that I, ,, increases in a straight line with the following
slope. The output voltage Vg can be viewed as the DC voltage.

Sl Vi
ope = —
Lm
When energy flow is examined, the input power source supplies energy to L, during this interval.

Therefore, because the L, energy increases and output terminal separates from the input termi-
nal, Cq supplies the output current during this interval.

2)ty ~t2 =Torf
The MOFET is turned off at t4. The inductor current that flowed to the MOSFET starts flowing
through D the instant the MOSFET turns off. When D turns on, Vpg becomes (V; +nVg). During
this interval -nVo voltage is applied to L, so that |, decreases in a straight line with the following
slope.

Slope = ELY—Q

m

When the energy flow is examined, the inductor energy is delivered to the output during this inter-
val. Namely, the amount of L,;, energy that is reduced is the amount of energy delivered to the out-
put. When the MOSFET turns on again at t,, one switching cycle will end.
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3) Relationship of Input and Output

The colored areas, A and B, in the diagram of the Figure 6 must be equal because the average
voltage of the inductor or transformer in steady state is always 0 so

ViTon = Vo Torr

Vo _ Ton _ D

The input and output currents become
li = Dlim, ave
lo = n(1=-D)I i ave
making the input and output powers equal. An ideal wave form appears in the equivalent circuit

below because the effect of leakage inductance is not considered, but, in actuality, much ringing is
produced because of this effect.

Figure 5. Basic topology of flyback converter
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Figure 6. Operating waveform (continuous current)
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2.2 Discontinuous Conduction Mode(DCM)

Ves
ON OFF
0
1 |
Vi | 1 1
DS Vi+nVoI T
yVi
0
Vim A A
& Vig Vi+nVo
0 ] “ ] ‘
_ | ‘EVO
A
Vb ! Vi+nvo/n —
1 v "Vol
0 T T

. ToN TOFF
q—p»kﬂ—k-
1

slope = Vi/lLm slope = nVo/Lm
1 1
1
1
1

o N\

TOFF ! I

N

IDs

N\

A

AN

N\ [T

0 to Y t2

Figure 7. The operating wave forms (discontinuous current)

The appearance of the interval in which the inductor current becomes zero during one switching
cycle, is called a Discontinuous Conduction Mode. DCM stands for the Discontinuous Conduction
Mode. As shown in the above wave form, the voltage wave form, applied to the inductor, becomes
somewhat complex in the discontinues conduction mode. If the concept of Topr was used, the
equation is simplified but actually difficult to calculate. Three input and output relationships of a
converter are derived by using Torg * and the fact that the average inductor voltage is zero and

again by using lg.
The boundary condition of DCM and CCM becomes

_ Y
li+lo = Z;TON
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The following input/output relationship in DCM is derived by using the fact that the colored areas A
and B in the diagram of Figure 7 must always be equal because the average inductor (or trans-
former) voltage always becomes zero in steady state.

ViTon = N"VoT oFf

When the above equation is derived again using IO and the fact that input and output power are
equal, it becomes the following.

(ViTon)?

)
2—=Ln(Ton* Torp) +Vi

The equation below is often used to represent the input power.

1, 2

m Lm,(peak)-fsW
Flyback Converter Design

Most SMPS used in power sources are equipped with a flyback converter. The purpose of this
section is to establish the design concept of the flyback converter.

1. Selection of the Operating Point

1.1 Determination of the winding ratio

The coil ratio of the flyback converter transformer is an important variable that affects the voltage
and current amounts of the primary side switching device and of the secondary side rectified diode
and the number of windings and current amount of the transformer itself. Among the frequently
written about design concepts, there is a concept of operating it at maximum duty when the input
voltage is minimum. For simplified calculation, assume that it changes as below and we will look at
the coil winding dependent voltage and current of each device.

- AC input voltage: 85V~265V

- DC rectified voltage: 100V~400V

- Output voltage: 50V

- Inductor current: Continuous Conduction Mode

The input power of the DC source is the product of the DC voltage and average input current. Fur-
thermore, using wide duty to deliver equal average current reduces the actual efficiency of the cur-
rent. In the case of a small operating with narrow duty, increases the effective current on the

primary side making the MOSFET and primary side coil heat to increase. The primary side is
inverse of the secondary side. The voltage becomes inverse of the current.
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It is a relationship in which the voltage reduces and current increases. In addition, it is best to
decide n based on the device used, but if the primary side MOSFET pressure is on the small side
(for example, 600V level), make the n small or if the pressure is sufficiently large (for example,
800V level), make the n large. If n increases, not only does primary side current of the switching
device reduce, but, also, the secondary side rectified diode pressure reduces. The bigger the out-
put voltage and more number of secondary side outputs, it could be advantageous to increase n.
Discussions about the MOSFET internal pressure and Avalanche Energy will be held at another
time.

1.2 Determination of the Operating Current Mode

As explained previously, there are two types of operating current mode in the flyback converter -
the continuous conduction mode and discontinuous conduction mode. An appropriate design
method, following the overall operating conditions, will be examined by reviewing the advantages
and disadvantages of the two operating modes, herein.

Characteristics of the Discontinuous Conduction Mode

In the flyback converter design, if a discontinuous conduction is made even at minimum input and
maximum output, then a discontinuous conduction is made of all input conditions. It is advanta-
geous in many aspects to express the flyback converter input power in discontinuous conduction
mode as,

_1, 2

Regardless of the changes in the input voltage, this indicates that the input current is limited by the
peak value of the current flowing through the transformer primary side MOSFET. When SPS is
used, it can execute an over-current protection feature for all the input current to prevent the output
current from flowing over a fixed value without requiring separate, additional circuit. As compared
to the continuous conduction mode having an average current value, the discontinuous conduction
mode operation in all cases, requiring the use of thicker coils due to rise in effective current doesn't
bring an advantage in view of the transformer. Furthermore, there is no advantage because the pri-
mary side MOSFET heat increases from the large effective current.

The gain from operating in the discontinuous conduction mode is that a slow secondary side recti-
fied diode (low price) can be used. Furthermore, the discontinuous conduction mode has a fixed
operating current has this gain at the low frequency where core loss is not a problem (because
minimum number of coils can be wound) and turn-on loss is not a serious problem because of low
input amount (because Eddy Current losses such as skin effect and proximity effect etc. do not
arise significantly).

Characteristics of the Continuous Conduction Mode

From the transformer's point of view the advantage of operating through the continuous conduction
mode is that thinner coils can be used because coil's effective current decreased even though
there were a lot of coils. Furthermore, the primary side MOSFET heating reduces due to the small
effective current, which is advantageous, the bigger the amount of input average current. However,
in continuous conduction, the reverse recovery current, depending on the secondary side rectified
diode reverse recovery time (trr), brings large internal pressure increase and loss to diode end ter-
minals. Therefore, within the allowable cost range, a diode with a minimum trr must be used.
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- Voltage applied to switching device is
Vpg —— Vs — — small.
§nvo=67v ! nVo=67V
Ve - effective current of switching device and
o | w100y V=400V primary side winding is large.
Vo _. 0 v - Voltage applied to the rectified diode is
Viin= Vo 14 [ large.
v V;/n=267V i i
I i - Output voltage ripple is small.
§ Vo=sov |
0 - - Control must be done through short turn-
Vps=167V 0 & on time.
Vp=125V Vps=467V
Vp=317V
v —
Vos bs V=100V
] - A n:1 N
v 100V v +1§ Qe Ve B £
Fv- Vi=400V -9 Co
o+l
0 v 100V Vi - _l .
0 y Vps
pr— [ ] A - -
v & Vin= Vo J
b ¥ 50V =
' i Vi/n=200V
Vo=
0 ¥ 50V f
Vpg=200V V=50V - Intermediate Design Method
Vp=100V 0
Vpg=500V
Vp=250V
- Voltage applied to switching device is
- 1 Vbs [ small.
nVo= v nVo =150V
Vos y 18OV [ - Voltage applied to switching device is
i large.
g ViFtoov V, =400V 9
0 - effective current of switching device and
_ 0 A4 primary side winding is small.
Vo f V,/n=33V v . . . . .
: Tvo- ° A - Voltage applied to the rectified diode is
0 ¥ 50V Vi/n=133V small.
Vps=250V L - Output voltage ripple is large
Vp=83V Vo =50V '
o
0 Vs =550V - Control must be done through long
Vp=183V turn-on time.

Table 1. Voltage rating of switching device in primary
side and diode in secondary side according to winding ratio
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Appropriate Trade-Off

As can be understood from the above, discontinuous conduction is advantageous in terms of cost
and efficiency if the inputs amount is small and precise control of the input power through the pri-
mary side switch (MOSFET) current is required. On the other hand, if the input amount is large and
switching turn on loss could be a major problem, a continuous conduction mode design would be
more advantageous. Therefore, an appropriate trade off is required fitting the characteristics of the
system to be designed.

2. Transformer Design

2.1 Selection of the Core

The maximum power (transformer) that the core can deliver or the maximum energy (inductor) that
it can store depends on the shape and size of the core. Generally, because the minimum number
of coils to be wound reduces (or can apply a larger voltage) as the effective cross-sectional area
(Ac) gets bigger, more power can be delivered. Also, if the window area (Aw) on which the coils
can be wound gets bigger, more number of coils (more voltage can be applied) and thicker coils
(more current flow) can be wound, which allows that much more power to be delivered. The prod-
uct of Aw and Ac is called the Area Product (AP). In case of the transform, the maximum power that
can be delivered is proportional to the exponential of AP. The latest transformer design theories
include designs which depend almost entirely on the AP.

From a wider perspective, the fly back converter transformer (herein, the flyback trans) is a cou-
pled inductor so it's common to design it following inductor design methods. Equation a) below, a
calculation method based on whether or not the core is saturated, is comparatively appropriate at
low frequency and equation b), limited by core loss, is appropriate at high frequency. After calculat-
ing the area product using both equations, the equation that gives the higher value must be used.
The equation below is derived ignoring the core loss (iron loss) and assuming that all losses are
wire losses.

1.31
 Dliplgy10'o

= [cm?]  a)
D420KB|\/|A)G

AP

L and Byax are in H and Tesla units, respectively, and K is listed in the next table. In the above
equation the current density (J) per unit area of wire is obtained from the current by the relationship
below which assumes that the inductor Hot Spot temperature increases to 30°C more than its sur-
rounding.

-0.24

Jzo =420 APO?* [A/cm?]

If actually the operating frequency increases making the flux shift band the saturation flux density,
the core losses become too big. The following equation, derived from the transformer loss of 50%
iron and 50% wire, must be used.

4 1.58
LAl rwms 1070
[rre{]

E (Kpfow +Kef2sw) " [em*] b)

AP =
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though most ferrite cores sold in the market have Hysteresis Coefficient kH of 4 x 10" and Eddy
Current Coefficient kE of 4 x 10710, few errors are generated. The current density relationship used
here assumes that the hot spot temperature increases 15°C more than its surroundings (iron loss
increasing the remaining 15°C). The following equation is used.

024 1 p /om?]

Jag = 297AP
Next is a description of K. Like the table below, K is the product of the Window Utilization Factor K
and Primary Area Factor Kp.

Ky is the percentage of how much the cross sectional area of the copper, used for the windings,
takes up of the entire window area. K|; makes the isolation pressure between the primary and sec-
ondary sides follow the safety standards and becomes about 0.4 as shown in the table below if a
general bobbin is used. Because this parameter is related to the transformer shape and winding
method, one should know the Ku of the transformer that one usually uses. It greatly varies depend-
ing especially on how much of the safety standards are followed.

Kp is the percentage of how much area the primary winding takes up of the entire winding.

It is 1 for the inductor because it has no secondary side windings and usually 0.5 for the flyback
trans type coupled inductor, which has the highest efficiency when the primary and secondary
winding areas are equal. However, when there is more secondary side windings, it can have a
lower value.

Three parameters J, Ky, Kp depend on the designer's experience when obtaining AP from the
above equations a) and b). Precisely knowing the values of these there parameters within one’s
application reduces the number of trial/error when designing the flyback trans, quickly and effec-
tively.

Table 2. K factor

Ku Kp K=Ky Kp
Continuous Buck, Boost Inductor 0.7 1.0 7
Discontinuous Buck, Boost Inductor 0.7 1.0 0.7
Continuous Flyback Transformer 0.4 0.5 0.2
Discontinuous Flyback Transformer 0.4 0.5 0.2

2.2 Determination of the Number of Windings

For the transformer, the equation for the minimum number of windings can be determined with the
applied voltage and maximum turn on time, but the same equation can also be derived from the
relationship between L and Ip. When AP was obtained by equation a) above, N is calculated from

Llp 4
NMIN B BMAXAC10
LALL 4

N = —10
MIN
AB_ A
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2.3The coils

The coil cross sectional area must be obtained from the number of windings, determined by the
equations above, the effective current calculated and the current density equation that one used.
Just divide the effective current by the current density. This determines the coil thickness if Eddy
Current loss is not a serious problem, but if the coil becomes thicker, the problem of Eddy current
loss cannot be avoided. Using twisted thin coil strands (Litz wire) instead of a thick wire can reduce
the Eddy current loss, but Ku becomes smaller

2.4 Determination of the Gap

It is not easy to calculate precisely the actual required gap. If the gap, calculated from the equation
below based on the Fringing Effect of the surrounding flux, was used, it is common to calculate a L
value larger than what is required.

2
_UouN'Ac o
lg = —2——C107%[om]

Therefore, the gap must be controlled to obtain the required L value.

Internal Block Diagram and Basic Operation of SPS

1. Block Diagram of SPS

A block diagram of the SPS internals is presented below. As revealed by the below diagram, the
internal is composed of the MOSFET (Sense FET or Mirror FET) equipped with current sensing
feature and control IC. On the inside only the current sensing between the IC and MOSFET and
gate operating circuit are connected by bonding wire, and, on the outside, five terminals extend
out.

The IC internals can be divided into large sections-the UVLO, reference voltage, oscillator (OSC),
PWM block, protection circuits and gate operating circuits. The operation of each block is as fol-
lows.

1.1 UVLO (Under Voltage Lock Out)

To guarantee stable operation of the control circuit, the UVLO circuit stops the control circuit when
Vcc voltage is lower than the fixed level (10V) and starts it when Vcc is above the fixed level (15V).
Once the control circuit starts operating, the Vcc must become lower than the fixed level (10V) for
UVLO to stop the circuit. The Figure 9 and Figure 10 are the UVLO block diagram and its start-up
waveform. The critical turn on / off voltage are fixed internally at 15V and 10V, respectively.

A 5V hysteresis makes the IC start-up simple. The IC was designed to consume a small amount of
current (start up current, lower than 300pA) before starting. If it started operating after C¢ charges
to 15V, it can continue operating until the V¢ voltage discharges to 10V by designing to allow only
a small amount of current lower than 1mA to flow in through the start up resistor. The IC can con-
tinue operating if it receives its operating current through the line connected to the V¢ by increas-
ing the output voltage during this time. By doing this, during normal operation, the current
dissipation due to the SMPS start up resistor can be reduced.
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Figure 9. UVLO block diagram

The gate operating circuit maintains at low state during UVLO, thereby maintaining the Sense-
FET at turn off.
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Figure 10. Start-up waveform

1.2 Feedback Control Circuit

Basically, the SPS has the current control (Current Mode PWM). Essentially, the control circuit was
made to operate such that the MOSFET current becomes proportional to the feedback voltage. By
doing this, the MOSFET current can be limited at every cycle and other characteristics can be
gained such as good line regulation of the output voltage related to the input voltage change.

Furthermore, good control characteristics can be gained even in the wide synchronized frequency
range like a monitor.

As shown in the diagram of Figure 11, the internal oscillator oscillates at the fixed frequency, syn-
chronized to an external signal and turns on the MOSFET. The feedback comparator repeats its
operation to turn it off again when the MOSFET current becomes a fixed value proportional to Vfb.
The MOSFET turn- off operation is as follows. Vfb*=Vb/3.5 and a current proportional to the drain
current flow to the Sense - FET sense terminal making Vsense proportional to the drain current.
When Vsense becomes greater than Vfb, the output of the feedback comparator output becomes
high, turning off the MOSFET.*

As shown in the circuit below, if the error amp in the control circuit is eliminated and, instead, a ter-
minal with a current source is placed as a feedback terminal, it becomes a most appropriate circuit
with good control characteristics for the Off line SMPS feedback circuit which always uses a photo-
coupler due to the isolation pressure between the primary and secondary sides. The Cfb for better
noise characteristics and photocoupler CE terminal can be attached parallel to the feedback termi-
nal, but, if an error amp is equipped as was in KA3842, a resistor and condenser to give feedback
to the error amp must be installed additionally to obtain the same functions produced by the dia-
gram of Figure 11. Fine control the Vfb to control the output voltage. As a widely used error ampli-
fier at the output side, the Shunt Regulator, KA431, is also an appropriate IC for this type of
characteristics. Considering the cost, a Zener diode can be used to configure the output feedback
circuit.

Rev C, November 1999

15




Precision
Current Source
SPS

1mA

Vck
\
<D JUL Idrain l
Vfv OSC. v
4
1
_—I—_Cfb 25R s
Q
= ARV
= R Sense 2
R loffset
Vss [ ] —
15— = ]
Css 7 Vsense Isense ~*
JH reser |
— B §Rsense

Figure 11. SPS feedback circuit appropriate for the off-line SMPS (current mode PWM)

1.3 Example of the SPS Control Circuit

The following diagram (Figure 12 ) represents the SPS control circuit. The (a) design uses the
KA431 and (b) uses the Zener diode. Though differences among the diodes exist and constant
voltage characteristics are slightly poorer, a design using the Zener diode is cost advantageous.

C1, in the diagram (a) below, together with R1 produces a zero point to compensate the pole
formed by SPS internal resistor 3.5k Ohms and Cfb. There would be no safety problems if the zero
point did not exist but was only added to improve the dynamic response; C1 could be taken out, as
done in diagram (b). C2 sufficiently increases the loop gain at low frequency, improving the output
voltage load regulation due to load fluctuations. The R3, through KA431 bias resistor, can make
the photodiode current even almost zero. The R4 can limit the maximum current of the photodiode,
the maximum current being (12-2.5-2)/3.3k about 2.3mA, where the 2.5 is KA431's saturation volt-
age and 2 is the photodiode's voltage drop. The Cfb should be determined by considering the shut-
down delay time, to be mentioned later.

The R3 in diagram b) flows a fixed current to the Zener diode to stabilize the Zener voltage.
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(b). Control Circuit that used the Zener diode

Figure 12. SPS feedback control circuit
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1.4 Soft Start
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Figure 13. Soft start circuit

Generally, the output voltage increases with a fixed time constant at start up due to the capacitive
load component existing at the output side of SMPS. Because of this, at start up, the feedback sig-
nal applied to the PWM comparator's inverting terminal becomes the maximum value of 1V
because the feedback loop looks open. During this time, the drain current maintains at a peak
value (Ipgak ) delivering maximum- allowable power to the secondary load side. Generally if the
SMPS pushes in maximum power to the secondary side for a fixed time initially, this puts serious
stress on the entire circuit. To avoid such operation, soft start function is required.

The Fairchild Power Switch adopts the soft start circuit, as in the Figure 13. When the operation
starts, the soft start capacitor, Cs, starts to charge through 1mA current source and 5V, 50kQ
When Cs voltage reaches above 3V, the diode Ds turns off and no more current flows in from the
1mA current source so charging to 5V must be done through the 50kQ. Ultimately, the PWM com-
parator inverting terminal voltage becomes 1/3 the Cs potential and slowly starts to increase until
the diode Ds turns off. Because of this, the maximum drain current value slowly increases following
the inverting terminal voltage.

When Cs voltage becomes greater than 3V, diode Ds turns off, and the inverting terminal voltage
does not follow the Cs voltage any further, but, instead, follows the output voltage feedback signal.
In Shut-down or protection circuit operation, the capacitor C must be discharged, to enable it to
charge from OV at restart.
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1.5 Synchronization

PWM Comparator
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Dsync

Figure 14. Synchronization circuit

The Sync, among the features of the Monitor SMPS, is a feature that is different from general
SMPS. It synchronizes the SMP switching frequency with the sync frequency to prevent noise from
appearing at the monitor display. It is common to use the flyback signal at monitor display horizon-
tal scanning as an external sync frequency. Essentially, by precisely synchronizing the switching
and horizontal scanning and combining the display noise due to switching to the far left of the mon-
itor display, it prevents the noise from being visible.

Synchronization of the switching frequency based on external sync signal is executed as follows.
The external sync signal, applied to the resistor Rs, does not drop below -0.6V because of the
diode, Dsync. After initial soft start finishes, the Cs voltage continues to remain at 5V until the
external sync signal enters at which point it shows the shape of Vrg loaded to DC 5V. The sync
comparator compares Vg with 6.3V and produces the comparator output waveform (Vcomp) like
in the diagram of Figure 15. When the IC internal timing capacitor Ct reaches the High Threshold
during charging, it discharges following the oscillator internal discharge command. Then, when it
reaches the Low Threshold, it starts to charge. The oscillator output waveform Vck becomes low
when Ct recharges and High when it discharges. This oscillator output signal is applied to the S/R
Latch Set terminal.
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Figure 15. Synchronous circuit operation

If there is no external sync signal, Ct oscillates at the existing frequency (20kHz), but, if there is a
sync signal, the Set signal becomes High because the VCt charges to High Threshold following to
the external sync signal, as Figure 15. Ultimately, the Set signal that determines the switching fre-
quency is synchronized to the external sync signal frequency.

The following is the reason for limiting the Set signal's High Duration to within 5% of the full cycle.
As the set signal drops to low, the gate turns on. As the switch turns on at this time, the switching
noise appears on the screen. In SPS the set signal becomes high the sync is synchronized simul-
taneously with the horizontal scanning flyback time. Because the high duration is 5% of the full
cycle, the starting of the horizontal scanning as the set signal drops to low turns on the switch.
Therefore, the switch turn-on noise hides behind the display.

2. SPS Protection Circuit

Because the SPS has few self protective circuits not requiring additional external components, reli-
ability is obtained without cost increase. After starting the protection circuit, it can completely stop
the SMPS operation (Latch Mode Protection) until the power is turned off and connected again and
can make the control voltage restart above ULVO when the latch released below ULVO (Auto
Restart Mode Protection). As ordered items, these two operations can be selected by the user at
the IC or can be selected by fine controlling the circuit number. The following are each of its func-
tions and application methods.
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Figure 16. Over load protection circuit diagram

2.1 Over Load Protection

An overload and a load short circuit will be distinguished here. This is when a load suddenly
becomes greater than the set load during normal operation. Essentially, the SPS overload protec-
tion circuit is a feature that makes the operation stop by itself when 110W flow out the SMPS out-
put, designed to a maximum of 100W. If such a protective circuit is adopted, an operation,
unwanted by the protective circuit, may be generated even at transient conditions. Therefore, SPS
takes measures for this. In SPS, when it recognizes an overload, it waits for a specified time to
determine whether the load is a transient or an overload, and then the protection circuit is made to
operate. Because a transient state returns to normal state after a fixed time, the protection circuit
was made not to function during that time. The above operations are carried out as follows.

Because the SPS has current control, it cannot have flows above the set maximum current so the
maximum input power is limited to a specific voltage. Therefore, if the output consumes more than
this power, the Vo (shown in the diagram of Figure 16) becomes smaller than the set voltage and
KA431 can draw only the given minimum current. As a result, the photocoupler secondary current
becomes almost zero. If all the current flows through the SPS 1mA current, the internal resistor
(2.5R+R=3k) then Vfb becomes about 3V and from that point on the 5uA source current starts to
charge the Cfb. Because the photocoupler secondary current becomes almost zero, Vfb continues
to increase and when it becomes 7.5V, the SPS shuts down.

The delay time to shutdown is time needed to charge Cfb to 4.5V through 5uA and can be easily
decided. When Cfb is 10nF(103) and 0.1uF(104), t2 is about 9.0mS and 90mS, respectively. With
such times, it does not shut down for just an average transient. Just blindly making Cfb large, when
a longer delay time is needed, can become a problem because Cfb is an important parameter that
determines the SMPS response rate (Dynamic Response). In this case, the Cd series-connected
to the Zener diode can be used as shown Figure 17(a) . When Vfb is below 3V, a low Cfb makes
the SMPS dynamic response good and above 3.9V, a large Cd can extend the delay time to shut-
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down to what is desired. However, if good dynamic response is not required and transient is not
significant, then it is better not to operate it, always having to add two components, as shown in

Figure 17.

|
Cd== Cfb
L

L=
\Vz=39V
s

AAA

A

i

(a)
Time Constant 5uA = Cfb04.5V/t2 T

=3.5ROCfb 5uA = Cd 03.6V/t3 Shutdown

<SPS Long Delayed Shutdown>

()
Figure 17. Long delayed shutdown

2.2 Output Short Circuit Protection

Even though the input current becomes maximum, when the output terminal is short-circuited, the
output power does not maximize because an output short circuit means that its voltage is becom-
ing almost zero. If the input current is limited to a value lower than the specified value when the
output voltage is almost zero, it operates in the continuous conduction mode having very small
duty and, though the input and output powers not very large, the output current has large move-
ment. In this case, the output short circuit protection operates differently from the overload protec-

tionin 2.1.

When the output voltage short circuits a relatively large winding, a situation is created in which the
MOSFET current becomes much greater than Ipgak because the magnetic inductor was unable to
reset due to low transformer coil voltage at turn-off. Essentially, this occurs because the current left
during SPS minimum turn on time at the magnetic inductor could not reduce by that amount during
the remaining turn-off time. Even though it is a large current, it does not overstrain one MOSFET
but greatly overstrains the secondary coils and the rectified diode.
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(c) Vcc and Vfb waveforms Depending on the Relative Size of Cfb at output short circuit

Figure 18. Output short circuit protection circuit operation of the flyback converter ( latch mode or
intermittent mode operations )
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Most flyback or forward converters were designed to receive control power through the transformer
support coils. Furthermore, it is common to make this voltage proportional to the output voltage as
in diagram (a) on the next page. This is not so difficult because, for a flyback converter, the cail
voltage when the switch turns off is proportional to the output voltage and, for a forward converter,
the transformer average voltage at turn off is proportional to the output voltage. In this type of
SMPS, by deciding well on the circuit number, the protection circuit can be operated through either
latch mode or intermittent mode at output short circuit.

The change of Vcc depending on the magnitude of Rsd is shown in diagram (b) of Figure 18.
When Rsd is zero, Vcc follows Vix maximum value, proportional to (n*Vsn/n) Vsn, which is propor-
tional to the transformer maximum current, so that if the output short circuits, the Vcc rather
increases, and after a specified delay time, the protection circuit operates and enters the latch
mode. When Rsd becomes appropriately large, the Vcc can be made appropriately smaller than
n*Vo. If the output short circuits in such as case, the Vcc starts to reduce from that moment, but, if
the Ccc is sufficiently large, Vcc maintains a voltage higher than UVLQO's low critical voltage(10V)
until Vfb becomes 7.5V (as in diagram (c)(2)) and the latch mode protection starts. If Ccc is suffi-
ciently small, the Vcc approaches the UVLO's low critical voltage (10V) before Vfb becomes 7.5V
as in diagram (c)(3), and instead of the protection circuit, the UVLO operates, stopping the switch-
ing. In such a case, if Vcc becomes greater than the ULVO's high critical voltage (15V), the inter-
mittent mode operates again. Rsd, Ccc and Cfb have effects even at start and off power so they
should be carefully considered when deciding on these values. (Refer to application circuit related
to start up). Our experiments have indicated that 10-20 Ohms is most appropriate for Rsd.

2.3 Fast Protection Circuit without Delay

Because SPS overlapped various protection operations at the feedback circuit, the unavoidably
delayed protection operates in preparation for a transient. Therefore, protection range must be
restricted or fast protection requires additional circuits. The latch mode or intermittent mode is pos-
sible for this protection (Figure 19). Using Tr to force the feedback photodiode current to increase
and maintaining the primary Vfb below 0.3V, the SPS stops the switching and can be made to
operate as a protection circuit. Depending on the magnitude of the photodiode current, the protec-
tion circuit could be made to operate sufficiently fast. In such a case, when Tr is turned off, it
becomes an intermittent mode protection circuit, which re-enters normal operation. Also, it possible
to use this circuit as an output enable circuit.

A fast latch mode protection can be operated by adding one photocoupler, as shown in the Figure
19. When output terminal latch mode Tr turns on, a large current flows to the PC2 photodiode and
a large current also flows to the primary photoTr, suddenly increasing the Vfb, executing the fast
latch mode protection without time delay.
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Figure 19. SPS fast protection circuit without delay

2.4 Over Voltage Protection

SPS has a self protection feature which functions even when malfunctions such as open or short
circuit in the feedback circuit exists. From the primary side view, when the feedback terminal short
circuits, its voltage becomes zero and is unable to start switching. Even if it opens, the protection
circuit operates like the overload protection circuit. If the feedback terminal looks open possible
due to either a malfunction in the primary feedback circuit or a no soldering etc., the primary side
switches with the set maximum current until the protection circuit operates and causes the second-
ary voltage to become much greater that the rated voltage, which is common. If there was no pro-
tection circuit in such as case, the fuse would blow or, more serious, it could lead to a fire. To a
lesser degree, there is a good possibility the ICs, without a regulator, directly connected to the sec-
ondary output, could be destroyed (especially, TTL IC etc., digital IC). Even in such a case, the
SPS protection circuit operates, which is exactly the overvoltage protection circuit (protection
against feedback malfunction). In this situation, the output voltage greatly increases so the Vcc
voltage should be made proportional to the output voltage. In SPS IC, the protection circuit is made
to operate when Vcc is over 25V. During normal operation, Vcc voltage must be maintained rea-
sonably lower than 25V.
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3. Minimum Turn-on Time and Intermittent Operation

3.1 SMPS Current Sensing

It is not an overstatement to say that the output or input current and current sensing switching
device are a requirement in the latest SMPS because it is so common. Needless to say in the
SMPS, performing current mode control, and in the non-linear control or voltage mode control
SMPS for protection operation that the current sensing is accepted by SMPS designers as being
absolutely necessary. Even though most current sensing is done through the sensing resistor or
current transformer, CT, there are cases when the Sense-FET (or Mirror FET) is used in the SMPS
to reduce current sensing losses. Because a sensing resistor is installed on an IC chip, the method
for using the Sense-FET is used in the switching devices such as the Fairchild Power Switch and
1-Package Control ICs.

e | |
Vo
I Vin L = 3)1€ §
1 .r j j.
- 14 o
b RN )
Vd s vl L
Rg [:‘ Rg [:I <
Control Control . :;:.
ic ic
1°I 1 I"3
" Reverse Recovery Current Charge/Discharge Current of the MOSFET Gate Operating Current
equivalent capacitor

1N
ld

Vin Vo Vin

3

AN
N+
AVA‘!A\'
'[}—i L—
| L
1T

A

N+

\Whr
'[}—i e

I

\Whr

Control

IC

Rf Rf

Rs

Figure 20. Current sensing wave form noise after turn-on

3.2 Current Sensing Waveform Noise after Turn-On

Different from the actual inductor current, leading edge noise is sensed in the current sensing sig-
nal just after the switching device turns on in the SMPS.

The causes for this noise are as follows.

Reverse Recovery Current: This is generated in the SMPS operating in the continuous conduction
mode, CCM. If MOSFET is turned on while the output rectified diode is turning on, the rectified
diode shows characteristics of being short-circuited during reverse recovery time and therefore a
large pulse like current flows to the MOSFET. To reduce the magnitude of this reverse recovery
current, use a fast recovery diode or reduce the gate operating current used at turn on or enlarge
the transformer leakage inductance.

Charge/Discharge Current of the Equivalent Capacitor:

The capacitor that looks parallel to the MOSFET drain side has a capacitor (Cds) between the
drain-source end terminals, junction capacitance of the snubber diode and capacitance of the
transformer coils. At turn on, the capacitor that made parallel the above capacitors flows with dis-
charging current through the MOSFET.
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MOSFET Gate Operating Current: As shown in the diagram, MOSFET Gate Operating current also
flows through the current sensing resistor. This diagram shows the current flow path.

3.3 Measures against the Leading Edge Noise and their Advantages and
Disadvantages

Among the measures against current sensing noise directly after turn-on the most commonly used
method is the use of the RC filter. As shown by the diagram on the next page, if a RC filter is used,
not only is the noise eliminated, but the current sensing signal is distorted so that accurate current
sensing becomes difficult, which is a disadvantage. Furthermore, a large RC value means a bigger
chip, making it difficult to install on the IC. If the method, shown in the bottom diagram on the next
page, is used, the above disadvantage could be overcome. The problem noise arises just after
turn-on, so if a circuit is inserted that ignores the current sensing noise for a fixed time just after
turn-on, like the moving waveform, it could be made to operate normally regardless of the noise.
Even though there are methods similar to this depending on the location of on the circuit to nullify
the current sensing, the basic idea is to maintain turn-on during minimum turn-on time (the small-
est turn-on time that cannot be turned off one turn-on starts). Duty ratio control lower than this time
is done through non-linear control method. As a concept relative to the linear control, the non-linear
control range is very wide, but, at low load, the method in the last diagram that executes in the con-
trol circuit is as follows. For example, it is controlled such that if load conditions require turn-on time
of 400ns when the minimum turn-on time is 500ns,one switching cycle turns-on at 800ns and
another stops to make the average turn-on time of the two cycles equal 400ns. In this case, the
switching frequency becomes half of the linear control switching frequency and improves the effi-
ciency at low load so that minimum input power can be reduced. The Motorola MC34063 (Fairchild
KA34063, DC/DC converter) are examples of nonlinear control ICs that control through these
methods.

3.4 Burst Mode Operation

The aforementioned method can be viewed as one method of Burst Mode Operation. The Burst
Mode Operation is one of the most useful methods to improve the SMP efficiency at low load and
to reduce the standby input power of household applicances etc. The Burst Mode Operation is a
method to reduce the switching frequency at low load for high efficiency. However, some SMPS
designers wrongly believe that the Burst Mode operation is burst oscillation (known mostly in RCC
(Ringing Choke Conversion)), which can bring about reliability problems. Such Burst Mode Opera-
tion can be divided largely into tow methods of which one lowers the switching frequency equally
and the other switches at normal frequency for a fixed time and stops the control IC operation for a
fixed time (comparatively a long time). Even though in the first method the control IC continues to
consume power, a large ripple is not produced in the output voltage. The second method can be a
useful method to reduce the minimum input power at standby because the standby power greatly
reduced when the IC was stopped. Actually, it is used often to reduce DC/DC converter standby
consumption power in handphone's standby mode. However, the disadvantage is that the output
voltage ripple gets bigger. Presently, Europe restricts the household appliance standby input
power to lower than 5W, but, in time, it has been determined that they will restrict it to lower than
3W. In that case, the Burst Mode Operation will be a useful, powerful method used to satisfying the
standby input power
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Figure 21. Leading edge blanking

Rev C, November 1999

28




References

[1] Transformer and Inductor Design Handbook, 2'nd Edition, Colonel Wm. T. McLyman, Marcel
Dekker, Inc., 1988.

[2] "Filter Inductor and Flyback Transformer Design for Switching Power Supplies”, Lloyd H.

Dixon, Jr., Unitrode Switching Regulated Power Supply Design Seminar Manual, Unitrode Cor-
poration. 1988.

[3] Switch Mode Power Supply Handbook, Keith H. Billings, McGraw-Hill, Inc., 1989

Author

Sangtae, Im is an application engineer in Power Device Division, Fairchild Electronics Co., LTD.
Tel. 82-32-680-1275

Fax. 82-32-680-1317
E-mail. sangtae.im@Fairchildsemi.co.kr

Rev C, November 1999

29




TRADEMARKS

The following are registered and unregistered trademarks Fairchild Semiconductor owns or is authorized to use and is
not intended to be an exhaustive list of all such trademarks.

ACEx™ ISOPLANAR™ TinyLogic™
CoolFET™ MICROWIRE™ UHC™
CROSSVOLT™ pPOP™ VCX™
E2CMOS™ PowerTrenchD
FACT™ QFET™
FACT Quiet Series™ QS™
FAST® Quiet Series™
FASTr™ SuperSOT™-3
GTO™ SuperSOT™-6
HiSeC™ SuperSOT™-8
DISCLAIMER

FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER
NOTICE TO ANY PRODUCTS HEREIN TO IMPROVE RELIABILITY, FUNCTION OR DESIGN. FAIRCHILD
DOES NOT ASSUME ANY LIABILITY ARISING OUT OF THE APPLICATION OR USE OF ANY PRODUCT
OR CIRCUIT DESCRIBED HEREIN; NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS PATENT
RIGHTS, NOR THE RIGHTS OF OTHERS.

LIFE SUPPORT POLICY

FAIRCHILD'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF FAIRCHILD SEMICONDUCTOR CORPORATION.
As used herein:

1. Life support devices or systems are devices or
systems which, (a) are intended for surgical implant into
the body, or (b) support or sustain life, or (c) whose
failure to perform when properly used in accordance
with instructions for use provided in the labeling, can be
reasonably expected to result in significant injury to the
user.

2. A critical component is any component of a life
support device or system whose failure to perform can
be reasonably expected to cause the failure of the life
support device or system, or to affect its safety or

effectiveness.

PRODUCT STATUS DEFINITIONS

Definition of Terms

Datasheet Identification

Product Status

Definition

Advance Information

Formative or
In Design

This datasheet contains the design specifications for
product development. Specifications may change in
any manner without notice.

Preliminary

First Production

This datasheet contains preliminary data, and
supplementary data will be published at a later date.
Fairchild Semiconductor reserves the right to make
changes at any time without notice in order to improve
design.

No Identification Needed

Full Production

This datasheet contains final specifications. Fairchild
Semiconductor reserves the right to make changes at
any time without notice in order to improve design.

Obsolete

Not In Production

This datasheet contains specifications on a product
that has been discontinued by Fairchild semiconductor.
The datasheet is printed for reference information only.




	Main Menu
	Analog & Mixed Signal
	Application Notes
	Search
	fairchildsemi.com

