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Presenter�
Presentation Notes�
A new power conversion IC family of 7 parts that each have a controller and a power MOSFET integrated onto the same monolithic die.



Each of the 7 parts has a larger or smaller power MOSFET integrated onto the die: allows the family to cover a power supply output range of 3-28 W from a universal input voltage range of 85-265 VAC.�


Scope of Paper and Presentation

* Introduction of IC control scheme concept and its benefits

 |C operation and power supply interaction

 Defining the state machine state-change criteria and limits
 Descriptions of IC pin functionality & important internal functions
« Power supply performance results

e Conclusion
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Presenter�
Presentation Notes�
The presentation will cover:



The control scheme used for this IC and its benefits to SMPSs



How the IC operates and interacts with the supply



How the MOSFET current limit state machine was defined and how the limit levels and state change criteria were chosen



A description of each of the IC’s 4 functional pins and what it does, as well as a brief description of some important internal functions



Lastly, we will look at the performance test results of a power supply designed around one of the ICs �


Introduction: Basic IC Functionality

« ON/OFF control enables/disables MOSFET switching cycles
« Since MOSFET & controller are integrated, Iz, IS S€Nsed directly

« Enabled cycle switch on-time ends when Iz, reaches |

i A

INTERNAL § ;
FEEDBACK ' ; . . .
LOGIC SIGNAL Y Y Y Y Y
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Presenter�
Presentation Notes�
What we at Power Integrations call ON/OFF is a switching cycle control scheme that enables and disables MOSFET switching, �on a cycle-by-cycle basis to regulate the output voltage and/or current of the supply



ON/OFF control is a current limited (ILIMIT) control scheme: �for each enabled switching cycle, the current in the MOSFET ramps to a defined limit, at which the MOSFET is turned off�


®

Basic Functionality Continued: State Machine
Operation and Supply Stability/Responsiveness

« State machine adjusts | ,,,r based on number of consecutive

enabled or disabled cycles

 Pole-zero placement, slope compensation

n Consecutive ENABLED

and gain/phase bode switching cycles

plotting are eliminated

Lower Peak
State

LIMIT

e Transient load

responsiveness is fast

yet stable, and equal to or

ngher Peak
State

better than that of a well

LIMIT

n Consecutive DISABLED
switching cycles

compensated PWM

controlled power supply

P1-4542-120106
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Presenter�
Presentation Notes�
A state machine, that is part of the controller portion of the IC, adjusts the MOSFET current limit based on the number of consecutive enabled or disabled switching cycles



Because the controller is not working in PWM control mode and has no error amplifier, pole-zero placement, slope compensation and gain/phase bode plot verification are all unnecessary



The number of ILIMIT levels and the criteria for state changes were optimized for stable state machine operation and fast transient load responsiveness



The transient load responsiveness is equal to or better than that of a well compensated PWM controlled power supply. Later, I will show a step load waveform to back up this claim�


®)
Overview of How IC Interacts with Power Supply

Vour IS compared to a reference (Zener Diode)

 When Vg ; > ref set-point, Zener and opto-LED conduct, photo-

transistor pulls current from EN/UV pin, which disables switching

« As switching cycles are skipped, V,,; drops below ref set-point,

Zener and opto-LED stop conducting..., which enables switching

T E l Zk O+  Controller continually
3 ouput  ENables/disables
0 T eo- MOSFET switching to

Wide-Range keep Vg1 in regulation
HV DC Input

TinySwitch-llI

P1-4095-082205
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Presenter�
Presentation Notes�
Output voltage is compared to a reference on the secondary side



As long as VOUT is in regulation─that is, the supply is not over loaded beyond its maximum power capability nor does it have a short circuit across its output ─ enabled switching cycles eventually cause the output voltage to exceed the reference set point slightly.



When it does, the Zener diode and the LED within the optocoupler are forward biased, & the phototransistor within the opto turns on, pulling current out of the EN/UV pin of the IC.

Whenever more than about 100 to 150 microamps are pulled out of the EN/UV pin, MOSFET switching cycles are disabled & skipped.



As the output voltage drops slightly, the Zener and opto-LED stop conducting, the photo transistor turns off, less than 100-150 μA is being pulled out of the EN/UV pin, and MOSFET switching is re-enabled.�


®)
State Machine Operational Overview & Benefits

« Since cycles are skipped while V5 > the reference set point,
ON/OFF control realizes very low no-load power consumption

* The state machine automatically adjusts the MOSFET It

according to the load

— (I yyr 18 raised as the load increases and lowered as the load decreases)
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Presenter�
Presentation Notes�
As long as the output voltage is above the reference set point, MOSFET switching remains disabled and very low light load and no-load power consumption are realized.



The state machine automatically adjusts the ILIMIT as the load changes, raising it as the load ▲ and lowering it as the load ▼.



At light loads and no-load, the lowest MOSFET ILIMIT is used:

That reduces that amount of flux and mechanical displacement in the transformer core and keeps the effective switching frequency out of the audio range.  The net affect is that no perceptible sound is produced when the power supply is un-loaded or lightly loaded.



Varying the MOSFET ILIMIT also keeps the active mode efficiency consistently high across the entire load range, as we will see later�


Defining State-Machine State-Change Limits

« Frequency boundary between CCM and DCM operation

— The boundary frequency between CCM and DCM operation of a peak
current limited, ON/OFF controlled, flyback converter is determined by
the steady-state minimum inductor current (I, ) as a function of I ;¢

(1_ D)Tsvo _ (VinTS L(ILIMIT B mln ))V

(1) Imin = ILIMIT - nLL = ILIMIT - N Vstl— = Tumir

T, Vo
_ s 2oV
L (nL Vin)
— where l:n; is the transformer primary to secondary turns ratio, Ts is the
switching period (1/frequency), L is the primary winding inductance value,
V,y and V, are the input and output voltages and D is the duty cycle.

Solving for the inductance at which I, = 0 gives the CCM/ DCM
boundary, and yields the critical switching frequency value of

(2) fcrit = ! (\r/]_o | Vin)

ILIMITL L
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Presenter�
Presentation Notes�
The factors that were considered in picking the number of ILIMIT levels and in determining when and how the state machine would chose between those levels included the frequency boundary between the discontinuous and the continuous conduction modes, which is determined by the steady-state minimum inductor current, which is also a function of the MOSFET current limit level.



The critical switching frequency at the DCM/CCM boundary was found by setting the minimum inductor current to zero and solving for frequency

�


®)
State-Machine State-Change Limits, continued

« Power Delivery in DCM versus CCM

— Power delivery in DCM is simply

1
(3) Po.ocm = 5 LI EIMIT fs

— When operating in CCM, power delivery is a little more complex

(1-D) ILIMIT + 1 VIN ILIMIT + 1 Vo \
P =Volo =V, =) =V, =) = (— [ Vi)l
(4) 0.CCM o'o 0 n, ( 7 ) o(nLVIN +Vo X 2 ) (nL | IN ) LIMIT (nL IN 2Lf

— When a switching cycle is skipped in CCM and steady state operation ceases,
the inductor current perturbation, i, (0), must be taken into account. Thus, the

inductor current, 1. _,(i), at the end of the cycle following the skipped cycle 1s
S : B vV, P B T, Vg, . B V—0 i
B) lun —p (D)=l +|L(0)( nLVm) = 1L L (nL Vi )+ 10 (0)( nLVm)

and the power delivered in a train of m CCM switching cycles in time
(m+1)Ts following a perturbation, i, (0) , would thus be

L >N T - Vo iy
(6) PO,CCM = 2(m +1)T Z( i L inin- p())_ 2(m+ 1T, (M1 |Z_1:( LIM ( ||VIN) L(O)( n|_V|N)) ]
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Presenter�
Presentation Notes�
The amount of power that can be delivered in continuous conduction mode versus discontinuous conduction mode and how that power correlated with the means used to determine when to change current limit levels was then used ensure that the maximum deliverable power in a lower current limit level would be higher than the minimum deliverable power in the next higher current limit level.



This was done in order to ensure stable operation and to prevent the state machine from jumping back and forth between current limit levels.

�


Defining State Machine State-Change Criteria

Case Power & f; are minimum. Pertinent to Power delivery and f; are at a maximum. Pertinent to the
E— the intermediate and the full It states | intermediate It States and the lowest | T State
One switching cycle followed by (n—-1) (n—1) switching cycles followed by one skipped cycle,
DCM skipped cycles, f = (1) f, > uses Equation 3: f = (n_—l) f, »uses Equation 3:
n
only f
1 n-11
n = (F)_ LI EIM —state fclk _( n )2 I‘ILIM state fclk
DCM | One switching cycle followed by (n—-1) (n—1) switching cycles followed by one skipped cycle, in CCM
@ min skipped cycles, § — 1 ¢ uses Equation 3: (involves accounting for the perturbation as a result of the skipped
fs yees 1= (H) ok’ " | cycle), uses Equation 6:
CCM 1 v
max 1 L ) = . O
@ f Poin = (F)_LI L2|M “state Tl Prax = 2MT,, [(Nn=DIy _;(lum __( (i Vin) + L(O)(_ﬁ) )]
One switching cycle followed by (n-1)
skipped cycles, but I} # zero, even during (n—1) switching cycles followed by one skipped cycle, in CCM
(n—1) skipped cycles. .. converter is always | (involves accounting for the perturbation as a result of the skipped
CCM | 1 . cycle), uses Equation 6:
only | inCCM, f —(—)f, ,uses Equation 4:
n L n-1 i
Pmax = [(n_l)lilm _Z(ILIM __(_0||VIN)+IL(O)(_ 0 ) )2]
Prin = C2 Vi) s~ C2 [V )] AT B " Y
min nL IN LIM —state nL IN 2LfC|k
foi is the internal IC oscillator (clocking) frequency
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Presenter�
Presentation Notes�
The three distinct cases for each current limit level are represented by each row in this table, which was taken out of the paper.�


®

State Machine State-Change Criteria Depicted

CASE

Power delivery and f, are minimum. Pertinent

to the intermediate and the highest |, state.

Power delivery and f, are maximum. Pertinent

to the intermediate and the lowest 1, State.

DCM Only

EQUATION 3

EQUATION 3

1 ENABLED, n DISABLED

n ENABLED, 1 DISABLED

DCM @ min fs

CCM @ max f

EQUATION 3

1 ENABLED, n DISABLED

EQUATION 6

n ENABLED, 1 DISABLED

CCM Only

EQUATION 4

EQUATION 6

1 ENABLED, n DISABLED

n ENABLED, 1 DISABLED

Pl-4580-022307
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Presenter�
Presentation Notes�
After the paper was written, we came up with an easier to see, graphical way to represent this table.



Since the criteria for changing current limit level states is the consecutive disabling or enabling of a specific number of switching cycles, this version of the table clearly shows the lower and upper deliverable power limit boundaries for each current limit state.�


IC Pin Function Descriptions

DRAIN (D) Pin:

— Power MOSFET drain and high-voltage
current source (start up circuit) connections

| P Package (DIP-8C)
BYPASS / MULTI-FUNCTION (BP/M) Pin: G Package (SMD-8C)

— Bias supply bypass capacitor connection point

— Internal I ,,,r level selection function

— Input for latching shutdown function EN/UV [
ENABLE / UNDER-VOLTAGE (EN/UV) Pin: BP/M ﬂ

— Feedback input to switching controller

B8 7S
7 1S
6 1S

518

— Input for under-voltage lockout function

SOURCE (S) Pin: DA

— Power MOSFET source connections and
controller ground reference point

JEPOWER
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Presenter�
Presentation Notes�
IC is simple to use since it only has four functional pins: DRAIN and SOURCE pins of the integrated MOSFET,  a pin called BP/M and one called EN/UV pin. 



An internal, high-voltage current source is connected to the DRAIN pin.  That I-source charges up the capacitor on the BP/M pin when power is first applied to the D pin. The charge stored on that cap powers the IC, both during initial start-up and during normal operation.



The BP/M pin performs two other functions (not covered in detail this presentation): ILIMIT selection & latching shutdown



The EN/UV pin is the feedback input to the controller and the input for a line voltage under lockout function.



The SOURCE pin is also the controller’s ground reference pt.�


Internal ENABLE\
signal determines

if next cycleis
skipped or not

Internal IC Circuitry and Functionality

Produces and regulates IC’s supply voltage.

BYPASS/ Eliminates external start-up resistor string
MULTI-FUNCTION DRAIN
(BPM) . REGULATOR g))
5.85 V
LINE UNDER-VOLTAGE 1
115 uAL 25 uA,I, FAULT BYPASS PIN
PHETENT \\_UNDER-VOLTAGE —Sets voltage
AUTO- BYPASS
| FEsTART 4D0— capacitor | O level used by
< > CURRENT |49V =] Vi comparator to
6.4V RESET »| LIMIT STATE
MACHINE detect |
\ | ) CURRENT LIMIT
COMPARATOR
ENABLE <
y N
JITTER
CLOCK b :
1.0V +Vy pemax L L1 THERMAL —e
o SHUTDOWN %
OSCILLATOR
O—e
ENABLE/ | o\ LD*—L/_I\ s o
unoee. L. & Voltage across
VOLTAGE
(EN/UV) @7'* a MOSFET D-S
yaN LEADING detects |
in eoaE. - LIMIT
:”—"—”:l [ LATCH BLANKING
. / O
/ SOURCE

Prevents the initial current spike from
falsely triggering the | ,,,; cOmparator
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Presenter�
Presentation Notes�
A few of the IC’s internal functions worth mentioning are:



The voltage regulator that is fed by the internal high-voltage current source.  It produces and regulates the IC supply voltage.  It and the current source eliminate the need for a start-up resistor string.



The internal ENABLE signal: determines which cycles are skipped.



The voltage that develops across the D-S channel of the MOSFET is used to detect when the ILIMIT is reached. Eliminates external current sense resistors and provides cycle-by-cycle protection.



The current limit state machine sets the voltage level used by the ILIMIT comparator to detect when ILIMIT has been reached.



Leading edge blanking curcit: prevents leading edge current spike from falsely triggering the ILIMIT comparator�


Flyback Converter Designed Around the IC

cs
2.2nF
250 VAC
1 L2
VR1 D7 Ferrite Bead
P6KE150A ne T g Biao-200 3.5 x 7.6 mm +12V,1A
Jg JS * c10 | | c11 J3
D1 D2 R2 1000 uF 100 uF
1N4007 1N4007 100 Q 1o 6 25V T b 2B "g
A RTN
J1 3.15A c c2 "1 c4
b 6.8 uF == = 22uF | 1kQ 11°k'{f 3
400 V 400V
85-265  RV1
VAC 275VAC
pomeees ; D5
o b N 1N4007GP
i R5* <1
J2 136 MO
D3 D4 : B
1N2007 2\ me«mm PR -
1mH VR3
~) 7N BZzX79-C11
= A 1V
) 47 Q
*R5 and R8 are optional 1/8 W L R6
components :: 390 Q
< 1/8W
C7 is configurable to adjust
U1 current limit, see circuit
description U1 i
TNY278P
R4
3 2k0
1/8W
Pl-4244-012306
®
— WER
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Presenter�
Presentation Notes�
A basic flyback convert was designed around the IC. It was used to take performance data shown in the paper and this presentation.



It is a standard, hard switching converter with a simple RCD-Zener clamp on the DRAIN node of the IC (U1). It uses an ultra-fast diode as the output rectifier and an LC post-filter to reduce output ripple.



The output voltage is developed and sensed across the Zener diode VR3, resistor R6 and the LED in opto-coupler U2.



A bias winding on transformer T1 supplements the current into the BP/M pin capacitor (C7), which makes the IC turn off its internal current source, which further lowers no-load power consumption. Zener diod VR2 activates the latching shutdown function if VOUT ▲



R5 activates and sets the threshold for UVLO function.



C1, C2 and L1 form a pi filter for attenuating conducted EMI�


®)
Power Supply Performance Results: Efficiency

85%
80% | |
3 75% | ///
; /
> i /
:%) ~ / "/
t 0 _
W 65% | —5—115 VAC
i —— 230 VAC
| ——265 VAC
55% |
50% L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Output Current (A)
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Presenter�
Presentation Notes�
The efficiency of the supply remains consistently high across the entire output current range. Only at the highest line voltages does the efficiency fall off slightly as the load is reduced.�


Power Supply Performance Results: No-load
Power Consumption without a Bias Winding

0.14 /J

o
-
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Presenter�
Presentation Notes�
Without a bias winding on the transformer, the no-load power consumption is typically less than 140 mW, even at the highest line voltage.�


Power Supply Performance Results: No-load
Power Consumption with a Bias Winding
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Presenter�
Presentation Notes�
With a bias winding on the transformer, the no-load power consumption is reduced even further; it is typically less than �50 mW.�


Power Supply Performance Results:
Transient Load Response

- <eliinlkr ; ; Lo 1MS il

VOUT
50 mV/div {T®

out
0.5 A/div

10 ms at 1 ms/div
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Presenter�
Presentation Notes�
As can be seen, when a transient load of 50% to 100% of the full rated output power was applied to the output of the supply, the response of the output voltage shows no overshoot, no under shoot and no ringing.�


Power Supply Performance Results:
Conducted EMI
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P1-4289-012506
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Presenter�
Presentation Notes�
Lastly, the conducted EMI signature shows substantial margin to the CISPR and FCC limits.  



This is obtained with only a simple pi filter on the input, thanks to frequency modulation of the IC’s clock signal, which effectively lowers the quasi-peak and the average readings by spreading the noise wider than the measurement window.�


Conclusion

* Integrating a high-voltage MOSFET with a simple controller:
— Shortens the duration and the cost of the design process
— Enables the integration of functionality that is otherwise impossible

 ON/OFF control and the state machine give the following benefits:
— Consistently high active-mode efficiency over the entire load range
— Very low light load and no-load power consumption
— Delivers optimized responsiveness without the loop compensation exercise

— Eliminates audible sound production at no-load and light loading
o Careful Modeling of state machine state-change criteria and limits:
— Minimized the number of I, levels required & kept change criteria simple
— Enabled excellent transient load response without unnecessary state changes
« Power supply performance results show that the concept is sound

— Low cost, good performing power supplies can be quickly designed
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