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Output short-circuit protection on a synchronous re ctified
flypack converter with the ZXGD3101 controller

Adrian Wong, Systems Engineer, Diodes Incorporated

Introduction

Offline synchronous rectified flyback converters must declare safe operation without any damage or
performance degradation in the event of a sustained output short-circuit when the ZXGD3101
synchronous MOSFET controller loses its supply voltage and therefore the output current flow is
completely via the internal body diode. At a first glance, this diode conduction loss should be greater
when compared to the conventional schottky or ultrafast rectifier because of its higher forward voltage
drop. Fortunately, most modern PWM controllers accommodate a low frequency pulse skipping mode
to effectively limit the average power dissipating in both primary and synchronous MOSFETS. In order
to make sure a power supply using the ZXGD3101 controller is operated safely during a short-circuit,
this application note describes how to verify experimentally whether the pulse skipping pattern is
sufficient to ensure the synchronous MOSFET will not be overheated, and also derives the current
runaway constraint in relation to the magnetic saturation.

Short-circuit mechanism overview in a flyback conve rter

An output short-circuit will be seen by the primary side PWM controller as a sudden loss of feedback
information from the output of the opto-coupler. In fact, during the start-up sequence, the system also
runs open loop since no regulation has yet occurred. Some inexpensive controllers do not include
short-circuit protection. Instead, they rely on the collapse of the auxiliary winding when the output is
short-circuited to enter the burst mode operation. Unfortunately, the inevitable leakage inductance
degrades the magnetic coupling between the power winding and the auxiliary winding. As a result, the
auxiliary supply will not completely collapse to trigger the Under-Voltage Lock-Out (UVLO) function as
expected: the controller will keep driving the primary MOSFET, and the uncontrollably huge output
current will probably destroy the output rectifier after a few minutes. Thus, the technique of
continuously monitoring the feedback loop and making a decision regardless of the auxiliary
conditions is recognized to offer the best fault detection performance.
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Figure 1 — PWM control with short-circuit protectio n for the ZXGD3101 synchronous
rectification controller
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The converter is protected by the primary side PWM controller in Figure 1 during the short-circuit
condition. The primary side controller permanently observes the feedback signal, knowing that it
should be within a certain range for regulation. If the signal goes outside this range, there must be a
problem. Then an error flag is asserted, and a timer is started to delay the reaction to a fault. This is
because a start-up sequence is also seen as a fault since no feedback signal appears prior to
regulation. The timer is there to give a sufficient time for starting up. Typical values are in the range of
50 to 100ms.

To deliver the maximum peak current (1V over the sense resistor), the feedback pin must be in the
vicinity of 3V. If it is above, close to the internal Vg4 level, the PWM chip no longer has control over the
converter. When this situation is detected by comparator CMP2, the switch SW1 opens and the
external capacitor C can charge. If the fault lasts long enough, the timer capacitor voltage will reach
the Vimer reference level, confirming the presence of a fault. The controller can then either go into
auto-recovery, hiccup mode or simply totally latch off the circuit. If the fault lasts too short a time, the
capacitor is reset and waits for another event.

System design considerations

In addition to employing an efficient primary PWM controller, there exists a mandatory system design
criteria to fulfill a safe short-circuit as follows: Similar to the normal operation, in the indefinite period of
short-circuit, a steady-state operation requires the volt-second balance across the storage element of
magnetic energy, which is the power transformer in a flyback converter. Otherwise, current runaway
will occur in such a way that energy rise inside the magnetics during primary MOSFET’s on-time
exceeds energy decay during its off-time. Thus the primary current rise abruptly saturates the
magnetics, eventually leading to converter destruction.

Prior to the derivation below, all relevant defined symbols are listed in Table 1.

Table 1 — Symbol list

Symbol Description
Vin DC input voltage
Vo Output voltage
Ton Power switch on-time
Tonmin | Minimum switch on-time manageable by the PWM controller IC
Ties Leading edge blanking duration
ToeL Propagation delay from current detection to gate off state

VR Secondary voltage reflected back to the primary during secondary rectifier conduction
Tsw Switching period, equal to the reciprocal of the switching frequency of the converter

n Primary-to-secondary turn ratio of the power transformer

Ve Forward drop across the secondary rectifier

Under short-circuit condition the converter is working in the Continuous Conduction Mode (CCM). So
the balance condition has to be,

Vin xTon = Vg *(Tew = Ton) Equation (1)
Solving equation (1) for Toy Yyields the switch on-time,

VR

m X TSW Equat|0n (2)

Ton =

Note that the reflected voltage Vr is given by,
Vg =nx(Vy + V) Equation (3)

Whereas in normal operation V, is regulated and therefore Vg is constant. In case of a short-circuit, V,
drops as does Vg. Their values will be dependent on the total resistance of the secondary circuit,
including diode, secondary winding wire, PCB tracks, and the short-circuit resistance. The more
severe the short-circuit, the lower the total resistance, and the lower V,.

Equation (2) shows that, in a short-circuit, Toy gets shorter. If the time resulting from equation (2) is
lower than Tonmin, the shortest switch on-time that the controller can guarantee, which comprises the
leading edge blanking duration T g5 and the propagation delay from current detection to gate off state
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ToeL, then the controller will not be able to maintain the volt-second balance and the current will begin
to rise with no control.

Combining equations (2) and (3), the runaway condition is,
nx (Vo * VF)

X Taw < Tonmi Equation (4
m sw ONmin q ()

It is possible to estimate the left side of equation (4) assuming V,=0 (ideal short-circuit). In real-world
condition V, will be greater than zero thus Toy Will be in this way underestimated. Ideally, equation (4)
becomes,

n><V,:

— F XTy < Tonm Equation (5
Vin"'nXVF sw ONmin q ( )

The inspection of equation (5) indicates that the conditions that favor current runaway are a high input
voltage Vi,, a high switching frequency (i.e. a shorter Tg,) and a high regulated output voltage: In fact,
being VR fixed by MOSFET breakdown issues, the higher V,, the lower n.

Test results and data analysis

A synchronous rectified flyback converter with the ZXGD3101 controller in Figure 1 was tested by
applying a dead short across the output terminals by closing the switch SW2 at two extremes of
90Vac and 264Vac to validate the concepts discussed above in general universal input applications.
Figures 2(a) to (d) show the experimental switching waveforms for both primary and synchronous
MOSFETSs upon an output short-circuit at those two input voltages.
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Figure 2 — Short-circuit waveforms (Orange: primary MOSFET drain current; Blue: primary
MOSFET drain-source voltage; Purple: syncMOSFET dra  in-source voltage; Green:
syncMOSFET drain current flowing through the body d iode)
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From Figure 2, the essential data are captured in Table 2 for the following component stress analysis
while the worst case parameters are highlighted in blue for the selection guide of reliable MOSFETSs.

Table 2 — Critical test results

Vir=90Vac | Vj,=264Vac
Vps of primary MOSFET (peak) 500V 608V
Ip of primary MOSFET (peak) 3.9A 8.3A
Vps of synchronous MOSFET (peak) 20V 56V
Ip of synchronous MOSFET (peak) 38A 25A
Ton 6us 1.25us
Tow 37.5us 32.5us

First of all, Figure 2 shows that the synchronous MOSFET is much more dissipative than the primary
one due to the very low duty cycle. Secondly, Table 2 shows that the worst case current stress on the
synchronous MOSFET occurs at the low line input voltage of 90Vac. With reference to Figure 2(a),
the average drain current flowing through the MOSFET is calculated as,

Tow=Ton( | - 32us
lsynavg) = ij N L SYNG TSYNwallen) ot = — T j (— 5.625x105t + 38)dt = 24.42A
Tsw Jo Tsw ~ Ton 38usdo

Originally, the resultant continuous power loss for the MOSFET with an intrinsic body diode drop of
1.25V can be as high as,

24.42A x1.25V = 30.53W

However, as can be seen from Figure 2(b), the PWM controller enters skip cycle mode with an on
time of 0.1s over a repetitive period of 1.7s. So the effective dissipation is significantly reduced as,

0.1s

30.53W x =1.796W
1.7s

In free air at the elevated temperature limit of 75C, we must consider the typical junction-to-ambient
thermal resistance Ryy;.4 of 62.5C/W for the standard SMD D ?PAK style MOSFET. For the minimum
recommended footprint (120mm2) on a FR4, 20z copper board, the Rryy.pcp Value is 42C/W and the
maximum allowable power dissipation turns out to be (based on 20% design margin for the operating
junction temperature),

AT _ Tyuax X80%—-T, _ 175°Cx0.8 -75°C

= =1.548W where Tjyax =175°C

Pp = .
RTHi-PcB RTHi-PcB 42°CIW

Thus the drain pad area has to be extended up to 1in® (600mm?) to give,

AT _175°Cx0.8-75°C
RrHi-pcB 34°C/w

RTHJ—PCB =34°C/W = PD = =1.912W >1.796W

The current runaway condition should be assessed here. Recap from equation (5), it is reasonable to
set Ve=1.25V for the intrinsic body diode of the synchronous MOSFET since the ZXGD3101 controller
has lost its supply voltage which is directly fed from the power supply output.

Table 3 — Essential system parameters

Vi, at 264Vac 373.4V Customer specified

Tew 32.5us Design variable

n 34:3 Design variable

Ties 350ns Obtained from datasheet
ToeL 120ns Obtained from datasheet
Tonmin=Ties*ToeL | 470Nns Calculated

Substituting the above numerical data into equation (5), we get,
34 1.5V
Ton = 3 3 x32.5 s =1.188 us > Tonmin = 470nS
373.4V +?x1.25v
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It is found that the current runaway can be avoided. Otherwise, there are two suggested options as a
result of altering the primary inductance of the power transformer in this quasi-resonant converter as
below:

1. Decrease the switching frequency

2. Increase the primary-to-secondary turn ratio
Conclusion

The instantaneous voltage, current and thermal stresses of switching MOSFETSs should be taken into
account at the output short-circuit instant. This application note describes a systematic approach to
check if pulse skipping methods of output short-circuit protection in synchronous rectified flyback
converters are suitable and adequate when used with the ZXGD3101 controller. It requires an
appropriate selection of the primary PWM controller in conjunction with a thorough consideration of
the current runaway condition as well as the power loss in the synchronous MOSFET. The
mathematical analysis removes the need to have an experimental trial-and-error method which may
be destructive if the under-rated MOSFETSs have been used during the development stage.

Issue 1 — April 2009 www.diodes.com
© Diodes Incorporated 2009



AN70O

IMPORTANT NOTICE

DIODES INCORPORATED MAKES NO WARRANTY OF ANY KIND, EXPRESS OR IMPLIED, WITH REGARDING TO THIS
DOCUMENT, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS
FOR A PARTICULAR PURPOSE (AND THEIR EQUIVALENTS UNDER THE LAWS OF ANY JURISDICTION).

Diodes Incorporated and its subsidiaries reserve the right to make modifications, enhancements, improvements, corrections or
other changes without further notice to this document and any product described herein. Diodes Incorporated does not assume
any liability arising out of the application or use of this document or any product described herein; neither does Diodes
Incorporated convey any license under its patent or trademark rights, nor the rights of others. Any Customer or user of this
document or products described herein in such applications shall assume all risks of such use and will agree to hold Diodes
Incorporated and all the companies whose products are represented on Diodes Incorporated website, harmless against all
damages.

Diodes Incorporated does not warrant or accept any liability whatsoever in respect of any products purchased through
unauthorized sales channel.

Should Customers purchase or use Diodes Incorporated products for any unintended or unauthorized application, Customers shall indemnify
and hold Diodes Incorporated and its representatives harmless against all claims, damages, expenses, and attorney fees arising out of,
directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized application.

Products described herein may be covered by one or more United States, international or foreign patents pending. Product names and
markings noted herein may also be covered by one or more United States, international or foreign trademarks.

LIFE SUPPORT

Diodes Incorporated products are specifically not authorized for use as critical components in life support devices or systems without the
express written approval of the Chief Executive Officer of Diodes Incorporated. As used herein:

A. Life support devices or systems are devices or systems which:
1. areintended to implant into the body, or

2. support or sustain life and 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.

B. A critical component is any component in alife support device or system whose failure to perform can be reasonably expected to cause
the failure of the life support device or to affect its safety or effectiveness.

Customers represent that they have all necessary expertise in the safety and regulatory ramifications of their life support devices or systems,
and acknowledge and agree that they are solely responsible for al legal, regulatory and safety-related reguirements concerning their
products and any use of Diodes Incorporated products in such safety-critical, life support devices or systems, notwithstanding any devices-
or systems-related information or support that may be provided by Diodes Incorporated. Further, Customers must fully indemnify Diodes
Incorporated and its representatives against any damages arising out of the use of Diodes Incorporated products in such safety-critical, life
support devices or systems.
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