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Abstract. The basic idea of the circuit fault diagnosis method based on fault logic is to establish
a computer expert database system first, connect the computer to the GPIB interface card, and
then connect each intelligent instrument through the GPIB standard bus. Through the connection
of the tested object adapter and the tested object, a circuit fault expert diagnosis and test platform
are formed. Based on the traditional fault simulation model, this paper improves the fault logic
circuit of switching power supply, designs the system model of fault simulation, deals with the
logic structure and circuit hierarchy respectively, and produces the final output through the logic
gate circuit by comparing the results of the fault logic circuit and the fault-free logic circuit. The
designed switching power supply fault logic circuit works in the switching state, which has the
characteristics of low loss and high energy conversion efficiency. Through the simulation analysis,
the output is connected to the comparator, which plays the role of the whole wave. The simulation
results are in line with the parameter indicators. The functional test results of the chip show that
the function of the module is basically normal, which has practical application value and good
portability and can be used as a reference for similar electrical designs.

Keywords: switching power supply, fault logic circuit, soft reference, fault simulation, logic
structure.

1. Introduction

With the advent of artificial intelligence (Al), the Internet of Things (IOT) and the 5G era,
electronic information technology has developed rapidly. The manufacturing technology of
electronic components such as integrated circuits has become more and more advanced. The
electronic equipment has gradually developed towards miniaturization and modularization, and
the demand for power supply has also developed towards low-voltage and high-current. This
requires that the power supply equipment can not only meet the needs of low voltage and large
current but also achieve multi-voltage output [1].

To realize the multi-channel output of the power supply, a plurality of independent power
supplies with different output voltages are combined to form a multi-output power supply.
However, the power supply formed in this way is essentially the superposition of multiple power
supplies, and the components, size, and weight used are the superposition of multiple devices. The
cost of this method is high, and it cannot be small and light. Because of the different oscillation
frequencies of different power supplies, it will also produce mutual electromagnetic interference
[2]. Therefore, this method is not suitable for today's green power application environment.

With the advantages of small size, high efficiency, and wide input and output voltage range,
the switching power supply has become the mainstream power supply technology [3]. According
to whether the input and output of the switching converter are isolated or not, the switching
converter can be divided into two categories: isolated and non-isolated. The isolated converter has
a transformer structure. Therefore, multiple outputs can be achieved by winding multiple windings
on the transformer [4]. This method not only solves the problem of electromagnetic interference
caused by different power supply oscillation frequencies, but also greatly reduces the use of
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components, reduces the cost, and adapts to the development direction of miniaturization and
lightweight of the switching power supply [5].

The early synchronous rectification technology is mainly used in non-isolated switching power
supplies, such as buck converters, boost converters, and so on. With the development of
synchronous rectification technology, the performance of synchronous rectification MOSFET has
been improved and the price has been reduced. At present, synchronous rectification technology
has become mature [6]. Nowadays, the research of synchronous rectification technology mainly
focuses on the research-based on new materials such as GaN and SiC [7]. Reference [8] is based
on SiC synchronous rectification MOSFET and adopts dynamic rectification control to achieve
low switching loss and high turn-off voltage up to 1700 V. Reference [9] discusses the research
on the turn-on voltage drop and switching loss of the synchronous rectification MOSFET with
Trench channel structure, and analyzes the prospect of mass production of the MOSFET with
Trench channel structure. In recent years, ROHM has successfully mass-produced the
synchronous rectification MOSFET with a double Trench channel structure, which has extremely
low turn-on voltage drop and high withstand voltage value up to 1.2kV [10]. Thanks to advanced
semiconductor process technology, today’s power MOSFETSs can achieve on-state resistances
below 2 mQ, gate charges below 25 NC, and switching frequencies above 50 MHz [11].
Synchronous rectification technology has also been applied in various isolated switching power
supply topologies, such as forward converter, flyback converter, half-bridge converter, full-bridge
converter, and so on [12].

Switching power supply has many incomparable advantages over traditional linear regulated
power supply, and has been widely used in many fields in recent years. The nonlinear system has
three different working modes. Thus, it is difficult to model. In order to model the nonlinear
system such as Buck converter, it is usually linearized to obtain its analytical solution. In this
paper, a pulse frequency modulated quasi-resonant controller is designed and fabricated in ASMC
4 um/40 V Bipolar process. The simulation, layout, tape-out, functional test, and DEBUG of the
chip are completed. Based on this controller chip, a DC/DC switching power supply based on the
soft-switching technology is designed, and the corresponding system simulation and verification
are completed. The main innovations of this paper are:

The whole circuit of the DC/DC switching power supply based on the soft-switching
technology is designed, and the topology of QRCs and PFM control mode is adopted.

The soft reference circuit module designed in this paper has the functions of soft start, restart
delay, and precision reference voltage reference, and has a complete control function, which
realizes the actual control of the soft reference circuit.

According to the actual selection of the counting-type DPWM, the PWM resolution was
determined. Compensation analysis was done to the PID control algorithm. This paper selects the
discrete position PID to realize and uses the ZN method to tune the parameters, which provides a
basis for the system design based on FPGA digital control.

2. Related work
2.1. Principle analysis of fault logic circuit

(1) Fault comparator.

The circuit structure of the fault comparator is shown in Fig. 1, and its ports are described as
follows:

1) FAULT: Fault signal input (from the system).

2) FDC_OUT: Fault comparator output (connected to VIN_FDC terminal of the fault logic
circuit).

As shown in Fig. 1, the 5 V power supply terminal is divided by two resistors R, and R, to
obtain a 3 V reference voltage. The FAULT terminal signal and the 3V reference voltage are input
to a comparator [13] composed of @, and Q5 through an emitter follower respectively. When the
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input voltage at FAULT is higher than 3 V, Q, and Q5 are turned on, Q; and Q, are turned off,
and FDC_OUT outputs high; when the input voltage at FAULT is lower than 3 V, Q, and Q5 are
turned off, Q; and Q, are turned on, and FDC_OUT outputs low [14].

FDC OUT
GND AQlw -
ORI | R o BS | R7
- R6 -
]
TR | R4 T R8
QL
FAULT iVee

Fig. 1. Fault comparator circuit diagram

(2) Fault logic circuit.
The relationship between the fault logic circuit and the soft reference circuit module is shown
in Fig. 2, and the fault logic circuit is shown in Fig. 3.
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Fig. 2. Module relationship diagram of fault logic circuit and soft reference circuit

The ports are described as follows:

1) VIN 5 V: 5V power supply terminal.

2) VIN_FDC: input port (fault comparator FDC OUT port).

3) UVLO: input port (UVLO port for undervoltage lockout).

4) SOFTREF: the soft reference pin of the chip is externally connected with a 0.1 uF capacitor
to the ground.

5) VOUT_LOGIC: output port (monostable pulse generator VIN_AULT port).
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Fig. 3. Fault logic circuit diagram
2.2. Principle analysis of fault-free logic circuit

During normal operation (no fault generated), the VIN_UVLO terminal is low [15]. When
there is no fault signal in the system, it can be seen from the above analysis that the VIN_FAULTI1
and VIN_FAULT?2 terminals are at high level. At this point, Q¢ turns off, causing Q4, @15, and
Q17 to all turn off. Q34 and Q, are also turned off. Q3 is turned on, the current mirror formed by
Q25 and Q44 is also turned on, and the current bias circuit works. The SOFTREF terminal of the
external capacitor is charged by the power supply voltage through the branch of Q,5 and R35 until
the voltage of the SOFTREF terminal is clamped at 5 V by the clamping circuit [16].

How the 4 V comparator works: When the VIN FAULT1 terminal is high, Q¢ is powered
down and the 4 V comparator does not work. Q¢ is on when the VIN_FAULT 1 terminal is low.
If the SOFTREF terminal voltage is higher than 4 V at this time, Q, is turned off; if the SOFTREF
terminal voltage is lower than 4 V at this time, Q- is turned on. The SOFTREEF is charged by the
branch where Q¢ and @4, are located, the voltage of SOFTREF increases, and the collector
voltage of Q¢ also increases [17]. When the SOFTREF terminal voltage is charged to about 4 V,
Q16 enters the saturation region. Qq, is turned on. Q5 is turned on. The Q,, base level is pulled
low. Q4 is turned off, and then the 4 V comparator does not work [18].

Working principle of the 0.2 V comparator: during normal operation, the voltage at the
SOFTREEF terminal is about 5 V. @, is turned off, and the level at the VOUT FAULT terminal
is low; in case of a fault, the SOFTREF terminal discharges through the R34, @1, and R3, loops,
and the voltage at the SOftREF terminal gradually decreases. When the voltage at the SOFTREF
terminal drops to 0.2 V, Q. is turned on. The level at the VOUT _FAULT terminal changes from
low to high, acting on the fault module circuit [19]. When Q. is off, the emitter potential V' of
Q4 1s given by:

V_VBE:@_}_S_VBE_V. (1)
R29 R28 R27
When the VIN_FAULT terminal level goes from low to high, the VIN REF terminal level
also goes from low to high. It can be seen from the above analysis that in the previous state of the
circuit, the base level of Qs is high. The base level of Q5 is high. The terminal level of
VOUT _LOGIC is high, and the terminal levels of VOUT REF1 and VOUT REF2 are low. If the
VIN_REEF level changes from low to high, Q;, is turned on. The base level of Q5 goes from high
to low. The base level of Q5 goes from high to low. The level of VOUT LOGIC goes from low

to high, and the levels of VOUT REFI and VOUT REF2 go from low to high [20].
In summary, during normal operation, the 5 V power supply charges the SOFTREF terminal,
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and the voltage of the SOFTREF terminal gradually increases from 0 to 5 V, and then remains
unchanged; the system generates a fault signal, and the SOFFREF terminal begins to discharge,
and recharges when it discharges to 0. 2 V. During the recharging process, when the voltage at the
SOFTREEF terminal does not reach 4 V, a fault signal is generated [21]. At this time, the voltage
at the SOFTREF terminal will continue to charge until it is charged to 4 V and then discharged
again until it is discharged to 0.2 V and then charged again until it reaches 5 V, after which it
remains unchanged [22].

3. Controller circuit module simulation

After the integrated circuit design is completed, the front-end simulation and verification is the
basis to ensure the function and performance of the chip. To manufacture a usable chip, layout
design and back-end simulation and verification are also needed. Layout is an indispensable step
to manufacture a circuit into a chip, and the quality of layout design will seriously affect the
performance of the finished chip. Therefore, in the layout design, it is necessary to reduce the
influence of parasitic effects through reasonable placement and routing. For circuits with high
performance requirements, layout design should consider matching, noise interference,
overcurrent capability and so on.

3.1. Controller overall structure simulation

For the overall architecture of the chip, the controller chip is composed of multiple circuit
modules, as shown in Fig. 4.
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Fig. 4. Overall architecture of the chip

Based on the ASMC 4 um/40 V Bipolar process, the circuit is simulated and verified by using
the Cadence Spectre software platform. Process angles (TT/SS/FF), supply voltages (12 V/20 V),
and temperatures (—55 °C/25 °C/125 °C) are considered. Parameters of peripheral basic
components are: Cs, = 0.1 uF, Rpip = 86.6 kQ, Rypge = 7.15 kQ, Cyco = 1 nF, R = 4.02 kQ
and C = 200 pF.

The function of the converter depends on the control loop. In the nonlinear closed-loop
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feedback loop, the Boost converter has an inherent right-half plane zero. The LC produces a pole.
The load of the output stage produces a pole and the error amplifier also introduces a pole. There
are multiple poles and zeros in the system, and the phase margin of the multi-pole system cannot
be guaranteed, which will cause system instability. Therefore, the frequency compensation is
needed. An R, C compensation network is connected at the output end of the error amplifier to
provide a zero point for the system so as to improve the influence of the output pole on the phase
margin. It also ensures that the phase margin of a feedback loop is larger than 60 and improves
the stability of the system.

3.2. Failure circuit module simulation

The main function of the fault circuit module is fault detection and fault protection. The
module is mainly composed of a fault comparator (FDC) and a fault logic circuit. The function of
the fault comparator (FDC) is relatively simple. It mainly compares the input voltage of the
FAULT terminal with the 3 V reference voltage to obtain a voltage signal. This signal passes
through circuits such as fault logic to control the output of the MOSFET starter. When the input
voltage is above the 3 V reference, the output of the FDC is high. When the input voltage is below
the 3 V reference, the output of the FDC is low. Fig. 5 is a functional diagram of a fault circuit
module.

165V
vee
105V eeseavencsqeassssesssasssssesssasesssessssssaaasnaaenmnn"
5V esessccsasd -
Soft-Ref ~Restart Di/
02V
FAULT
Output

Fig. 5. Function diagram of faulty circuit module
4. Soft reference circuit module simulation
4.1. Soft reference circuit module design

The main functions of the soft reference block are soft start, restart delay, and precision voltage
reference. Wherein, the restart delay function needs to be realized in combination with the fault
circuit module. Since the circuit function of the soft-reference circuit module is relatively
complex, it will be analyzed from the perspective of the soft-Ref pin function in conjunction with
Fig. 6.

As shown in Fig. 6, the Soft-Ref pin performs three functions: Soft-Start, Restart-Delay, and
Precision Reference (5 V). In undervoltage lockout (UVLO), all outputs are low and the external
capacitor Cg, on the Soft-Ref pin is discharged. When the supply voltage VCC exceeds the UVLO
upper limit, the internal current source charges C,, until it is clamped at 5 V by the 5 V clamp
circuit. The soft start time is roughly given by:

Tsoft—start = (g X 10 kQ. @
In the event of a fault, all outputs are driven low. The external capacitor Cj, is discharged by
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a 20 pA current source. This is the restart delay period. When Cg, reaches 0.2 V, the output is
enabled and Cj, is charged with a 0.5 mA current. If a fault occurs before the end of the charge
cycle, the output is immediately driven low, but Cg, charges to 4 V before the 20 pA restart delay
current discharges Cg,.. The restart delay time during continuous fault operation is:

Trestare = Csr X 190 kKQ. (3)
0.8 Qym T T
05| _ ) -
¥ - _— _— — _— \
Vo
-0.1 i i H
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Fig. 6. Functional diagram of soft reference circuit module

The restart delay function can be removed by adding a 100 k< resistor between the Soft-Ref
pin and the 5 V pin. In this case, however, the fault detection circuit will permanently shut down
the converter in the event of a fault. The converter does not return to normal operation until the
VCC is reapplied and the UVLO circuit resets the fault circuit, leaving the external 100 kQ resistor
open. When a 100 kQ resistor is connected, the soft start time becomes:

Tsoft—start = (g X 9.2 KA. )

The precision reference at the Soft-Ref pin is due to an internal 5 V clamp. A 15 Q resistor is
connected between the Soft-Ref pin and the clamp circuit to avoid the regulated voltage fluctuation
caused by the external capacitor.

4.2. Clock frequency output control algorithm

A voltage is taken from the output voltage and fed back to the error amplifier (EA). This
feedback signal is compared to a 5 V reference voltage and an error voltage is an output. The error
voltage is used as a control voltage to control the oscillation frequency of a voltage-controlled
oscillator (VCO), and then a square wave signal is an output through a control logic circuit and an
output driving circuit to drive a switch tube to control the working state of a peripheral circuit and
finally keep the output voltage stable.
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In a ZVS circuit, the output voltage will decrease as the frequency increases. Therefore, in
practical applications, the inverting input of the EA should be connected to the reference voltage,
and the non-inverting input of the EA should be connected to the feedback voltage.

Control the internal operating frequency, which is controlled by the error amplifier output.

The VCO is externally connected with two resistors Rgpnge and Ry,n and a capacitor Cyco.
Ruin and Cy¢o determine the minimum frequency:

3.6

Fuin = R Cor
min~VCo

)

When the output of the error amplifier is less than or equal to one diode drop, the VCO operates
at the minimum frequency. The VCO frequency is at its maximum when the error amplifier output
rises one diode drop below 5 V:

3.6
Foax = . 6
max (Range//Rmin)CVCO ( )

The usable frequency range is the difference between the first two equations:

3.6
AF =———— (7)
Range CVCO

Because the nominal output swing of the error amplifier is approximately 3.6 V due to a
full-scale change in the VCO frequency, the gain of the VCO block is as follows:

dF 36 )
av RangeCVCOI

5. Simulation experiment analysis
5.1. Circuit simulation parameters

For Simulink simulation with ModelSim module, when all configurations are completed,
MATLAB can be added to edit and verify the program. It can also make preparations for joint
simulation, set the port and clock frequency, simulation accuracy, communication serial port, and
set simulation parameters through 53885 for communication. After setting, the module is
connected to the Buck circuit topology in Simulink to complete the drawing of Simulink
simulation.

The parameter indexes mainly involved in the fault circuit module are shown in Table 1.

Table 1. Main parameters of fault circuit module
Parameters Minimum value | Typical value | Maximum value
Fault comparator threshold (V) 2.85 3.00 3.15
Fault to output delay (ns) - 100 200

Table 2. Fault comparator thresholds

TT (V) | SS(V) | FF (V)
—55°C | 3.0177 | 3.0604 | 2.9843
12V | 25°C | 2.9920 | 3.0753 | 2.9412
125°C | 3.0585 | 3.1101 | 2.9410
—55°C | 2.9349 | 3.0753 | 2.9602
20V | 25°C | 3.0008 | 3.0726 | 2.9392
125°C | 3.0372 | 3.1088 | 2.9419
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Simulation results of main parameters of the fault circuit module are shown in Table 2 and
Table 3 respectively.

Table 3. Failure to output delay

TT (ns) | SS (ns) | FF (ns)
—55°C | 1175 134.8 102.9
12V | 25°C 117.2 136.7 99.2

125°C | 1374 161.5 112.3

-55°C 122.4 150.2 107.3

20V | 25°C 121.4 141.4 103.1

125°C | 142.1 167.0 116.7

5.2. Comparison of simulation results for zero-crossing detection

The simulation results of the zero-crossing detection comparison and main parameters of the
monostable pulse generator module are shown in Tables 4-6 respectively.

Table 4. Zero-Crossing detection comparator thresholds
TT (V) | SS (V) | FF (V)
=55°C | 0.500 | 0.514 | 0.488
12V | 25°C | 0.502 | 0.518 | 0.490
125°C | 0.494 | 0.508 | 0.480
=55°C | 0.500 0.516 0.488
20V | 25°C | 0.504 | 0.518 | 0.490
125°C | 0.500 | 0.508 | 0.480

Table 5. Maximum pulse width
TT (ns) | SS (ns) | FF (ns)
=55°C | 1035.0 | 1007.7 | 1079.3
12V | 25°C | 1000.1 | 1003.6 | 999.4
125°C | 991.5 963.8 992.2
=55°C | 1035.1 | 1010.5 | 1079.0
20V | 25°C | 1000.3 | 1003.6 | 1000.4
125°C | 991.7 994.9 991.7

Table 6. Ratio of maximum to minimum pulse width
TT (ns) | SS (ns) | FF (ns)
-55°C 3.61 3.90 3.25
12V | 25°C 3.93 3.92 3.89
125 °C 4.01 3.89 3.95
=55°C 3.61 3.90 3.24
20V | 25°C 3.92 3.92 3.90
125 °C 4.01 4.02 3.95

5.3. Results of the control logic circuit simulation

Fig. 7 is the function simulation waveform diagram of the control logic circuit module.
The parameters mainly involved in the control logic circuit module are shown in Table 7.

Table 7. Main parameter indexes of control logic circuit module
Parameters Conditions | Minimum value | Typical value | Maximum value
Transmission delay(ns) — — 120 200

Simulation results of main parameters of the control logic circuit module are shown in Table 8.
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Fig. 7. Function simulation waveform of the control logic circuit module

Table 8. Transmission delay

TT (ns) | SS (ns) | FF (ns)
—55°C 80.2 86.3 87.6
12V | 25°C 50.1 54.2 60.3
125 °C 52.3 73.8 52.7
=55 °C 88.9 68.2 89.3
20V | 25°C 57.7 57.4 60.3
125 °C 60.3 62.4 51.9

6. Conclusions

Compared with the traditional linear power supply, the switch tube in the switching power
supply works in the switching state, so the loss is small and the energy conversion efficiency is
high. In addition, the switching power supply does not need a power frequency transformer, and
is small in size and light in weight. Based on the soft reference circuit model, this paper designs
the logic fault circuit of switching power supply, which can realize the simulation of circuit fault
and provide a reference for detecting circuit design defects. Experiments show that the power
supply logic circuit designed in this paper can reduce the overshoot voltage and realize the zero-
voltage turn-off of the switch tube. The main research contents of this paper are as follows:

1) A DC/DC switching power supply based on the soft-switching technology is designed in
this paper.

2) The proposed control logic circuit is modeled by using state space, and the transfer function
of the circuit is further solved on the basis of the established equivalent signal model.

3) Set up the experimental environment and analyze the experimental results, which shows
that the parameters basically meet the requirements and verify the rationality of the design.

Because the power converter is a strong nonlinear system, the nonlinear model is linearized to
obtain an approximate linear model. In future work, the modeling method needs to be further
improved to improve the accuracy of the system model and reduce the error.
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