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Abstract: In order to improve the efficiency and ensure the security of power supply used
in a mine, this paper mainly studies the quasi-resonant flyback secondary power supply and
analyzes its operational principles based on the requirements of soft-switching technology.
In accordance with the maximum energy of a short-circuit and the request of maximum
output voltage ripple, this paper calculates the spectrum value of the output filter capacitor
and provides its design and procedures to determine the parameters of the main circuit of
power supply. The correctness and availability of this theory are eventually validated by
experiments.
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1. Introduction

Presently, in the coal industry, there exist various kinds of power and electrical equipment
with different voltage levels, which makes the issue of the power supply system very complicated.
To solve this problem, different power architectures are adopted. The power architecture can be
divided into three types: central centralized power architecture, distributed power architecture
and intermediate bus architecture [1]. The distributed power architecture has the first switching
converter to provide a bus voltage (typically 48 V or 24 V), and then a secondary switching
converter is used to convert the bus voltage to the desired voltage level according to different load
requirements. The structure of an intrinsically safe [2-5] power supply system is shown in Fig. 1.

Here the secondary switching converter is called a secondary power supply. At present, an
increasing number of secondary intrinsically safe power supplies [6] have come into underground
use. At the same time, with the advancement in switching power supply technology, more and
more new technologies have been applied to the design of intrinsically safe power supply. The
quasi-resonant technique [7, 8], as a simple and effective one which could reduce the switching
losses and electromagnetic interference (EMI), is available in many LED solutions and power
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Fig. 1. Structure of intrinsically safe power supply system

adapter solutions [9]. However, its application in intrinsically safe power supply application is
rare. This study designs a secondary converter intrinsically safe power supply [10] based on the
output intrinsically safe theory in order to improve its efficiency, thereby increasing the load
efficiency of the first-stage intrinsically safe power supply.

2. Operating principles of quasi-resonant flyback converter

The schematic diagram of a quasi-resonant flyback converter is shown in Fig. 2.

Q_Jr Kac

Fig. 2. Schematic diagram of quasi-resonant flyback converter

Vin is the input voltage, i, is the primary instantaneous current, i; is the secondary instantaneous
current, L, is the primary winding inductance, L; is the secondary winding inductance, Ly rax
is the primary winding leakage inductance, Q is the power switch, C;, is the resonant capacitor,
N, and N, respectively, refer to the turns of the primary and secondary winding coil, VD, is
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the freewheeling diode, C, is the output filter capacitor, V, is the output voltage, Ry, is the load
resistance.

When the power switch Q is on, the reverse biased voltage borne by the freewheeling diode
VD, is off, the current i, flowing through the inductor L, shows a linear increase, and the inductor
L, converts the electrical energy to magnetic energy and stores it in the inductor L. At this time,
the output filter capacitor C, achieves power supply for the load; when the power switch Q is
off, the resonance occurs between the parasitic capacitance C, and parasitic leakage inductance
Ligax, and then the primary inductance L, of transformer degausses. After degaussing, the
resonance occurs between C, and L, so that the drain voltage of the power switch Q shows a
variation with damped oscillation, and the system will choose one from various valleys of the
resonant drain voltage waveform of the power switch Q to start a new switching cycle.

3. Analysis of energy in secondary side

To achieve the effect of opening the metal-oxide semiconductor field-effect transistor (MOS-
FET) at the valley, the quasi-resonant flyback converter can only work in DCM mode. The
secondary inductor current and the waveform of a capacitor voltage at both ends are shown in
Fig. 3.
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Fig. 3. Waveform of inductor current and the capacitor voltage of converter in DCM mode

The energy conversion process of a quasi-resonant flyback converter can be divided into three
stages after the disconnection at the time of #;:

Stage 1, energy supplied by inductors (¢; ~ #7), as shown in Fig. 4(a). The secondary induc-
tance Lg charges the capacitor. As the current i5 of the secondary inductor is greater than the
output current /,, the secondary inductance Lg has to provide energy for capacitance and load
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simultaneously, so that the capacitor voltage rises. This process continues until the secondary
inductor current falls to the level i = I, at the time of 7.

Stage 2, energy supplied by inductors and the capacitor (t; ~ #3). When the inductor current
is < I, this stage begins and the inductor Ly and the capacitor energy provide energy for the load
at the same time with its equivalent circuit as shown in Fig. 4(b). The capacitor voltage begins to
drop until the secondary inductor current i is reduced to 0.

Stage 3, energy supplied by the capacitor (#3 ~ t4). At this time, the diode VD, is off, as the
next cycle has not yet arrived, so that the capacitor has to provide energy for the load and the
voltage of the capacitor continues to drop with its equivalent circuit as shown in Fig. 4(c). This
stage maintains until a new switching cycle begins and the secondary inductor current ig rises
again from 0.
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Fig. 4. The equivalent circuit diagram of converter at different stages: energy supplied by inductor (a);
energy supplied by inductor and capacitor (b); energy supplied by capacitor (c)

4. Design of quasi-resonant flyback converter

A quasi-resonant flyback converter adopts the frequency converting control method, therefore,
the minimum operation frequency coping with the converter should be restricted. Taking into
account the fact that the upper limit of sound frequency that a human ear can hear is 20 kHz, the
lowest operating frequency of the converter is greater than 20 kHz. While due to EMI noise, the
switching frequency is preferably not more than 150 kHz. To make the converter always operate
in the DCM mode, the corresponding critical inductance value should be selected based on the
minimum input voltage and maximum output power:

— Ry min - 72 ) Vii.min (1)
2. fmin(7 - Vin.min + V0)2 .

In the equation, Ry min iS the minimum load value, y represents the transformer turn ratio,
Vin.min refers to the minimum input voltage, fuin stands for the lowest operating frequency, and
V, expresses the output voltage.

When the secondary inductance Lg > L., the flyback converter runs in CCM mode. However,
when the secondary inductance Lg < L, the flyback converter runs in DCM mode.

According to the formula of the inductance of a quasi-resonant flyback converter, the following
equation can be obtained:

L.

2-P
Ly=—>5—"—. )
n'lpp'fmin
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In the equation, P, is the output power, 5 refers to the efficiency of the converter, and I,
stands for the peak current of the primary inductor.

According to the turn ratio, it is possible to verify whether the converter meets the quasi-
resonant working status. The turn ratio of the transformer is shown as follows:

:& — kc'(vo"'vf)
NP V::lamp ’

3)

In the equation
Vclamp = Viss * kp = Vin. max — Vor »

Viss stands for the avalanche voltage of a metal-oxide-semiconductor (MOS) transistor, and
kp represents the margin coefficient (generally taken 0.8 ~ 0.85); Vijamp refers to the clamping
voltage, Vor denotes the refraction voltage, and k¢ = Vijamp/Vor, Which represents a ratio between
the clamp resistor loss and conduction losses of a MOSFET, generally between 1.0 to 1.5.

The number of primary turns is:

Vin. min - D
= in. min maﬁ(I (4)
AB'Ae'fmm

The number of secondary turns is:
Ny=v-Np. (5)

In the equation, AB is the maximum flux density, and A, refers to the effective cross-sectional
area of the magnetic core.

In accordance with the design conditions, the design parameters are worked out. The sandwich
winding is used to reduce the leakage inductance of the transformer. The desired primary induc-
tance value is obtained by adjusting the air gap. The above formulas help get the main transformer
parameters. On the other hand, based on the premise of meeting the electrical performance,
according to the standard IEC 60079-11-2011 [11] provisions, use methods of adding a shielding
layer between the windings, winding retaining the wall around both sides of the transformer, and
increasing the creep-age distance to meet the essential safety requirements of a quasi-resonant
flyback transformer with high frequency.

5. Capacitor design of the output filter of intrinsically
safe quasi-resonant flyback converter

The intrinsic safety technology has requirements for the size of a safe storage inductor and filter
capacitor, which will inevitably affect the ripple voltage of the converter. Moreover, according
to the output ripple voltage standard, there are different indicators for different levels. Therefore,
it is necessary to analyze the output ripple voltage in order to meet requirements of output the
intrinsically safe switching converter.

Based on the premise that the quasi-resonant flyback converter could meet the electrical
performance and the safety requirements, the changes in the inductance value of the transformer
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are identified. Then the value ranges of filter capacitor design can be obtained according to the
requirements of the output ripple safety requirements. Furthermore, the following equation can
be obtained under the conditions of the maximum inductor:

Vo (¥ Vin.min + 2V0)2
4fmianp. max RL. min (¥ Vin. min + V0)2 .

In the equation, Vj,p. max refers to the peak value of the maximum peak of the ripple voltage.

The analysis of the second part of this paper shows that the energy of the quasi-resonant
flyback capacitor is mainly stored in the inductor, thus there must be maximum energy storage
when the circuit is in different working conditions. If the output short circuit occurs during the off
period of the Q switch, the main switch Q is disconnected, thereby isolating the energy pathway
between grid points and short circuit contact. It can be inferred that the energy stored in the circuit
is equal to the sum of the energy storage inductor Ly in a short circuit time and the energy storage
of the filter capacitor. However, when the switch Q is in the ON state, the diode VD is cut off,
blocking the power input energy, so the maximum energy of the output circuit is only provided
by the output filter capacitor. Therefore, the instantaneous energy reaches the greatest when the
switch shifts from the ON state to the OFF.

The maximum storage of the secondary inductance (Ly) is

1.

Wis.max = ELS LSP*

where Irsp is the peak current of the inductor L. The maximum stored energy of the output
ripple capacitor is

Chin =

(6)

1 1
W max = Ecvjmax ~ 5Cv(?.
Here, the energy generated by the ripple voltage is ignored. Within the duration period of
spark discharge, the energy consumed by the load at this time is
VaTc
R’

WrL

where Tc is the spark discharge duration, and Vy is the arc voltage. Therefore, the maximum
energy discharged by the spark of the output short circuit is
VT,

uicC
i ™

1
Winax = We.max + Wis.max — WRL = E (CV02 + LsIEsp) -

The maximum discharge energy of the output circuit of the converter is transformed to the
equivalent of a simple capacitor circuit. The minimum ignition voltage curve of the capacitive
circuit can be used to judge the output intrinsic safety of the converter after the equivalent
transformation. According to the standard IEC 60079-11-2011, it is necessary to take into account
on the voltage the safety factor K (a fault, safety factor of 1.5), and then for the converter with the
output voltage of V,, the corresponding capacitance of KV, is Cg found in the minimum ignition
voltage curve, while the output intrinsic safety of the converter is based on the following:

C.<Cg. (®)
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The lower limit of the output filter can be obtained according to the energy analysis of the
output short circuit, as the maximum energy value of the output short circuit may work in two
conditions, which is obtained in the maximum load and minimum load as follows:

2V2T, 2
Clmax = Cp + — 5 — : 9)
fmax B RL. max Vo fmaxRL. max
2V2T, 2
Comax = Cp + ———— — : (10)
e b RL. min Vo fminRL. min
Cinax = min{cl max» C2max}' (11)

According to the above method, the output filter capacitor meeting the safety requirements
and electrical indicators, which is used in the quasi-resonant flyback converter, can be selected.
It should be between Cpip and Ciax.

6. Design examples and experimental results

To verify the correctness of the theory, this paper adopts the NCP1380 as the control chip of
a converter to design a quasi-resonant flyback converter applied in the Class-I work environment.
There are two operating modes of NCP1380: the quasi-resonant current mode with a bottom lock
function which could be used to eliminate noise; the VCO mode used to improve efficiency at
light loads. The VCO mode can improve the minimum operating frequency of a quasi-resonant
flyback converter, and it could reduce the size of the transformer as well as the inductance value
from the point of view of the safety performance. Meanwhile, it also can effectively reduce the
output ripple so that the output filter capacitor value may decrease, thus improving the safety
performance.

The design parameters are shown as follows:

— input voltage is 24 V + 20%;

— output voltage is 12 V;

— ripple voltage is 250 mV;

— output current is 2 A;

— minimum output resistance is 6 Q;

— maximum output resistance is 60 €.

The following values can be calculated:
transformer turns ratio y = 0.748;
— primary inductance value L, = 35 uH;
primary-order and secondary-order turns N, = 19, Ny = 14;
output capacitance Cpin = 88 UF, Ci max = 102 uF, Co max = 116 uF,
so the output capacitor should be in the range of 88 uF ~ 102 uF. The design uses two 47 uF
electrolytic capacitors with low ESR in parallel to be used as the output filter capacitor of the
converter.

Fig. 5 shows the DS terminal voltage of a quasi-resonant flyback power MOSFET and its
current waveforms under full load conditions. It can be seen that under full load conditions, the
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quasi-resonant flyback voltage power MOS experiences a small shock at the rising edge due to
the leakage inductance. However, the RCD clamp overshoot the energy of the leakage inductance,
the MOSFET achieved breakover at the first valley to realize the zero voltage breakover, and the
switching loss reaches its minimum value at this time. However, there is still a small spike of the
power tube current at that moment, which is due to the parasitic capacitor of the transformer is
charged by the input voltage. It can be further improved to minimize the switching losses.
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Fig. 5. Vg5 of power MOSFET under full load conditions and its current waveforms

Fig. 6 shows the waveform of the output ripple voltage of the converter operating at full load
conditions. At this time, the maximum value of the ripple is about 200 mV, less than the expected
design value 250 mV.
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Fig. 6. Output ripple voltage under full load conditions

Table 1 shows the efficiency test of the converter at low input, standard voltage input and high
case input. It can be seen from the table that the efficiency of converter is about 85%, which is a
relatively ideal value at lower input voltage.
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Table 1. Converter efficiency

Input voltage / V Input power / W Output power / W Efficiency
19.8 28.33 24 84.7%
24.0 28.17 24 85.2%
26.4 27.94 24 85.9%

7. Conclusion

Based on the operating principle of a quasi-resonant flyback converter, this paper analyzes
its working mode in the DCM mode and then studies the maximum dissipated energy of the
output short circuit of the quasi-resonant flyback converter to determine its main parameters.
This intrinsically safe secondary power could make the switch be on in the case of nearly zero
voltage, which improves the power efficiency. At the same time, the intrinsic safety could be
ensured and the ripple could be controlled in an acceptable range.
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