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Abstract: Currently, modularization, low complexity, and high performance are the three directions
that high-power power supplies are gradually moving toward. Under the premise of determining
the objective conditions such as operating environment and material technology, a significant task in
power supply reliability design is to optimize the power supply’s structure, topology, and mode of
operation. In this paper, we analyze the reliability design of parallel module redundancy in detail
and design the overall structure of the power supply. To further improve the reliability of the power
supply, methods for power reliability design at the leg level and component level are proposed.
This paper verifies the correctness of the design through simulation and develops a N + 1 modular
redundant power supply according to the design scheme. The simulation experiment verifies the
consistency of the design scheme and parameters.

Keywords: reliability; N + 1 modular power supply; redundancy; phase-shifted full bridge

1. Introduction

The concept of reliability originated in the aviation field. In the 1950s, reliability
engineering emerged and developed in the US military. People began to develop a series of
military standards for reliability. In the 1960s, the results of reliability research began to
be applied to the civilian industry. Based on this, reliability knowledge gradually formed
a somewhat complete theoretical system. Reliability theory can directly affect the quality
and cost of products, and indirectly influence the service quality delivered through those
products [1-3].

Highly reliable power supplies play an increasingly important role in applications
such as telecommunication power supplies [4], electric aircraft [5-7], large-scale scientific
facilities, high-tier data centers, hospitals, etc. [8-10]. In these applications, the continuity
of power supply is critical [11]. However, field experience showed that power devices, such
as insulated-gate bipolar transistors (IGBTs) and metal-oxide-semiconductor field-effect
transistors (MOSFETs), are vulnerable to failure [12,13].

One of the most significant approaches to boosting system reliability is fault-tolerant
techniques. To increase the continuity of the power supply, many fault-tolerant methods
have been introduced [14-16]. The fault-tolerant solutions usually employ hardware
redundancy [17,18]. Reference [13] presents a comprehensive review of fault tolerance
methods for power electronic converters when power devices fail. The authors summarize
four types of fault-tolerant solutions of hardware redundancy and classify them as system
level, module level, leg level, and switch level. First, system-level redundancy at least
doubles the system cost, while the cost of paralleled power modules operating in N + 1
mode only increases by 1/(N + 1). The leg level and switch level generally have two types
of faults: open circuit failure (OC) and short circuit failure (S5C). Refs. [16,19] introduced a
topology that configures the full-bridge structure into a half-bridge structure. Nevertheless,
it is required that the fault type of the switches is SC fault and other switches on the same
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bridge must keep open. Ref. [20] proposed a fault-tolerant direct current (DC)-DC converter
derived from a resonant converter. The switch’s failure type is also an SC fault. However,
the probability of an OC is fault not less than that of an SC fault, so both faults should be
considered, which adds complexity to the hardware solution and operation mode, and is
not conducive to the reliability of the power supply. Once the power module fails (whether
it is an OC or an SC of components), the module or system generally ends up as an OC
because of the protection mechanism. In summary, the module level has more advantages
in redundancy and fault tolerance.

At the leg level and switch/component level (we use component level in this article),
we can focus on the optimization of design and component selection rather than fault toler-
ance due to the above analysis. Circuit failures are mostly caused by damaged components.
The reliability of components is related to the component’s temperature, voltage (power
stress), quality and environmental conditions, etc. It is difficult to improve the reliability of
the components by improving the manufacturing technology or environmental conditions
for technically mature and quality-qualified components. Temperature is relatively easy
to reduce through pertinency design. For electronic components, reliability is a function
of temperature, and they are positively correlated. The reliability and lifetime of a transis-
tor directly depend on its operation temperature [21,22]. Wang proposed in [23] that the
transistors have the highest failure rate in power electronic converters due to temperature
fluctuations. They found that during the operation of the IGBT, the heat generated by
the semiconductor power loss will be transmitted to the heat sink to produce junction
temperature fluctuations, causing the bond wire to generate shear stress at its welding
point, and the changing stress produces cracks that cause the bond wires to fall off. In
the design process of the power module, special attention should be paid to devices with
high power and high heat. Devices with low reliability are often high-power devices, such
as transistors, inductors, capacitors, and sampling resistors. Because the transistor is the
core device of current conversion and the structure is complex, it not only has high power
but also low reliability. To reduce the heat of the transistors, the buck circuit of the SLAC
National Accelerator Laboratory power system is designed with two bridge arms that work
alternately to reduce the switching frequency by half, and MOSFETs are used to replace the
freewheeling diode to obtain a smaller resistance [24,25]. Therefore, at the leg level and
component level, we can reduce the operating temperature of the power supply through
methods such as topology design, derating design, and operation strategy [26].

At the module level, the redundant structure of N + 1 modules can significantly
improve the reliability of the power supply [27], while it is also important to improve the
reliability of each parallel module. The design and operation strategy at the leg level and
component level are important factors [28].

In this article, we have conducted a comprehensive analysis of the reliability design of
high-power current sources. We propose a set of methods for power reliability design at
the module level, leg level, and component level. The new approaches in this paper are
as follows:

(1) At the module level, we proposed the most favorable form and the operation strategy
of module redundancy for power supply reliability, and provided an analysis method
to determine the optimal number of parallel modules;

(2) Attheleglevel, we reduced the power consumption and temperature of the transistors
by utilizing the zero voltage switching (ZVS) characteristics of the PSFB topology;

(3) At the component level, we reduce the power consumption and temperature of the
components through derating design. We calculated the design parameters of the
components and set aside margins when selecting the components.

In Section 2.1, we analyze and compare three forms of power redundancy, and
choose the optimal form and the optimal number of modules. Then we show the of
design the overall structure of the power supply and the topology of each module. In
Sections 2.2 and 2.3, we propose reliability design methods at the leg level and component
level of the power supply respectively. In Section 2.4, we point out the effectiveness of the
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power supply reliability design and some reliability weaknesses through the analysis of the
power consumption of key components of the power supply. In Section 3, we simulate the
power redundancy strategy and the design of key parts, and we also verify the correctness
of the design parameters. The conclusions of this paper are summarized in Section 4.

2. Design of the Highly Reliable Current Source
2.1. Selection of Redundancy Forms and Design of Fault Tolerance Mechanisms at the Module Level
2.1.1. Selection of Redundancy Forms

Module redundancy can significantly improve the reliability of the power supply. The
first thing we need to determine is the form of redundancy. Redundancy can be designed
in three forms: series redundancy, parallel redundancy, and hot spare [29], as shown in
Figure 1. We will analyze the reliability advantages of the form of redundancy we chose
and the fault-tolerant approach we designed.

Loads
Converter module A B
with crowbar \ Converter module Power converter |
with fuse
gl -—l
Power converter
Converter module | |§ ) Lot - -
ith crowbar \ S | Converter module 3
Wi — with fuse 9 . -_|
Power converter _/I
LIRS
- 13080
Converter module | \f Converter module [~ p—
with crowbar with fuse Power converter
(a) (b) (c)

Figure 1. Redundant structure of the power supply. (a) Series redundancy diagram. (b) Parallel
redundancy diagram. (c) Hot spare diagram.

We know that the power module in Figure 1a is a voltage source and the power module
in Figure 1b is a current source because voltage sources are not allowed in parallel and
current sources are not allowed in series. Additionally, the failure of the module is almost
always OC as described earlier. When a module in Figure 1a fails, the crowbar must be
used to short-circuit the module, while in Figure 1b, when a module fails, there is no need
to deal with the module (in the case of an SC, the fuse is burned, and the module is still OC).
The crowbar structure in Figure 1a will introduce additional risks to the reliable operation
of the power supply. Moreover, each module in Figure 1a outputs 1/3 the voltage, and
each module in Figure 1b outputs 1/3 the current. The transistors usually have a far greater
ability to bear voltage than to bear current, so it is more reasonable for all modules to share
the current in the design of high-power power supplies. For Figure 1c, which is called
hot spare, when a module fails, the switching control of the backup module is difficult.
Additionally, the backup module needs to be connected to every power supply module, so
the circuit is complicated. When designing for power availability, we should simplify the
circuit rather than increase the complexity. Moreover, when the backup module is switched,
the output voltage or output current of the power supply fluctuates greatly, which also
affects the reliability of the power supply. Therefore, Figure 1b’s redundant structure has
more advantages in reliability. The operation mode is that each module runs below the
rated current. When one module fails (OC), the remaining modules increase the current,
work at the rated power, and the total output returns to the state before the failure. Each
module operates with derating, resulting in lower power consumption, lower temperature,
and higher reliability.

2.1.2. Determination of the Number of Modules

The choice of how many modules to connect in parallel is based first on the needs
of the actual situation. We analyze the optimal number of modules from three factors,
reliability of power modules, current fluctuations after failure, and cost. Mean time between
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failures (MTBF) was chosen as the evaluation parameter for reliability. The formula for
calculating the reliability of the N + 1 system is as follows [30].
t
MTBFy,1 = = (1)
1—[(N+1)e” Nt — Ne=NArt]

where N is the number of modules and A is the failure rate of each power module working
atrated power. The equation shows that the MTBF of the N + 1 system is a decreasing value
over time, unlike most products which are constant. Additionally, since the power supply
system is repairable, we assume that the reliability of the power supply is approximately
restored to its highest level after each repair, so the MTBF of the N + 1 system decreases
periodically. We assume that the power supply system is repaired in the 12th month of
each year, then the MTBF of the power supply system reaches the minimum value at
the end of the 11th month, and we take this value, so t = 8016 h. We have surveyed the
products of our partner power supply manufacturers and found that the MTBF of power
supply modules is mostly between 1 year and 10 years. To simplify the calculation, we
set MTBF ., = 10* hand MTBF .4 = 10° h to approximately represent the number
of hours of 1 year and 10 years, respectively. The corresponding module failure rates
Ay = 1/MTBF are 10~* h and 1075 h, respectively. We get the Table 1.

From Table 1, we know that when MTBF .4 = 10* h, the lowest MTBF of the
4 + 1 power supply is higher than the MTBF of a single module; when MTBF ,oq4 = 10° h,
the lowest MTBF of the 6 + 1 power supply is higher than the MTBF of a single module.
and the higher the MTBF of a single module, the more obvious the reliability advantage
of the N + 1 power supply. For the current fluctuation after the fault, if the power supply
is in the form of a hot spare, the delay time for the standby module to replace the faulty
module is long, so the current usually fluctuates around 1/N + 1 [31]. If the redundant
form of Figure 1b is used, due to the freewheeling capability of the inductor in the power
supply, the current fluctuation range after a module fault will not exceed I/(N + 1) (where
Iis the rated current), which is also an advantage of this structure. The current fluctuation
is usually in the range of (0.2 0.6)I/(N + 1) [15,32,33]. In this paper, we choose 0.41/(N + 1).
Regarding the cost, in order to simplify the calculation, we set the cost of the power supply
without redundancy as C, and the cost of N + 1 power supply increases by at least C/N.
To display the curves of the three variables in the same coordinate, we normalized the
variables, as shown in Figure 2.

We hope that the current fluctuation and the proportion of additional costs are small
and the MTBF is large. In Figure 2, when the number of power modulesis2 + 1,3 + 1, and
4 + 1, the curvature of the three curves is large. That is to say, the power supply obtains the
best cost performance in this interval. Therefore, the 3 + 1 or 4 + 1 form is more reasonable.
In this paper, we choose four power modules, that is, the 3 + 1 form.

We use a backplane to connect four identical power modules in parallel. The power
control circuit is arranged in the control box, and the control box uses a metal layer to
shield the signal interference of the power module. The block diagram of the power supply
design is shown in Figure 3.

Table 1. Derating design parameters of key components.

N+1 Module 1+1 2+1 3+1 4+1 5+1 6+1 7+1 8+1 9+1 10+1
MTBF 104 74x10% 21x10%* 13x10* 1.0x10* 91x10® 86x10° 83x10° 82x10% 81x10® 8.1x10°
(h) 10° 52x10° 1.0x10° 42x10° 24x10° 15x10° 1.1x10° 82x10* 64x10* 53x10* 45x10*
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Figure 2. Trend curves of MTBF, current fluctuation, and extra cost with an increasing number of
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Figure 3. Power supply block diagram.

2.1.3. Main Parameters and Topology of the Module

After we determine the form of redundancy, we need to design the topology of each
module of the current source. We added a power factor correction (PFC) structure to the
front part of the power supply, not only to improve the power factor of the power supply
but also to reduce the pollution of the power supply to the grid. The object of our research is
high-power current sources, so we tried our best to make the power of the prototype as high
as possible, each module was designed to 1000 W. At the output side, we use a transformer
to achieve step-down and isolation to get a low-voltage, high-current output, which is very
important for the safety of the experimenters. On the main side of the transformer, we need
to design an H-bridge to change DC to alternating current (AC) so that the power can be
transferred through the transformer. This also prepares the ground for the realization of
ZVS. The main system parameters of the module are shown in Table 2.
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Table 2. The main system parameters of the module.
Power Input Voltage Output Voltage  Output Current  DC Bus Voltage
1000 W 220V AC 50V 20 A 390 V DC

The topology of the power module is shown in Figure 4.

i oy Iy

Y YN,

soft
start

-up

220
VAC

20VAC [ Tecafier |310VDC |

390VDC AC —— AC i e
B PFC | N Inverter H-bridge Step-down full b‘ndge
l diode | | | | transformer rec tifier

Figure 4. The topology of the power module.

The power supply mainly includes two parts: power factor correction (PFC) and
DC/DC. A PEC circuit is added before the converter. The power factor and power of the
power supply can be improved. First, 220 V AC is rectified and filtered into about 310 V
DC voltage, and then boosted to about 390 V by PFC BOOST. The DC/DC section contains
inversion and rectification. The 390 V voltage is inverted by the H-bridge. After inversion,
the transformer is used to step down and boost the current. The transformer also plays
the role of isolating the high voltage to ensure the safety of the operator. Finally, full-wave
rectification is performed to output 50 V/20 A DC power. The module power is designed
to be 1000 W.

2.2. Design of PSFB Topology at the Leg Level

The reliability model of each power module is a series model (that is, if any one
device is damaged, the power supply will fail). As mentioned above, when objective
conditions such as environment and manufacturing process are determined, temperature is
the factor that most affects the reliability of electronic devices. The reliability of electronic
devices is a function of temperature, and the two are inversely related. Usually, high-
frequency devices consume more powetr, such as transistors, sampling resistors, diodes,
high-frequency inductors, and capacitors. The heat generated by power consumption will
cause the temperature of the device to rise, and the failure rate of electronic components
such as switches and inductors will be greatly increased at high temperatures. Among all
the components, the transistors have the highest manufacturing complexity and the lowest
reliability. Therefore, besides cooling, it is necessary to reduce the loss of the transistors
as much as possible. In this paper, we use PSFB to realize ZVS [34], which can greatly
reduce the temperature of transistors operation. The circuit is shown in Figure 5a. Q1-Q4
are transistors, C1-C4 are capacitors, Lr is the resonant inductor (including the leakage
inductance of the high-frequency transformer), the capacitor Cd is the blocking capacitor,
and T is the high-frequency transformer. Using the junction capacitance of the power
components and the leakage inductance of the transformer as the resonant element, the
resonance is realized in the dead time, so that the four transistors of the H-bridge are turned
on and closed at zero voltage in turn to achieve ZVS. The ZVS of the leading leg is affected
by output filter inductance and transformer leakage, while the lagging leg is affected by
leakage inductance. There are 12 operating modes of PSFB during a complete operating
cycle, as shown in Figure 5b. The positive and negative half-cycles are symmetrical to each
other, and each has six operating modes, including two freewheeling processes and four
resonance processes. Uy, is the voltage difference at the midpoint of the two legs, iy, is the
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current at the primary side of the transformer, and Uy, is the voltage at the cathode of the
rectifier diodes.

v

v

)

)

i

|
U |
EP1 . T . rect L;-e’ |
% h I ] = I
i é c, I\ BN f
s > T B ! A » t
1 I B 1 1 I =
0 [ | U I | + [ | 1 [
A4 GND1 fofh f bl ks is F fy fefiof

(a) (b)

Figure 5. Circuit of the phase-shifted full bridge. (a) Circuit of PSFB; (b) the 12 operating modes
of PSFB.

The output terminals A/B and C/D can drive the two legs of Q1/Q2 and Q3/Q4,
respectively, and the two legs can independently set the dead time. All pulse width
modulation (PWM) duty cycles are close to 50%. When the Q1 and Q4 transistors are
turned on at the same time, the current is positive; when the Q2 and Q3 transistors are
turned on at the same time, the current is negative. A freely adjustable dead time is set
before each output stage. When the Q1 and Q4 transistors cannot be turned on at the same
time, the forward current is cut off. Before turning on Q3, due to the dead time setting,
the leakage inductance current will continue to flow in the direction of Q2—Q3, which is
also the process of C2 and C3 discharging, so that the voltage of Q2 and Q3 transistors
sequentially drops to 0, creating conditions for ZVS. The waveform of the control signal of
PSFB is shown in Figure 6.

4 ]

DLY CD 11 1 1I 101
I I
PWM AD | ! i !
I
|

PWM B/C et

Y

Figure 6. Waveform of the control signal of PSFB.



Energies 2022, 15, 8593

8 of 18

Correct setting of dead time is a necessary condition for the transistor to achieve zero
voltage turn-on. The ZVS of the leading leg is determined by the output filter capacitor and
transformer leakage inductance, while the lagging leg is determined only by the leakage
inductance. The leakage inductance energy is usually small. If its energy is not enough to
help the output capacitor of the lagging leg discharge completely, and the primary current
reverses in advance, a hard switching phenomenon will occur, and an auxiliary circuit
design is required for this. The delay time is

2CieadUie  2CiaaUse  2CroaaUqe 2 % 470 x 10712 x 390
Tetay = ~ = = =010us (2)
ey Ip(to) Ipm ZU%C V2 x 158

where Ip(tp) is the current value of the first working mode. Dead time is set by adjusting the
resistance value of R,j,, connected to Pin 15 and Pin 7. In this circuit, take R, = 5.1 KQ,
then

625x 10712 625 x 1072 Ry

Tdelay = ~ 0.12 us ~ 0.10 Hs (3)

Idelay Vdeluy

This value meets the design requirements. The selected MOSFETS is IRFP460, the
turn-off time is 45 ns, and the dead time can ensure the reliable turn-off of MOSFETS. In
this paper, L1 = 22 uH is set by simulation.

2.3. Derating Design at the Component Level

At the component level, we mainly achieve reliability improvement through derating
design. The 3 + 1 power supply works at 3/4 of the rated power. When one of the modules
fails, the other three modules automatically work at the rated power. In the design process
of the power module, special attention should be paid to the components with high power
and high heat generation, and the derating design should be carried out for the components
with low reliability. Usually, these components are transistors, high-frequency inductors,
capacitors, sampling resistors, etc.

(1) Transistor parameters

Assuming that the PFC output voltage fluctuates by 5%, the maximum reverse voltage
that the power semiconductor switch can withstand is 390 x 1.05 = 409.5 V. Its peak
current is:

; B \/EP B ﬁ x 1000
peak(max) — Udc(min) T390 x (1 — 0.05)

=386 A @)

(2) High frequency transformer parameters

The power capacity of the 1000 W, 50 kHz switching power supply is designed as

Cprxot P(E+VE) X100 1000 x (gl + v/3) x 104
T 4fB,jKy  A4fBnJKo 4 x50kHz x 012 x 350 x 04

Ap = 7.34(cm)* (5)

where Pr is the apparent power of the transformer, for a full-wave structure transformer,
thereis Pr = P (14 1/1) (P is the input power of the transformer, ; is the working efficiency
of the transformer, take 0.95); f is the switching frequency; B, is magnetic induction, to
prevent core saturation, the value should be lower than 1/3 of the maximum value of the
hysteresis loop. Take 0.12 T here. ] is the current density on the wire, generally not more
than 600 A /cm?. Take 350 A/cm? here. K is the window usage coefficient, which is related
to the wire diameter and the number of windings, and the typical value is 0.4.
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We choose ferrite core EE65, the cross-sectional area of its central column is A, = 5 cm?,
the window area is Ap = 4.83 cm?, and its capacity is A, x Ag = 24.15 > 7.34, which
is sufficient.

Table 3 lists key component derating design parameters.

Table 3. Derating design parameters of key components.

Component Maximum Value Design Value
Transistor 204.75V/3.86 A 500 V/20 A IRFP460
High-frequency transformer 4 4
capacity 7.34 cm 24.15 cm™ EE65

Input rectifier bridge 342V/10 A 700 V/35 A KBPC2510

PFC BOOST 439.39 uF 600 uH
PFC output capacitor 300 V/644.12 uF 450 V/660 uF
Output rectifier diode 134V/24 A 420 V/30 A HER3006

2.4. Power Consumption Assessment of Key Components

Semiconductor transistors, power diodes, high-frequency transformers, and filter
inductors generate significant heat and they are the weak links in power reliability. The
power consumption of the input rectifier bridge, PFC transistor, H bridge, and output
rectifier diode are estimated separately below. Grid fluctuations are not considered.

(1) Rectifier bridge
The effective value of the rectifier bridge current is

P 1000

linrms = 7 = 004 x 220 ~ +84A ©)

where 7 is the efficiency of the PFC. The average current value of the rectifier bridge is

2 21; 2 2 x4.84
Iinfavg === \/;m_rms =X \/;X =436 A (7)

Then the power of the rectifier bridge is

Pyriage = Vorward * lin_ang = 1.2 X 4.36 = 5.232 W (8)
where Vi,rpar4 is the forward voltage drop of the diode.

(2) PEC transistor
The PFC switch tube is SPW35N60CFD, and its conduction loss is [35]
2

P 16uin_peuk)

P, 2—
uin_peak 37Tudc

2
pecond = Ids : Rds(on) =

‘Rys(on) = 0.744W  (9)

Through manual query, the PFC switch tube rise time ¢, = 25 ns, fall time t¢ = 12 ns,
and output capacitance C,ss = 1400 PE. Then the switching loss is

Pysw = fow[05UgeUinpeak (tr + t5) + 0.5Coss U3, = 10.57 W (10)

Therefore, the total power consumption of the PFC switch is

Pytotal = Ppcond + Ppsw = 11.32 W (1)



Energies 2022, 15, 8593

10 0of 18

(3) Hbridge

Since the circuit works in the ZVS state, the switching loss is very small and can be
ignored. The conduction loss of the H-bridge is proportional to the duty cycle, and its
maximum conduction loss is

Prcond(max) = 1% Ris(on) - Dimax) = 4 X 2.56% x 0.27 x 0.5 = 354 W (12)

(4) Output rectifier diode

Diode losses mainly include conduction loss P, reverse loss P,, and reverse recovery
loss Prr. When outputting 50 V/20A DC in the rated working state, then

Peon = 2Iout?RonDyioge = 2 X 20% x 1.85 x 0.5 = 740 W (13)

Py =2V, Dgipge =2 X 50 x 10 x 1070 x 0.5 =5 x 107+ W (14)
1

Py =2 x SVility fs = 2.25 107°W (15)

where Dyj4. is the duty cycle of the diode, which is taken as 0.5, and V; is the reverse
voltage of the diode.

It can be seen that the power consumption of the H bridge is low due to the realization
of ZVS. The high power consumption of PFC transistors is one of the obstacles to their
application in high-power power supplies. The diode has the highest power dissipation of
all components due to its large on resistance (1.85 (2).

3. Simulation of the Highly Reliable Current Source

The purpose of the simulation is to analyze and verify the feasibility of the design
method, parameters, and operation scheme of the power supply. For the simulation soft-
ware, we choose Saber and Simulink Editor, which is a visual simulation tool in MATLAB.
Saber simulation is more accurate and suitable for detailed simulation, so it is selected for
the simulation of the phase-shifted full bridge; while Simulink Editor is more suitable for
system simulations such as principle and operation schemes.

3.1. Simulation of Fault Tolerance Mechanism of the 3 + 1 Parallel Redundant Current Source

As mentioned above, each module of the power supply operates below the rated
current, once a module fails, the remaining modules increase the current and work at the
rated power, and the total output returns to the state before the failure. We simulated
this operation mode by using Simulink, as shown in Figure 7. We use a timing switch to
disconnect the output of the first module at 1 s.

The result is shown in Figure 8. In the figure, the abscissa stands for the simulation time
and the vertical coordinate stands for the current value. CH1_Cur, CH2_Cur, CH3_Cur,
and CH4_Cur indicate the current of module 1, module 2, module 3, and module 4,
respectively. The figure shows that when the first module fails, the other three modules
automatically increase the power due to the closed-loop feedback, and the total output
current remains unchanged. Due to the inductance in the circuit, the fluctuation of the total
current is less than 1/4, which is approximately equal to 0.41/(3 + 1), which is consistent
with the analysis in Section 2.1.
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Figure 8. Simulation result of the 3 + 1 parallel redundant current source.

3.2. The Simulation of PFC

Figure 9 shows the simulation model of PFC. Two closed loops are designed, the
outer loop ensures a stable DC voltage output, and the inner loop ensures the phase
synchronization of current and voltage [36]. The MOSFET in the figure is a PFC transistor.
In order to achieve stable control, the adjustment speed of the inner loop needs to be much
faster than the outer loop. The outer loop samples the voltage of the DC bus, and this value
is compared with a given voltage of 390 V to increase the DC bus voltage to 390 V. The inner
loop samples the current of the DC bus, and the value is compared with the bus voltage
after processing to achieve the purpose of forcing the current phase to be consistent with
the voltage phase. To control the response of the outer loop, a PID regulator is added. The
modulation wave (feedback value) is compared with the carrier wave (triangular wave) to
generate PWM to control the MOSFET.
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Figure 9. The simulation model of PFC.

The simulation results of the input voltage and current are shown in Figure 10.

It can be seen from Figure 10a that the impedance angle ¢ (phase difference between
the input voltage and current) is large and the power factor cos¢ is small; Figure 10b shows
that the input voltage and current phase are consistent and the power factor can reach more
than 99%.

0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.38 0.39 0.4 0.41 0.42 043 0.44 0.45 0.46 0.47 0.48

(b)

Figure 10. The simulation result of PFC. (a) Waveform without PEC. (b) Waveform without PFC.

The PFC output voltage fluctuates around 390 V, as shown in Figure 11.
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Figure 11. The PFC output voltage.

3.3. Simulation of the Phase-Shifted Full Bridge

The main purpose of the phase-shifted full bridge of this power module is to realize
ZVS. Saber provides a suitable control chip model, which brings great convenience to
the simulation. The power supply outputs a stable voltage value, as shown in Figure 12,
indicating that the simulation model is working normally. The four-phase PWM drive
waveforms of A, B, C, and D are shown in Figure 13. It can be seen that the order in which
the transistors are turned on is A—»C—B—D, which is the correct working mode. Figure 14
shows the dead time of phases A and B, which is about 0.12 pus, which is consistent with
the calculation in Section 2.2. Figure 15 shows the voltage between the midpoints of the
two legs of the H-bridge and the current waveform of the resonant inductor, and the
current amplitude is [ = 2.56 A, so Ipeak = 2.56 x 1.414 = 3.62 A, which is approximately
consistent with the calculation result of the Formula (5). Figure 16 shows the voltage of the
DC-blocking capacitor. We design the voltage to be 1% of the bus voltage, which is about
3.9V, which is roughly consistent with the simulation. Figure 17 shows the drain-source
voltage and driving voltage of the transistor Q1. It can be seen that after the drain-source
voltage drops, the driving voltage rises, and ZVS is realized.

Based on the above design and simulation, we created a multi-module parallel re-
dundant power supply, which consists of four power modules in parallel, as shown in
Figure 18.

ZVS Uout
V):ks)
n_291

30.0

10.04

0.0

T T T T T T T T T T T 1
0.0 20.0m 40.0m 60.0m 80.0m 041 0.12 0.14 0.16 018 02 0.22
t(s)

Figure 12. The output waveform of the power supply.
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Figure 15. The voltage between the midpoints of the two legs of the H-bridge and the current
waveform of the resonant inductor.
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Figure 16. The voltage waveform of DC blocking capacitor.
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The current source has fault tolerance, it can still operate normally after a module
failure. Figure 19a shows the voltage difference at the midpoint of the H-bridge of the power
module, which is consistent with the simulation results shown in Figure 15. Figure 19b
shows the drain-source voltage and drive voltage of Q1. The drain-source voltage dropped
to 0 before the driving voltage rises, which is consistent with the simulation results shown

in Figure 17, so the ZVS is achieved.

400.0
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300.0

200.0

)

100.0

0.0
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—

L

—

L

T T
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Figure 17. The drain-source voltage and driving voltage of transistor Q1.

Figure 18. Photo of the 3 + 1 parallel redundant power supply.
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Figure 19. ZVS waveform of the power module. (a) The waveform of the voltage difference at the
midpoint of the H-bridge. (b) The waveform of drain-source voltage and driving voltage of Q1.

4. Conclusions

This paper proposes a series of design schemes to improve the reliability of modular
high-power current sources. We propose a reliability design scheme from two aspects of
overall structure and module details. For the overall structure, the design of the N + 1
redundant structure and the selection of the number of modules are deeply analyzed; in
terms of details, the PSFB with obvious consumption reduction and the derating design of
the device is realized, and the working temperature of the module is reduced as much as
possible. Power availability is a broad topic. Besides the presented solutions introduced in
this article, many factors are also related, such as the design details of the SLAC proposed
in the introduction section, as well as power supply cooling, layout, and human factors.
The power supply reliability design and simulation method provided in this paper can
provide useful theoretical and technical support for the reliability research of high-power
power supplies.
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