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With the rapid development of the world’s aerospace technologies, a high-power and high-reliability space high-voltage power supply is significantly required by new generation of applications, including high-power electric propulsion, space welding, deep space exploration, and space solar power stations. However, it is quite difficult for space power supplies to directly achieve high-voltage output from the bus, because of the harshness of the space environment and the performance limitations of existing aerospace-grade electronic components. This paper proposes a high-voltage power supply module design for space welding applications, which outputs 1 kV and 200 W when the input is 100 V. This paper also improves the efficiency of the high-voltage converter with a phase-shifted full-bridge series resonant circuit, then simulates the optimized power module and the electric field distribution of the high-voltage circuit board.
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INTRODUCTION

In recent years, with the rapid development of aerospace and power electronics technology, high-efficiency, high-voltage and high-power DC power supplies are required in space applications (Novac et al., 2010; Wen-jie et al., 2020) such as space electric propulsion (Lord et al., 2020), traveling wave tube amplifier, space welding, and space solar power station (Xin-bin and Li, 2015; Wang et al., 2018; Zaitsev et al., 2019).

For electric propulsion, high-voltage is required by the electric thruster to generate an electric or electromagnetic field to accelerate the flux of the pre-ionized propellant, which can range from several hundred V to several kV, depending on the particular type of electric thruster used (Reese et al., 2013; Fu et al., 2017; Bekemans et al., 2019; Forrisi et al., 2019). For examples, satellite electric thrusters require voltages ranging from 350 V to 1.9 kV to achieve high-efficiency propulsion, and the power ranging from several hundred watts to kW for different thrusters. Nowadays, as the application scenarios of electric propulsion devices become more complicated, high-voltage and high power density have become one of main development directions. Therefore, high-power power processing unit (PPU) has become a focus of development.

For space welding, a major difficulty is to achieve high-power, high-voltage power supply. The performance of the power supply used for electron acceleration directly affects the welding quality. The power supply plays an important role in the space welding applications, while there isn’t such a high-voltage power design.

For space solar power station, as an ultra-high-power space system, they require the transmission of electricity over hundreds of kilometers (Xin-bin and Li, 2015; Zaitsev et al., 2019). In order to minimize losses, high-voltage transmission is required. The space high-voltage power supplies have become a key technology for high-voltage transmission.

Limited by the withstand voltage and capacity of space-grade capacitors, the withstand voltage, the maximum surge current, and the maximum forward current of power diodes, the traditional solution is secondary windings in series with a high boost ratio transformer to achieve space high-voltage power supply, which avoids a large number of high-voltage rectifiers usage, and can be simply controlled.

The voltage of the transformer requires on the existing manufacturing process and aerospace high-voltage insulation protection technology, and it’s hard to achieve. So this kind of power supply is considered low reliability.

It is difficult for high-voltage power supplies to maintain reliability in space environment. Power supply module can solve this problem.

The paper (Reese et al., 2013) proposes an Anode Supply Module (ASM) with an output of 400 V, 4 A and an array for electric propulsion. Through the flexible combination of anode power supply modules, the ASM Array can be used for different scenarios of space high-voltage applications.

Paper (Wang et al., 2018) proposes a power supply module with an output of 100 V, 100 A and a multi-converter Input-Parallel Output-Series (IPOS) combination structure. With this new structure, power system of high conversion ratio, low power loss, high power conversion ratio and density is achieved.

For space welding, acceleration power supplies are often required with an output of 10 kV, 2 kW even more. This type of space power supply is difficult to realize, so a design solution can be considered through IPOS connection of power supply modules. This paper proposes a new power system structure for space welding to achieve a 10 kV, 2 kW output, as shown in Figure 1. And this paper focuses on high-voltage power supply modules for space with 100 V input, 1 kV/200 W output.
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FIGURE 1. High-voltage converter topology for space welding.


The flexible combination of power supply modules for different space high-voltage applications is a well approach to solve the design problems of space high-voltage power supplies. Power supply modules can solve the problems in performance limitations of aerospace-grade devices in space high-voltage applications, and make it easier to carry out insulation protection. Therefore, space power module is very important in space high-voltage systems.

This paper proposes a space high-voltage power module with high boost ratio and a new improvement module to improve the efficiency.



PRELIMINARY DESIGN OF SPACE HIGH-VOLTAGE POWER SUPPLY


Operation Mode Analysis

This paper proposes the preliminary design of the space high-voltage power module as shown in Figure 2A. The power inverter uses a full-bridge circuit, which can be used for high-power applications and improve the utilization of the transformer. The circuit employs a full-wave voltage doubler rectifier. Figures 2B,C depict the working state of this power supply.
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FIGURE 2. Preliminary design of space high-voltage power module topology and its operating modes. (A) Space high-voltage power module topology. (B) The first half-period. (C) The second half-period.


At the first half-period: Switches Q1 and Q4 are turned on, Q2 and Q3 are turned off, and the rectifier circuit outputs approximately 8 times the voltage of the secondary winding(Vin?) through the series of C1^*, C2, C3^*, C4 and the secondary winding.

At the second half-period: Switches Q2 and Q3 are turned on, Q1 and Q4 are turned off, and the rectifier circuit outputs approximately eight times the voltage of the secondary winding through the series of C1, C2^*, C3, C4^* and the secondary winding.

This design solves the problems of space high-voltage power supply, including high turn ratio transformers, secondary-side multi-windings in series with excessive stress and the power insulation. The maximum withstand voltage on the rectifier components (diodes and capacitors) of the rectifier is twice as the voltage of the transformer secondary windings. By reducing the turn ratio of the transformer and rectifying the output high-voltage through the voltage doubler rectifier, the voltage of the high-voltage transformer and the key rectifier components (diodes and capacitors) can be reduced, which improves the system reliability. Finally, the high-voltage power supply can be flexibly combined through IPOS to achieve voltage control and margin design.



Small Signal Analysis of Rectifier Circuit

The secondary side of the space high-voltage power module is full-wave eight-times voltage rectifier (as shown in Figure 2A). It is equivalent to the input-parallel-output-series connection of two half-wave four-times rectifier (shown in Figure 3). We establish a half-wave four-times voltage rectifier’s model and then derive it into a full-wave eight-times voltage rectifier.
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FIGURE 3. Half-wave four-times voltage rectifier.


For an ideal half-wave rectifier, the input voltage is shown in Figure 4. Assuming that the capacitance of the rectifier capacitor: Ci = C, (where i = 1,2…, n). The output voltage of half-wave four-times voltage rectifier is approximately equal to 4 Vin. We define four transfer functions of the two-port network:
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FIGURE 4. Input voltage waveforms of half-wave rectifiers.
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The equivalent model of the small signal circuit can be obtained as shown in Figure 5, where G_v is the output voltage gain, Routis the output equivalent impedance, Yin is the input equivalent admittance and G_c is the reverse current gain.
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FIGURE 5. Small signal two-port equivalent circuits of rectifier.


As the input voltage is alternating between positive and negative, it can be regarded as discontinuous in time. This full-bridge half-wave rectifier is analyzed by the discrete system method. Firstly, by transforming the classical state space equations into discrete domain state space equations through z-transformation, the following state space equations are obtained:
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where x is the state vector, u is the input vector and y is the output vector. Assuming that all rectifier units are ideal, that is, the on-resistance of the diode is 0, there is no on-voltage drop, the reverse cut-off voltage is large enough. The three vectors are expressed as follows:
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By z-transformed on the discrete state space equations of Eq. (5), we get:
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An equivalent transformation of Eq. (7) gives the relationship between the output matrix Y(z) and the input matrix U(z) as:
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where the transfer function is:
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Meanwhile, Eq. (9) is also the z-domain transfer function of Eqs (1–4). For z = ejwt, we can calculate the amplitude-frequency characteristic |hij(jwt)| and the phase frequency characteristic ∠|hij(jwt)| of the four transfer functions.

For a half-wave four-times rectifier, the four matrices A–D are all 2 × 2 arrays and the system is a two-input, two-output system. By calculating the coefficients of the four matrices, a complete transfer function of a half-wave voltage doubler rectifier can be obtained, and by connecting two identical systems with the inputs in parallel and outputs in series, an expression for a full-wave eight-times rectifier can be obtained. Then we create a complete small signal model, where the equivalent circuit diagrams for (kT)∼(kT + T1)and (kT + T1)∼[(k + 1)T] periods are shown in Figure 6.
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FIGURE 6. Equivalent circuit for (k+1) cycle circuit operation. (A) (kT)∼(kT + T1). (B) (kT + T1)∼[(k + 1)T].


where C2 and C4 act as voltage output capacitors and provide a doubling output to load R. At the beginning of the two periods, it is equivalent to two capacitors C2 and C4 in parallel with resistance R/2, respectively, and the capacitor is discharged through the RC circuit.

Starting from kT, the polarity of the input voltage is in Figure 4. We can derive the output voltages of capacitors C2, and C4. Since it is assumed that diodes are ideal in the topology of this circuit, capacitors C1 and C2, capacitors C3 and C4 are instantaneously connected in parallel, respectively. According to Kirchhoff’s voltage law (KVL) and conservation principles of capacitor charge, it can be deduced that:
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Adding small signal perturbations [we consider v2(t) = v1(t), v4(t) = v3(t)] to the steady state quantities, the expressions (10) (11) are organized as:

[image: image]

[image: image]

[image: image]

[image: image]

From k+T to (kT+T1)–, the voltage drop of capacitors C2 and C4 equals to the integral of the equivalent resistive current from 0 to T1 multiply by the reciprocal of the equivalent supply capacitance.
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Starting from k(T + T1), the polarity of the input voltage is in Figure 4. We can derive the two output capacitor voltages. Since the diode is assumed as an ideal device, at this moment the capacitors C2 and C3 are instantaneously connected in parallel, and their voltages are equal at both ends according to KVL and conservation of capacitive charge.
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By adding small signal perturbations [we consider v2(t) = v3(t)] to the steady state quantities, the expressions (16) (17) are organized as:
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From [image: image] to [((k + 1)T)−], the voltage drop of capacitors C2 and C4 equals to the integral of the equivalent resistive current from 0 to T2 multiply by the reciprocal of the equivalent supply capacitance.
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From the Eqs (21) and (22), we can derive that at the end of T2, the voltage across capacitors C2 and C4 are calculated as:
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Then the voltage drop of the main output capacitor from [image: image] to (k + 1)T− has been calculated. Bringing Eqs (22) and (23) into Eqs (12) and (13), we can derive an expression for the voltages of capacitors C2 and C4 in the first switching mode.

Separating the small signal variables of the entire circuit from the above equation, a set of equations can be listed as follows:
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Similarly, the expressions of other transfer function parameter matrices can be derived.

The system transfer function is calculated by MATLAB, there is an output impedance zero pole diagram for a full-wave eight-times rectifier as shown in Figure 7A, an output impedance bode diagram as shown in Figure 7B, a voltage gain zero pole diagram for a full-wave eight-times rectifier as shown in Figure 7C and a voltage gain bode diagram as shown in Figure 7D. For discrete systems, the system is stable because the poles of the voltage gain transfer function and the impedance gain transfer function are all in the unit circle in the z-plane.
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FIGURE 7. Small signal model simulation diagram. (A) Zero pole diagram of output impedance. (B) Bode diagram of output impedance. (C) Zero pole diagram of voltage gain. (D) Bode diagram of voltage gain.




Steady-State and Transient Charging Processes of Rectifier Capacitors

In Figure 2A, assuming that the voltage on the transformer secondary side is Vs, when the transformer is working in a steady state, the positive half cycle can be deduced as:

[image: image]

In this power module, the rectifier capacitor can be charged and discharged in half a working cycle (switching cycle). According to the law of conservation of electric charge and KVL, in the half-switching cycle at the beginning of the circuit’s operation, we can derive that:
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By using the same type of high-voltage diode in the circuit, the forward voltage drop VD of each diode is equal:

[image: image]

Similarly, for the other part of the circuit, there is:
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By bringing Eqs (28) and (29) into Eq. (26), the following output voltages can be obtained for the full-wave eight-times rectifier circuit (Figure 2A):

[image: image]

The forward voltage drop VD of the rectifier diode is negligible relative to the transformer secondary side voltage VS, so the output voltage in Figure 2A is approximately eight times as VS. Extending this to a full-wave 2n voltage doubler rectifier circuit, it can be seen that only capacitors C1 and C1^* have a voltage of | VS| − VD, while capacitors Cn and Cn^* (n > 1) both have twice the voltage of | VS| − VD.

However, the above discussion only applies to the steady-state capacitors in the voltage doubler rectifier, while the transient charging circuit of the capacitors is shown in Figure 8.
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FIGURE 8. Capacitor charging circuit. (A) Capacitor C1 charging, (B) capacitor C2 charging, (C) capacitor C3 charging, and (D) capacitor C4 charging.


The maximum voltage across capacitance C1 is:
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The charging voltage of the capacitor at t is (where R is the equivalent resistance of the forward charging path):

[image: image]

We calculate that when t = αRC, where α = 3∼5, VC1 ≥ 0.96E, the microscopic capacitance C1 voltage drop is slightly less than E. When the capacitor is discharged:

[image: image]

Also after t = αRC, where α = 3∼5, VC1’ ≤ 0.04VC1. The voltage at one charge and discharge of capacitor C1 is:

[image: image]

When the first switching cycle ends, C1 transfers its own power to C2. The voltage of C2 is:

[image: image]

At the beginning of the first half of the next cycle, C1 is charged to VC1 = E × ([image: image]), then, according to KVL, in loop 2 (Figure 8C), since the diodes have the same forward voltage drop, capacitor C2 charges to capacitor C3:
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At the start of the second half of the cycle, C3 charges to capacitor C4, in the same way as above:
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According to KVL:
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This is the end of the second switching cycle, VC2″ > VC2, and the cycle continues until each capacitor is charged to a value close to the theoretical value of Eq. (29), then it achieves the steady state.

During the first half of each cycle in steady state, capacitors C1 and C3 are charged to their theoretical values, C2 and C4 supplies the load, C1 and the secondary side winding charges C2 and C3 charges C4 during the second half of the cycle. The C1*, C2*, C3*, and C4* transient and steady-state operating mode in the circuit are reversed, so that we achieve a stable DC output over the entire switching cycle. And the theoretical waveforms for capacitors transient charging are shown in Figure 9A.
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FIGURE 9. Waveform for capacitors transient charging. (A) Theoretical waveforms for capacitors transient charging. (B) Simulation waveforms for capacitors transient charging.


We use PSIM, a circuit simulation software, to simulate the capacitor charging of the full-wave voltage doubler rectifier. The simulation result is shown in Figure 9B, which verifies the capacitor transient charging analysis. It also verifies that a stable high-voltage DC output can be achieved when the full-wave voltage doubler rectifier is in steady-state operation.



Experimental Verification

We design a power module as shown in Figure 2A, which the input voltage is 100 V, the output voltage is 1,000 V, the switching frequency is 50 kHz, and the maximum output power is greater than 200 W. The waveforms of the corresponding rectifier collected through experiments are shown in Figure 10. Figure 11 is the power module prototype.


[image: image]

FIGURE 10. Experimental waveform of each device when the circuit output is 1,000 V of Figure 2A. (A) Voltage waveform of capacitor C2 (Figure 4) at 1,000 V output. (B) Voltage waveform of diode D1 (Figure 4) at 1,000 V output. (C) Voltage waveform of diode D2 (Figure 4) at 1,000 V output. (D) Voltage waveform of transformer secondary windings (Figure 4) at 1,000 V output.



[image: image]

FIGURE 11. High-voltage power module prototype.


After experimental verification, the preliminary designed power module can reduce the voltage stress of key components. When the output is 1,000 V, the withstand voltage of the rectifier device is only 250 V, and the secondary windings’ voltage of the transformer is only 125 V.

The load we used in the experiment is linear resistance. However, according to the efficiency curve, it can be seen that the power module’s efficiency is slightly lower than the simulation, and the efficiency needs to improve. By calculating and observing the waveform of the switching device of the inverter in the oscilloscope, the circuit loss is concentrated on the on and off losses of the switch and other power devices. Then, we propose an improved power module.



IMPROVED DESIGN HIGH-VOLTAGE POWER SUPPLY

In the previous section, the proposed space high-voltage power supply module can reduce the voltage of key components, which improves the reliability of the system to a certain extent. Inspired by paper (Yao et al., 2011; Karimi et al., 2014), we propose soft-switching to improve the efficiency of this power module.


Circuit Improvement Design

The improved inverter is a series resonant phase-shifted full-bridge circuit. The circuit topology is shown in Figure 12A. DCDC phase-shift switching technology is used to reduce switching losses. If the voltage Vds is zero before the switch is turned on or the current is zero when it is turned on, then the switch conduct loss is zero, then, Zero Voltage Switch (ZVS) and Zero Current Switch (ZCS) are realized. The switch state diagram is shown in Figure 12B.


[image: image]

FIGURE 12. Improved space high-voltage power module. (A) Improved circuit. (B) Switch state and transformer waveform.


[t0 − t1]: Q1 and Q2 are turned on at the same time, the voltage and current on the transformer are both zero, the output terminal supplied power to the load, and the switch Q2 is turned off under ZCS conditions;

[t1 − t2]: At the beginning of this moment, the switch Q4 is turned on under the condition of ZCS, at this time the current of the resonance circuit start to increase, and the rectifier capacitor is charged;

[t2 − t3]: At the beginning of this period, switch Q1 is turned off, capacitor Cq1 is charged, capacitor Cq2 is discharged, and the circuit continues to flow through Lr. When capacitor Cq2 is discharged to 0, this period ends. The primary side circuit current is gradually decreasing to supply the load;

[t3 − t4]: The voltage across the parallel absorption capacitor Cq2 of switch Q3 drops to zero, and the current continues to flow through the body diode in Q3. Q3 is turned on under the condition of ZVS. The Vp drops to zero;

[t4 − t5]: Q2 is turned on under the condition of ZCS, the primary side circuit conducted reversely, charges to the secondary capacitor, Q3 is turned off, and this period ends.



Circuit Performance Analysis

As shown in Figure 12A, the primary voltage of the transformer is Vp and the number of winding turns are Np; the secondary voltage of the transformer is Vs and the number of winding turns are Ns; the input voltage of the circuit is Vin and the output voltage is Vo; the steady-state duty cycle is d, where d=[image: image]. When Q1 and Q4 are turned on and Q2 and Q3 are turned off, there is:
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According KVL:
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According to the inductance volt-second balance:

[image: image]

Combine (45) (46) (47):

[image: image]

Solve the output voltage Vo as:

[image: image]

According to the conservation of input and output energy of the power supply, the input inductor current IL is derived as:

[image: image]

where R is the load resistance and η is the efficiency of the power supply.



Circuit Verification

The simulation circuit is depicted in Figure 12A. The simulation results are shown in Figures 13A,B, and the efficiency comparison is depicted in Figure 13C. The simulation parameters are shown in Table 1.


[image: image]

FIGURE 13. Efficiency comparison. (A) Simulation Q2. (B) Simulation Q3. (C) Efficiency comparison.



TABLE 1. Simulation parameters.

[image: Table 1]
According to the simulation results, the switches Q2 and Q3 in the improved circuit can achieve ZCS conduction, and the simulation efficiency is higher than the efficiency obtained from the preliminary experiment. Therefore, the improved topology is suitable for space high-voltage power modules.



ELECTRIC FIELD SIMULATION

Space high-voltage applications are important in aerospace, so attention must be paid to the space environment adaptability and reliability of high-voltage space electronics.

Base on the phenomenon of space low-pressure discharge, the space high-voltage power module is designed with high reliability (especially the placement of components), and the proposed power module is verified by electric field simulation (Maxwell of Ansoft). Figure 14A shows the three-dimensional electric field distribution of the high-voltage part of the power module (rectifier), and Figure 14B shows the contour electric field distribution of the high-voltage part of the power module.


[image: image]

FIGURE 14. Electric field distribution. (A) Three-dimensional electric field distribution. (B) The contour electric field distribution.


It can be seen from the Figure 14 that the high electric field of the Printed Circuit Board (PCB) is concentrated in the red area of the figures. With this layout, the maximum electric field strength is 390 V/cm. The design of the space high-voltage power supply module meet the standards in the ECSS-E-HB-20-05A (Ecss, 2012).



CONCLUSION

Based on my own work (Wen-jie et al., 2020) in 2020 2nd International Conference on Smart Power & Internet Energy Systems (SPIES), this paper focuses on the detailed theoretical design of high-voltage power module. Through theoretical analysis, simulation and experimental verification, we believe that the high-voltage power supply has high reliability.

This paper analyses the application scenarios of space high-voltage power supply systems and the advantages of power supply modules under the constraints of space applications. We design a 200 W space high-voltage power supply module with 100 V input and 1,000 V output. We carry out a stability analysis of the circuit by a small signal equivalent model and a capacitor charging model. This power module reduces the voltage stress of key components in the rectifier.

Then we optimize the power module: an improved design base on a phase-shifted full-bridge series resonant circuit. In addition to reducing the voltage stress on key components such as rectifier and high-voltage transformer, the improved power module achieves soft-switching, which greatly reduces the high-frequency switching losses of power switching devices in inverter. The improved high-voltage power module is more efficient than the preliminary power module. Then, the improved solution is validated by simulation.

We carry out the electric field on the high-voltage PCB section (rectifier) of the power supply module. This allows us to focus on the insulation protection areas on the PCB in our designs.

Finally, we believe that space high-voltage power supply systems are in a phase of rapid development. The circuit topology, electronic components and insulation protection are the focus of the development of space high-voltage power supplies. High-voltage power supply modules with a stable output voltage, a wide range of adjustable output power and the high reliability will be more flexible to meet the requirements of most space high-voltage applications.
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