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ABSTRACT OF THE THESIS 

 

 

High Voltage DC/DC Converters for Electrostatic Energy Storage System 

 

 

by 

 

Tianyu Xiang 

 

 

Master of Science in Electrical & Computer Engineering 

University of California, Los Angeles, 2024 

Professor Subramanian Srikantes Iyer, Chair 

 

The increasing demand for clean and sustainable energy sources necessitates effective 

energy storage solutions. This thesis proposes a decentralized approach to energy storage by 

utilizing high-density rolled polymer-based capacitors. The objective is to address the 

intermittent nature of renewable energy generation and develop a storage system that is 

affordable, sustainable, and easily deployable. Conventional capacitors typically do not 

exhibit high energy capacity. Therefore, this research emphasizes optimizing surface area, 

implementing high voltage storage capabilities (up to 3 kV), and utilizing a polymeric 

material with a high dielectric constant. By focusing on these factors, the research aims to 
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overcome the limitations of conventional capacitors and develop a storage system with 

significantly increased energy density, enabling more efficient energy storage for clean and 

sustainable sources. This thesis presents the design and implementation of a high-efficiency 

DC/DC converter system for energy storage applications. The system utilizes a transformer 

less step-up converter and a flyback topology for step-down conversion. The transformer less 

step-up converter is designed to increase the input voltage efficiently, while the flyback 

topology is employed for effective voltage reduction. Both converters achieve an impressive 

efficiency of 90%. The proposed solution addresses the challenges of energy conversion in 

storage systems, ensuring both reliability and performance. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

The utilization of renewable energy sources like solar, wind, and tidal power has 

garnered significant attention due to their sustainable nature. However, a major drawback of 

these sources lies in their inherent intermittency. Current approaches to address this intermittency 

primarily rely on electrochemical (batteries) and mechanical (water storage tanks, flywheels, 

etc.) energy storage methods. Despite their widespread use, these methods are not without their 

limitations. They often exhibit environmental concerns and tend to be centralized, relying on a 

well-connected electrical grid. Moreover, the process of transduction from electrical energy to 

other forms introduces inefficiencies. 

The imperative for innovative energy storage solutions has become increasingly apparent, 

driven by the challenges associated with the intermittent nature of renewable energy sources. In 

response to this need, this thesis introduces a novel decentralized strategy for storing electrical 

energy derived from renewables. Our approach revolves around the electrostatic storage of 

substantial energy quantities at elevated voltages on rolled polymer-based capacitors. This 

innovative method aims to enhance both the accessibility and efficiency of renewable energy 

utilization with minimal costs. 

Figure 1-1 depicts an innovative approach to an electrostatic energy storage system. This 

system utilizes flexible rolled-up capacitors to store energy at high densities, specifically at 

voltages ranging from 5 kV to 10 kV. The design is environmentally friendly and aims for 

underground distribution to locally supply electrical energy, making it cost-effective for 

households. 
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The system operates by initially receiving intermittent power input at low voltages, which is 

then converted to higher voltages using a high-efficiency power converter. This elevated voltage 

is utilized to charge flexible capacitor cells, tightly wound according to the dimensions detailed 

in Table 1-1. Subsequently, the stored high voltage on the capacitors can be converted to lower 

voltages as required by specific applications. 

 

Dimension of the cell Units (mm) 

Height 1000 

Outer Diameter 1000 

Inner Diameter 200 

Number of turns 1000 

Turn spacing 0.2 

Table 1-1 Dimensions of the rolled-up capacitor. 

 

The energy E stored in a capacitor is given by E=½*C*V^2, where C is the capacitance and V 

is the voltage across the capacitor. The capacitance C is determined by C = k* ε0*A/d, where k is 

the dielectric constant of the material, epsilon 0 is the permittivity of vacuum, A is the area of the 

capacitor's electrodes, and d is the distance between the electrodes (thickness of the dielectric). 

Thus, the electrostatic energy stored can be increased by selecting a material with a higher 

dielectric constant k increasing the applied voltage V, enlarging the electrode area A, reducing 

the dielectric thickness d, or employing a combination of these factors. The relationship shows 

that the stored electrostatic energy E linearly depends on k, A, and V under a constant electric 
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field. The relationship can be expressed as 𝐸 = 1/2 *𝜀0*𝐴(𝑉/𝑑)*𝑉, where the electric field  is 

influenced by both the applied voltage and the dielectric thickness. 

The flexible, rolled capacitors essential for this electrostatic energy storage system must 

utilize dielectrics capable of enduring high voltages over extended periods. 

 

Figure 1-1 Schematic of a new energy storage system with rollable high-voltage large-volume 

capacitors stored locally underground in a distributed manner. 

    Our approach involves employing a multivariate optimization strategy, which includes 

modifying the surface area, utilizing high voltage storage via transformers and converters, and 

incorporating a high dielectric constant polymer material to achieve high energy density. This 

paper focuses on the design and testing of a low-to-high-to-low voltage converter. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

In recent years, there has been extensive research on high voltage gain DC/DC converters, 

spurred by advancements in semiconductor technology since the 1950s. These converters play a 

critical role in HVDC transmission and applications requiring low input voltages. While 

conventional boost converters effectively raise voltage levels, they face challenges such as 

extreme duty ratios and high stress on switches when the duty cycle approaches unity or zero, 

complicating the maintenance of a stable output voltage amidst load variations and external 

disturbances[2]. 

This section explores several methods to improve voltage step-up conversion ratios. 

Transformer-based DC/DC converters achieve significant ratios by adjusting the turns ratio 

between secondary and primary windings[2]. However, large turns ratios introduce leakage 

inductance, leading to voltage spikes and necessitating high-rated switches with substantial on-

state resistance, resulting in increased conduction losses. Alternatively, using passive 

components like capacitors and inductors can boost voltage by storing and releasing energy in 

series with the input voltage, thereby achieving higher output voltages[3]. 

Furthermore, employing multiple converters can further enhance voltage gains. For example, 

cascading boost converters or employing parallel-input series-output configurations can increase 

the overall voltage step-up ratio. 

This chapter categorizes converters based on their topologies, operating principles, and 

applications. It also reviews various DC/DC converters known for their high voltage conversion 
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ratios, discussing control methods, switching strategies, and failure mechanisms associated with 

semiconductor components. 

 

2.2 Isolated/Non-isolated Converters 

DC/DC converters are classified into isolated and non-isolated types based on whether they 

provide galvanic isolation using transformers, as depicted in Figure 2.2. These converters can operate 

with either voltage-fed or current-fed input power. On the output side, they can drive loads such as 

devices or grid-tied inverters. Switching converter modules employ active switches like MOSFETs, 

alongside passive components such as inductors, capacitors, and diodes [4]. 

Isolated DC/DC converters utilize high-efficiency transformers to achieve galvanic isolation and 

impedance matching between the input source and output load. This isolation is critical for 

preventing safety hazards. The conversion process involves initially converting DC input power to 

AC using a switching module, which is then transferred across the transformer via electromagnetic 

fields to achieve isolation. A rectifier is used to convert AC back to DC for powering the load. 

Adjusting the transformer's turns ratio further increases the output voltage, but this can lead to 

leakage inductance and voltage spikes on electronic components. However, the inclusion of 

transformers increases the converter's size, weight, and power loss [4]. 

Non-isolated converters, on the other hand, offer advantages such as lower cost, high efficiency, 

and high-power density due to their simpler design and lack of transformers. These converters 

typically use switched capacitors or inductors to achieve high output voltages. Furthermore, the size 

and weight of passive components like inductors and capacitors decrease as the operating frequency 

increases [4]. Thus, increasing the operating frequency, typically ranging from tens of kilohertz to 

hundreds of kHz, can further reduce the size of non-isolated converters. However, in high-power 
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applications, non-isolated converters may experience significant heat loss and lower reliability due to 

magnetic saturation of inductors.  

 

Figure 2-1 Schematic of non-isolated and isolated converters: (a) non-isolated; (b) isolated. 

 

2.3 Categories of Voltage Boost DC/DC Converters and Regulators 

2.3.1 Linear Regulator 

The linear regulator, depicted in Figure 2.1, operates using a high-gain amplifier with negative 

feedback. Unlike a switch, its output transistor remains active, regulated by a stable voltage 

reference (VR) fed into the amplifier's non-inverting input. This configuration forms a shunt-

series feedback loop, resulting in Vo = (1 + R1/R2) ∗ VR. 

However, its primary drawback is low efficiency, especially with larger dropout voltages (Vin 

− Vo). Limited to step-down conversion, if input voltage falls below a threshold, regulation fails, 

causing output voltage to drop below nominal levels. Some commercial versions, termed low-

dropout regulators (LDOs), use PMOS pass transistors to minimize dropout voltage. Yet, 

efficiency is capped by Vin − Vout > Veff, restricting maximum efficiency. 
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Modern LDOs also provide good line/load regulation and high power-supply-rejection (PSR) 

for noise attenuation (Patel and Rincon-Mora, 2010), using current-mode designs to heighten 

PSR via a sampling feedback loop. Although straightforward to implement, linear regulators' 

efficiency scales roughly with (Vo/Vin), challenging design as lower supply voltages emerge. 

Consequently, switching regulators often replace linear types for enhanced efficiency. 

 

2.3.2 Charge Pump or Switched Capacitor Converter 

    The switched capacitor (SC) converter, illustrated in Figure 2.2, operates by charging and 

discharging capacitor C1 in complementary phases, CLK+ and CLK−, to maintain an output 

voltage Vo close to 2Vin, hence it is also referred to as a voltage doubler. During CLK+ phase, 

C1's upper plate connects to Vin while the lower plate connects to ground. In CLK− phase, C1 

connects between Vin and intermediate output Vo1, boosting output voltage to 2Vin. For better 

regulation and reduced switching noise, a low-dropout regulator (LDO) typically follows the 

charge pump to generate final output voltage Vo. Non-overlapping CLK+ and CLK− signals 

prevent short-circuit currents, minimizing power loss. 
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Figure 2-2 The switched capacitor converter 

This topology can also function as a step-down converter by reversing power flow direction. SC 

converters are capable of moderate output currents and can generate negative voltages by inverting 

output capacitor nodes. Regulation can be achieved through an LDO or charge pump modulation 

circuitry. LDO regulation ties efficiency closely to input-output voltage ratio, potentially limiting 

efficiency. Conversely, charge pump modulation introduces output resistance R = a^2/(2*f*C), 

where C is capacitor value, a is charge multiplier, and f is switching frequency, impacting SC 

converter efficiency. Large capacitor arrays mitigate output impedance for higher efficiency. 

 

2.3.3 Switched-mode DC-DC Converter 

    Switched-mode DC-DC converters, the third type of regulator, come in various topologies 

such as buck, boost, and buck-boost, which are the most fundamental designs. These converters 

offer the highest efficiency among regulator types and can handle high output currents. While 

theoretically capable of 100% efficiency, practical limitations due to component losses typically 

cap efficiency around 90%. 

    DC-DC converters are known for their output ripple and switching noise, which are drawbacks 

compared to other regulators. They also tend to be more expensive because they require external 

components like inductors and capacitors. However, advancements in technology have led to 

higher switching frequencies, reducing the size and cost of these components. 
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Figure 2-3 illustrates basic configurations of buck, boost, and buck-boost converters, where 

SW denotes the switching signal (controller not shown). 

 

 

Table 2-1 Advantages and Disadvantages of 3 Categories of Voltage Regulators 

In order to reduce energy loss, we pursue a DC/DC Converter in the design because of its 

higher efficiency. 
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CHAPTER 3: METHODOLOGY 

 

3.1 Purpose and Goal 

    The aim of this project is to explore various methods for designing DC/DC converters 

that are suitable for high voltage low current applications for the energy storage project. The 

investigation will be conducted using established topologies and will primarily 

consist of LTspice simulations. The converters will be evaluated mainly based on output 

voltage, efficiency, power, size, cost and reliability. 

 

Step up DC-DC Converter: 

1. Input voltage: 12–48V  

2. Output voltage: 1000–3000V 

3. Output power: ≈1.5W 

4. Efficiency: >85% 

5. Less price and size 

 

Step down DC-DC Converter: 

1. Input voltage: 3000V  

2. Output voltage: 24V-110V 

3. Output power: ≈1.5W 

4. Efficiency: >85% 

5. Less price and size 
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3.2 Conventional Primary Design: Step up DC/DC Converter 

The circuit in figure 3-1 is convert 24V to 2.5 kV while powering a 420mW load. 

 

Figure 3-1 Royer based DC/DC converter convert 24V to 2.5 kV 

 

This design utilizes a Resonant Royer oscillator, which consists of two transistors with their 

collectors connected to a center-tapped transformer. The circuit is self-oscillating, generating a 

sinusoidal voltage in the transformer's secondary winding. A significant advantage of Royer 

oscillators is their ability to produce low-noise voltage with minimal harmonic content. Figure 3-

2 illustrates a specific variant of this Royer oscillator [23].  

 

Figure 3-2 Royer oscillator 
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The operational principle of this circuit can be comprehended as follows: When transistors Q1 

and Q2 conduct, inductors L2 and L3 generate a magnetic field in the transformer. This magnetic 

field induces a voltage of opposite polarity in L4, thereby reducing the base voltage of Q1 and 

Q2 until they switch and conduct in the opposite direction. Adjusting the value of C1 allows for 

control over the oscillation frequency. It is important to note that the transistors always conduct 

in a unidirectional manner. 

However, the circuit lacks a feedback loop, which results in output variations due to the 

temperature dependence of the transistors. Moreover, the circuit’s sensitivity to input voltage 

fluctuations necessitates the use of a costly linear voltage regulator for stable operation. These 

challenges highlight areas for potential improvement in the design. 

 

3.3 High-frequency Royer-based converter 

The converter design presented in figure 3-3 use of a planar air-core transformer instead of a 

conventional transformer. Planar transformers, which consist of coils with all turns in the same 

plane, are employed to form the primary and secondary sides of planar transformers. For instance, 

these inductors can be integrated into a printed circuit board (PCB) by tracing two coils in separate 

layers stacked on top of each other. Planar transformers offer several advantages over conventional 

transformers, the primary being their simplicity, affordability, and ease of mass production. 

Additionally, the thin and wide copper traces in PCBs result in reduced losses due to the skin effect 

compared to traditional copper wires. 

This design allows planar transformers to operate effectively at very high frequencies even 

without an iron core. The inductances and coupling factor of the transformer are influenced by its 
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geometry and the permeability of the core. The relationship between mutual inductance (M), 

coupling factor (k), and self-inductances (Li) is given by M = k√(L1L2). 

The transformer's design was dictated by size requirements detailed in previous Chapter, with 

the secondary side's outer diameter capped at a maximum of 3 cm. The PCB substrate was 

extended beyond the transformer's edge to prevent arcing. Key considerations in the design 

included resistive losses and the transformer's coupling factor. The resistance of the transformer 

windings was calculated based on the width, length, and depth of the copper traces on the PCB. 

To reduce winding resistance while maintaining the number of turns, the secondary coil was 

divided into two equal parts and placed in adjacent PCB layers. Consequently, the transformer's 

layer configuration was secondary winding first half (top), secondary winding second half (middle), 

and primary winding (bottom). 
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Figure 3-3 Conventional Royer-based converter LT-spice schematic 
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The theoretical coupling factor, self-inductances (L1 and L2), and mutual inductance (M) of the 

transformer were calculated using equation 7 and the method described in Chapter 2.6, yielding 

L1 = 570 nH, L2 = 42 μH, M = 3.9 μH, and k = 0.80. The accuracy was set to 0.1% (ND = 10) 

based on the method's creators. Dimensions and calculated quantities are summarized in Table 3-

1. 

 

Table 3-1 Planar PCB transformer parameters and calculated self-inductances. 

The mutual inductance and the coupling factor were calculated to 3.9 μH and 

0.80, respectively. 
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Figure 3-4: The PCB layout of the high-frequency Royer converter features circular traces 

forming the planar transformer.  

In the PCB layout, the red trace represents the primary winding located on the front of the PCB, 

while the blue trace represents half of the secondary winding on the back of the PCB. The other 

half of the secondary winding is placed directly under the blue trace on an inner layer of the PCB. 

The PCB dimensions are 6.3 x 3.3 cm. 

 

3.4 High-frequency Royer-based converter 

In this topology, the DC input voltage is first increased using a boost converter, then inverted. 

The AC output from the inverter is connected to a capacitor-diode voltage multiplier, which further 

increases and rectifies the voltage. The primary advantage of this design is the elimination of a 

transformer for the initial voltage increase, reducing the converter's weight and size. 

 

 

Figure 3-5 Converter topology consisting of a boost converter followed by an inverter followed 

by a voltage multiplier bridge. 

 

    The boost converter was set to operate at its maximum frequency of 500 kHz. To meet the 

safety standard specified in section 6, "Protection against electric shock", the capacitors in the 
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Cockcroft-Walton bridge were chosen with the largest possible capacitance, ensuring the total 

charge did not exceed 45 μC. The total charge was calculated as follows: 

 

    where U^in is the peak pulsating voltage entering the voltage multiplier, C is the capacitance 

for each capacitor, NC is the total number of capacitors in the bridge, and 1.1 accounts for a 10% 

tolerance in the capacitors. 

    A target output voltage of 112V from the LT8331 was chosen to provide a 20% safety margin 

below the maximum output voltage of 140V. According to the calculation, 18 stages were 

initially required to achieve an output voltage of 2 kV. However, simulation results indicated that 

22 stages were needed when considering the maximum allowed charge in the voltage multiplier. 

The input voltage to the bridge, or the output from the LT8331, was determined to be 111V. 

 

    The E12 standard value of 8.2 nF was selected, resulting in a total charge of approximately 

42.7 μC. The final circuit configuration is shown in Figure 3-6. Comparison with equation 3, 

which accounts for voltage drop, confirmed that 22 stages were necessary to reach 2 kV. For the 

Series positive-negative voltage multiplier, the stages are halved, considering one of the parallel 

voltage multipliers, and the output voltage is then doubled for accuracy. 
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Figure 3-6 Boost Converter Combined with a 22-Stage Voltage Multiplier 

 

 

Figure 3-7 PCB layout of the transformerless DC-DC converter. 
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The PCB for this transformer less converter was designed for the circuit with capacitors of equal 

capacitance and the dimensions are 6.21 cm ∗ 2.21 cm. Its layout is shown in figure 3-7. 

 

 

 

Figure 3-8 Flyback DC-DC converter from 3kV-24V. 
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CHAPTER 4: ANALYSIS 

 

4.1 High-frequency Royer converter utilizing a planar transformer with an air core 

    The circuit operated at a switching frequency of approximately 2.8 MHz across all test cases. 

After 5 ms of simulation under standard conditions detailed in previous chapter. the circuit's 

output voltage stabilized around 2 kV in each scenario. The circuit's efficiency showed minimal 

sensitivity to temperature variations. Refer to figure 4-1 for a visual representation of these 

findings. 

 

Figure 4-1Output voltage for −40 ◦C, 0 ◦C, 40 ◦C and 80 ◦C from the high frequency 

Royer-based converter. The efficiency was almost unaffected by temperature. 
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The circuit was tested in simulation with input voltages of 16V, 18V, 20V, 22V, 24V, and 

26V, all conducted at the standard LTspice temperature of 27°C. Approximately 5 ms after 

initiation, each input voltage achieved an output voltage of around 2 kV. The circuit 

demonstrated efficiency ranging from 40% to 75%. The power delivered to the load measured 

1.45W for input voltages of 18V, 20V, 22V, 24V, and 26V, while for 16V input voltage, it was 

1.24W. Refer to Table 3 and Figure 4-2 for a detailed presentation of these outcomes. 

  

Table 4-1 Characteristics of the Royer air core converter for six input voltages, at 27 ◦C. 
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Figure 4-2 Output voltage for input voltages 16V, 18V, 20V, 22V, 24V and 26V from the high-

frequency Royer converter in figure 

 

4.2 Transformerless converter 

    The switching frequency remained around 500 kHz for all test cases and both circuit variants. 

Figure 4-3 illustrates a comparison of the output voltage and rise time across temperatures 

ranging from -40°C to 80°C. The rise time measured approximately 2.8 ms across all 

temperatures, with testing conducted using a 24V input voltage. Additionally, the circuit 

exhibited minimal sensitivity to temperature variations in terms of efficiency. 

 

Figure 4-3 Output voltage for temperatures −40 ◦C (pink), 0 ◦C (turquoise), 

40 ◦C (red) and 80 ◦C (blue) from the DC-DC converter. The input 

voltage was 24V for every temperature text 
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    Both variants of the circuit were simulated using input voltages of 12V, 24V, 36V, and 48V at 

the standard LTspice temperature of 27°C. After 4 ms of simulation time, both circuits achieved 

a stable output voltage of approximately 2 kV.  

The efficiency ranged from 55.79% to 91.59% with the optimized bridge configuration. For 

detailed results of the converter with equal capacitances, refer to Figure 4-4 and Table 4-2. 

 

Figure 4-4 Output voltage for input voltages 48V (pink), 36V (turquoise), 24V (red) and 12V 

(blue) from the DC-DC converter  
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Table 4-2 Characteristics of the LT8331 DC-DC converter circuit during four different input 

voltages. For every case, the switching frequency was 500 kHz. The standard temperature in 

LTspice of 27 ◦C was used for every case. 

 

4.3 Step down Converter 

 

 

Figure 4-5 Step Down Converter Output voltage for input voltages. 

The input voltage for this stage is set at 3000 volts DC, with a full load current of 50 

milliamperes. The output voltage is maintained at 25 volts, while the output current is 0.6 

amperes. To ensure safety, all test experiments were conducted within an isolation box. The 
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results indicate that as the input voltage is increased, the efficiency of the converter decreases. 

Nevertheless, the average efficiency remains at approximately 92% as shown in figure 4-5. 

 

 

Figure 4-6 Output Voltage at Full Load 

As shown in figure 4-6, under full load conditions, the rising time of the output voltage is within 

50 milliseconds, and the ripple, measured at 20 millivolts, is negligible. 
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4.4 Prototype Set Up 

 

Figure 4-7 Experimental Lab Setup 

1. Keithley 2290-10 High Voltage Power Supply 

2. 10kV SHV male connection to 10kV banana 1.5-meter cable  

3. interlock cables  

4. 10 kV high voltage test fixture box (PPD3 -10kV) 

 

This is the prototype setup of the whole project with the converters and PVDF sample capacitors. 
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CHAPTER 5: CONCLUSION 

 The high-frequency Royer-based converter met most requirements, except for efficiency 

and size It exceeded the size requirement due to the transformer’s diameter matching the PCB’s 

width requirement, along with the additional substrate around its edge. To fit within size limits, 

an oval transformer could be considered, albeit at the expense of increased complexity in 

calculations. Alternatively, reducing the transformer size could meet size requirements, albeit 

with potential performance trade-offs. 

 Similar to the conventional Royer-based converter, feedback stabilized the output voltage 

but compromised efficiency. This converter exhibited slightly lower efficiency compared to the 

conventional version, largely due to the use of more expensive transistors required for higher 

frequencies. Consequently, despite the cost benefits of the planar transformer, the overall cost of 

this converter was comparable to that of the conventional Royer-based design.  

The transformerless converter met all requirements except for cost at input voltages of 24V, 36V, 

and 48V. Like the other converters discussed, the LT8331 switched boost converter used 

feedback to maintain a stable output voltage across various conditions. 

 It excelled in efficiency and accepted a wider range of input voltages compared to other 

converters in this study. This superior performance can be attributed to the LT8331's ability to 

regulate voltage through switching rather than dissipating excess energy in a feedback loop. 

 However, its higher cost was a significant drawback. This was primarily due to the use of 

the LT8331 boost converter and the large voltage multiplier, which required numerous 

specialized components, driving up costs beyond initial estimates. As a result, despite being 

transformerless, this converter did not necessarily offer a more economical solution compared to 

circuits incorporating transformers. 
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 Replacing the LT8331 could potentially reduce costs and mitigate production 

uncertainties, although this would present technical challenges. 

 Considering the overcurrent protection, achieving the desired limit of 2mA peak output 

current was only possible with the 1MΩ series resistance in combination with the 1H series 

inductance, specifically in the Royer-based converter. However, using an inductor with such a 

large inductance would substantially increase both the cost and size of each converter discussed 

in this paper. 

 All step-up and step-down DC/DC Converters meet the perspectives. However, to 

achieve higher energy storage, it is necessary to make the maximum voltage which converter can 

achieve higher since the energy proportional to the square of voltage. 
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