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Yijie Bai

With the increasing demand for clean and renewable energy, new distribution network con-

cepts, such as DC microgrids and distributed power generation networks, are being developed.

One key component of such networks is the grid-interfacing DC-DC power converter that can

transfer power bi-directionally while having a wide range of voltage step-up and step-down

capabilities. Also, with the proliferated demand for electric vehicle chargers, battery energy

storage systems, and solid-state transformers (SST), the bi-directional high-power DC-DC

converter plays a more significant role in the renewable energy industry.

To satisfy the requirements of the high-power bi-directional wide-range DC-DC converter, dif-

ferent topologies have been compared in this thesis, and the four-switch buck-boost (FSBB)

converter topology has been selected as the candidate. This work investigates the opera-

tion principle of the FSBB converter, and a digital real-time low-loss quadrangle current

mode(QCM) control implementation, which satisfies the zero-voltage-switching (ZVS) re-

quirements, is proposed. With the QCM control method, the FSBB converter efficiency

can be further increased by reducing the inductor RMS current and device switching loss

compared to traditional continuous current mode(CCM) control and discontinuous current

mode(DCM) control. Although the small signal model has been derived for FSBB under

CCM control, the small ripple approximation that was previously used in the CCM model

no longer applies in the QCM model and causing the model to be different. To aid the



closed-loop control system compensator design, QCM small signal model is desired. In this

thesis, a small signal model for FSBB under QCM control is proposed.

A 50 kW silicon carbide (SiC) based grid-interfacing converter prototype was constructed

to verify the QCM control implementation and small signal model of the FSBB converter.

For driving the 1.2kV SiC modules, an enhanced gate driver with fiber optic (FO) based

digital communication capability was designed. Digital on-state and off-state drain-source

voltage sensors and Rogowski coil-based current sensors are embedded in the gate driver

to minimize the requirement for external sensors, thus increasing the power density of the

converter unit. Also, Rogowski-coil-based current protection and drain-source voltage-based

current protection is embedded in the gate driver to prevent SiC switching device from

damage.



Yijie Bai

The renewable energy sector is driving the development of new distribution networks, such

as DC microgrids and distributed power generation networks. One crucial component of

these networks is the grid-interfacing DC-DC power converter, which can transfer power in

both directions while maintaining a wide voltage range. This study evaluates various topolo-

gies and selects the four-switch buck-boost (FSBB) converter topology to meet the demands

of high-power, bi-directional, and wide-range DC-DC converters. This work analyzed the

operation of the FSBB converter and proposed a novel simplified quadrangle current mode

(QCM) control implementation. With the QCM control method, the FSBB converter effi-

ciency can be further improved by reducing losses compared to conventional control methods.

This study also provides a small signal model, which can be used to aid the control loop

compensator design where application of FSBB converter is required.
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Since the first industrial revolution and the invention of steam engines in the 19th century,

fossil fuels consumption has been steadily growing in the previous centuries. But burning

fossil fuels releases carbon dioxide, which is known as one of the greenhouse gases that

contribute to climate change. The concern of global warming has significantly accelerated

the energy industry to transition from fossil fuels to renewable energy.

Alternative energy generation, such as solar energy, geothermal, and wind power generation,

is gaining more attention in recent decades. Different from the traditional power genera-

tion stations that have single large plant energy generation capabilities, renewable energy

generation can be implemented in a distributed manner. For example, residential and com-

mercial solar panels can be installed without first being delivered to the power grid. The

solar energy industry has also been aggressively expanding in recent years. But the tradi-

tional power grid system is not designed for distributed power generation. An illustration

of the traditional power distribution network is shown in Figure 1.1. In traditional power

distribution networks, the different voltage levels are converted by transformer-based sub-

1



2

Figure 1.1: Conventional power grid topology

stations. Transformer-based substations only support unidirectional power flow. Micro-grid

is one of the solutions to this problem. The micro-grid could utilize the locally generated

energy, therefore reducing the transmission and conversion loss, as shown in Figure 1.2. Also,

the microgrid can operate in islanding mode, which does not depend on the external utility

connection, or in grid-connected mode, consuming or supplying energy to the utility grid,

based on local energy generation status, such as solar intensity for photovoltaic panels. As

a result, a bi-directional, grid-interfacing substation converter between the microgrid and

utility grid is required.
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Figure 1.2: Micro-grid topology

Sales of plug-in electric vehicles (PEVs) have proliferated in the past decade. With the

increasing demand for PEVs, fast EV charging technologies are also required. With the

traditional AC charger, an onboard rectifying charger is required, therefore creating a limit

for the charging speed. DC fast charging eliminates the requirement of an on-board charger

and can directly charge the batteries and bypass the on-board charger limitation[1][2][3].

Therefore, the DC charging stations standard has been adopted, creating the need for DC

power networks.
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Unlike traditional electricity generation power plants with constant generation capacity all

day, solar generation is highly dependent on solar radiation intensity, which will peak at

noon, and no energy can be generated overnight. This creates the duck curve phenomenon,

which requires some amount of energy generated by traditional power plants. This means

that the conventional power plant’s capacity is still crucial during the evening to supply the

peak. As a result, during peak solar intensity hours, over-generation can happen. One of

the ways to flatten the curve is battery energy storage infrastructure. The energy storage

infrastructures can store energy that has been over-generated and supply the power grid

during peak hours. Similar to EV charging, since the battery only stores and provides DC

power, if the power networks utilize DC, the rectifying and inverting stage will no longer be

required, increasing the total energy storage system efficiency[4].

It is very clear that a power electronics converter system that can interface between the DC

source or DC micro-grid and the existing ac grid is very crucial. Particularly, a bi-directional

DC-DC converter with wide-range voltage regulation is desired. In general, there are two

types of DC-DC converters: non-isolated and isolated types. The isolated DC-DC requires

the design and implementation of a high-frequency transformer and corresponding converter

stages, leading to more costs and losses due to a greater number of conversion stages[5].

However, non-isolated DC-DC converters can be much simpler and more efficient[6]. Due to

many systems offering galvanic isolation by the ac transformer, non-isolated bi-directional

DC-DC converters with wide-range voltage regulation as the interface to DC microgrid will

be very attractive in these types of system applications.
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In order to fulfill the specification of a bi-directional, non-isolated DC-DC converter topology

with a wide step-up and step-down range, a comparison of different bi-directional buck-

boost converters has been conducted. Each of the converter topologies will be evaluated in

7 parameters: efficiency, number of passive devices, number of switching devices, voltage

conversion ratio, control simplicity, magnetic component size, and high power scalability.

Each of the parameters will be evaluated in 0 to 5 score range, a higher score represents the

topology is more desirable. Since the converter with minimal components are more desirable,

and in this evaluation, all topologies require minimum of 3 passive devices and 2 switching

devices, therefore topologies with 3 passive devices or 2 switching devices will have a 5 score,

and additional components will have a lower score.

Figure 1.3: Inverting bi-directional buck-boost converter

The inverting bi-directional buck-boost converter (IBBBC), as shown in Figure 1.3 is one

of the basic topologies derived by the unidirectional buck-boost converter by replacing the

diode with a switching device. Therefore only two switching devices are required. This
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topology operates exactly as a unidirectional buck-boost converter, and the symmetrical

topology makes sharing forward and reversed biased control logic possible, which makes it

simple to control. Also, this topology only requires three passive components, two capacitors,

and one inductor. For the voltage translation ratio as shown in eq.1.1, the IBBBC has an

inverting voltage polarity, which is undesired in most high-power applications. The IBBBC

cannot achieve ZVS without additional resonance or an active clamp circuit; thus, switching

loss is considered high. The radar chart of IBBBC is shown as in Figure 1.4.

(1.1)

Figure 1.4: Radar chart of Inverter bidirectional



7

Figure 1.5: Cuk converter topology

Similar to IBBBC, bi-directional Cuk, as shown in Figure 1.5 converters are derived from uni-

directional Cuk converters by replacing the diode with switching devices. The Cuk converter

only requires two switching devices but requires five passive components, two inductors, and

three capacitors. Especially for the mutual coupling capacitor between two switching devices,

the capacitance is required to be large because it is used for transferring energy, which makes

it undesired for high-power applications. The Cuk converter also needs external circuits for

achieving ZVS, and the voltage conversion ratio can be described as in eq.1.2 , the voltage

polarity is inversed, which is also undesired for most high-power applications. The radar

chart for Cuk converter evaluation is shown in Figure 1.6.

(1.2)

As Figure 1.7 show the SEPIC/ZETA converter is a rearrangement of the Cuk converter.

In order to deliver a positive voltage polarity and make it more desirable in high-power
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