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Abstract 

Differential PV inverters have the benefits of second-order ripple elimination and leakage 

current suppression. Therefore, the need for additional components such as switch, inductor, 

capacitor, and transformer to achieve the power decoupling function and galvanic isolation 

can be avoided. In recent years, GaN devices used to improve the performance of differential 

PV inverters, which have the advantages of high switching frequency, high operating 

temperature, and high operating voltage. However, using GaN devices cannot guarantee 

better performance of inverters because the GaN device performance depends on the design 

parameters, such as switching frequency and operating temperature. To fully utilise the 

benefits of the GaN device, the design challenges and the complex trade-offs between 

components associated with inverters need to be addressed. Therefore, this thesis investigates 

impacts of GaN devices-based single-phase differential PV inverters with the aim to optimise 

inverter efficiency, power density, and cost using systematic design and control approaches.  

In single-phase differential inverters, active power decoupling methods are often aimed to 

reduce the total capacitance as much as possible, which sacrifices the overall efficiency and 

volume of the inverter. To address that, a trade-off analysis of all the active and passive 

components of the GaN-based differential buck inverters is developed through detailed 

mathematical modelling. Then, a multi -objective optimisation method based on geometric 

programming is presented to optimise the efficiency and power density. The design method is 

based on power loss and volume of the inverter by considering the dominant design 

parameters. As a result, the maximum limit of design trends can be obtained, which gives 

more freedom to choose the best design. 

The aforementioned multi-objective optimisation methods require extensive mathematical 

models and more system information to find an optimal design. It increases the computational 

complexity, needs multiple conditions to eliminate unwanted solutions, and requires more 

time to choose the optimal design. Therefore, an ANN-based multi-objective design method 



is developed to improve accuracy and reduce computational burdens. A buck-type differential 

inverter is used to verify the ANN-based design method in both simulation and experiment.  

The previous two studies are based on buck-type differential inverters, which need an 

additional front-end DC-DC converter for solar PV application to meet the wide voltage 

requirements. This inverter requires an additional hardware controller, reduces efficiency and 

power density, and increases cost.  Single-stage inverters are widely popular in industrial and 

commercial applications because of their higher efficiency and simple control. A novel 

single-stage buck-boost inverter topology based on GaN devices is proposed, simulated, and 

experimentally verified the performances. It has been observed that the maximum efficiency 

of the prototype is 97.89%, the power density is improved to 3.5kW/dm3 and the components 

cost of the prototype is £136.16. 
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Chapter 1 Introduction  

1.1 Background 

Renewable energy is a fast-growing source of energy. It contributes significantly to 

generation capacity and, when integrated with other sources of energy, renewables can help 

to meet global energy needs. In the United Kingdom (UK), the contribution of renewable 

energy sources to electricity generation increased by 13% between 2019 and 2020 [1]. Figure 

1.1 shows the contribution of renewable energy sources to electricity generated. Among the 

renewable energy sources, solar energy is one of the most reliable and it plays an important 

role in the UK generation mix. In Figure 1.1, it can be seen that generation from solar 

photovoltaic (PV) increased by 4.6% in this period. In the first quarter of 2021, the installed 

capacity of solar PV was 175 megawatt (MW) and the total UK solar capacity will be 

expected to increase 2,711MW by 2023 [2] and [3]. Furthermore, solar PV can be installed in 

a wide variety of locations, such as roofs top, commercial and industrial properties and on the 

ground. 

Small-scale solar PV systems have drawn attention because they enable domestic customers 

and businesses to independently generate electricity. Figure 1.2 shows the annual installation 

capacity of micro-generation in the UK. From 2016 to 2020, almost all of the newly installed 

micro-generation capacity was solar PV [1]. According to the Solar Trade Association 

(trading as Solar Energy UK since April 2021), around 900,000 British homes have installed 

solar PV panels [3]. Despite the end of the feed-in-tariff in April 2019 and the increase in 

value-added tax (VAT) for solar installations, the market continues to grow. According to 

GreenMatch [3], 2,375 new sub-4 kilowatt (kW) solar panel installations were approved in 

June 2021. 
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Figure 1.1: Contribution of renewable energy sources to electricity generated. 

 

 

Figure 1.2: Annual installation of micro-generation capacity. 

  

Power electronic inverters are a key component of solar PV systems, and they are used to 

interface the PV to the grid, extract the maximum power from PV panels, and maintain high 

quality output. Solar panel efficiency is very low, they can only convert 15% to 22% of solar 

energy into actual electricity [4]. Therefore, the solar PV inverter should be high efficiency to 
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reduces the systemôs power losses. Moreover, power density, cost and reliability are the other 

key factors to improve the overall system performance. Therefore, power electronics research 

has focused on developing a PV inverter with high efficiency, power density, reliability, and 

reduced cost. 

The performance of PV inverters has improved in three ways: 1) new inverter topologies 

have been developed, 2) control methods have advanced, and 3) wide bandgap (WBG)-based 

semiconductor devices have been used. Furthermore, innovative topologies that provide 

higher efficiency and reduce the number of components [5] have been developed. Different 

control methods have been investigated to extract the maximum power from the PV panels 

[6]. WBG semiconductor devices have superior properties than Silicon (Si)-based 

semiconductors devices [7] and [8]. However, the design challenges of inverter topologies 

and the impacts of integration of WBG devices have led to trade-offs being made between the 

system components. Therefore, there is a clear need to address the design challenges and the 

impacts of WBG devices in PV inverter topologies. 

1.2 Research Objectives 

This thesis investigates a Gallium Nitride (GaN)-based single-phase differential inverter for 

PV applications. Compared to many other PV inverter topologies, the differential inverter can 

reduce second-order ripple power and leakage current without adding extra active or passive 

components. Optimal design and control methods were employed to fully utilise the benefits 

of GaN devices and solve the challenges associated with single-phase inverters. The main 

objectives of this research are to:  

É Investigate the single-phase buck-type differential GaN inverter to understand the 

trade-off between the power decoupling capacitance, power loss, and power 

density. In addition, a detailed modelling approach needs to be developed to 

realise the tendency of performance parameters. 

É Design a control scheme to eliminate the second-order ripple using the active 

power decoupling method. Besides, a systematic approach to be required to select 

the optimal control parameters.  
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É Investigate a simple and efficient design method to select the optimal components 

for the inverter. The optimal design needs to be identified with more accurate and 

less computation complexity.   

É Identify a single-phase differential GaN inverter without increasing the power 

loss, volume, and cost. Transfer the knowledge of efficient design methods to 

design the identified final inverter topology.  

É Performance of the design, control methods and the inverter topologies need to be 

ensured by conducting simulation and experimental studies. 

1.3 Thesis Outline  

Chapter 2: Literature Review 

This chapter reviews the existing inverter topologies and identifies their limitations and 

research gaps. The single-phase inverter topology and the inherent challenges are 

overviewed. Different types of power decoupling methods are reviewed, and their benefits in 

solving the second-order ripple problem are discussed. In addition, the WBG-based single-

phase inverters are reviewed, and the design challenges are discussed. Then, different design 

methods are reviewed, and the need for the optimal design method is discussed. 

 

Chapter 3: Design and Control of Single-phase Differential Buck Inverters for Power 

decoupling 

This chapter presents the design and control methods of a GaN-based single-phase inverter. 

The differential buck-type inverter is used as an example to explore the benefits of active 

power decoupling functions. A mathematical model is developed for all the active and 

passive components of the inverter. The Geometric Programming (GP) method is presented 

to identify the optimal design parameters. The controllerôs design is then discussed in detail. 

The design method is implemented in MATLAB, and the trade-offs between efficiency and 

power density are analysed. The performance of the design method is verified using a 1kW 

prototype.  
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Chapter 4: Artificial Intelligence-based Fast and Accurate Design Method for Single-phase 

Differential Buck Inverters 

An Arti ficial Neural Network (ANN)-based design method is presented to reduce the 

computational burdens and improve accuracy. The performance and computational time of 

the ANN-based design method are compared with the numerical model and GP-based design 

method. The outcome of the design method is experimentally verified by designing a buck-

type of differential inverter. Using the experimental setup, the performance of the inverter is 

evaluated both without and with using a power decoupling controller. 

 

Chapter 5: High-efficiency and High-power Density Design of a Single Stage Buck-boost 

Differential Inverter 

In this chapter, a single-stage buck-boost differential inverter is presented. The operating 

principle and mathematical modelling of the inverter are explained. An ANN-based optimal 

design method is used to select the active and passive components. The structure of the 

controller is presented, and the detailed operation is explained. The inverter design method 

and the controller are implemented in MATLAB/Simulink. The efficiency, power density and 

specific cost are examined to verify the performance.  

 

Chapter 6: Experimental Verifications of Buck-boost Differential Inverters 

A laboratory prototype is built to verify the experimental performance of the buck-boost 

inverter. The experiments are conducted in both standalone and grid-connected systems. The 

results are verified both with and without using the power decoupling function. The 

efficiency and Total Harmonic Distortion (THD) responses are obtained to validate the 

effectiveness of the inverter. The benefits of the proposed topology are compared with the 

existing inverter topologies. 
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Chapter 7: Conclusions and Future Work 

This chapter presents the conclusion and summary of the thesis. Some recommendations for 

future work are also listed.  

1.4 Contributions of the Research Work 

The contributions of this thesis are as follows: 

É Developed a mathematical model of a single-phase buck-type GaN inverter to 

understand the trade-off between the power decoupling function, power loss and 

efficiency. Formulated and implemented a multi-objective design method using GP to 

select an optimal inverter design while considering the second-order ripple. Design a 

control scheme for the selected optimal inverter design. Experimentally validated the 

design method. 

 

É Developed an ANN-based multi-objective design method to reduce the repeated use 

of mathematical models and computational complexity. Compared the results with 

existing design methods, such as numerical model and GP method. Verified the 

accuracy and computational time for different designs. Validated the results with a 

laboratory prototype. 

 

É Presented a single-stage GaN-based buck-boost inverter to achieve a wide voltage 

range and power decoupling functions. Developed a multi-objective design approach 

to optimise the efficiency, power density and component costs. A detailed description 

of the operation and component selections is presented. The performance is studied 

using simulation and experimental results. Standalone and grid-connected tests are 

conducted to verify the inverters performance.  
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Chapter 2 Literature Review 

2.1 Introduction  

A literature review of single-phase inverter with power decoupling and design methods is 

presented. The operating principle and the second-order ripple challenges are discussed. The 

concept of power decoupling functions and different types of active and passive power 

decoupling methods are presented. The benefits of differential inverters and their second-

order ripple elimination capabilities are reviewed. The advantages of WBG devices and the 

application for power converter design are discussed. Finally, the challenges associated with 

power converter design and different design methods are reviewed.  

2.2 Single-phase Inverter 

Figure 2.1 shows the topology and control scheme of a single-phase inverter [9-11]. This 

inverter consists of four switches. The switch devices S1, S2 and S3, S4 are operated in 

complement to achieve a sinusoidal output voltage. The switches are connected with an anti-

parallel diode to protect them from a reverse current, which the switching device turns OFF. 

The positive cycle of the output voltage is generated when the switches S1, S4 are ON, and S2, 

S3 are OFF. Similarly, the negative cycle of the output voltage is generated when the switches 

S1, S4 are OFF, and S2, S3 are ON. The output filter inductor Lf and capacitor Cf are used to 

remove the switching harmonics and produce a pure sinusoidal output voltage. 

Two type control schemes can be used: a grid-connected controller [10] and a standalone 

controller [11]. Figure 2.1 (b) shows the control structure of grid-connected and standalone 

controllers. These are voltage-current closed loop controllers, which is one of the most 

popular control schemes. These controllers are developed using the well-known Proportional-  
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(a) 

 

(b) 

Figure 2.1: Conventional single-phase inverter: (a) Topology, and (b) Control scheme. 
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Integral (PI) and Proportional-Resonant (PR) controllers. When compared to the PI 

controller, the PR controller with a harmonic compensator can provide good performance in 

terms of accurate tracking and fast dynamic response. The transfer functions of the PI and PR 

controllers [12] are represented as, 

 
Ὃ ί Ὧ

Ὧ

ί
 (2.1) 

 
Ὃ ί Ὧ

Ὧ ί

ί Ὤ‫
ȟȟȟȢȢȢ

 (2.2) 

where Ὧ is the proportional gain, Ὧ is the integral gain, Ὧ is the fundamental resonant 

control gain, Ὧ  is the control gain for h-order resonant controller and ‫  is the fundamental 

frequency. Adding harmonic compensators with appropriate gain can efficiently decrease the 

harmonics at the corresponding resonant points 

2.2.1 Grid -connected Controller  

Grid-connected inverters are mainly used for renewable energy applications, such as solar PV 

systems, wind energy systems, and fuel cells. A grid-connected controller is used to control 

the inverters for such applications, which consists of a Direct Current (DC) link voltage 

controller, grid synchronisation and current controller. The DC-link controller is designed by 

a PI controller to regulate the voltage from a variable DC-source. The output of the DC-link 

controller is the magnitude of the grid current Ὥ. The reference grid current Ὥᶻ is generated 

by multiplying the output of the DC-link controller Ὥ and the output of the Phase-locked 

loop (PLL) ÓÉÎ— . PLL is used to synchronise the phase angle of reference grid current Ὥᶻ to 

the grid voltage ὺ. The advantages of PLL include the better rejection of grid harmonics, 

notches, and other kind of disturbances. Hence, the quality of the current injected into the 

grid can be improved [13]. The current controller is designed based on PR controllers, which 

has responsibilities for the power quality issues and current protection of the inverter. The 

harmonics order ὶ is selected based on the need for grid current quality. 
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2.2.2 Stand-alone Controller  

Standalone inverters are mainly used for applications, such as uninterruptible power supply 

(UPS), and storage systems. The standalone controller is used to control the inverters for 

these applications. The standalone controller consists of the output voltage controller and 

current controller. The voltage and current controllers are designed using a PR controller. The 

voltage controller controls the output voltage ὺ  of the inverter based on the reference 

voltage ὺᶻ. Normally, the reference voltage is equal to the grid voltage, and it can be 

changed in some applications. The output of the voltage controller is the reference current 

flow through the inductor Ὥᶻ. The current controller is designed by the PR controller, which 

has the responsibility to protect the current of the inverter. The compensator of the current 

control is designed based on the need for harmonic elimination.   

2.3 DC-link Second-order Ripple  

Figure 2.1(a) shows the topology of a single-phase inverter. The output voltage and current of 

single-phase inverter are given as, 

 ὺ ὠÓÉÎ‫ὸ (2.3) 

 Ὥ ὍÓÉÎ‫ὸ •  (2.4) 

where, ὠ and Ὅ are the peak values of the grid voltage and injected grid current. is the ‫ 

angular frequency and • is the phase difference between the voltage and current. Generally, 

the instantaneous power of DC and Alternating Current (AC) sides must be equal. However, 

the inherently unbalanced nature of single-phase systems causes the ripple power which 

creates the mismatch between the DC and AC power. To understand this point more clearly, 

the instantaneous power at the DC side can be written as, 

 ὴ ὴ ὺὭ (2.3) 

 ὴ ὠÓÉÎ‫ὸὍÓÉÎ‫ὸ •   
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where, ὖ  is the constant power and ὴ is the ripple power. From equation (2.4), the 

instantaneous DC power consists of constant power ὖ  and ripple power ὴ. The 

frequency of the ripple is twice ς.the line frequency ‫  

2.3.1 Effects of Second-order Ripple 

In solar PV applications, the second-order ripple shifts the operating point from the maximum 

power point during Maximum Power Point Tracking (MPPT) operations [14ï16]. In fuel 

cells, the second-order ripple causes fuel starvation and stress on the membrane of the fuel 

cell [17] and [18]. In battery systems, the second-order ripple increases the battery 

temperature, affecting the electrodes, increasing the voltage/current stress and reducing 

efficiency [19] and [20]. The second-order ripple can be reduced by choosing an adequate 

DC-link capacitor. The DC-link capacitance ὅ  can be calculated [21] as,   

 
ὅ

ὖ

‫ὠ Ўὠ
 (2.5) 

where, ὖ  is the output power, ὠ  is the DC-link voltage and Ўὠ  is the peak-to-peak 

ripple. From equation (2.5), a large value of the DC-link capacitance can reduce the peak-to-

peak ripple. Electrolytic capacitors are widely used in the DC-link of single-phase inverters 

because of their lower cost. However, electrolytic capacitors reduce the efficiency, power 

density and reliability of the inverter [22] and [23]. Film capacitors can be used instead, 

which have a much longer lifetime [24]. However, film capacitors cannot directly replace 

electrolytic capacitors because of their large volume and high cost [25]. Consequently, power 
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decoupling methods are used to reduce the size of the DC-link capacitance and the effects of 

second-order ripple [26] and [27].       

2.4 Power Decoupling Methods 

Figure 2.2 shows the concepts of the power decoupling. The inverter requires constant power 

ὖ  and eliminates the ripple power ὴ from the DC-link power ὴ . The main objective of 

the decoupling method is to divert the ripple power ὴ from the DC-link capacitor into an 

auxiliary circuit. The auxiliary circuit is developed using active or passive components. 

Hence, small-sized, and long lifetime film capacitors can be used. The power decoupling 

method can be categorised into an active decoupling method [28] and a passive decoupling 

method [29]. In active power decoupling methods, the auxiliary circuit is made using 

switches, inductors, and capacitors, which needs an additional control method to control the 

active devices. The passive power decoupling methods use an inductor and capacitors. Based 

on the configurations of the auxiliary circuit, the power decoupling methods are categorised 

into series and parallel. Figure 2.3 gives an overview of the series and parallel power 

decoupling methods. The details of series and power decoupling methods are reviewed in 

more detail in the following sections.  

 

 

Figure 2.2: Concepts of power decoupling. 
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Figure 2.3: Overview of different power decoupling methods. 
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Figure 2.4 shows a single-phase inverter with series power decoupling methods. The series 

power decoupling method is developed by adding active and passive components between the 

DC-source and inverter. When the DC-link current flows through the power decoupling 

circuit, the second-order ripple power is diverted into the storage components of the 

decoupling circuit. To extract the second-order ripple components, the decoupling circuit can 

be controlled using appropriate control methods. Hence, the current that flows through the 

inverter will only have the DC-components.  
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Figure 2.4: Single-phase inverter with series power decoupling. 

 

In [30] and [31], a series power decoupling method has been presented to reduce the DC-link 

capacitance. The voltage ripple in the DC-link capacitor was compensated by connecting a 

two-phase series voltage source converter in the DC-bus line. The need for a sizeable DC-

link capacitor was reduced using this decoupling method, which allows a long lifetime film 

capacitor to be used. In [32], the same power decoupling method was used for a grid-tie solar 

PV inverter to reduce a low voltage ripple. The two-phase method was effective in terms of 

reducing the second-order ripple. However, the series voltage source converter requires a 

slightly higher value capacitor to reduce the ripple completely. Therefore, a three-phase 

power decoupling method was introduced in [21] and [33] to reduce the need for extra 

capacitors without compensating performance of low ripple elimination. This method can 

achieve an 89% reduction of the DC-link capacitance. 

2.4.2 Parallel Power Decoupling Methods 

Figure 2.5 shows a single-phase inverter with parallel power decoupling methods. The 

parallel power decoupling method is developed by connecting active and passive components 

across the positive and negative terminal of the DC-bus line. Using appropriate control 

methods, the second-order ripple power is diverted into the storage components of the 

decoupling circuit. The current that flows through the inverter will only have the DC-
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components, which reduces the losses that are caused by the ripple power. The parallel power 

coupling methods are configured in different types, such as buck, boost, half-bridge and full-

bridge converters. 

 

Figure 2.5: Single-phase inverter with parallel power decupling. 

 

Buck Type Power Decoupling 

In [34], a bidirectional buck-type DC-DC converter-based active power decoupling method 

was introduced to reduce the effect of ripple power. The bidirectional active power 

decoupling circuit was integrated into the DC-bus line of the inverter. In [35], a buck-type 

active power decoupling method was used in a boost inverter to reduce the effects of low-

frequency ripples for fuel-cell applications. In [36] and [37], the same power decoupling 

method was used in a buck-boost inverter to improve the performance of fuel cells. Using 

these methods, the need for large DC-link capacitors was prevented, and the performance was 

verified using simulation and experimental results. The performance of the buck-type active 

power decoupling method was investigated without using any additional magnetic 

components for PV applications in [38]. The decoupling method was reduced the second-

order ripple on the DC-link current by 90.2% and achieved the maximum efficiency of 96%. 
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Boost Type Power Decoupling 

The boost-type active power decoupling method is commonly used to reduce the second-

order ripple by injecting continuous compensation current into the DC-link. The decoupling 

capacitor voltage of this method is relatively high, and hence this decoupling function is 

suitable for application with lower DC-link voltage. In [41] and [42], a boost-type parallel 

power decoupling approach was used to enhance the power generation of the PV systems. 

The elimination of the low-frequency ripple helped to operate the PV module close to the 

maximum power and enhance the efficiency of these systems. In [24], the control 

performance of the boost-type decoupling method was investigated using a virtual 

capacitance controller and DC-link voltage controller. The performance of the controller was 

evaluated in module integrated PV inverters and low-frequency oscillation was eliminated.  

Continuous operation of the boost-type active power decoupling function increases the power 

loss of PV power conversion systems. To address this problem, in [43] the authors presented 

a partial power decoupling technique to improve the inverters efficiency over a wide power 

output range. A detailed power loss model was developed to identify the factors that reduce 

the system efficiency. The trade-off between the power decoupling functions and the overall 

efficiency was then studied. This approach was verified through experimental results and the 

improvement of conversion efficiency was validated.  

In [44], a virtual capacitor-based boost-type active low-frequency ripple control method was 

introduced to build integrated PV applications. Using an integrator compensator, the virtual 

capacitor concept was added into the control loop. The virtual capacitor-based control 

method achieved better ripple control over the low frequencies. The component selection of 

boost-type active power decoupling is more important to achieve high-power density. 

Therefore, the procedure to select the passive components was investigated in [45] and [46] 

for a switched boost inverter. Using this method, the low-frequency ripple on the inductor 

current and the capacitor voltage of the switched boost inverter were reduced.   

Buck-boost Type Power Decoupling 
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The buck- and boost-type active power decoupling methods are only beneficial for 

applications where the decoupling capacitor voltage is lower or higher than the DC-link 

voltage. To overcome this limitation, a buck-boost converter-based active power decoupling 

method was investigated in [47]. Using this method, the average decoupling capacitor voltage 

was controlled based on the variation of the DC-link voltage. In addition, the low-frequency 

ripple on the DC-link eliminated the need for total capacitance.  

Half -bridge Type Power Decoupling 

The half-bridge-based active power decoupling method is used to reduce low-frequency and 

high-frequency ripples. In [17], the half-bridge-based decoupling method was used to 

improve the stack efficiency and durability of fuel cells. A symmetrical half-bridge with split 

capacitor was introduced in [48] and [49] to eliminate the low-frequency oscillation and the 

need for large passive components. Using this method, a ten times reduction in the total 

capacitance was achieved and the converter output was regulated using small DC-link 

capacitors [50].  

These active power decoupling methods required additional active and passive components. 

However, adding more active devices increases the control complexity and the component 

costs. Therefore, independent active power decoupling methods are widely used to reduce the 

number of control devices. In [51], a symmetrical half-bridge-based dependent active power 

decoupling topology was presented that had only used two switches and one small filtering 

inductor, while DC-link capacitors were used to absorb the ripple power. In [52] and [53], an 

improved active power decoupling was introduced that used two split capacitors to store the 

low-frequency ripple. Consequently, the need for active devices is avoided and the current 

stress of the switches is reduced.  

Full -bridge Type Power Decoupling 

In [54] and [55], the full-bridge converter-based parallel active power decoupling circuit was 

introduced to buffer the ripple current and minimise the DC-link capacitance. The full-bridge 

converter was connected across the DC-bus line. In [56] and [57], a smaller capacitor was 

connected in series with the full-bridge compensator to reduce the effects of the DC-link 
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voltage ripple. The full-bridge parallel ripple compensator reduced the volume of the protype 

by 16% compared to the conventional ripple elimination method, while the efficiency of the 

inverter was reduced by around 1%. A comparison study of the same full-bridge decoupling 

compensator was presented in [58] and the results were verified using an experimental study. 

Dependent Power Decoupling  

The dependent power decoupling method has been formulated using either active or passive 

components. In [59], an active power decoupling was formed using the one arm of a H-bridge 

circuit with one additional switch, diode, and an energy storage inductor. The need for a 

storage inductor of the half-bridge circuit was eliminated by adding two diodes in DC-bus 

line. The voltage stress of the decoupling circuit was reduced to half that of the DC-link 

voltage in [60]. A three-phase leg decoupling method was presented in [61ï63], which used 

two additional switches and an auxiliary capacitor to store the ripple energy. In [64ï66], 

another topology was introduced that used only one auxiliary capacitor and no additional 

switches. The auxiliary capacitor stored the low-frequency ripples, and an independent 

control scheme was presented to achieve the power decoupling functions. The performance 

of the decoupling methods was verified using simulation and experimental results.   

2.4.3 Differential Inverters with Power Decoupling Function 

Differential inverters can achieve an active power decoupling function without adding extra 

active or passive components, which avoids the need for additional control. This has been 

classified into the buck, boost, or buck-boost inverters, which are developed using two 

identical DC-DC converters [67]. The output capacitor of the DC-DC converters is used for 

the power decoupling function. The inductor and capacitor filter the switching frequency, and 

no dedicated output filter is required to produce a pure sinusoidal output. Figure 2.6 shows 

the concepts of the power decoupling method in differential inverters, and DC-DC converters 

are used to develop the differential inverters.   

In [29], a buck-type inverter was used to reduce the ripple from the DC-link using a 

decoupling control method. Consequently, the amplitude of second-order ripple in the DC-

link current was reduced by more than seven times. The same inverter was used for grid-
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connected PV applications by applying a common-mode conducting loop to reduce the 

leakage current caused by parasitic capacitance and to minimise the second-order pulsating 

power. It was confirmed that ground leakage current and the pulsating power problems are 

solved without adding extra active components [68]. The mismatch of the decoupling 

capacitors of differential buck inverters was resolved using a comprehensive common-mode 

control [69].  

In [70], a waveform control-based ripple mitigation method was introduced for a boost-type 

inverter to eliminate the instability in the fuel-cell system. In [71] and [72], the waveform 

control method was improved using rule-based and feed-back current controllers for boost 

inverter-based grid-connected battery storage systems. In [73], an energy-based power 

decoupling control method was introduced for a buck-boost inverter to mitigate the second-

order ripple in the input DC current. Consequently, the low-frequency ripple was eliminated. 

This enables film capacitors to be used instead of electrolytic capacitors. Although the 

efficiency and power density of the differential inverters are not considered while reducing 

the size of the decoupling capacitors, in practice they are the essential parameters that need to 

be considered.  
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(b) 

Figure 2.6: (a) Concepts of power decoupling method in differential inverters, and (b) Types 

of DC-DC converters. 
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method also requires passive components. The use of additional components reduces the 

efficiency and power density of the overall system. In contrast, differential inverters do not 

require any additional components to achieve active power decoupling. Therefore, a 

differential inverter is a good option for a single-phase inverter with power decoupling 

functions.  

 

Table 2.1: Summary of the power decoupling methods 

Decoupling 

method 

Reference Power 

rating 

Additional components Efficiency Volume Features 

Active Passive 

Two-phase 

power 

decoupling  

[30] 600W  

4 Switches 

 

2 Inductors 

2 Capacitors 

- - -Independent operation 

-Additional control 

required 

-No impact on the DC-

link voltage  

[31] 3kW - - 

[32] 2kW - - 

Three-phase 

power 

decoupling 

[33] 2kW  

6 Switches 

2 Inductors 

2 Capacitors 

95% - 

[21] 2kW 95% 0.6 dm3 

 

 

Buck type 

power 

decoupling 

[34] 15kW  

 

 

2 Switches 

 

 

   1 Inductor 

1 Capacitor 

93.2% 11.4 dm3 -Independent operation 

-Additional control 

required 

-Good option for high 

power rating 

[35] 1kW 82% - 

[36] 1.2kW - - 

[37] 1.2kW 88% - 

[38] 1kW 96% 0.42 dm3 

[39] 1kW 97.13% 19.6 dm3 

[40] 5kW - - 

Boost type 

power 

decoupling 

[41] 110 W  

 

 

2 Switches 

   

 

  1 Inductor 

  1 

Capacitor 

- - -Independent operation 

-Additional control 

required 

-Good option for high 

power rating 

-Higher voltage stress on 

power decoupling 

[42] 110 W 90.5% - 

[24] 4kW 97.4% - 

[43] 1kW 93.25% - 

[44] 2kW - - 

[45] - - - 

[46] 250W 91.8% - 

Buck-boost 

type power 

decoupling 

 

[47] 

 

1kW 

 

2 Switches 

   1 Inductor 

1 Capacitor 

 

- 

 

- 

-Flexible control of 

decoupling capacitor 

voltage  

 

 

[17] 5kW  

2 Switches 

 

1 Inductor 

92.4% - -Independent operation 

-Additional control [48] 1kW - - 
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Half-bridge 

type power 

decoupling 

[49] 1kW 2 Capacitors - - 
required 

-Two energy storage 

capacitors are used for 

active power decoupling 

-Good option for high 

power rating  

[50] 1.5kW - - 

[51] 1kW 2 Switches    1 Inductor 

2 Capacitors 

95.8% - 

[52] 1kW - 1 Inductor 

2 Capacitors 

95% - 

[53] 1kW 96% - 

Full-bridge 

type power 

decoupling 

[55] 600 W 4 Switches 1 Inductor 

1 Capacitor 

- - -Independent operation 

-Additional control 

required 

-Good option for high 

power rating  

[56] - 4 Switches 2 Inductors 

2 Capacitors 

- - 

[57] 2kW 94% 0.5 dm3 

[58] 2 kW 4 Switches 1 Inductor 

2 Capacitors 

98.9% - 

 

 

 

Dependent 

decoupling 

[59] 200W  1 Switch 

1 Diode 

1 Inductor - -  

 

-Dependent operation 

-Additional control not 

required 

-Good option for high 

power rating  

[60] 1kW 2 Switches 

2 Diodes 

2 Capacitors - - 

[61] 4kW 2 Switches 1 Capacitor - - 

[63] - 2 Switches 1 Inductor  

1 Capacitor 

92.7% - 

[64] -  

- 

 

1 Capacitor 

- - 

[65] 1kW 91.5% - 

[66] 540W 94% - 

 

Differential 

inverter 

type power 

decoupling 

[29] 1kW  

- 

 

- 

 

92.5% - -Dependent operation 

-Additional control not 

required 

- Additional components 

are not required 

-Good option for high 

power rating   

[68] 500W 96% - 

[69]  800W - - 

[70] 170W 84% - 

[71] 20W - - 

[72] 20W - - 

[73] 400W 88% -  

2.5 WBG Devices in Power Electronics 

The power decoupling method of a single-phase inverter always has a trade-off between 

efficiency and power density. The benefits of WBG devices are enabling to improve the 

efficiency and power density by reducing the power loss and volume of the inverter. WBG 
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devices, such as Silicon Carbide (SiC) and GaN, have superior electrical properties for power 

electronics than conventional Si (as shown in Figure 2.7). The electrical properties have been 

characterised by the electric field, energy gap, electron velocity, electron mobility, and 

thermal conductivity [74]. These electric properties enable the WBG devices to operate at 

high voltage, high temperature, and high switching frequency. 

Power switches based on WBG semiconductors have better switching and conduction 

performance over a wide range of temperatures than Si-based devices. For instance, they 

have faster switching speed, lower switching losses, higher breakdown voltages and higher 

operating temperatures. Therefore, WBG devices are considered to be promising solutions for 

high-efficient power electronic converter designs. In single-phase inverters, the WBG devices 

SiC and GaN provide a performance improvement over Si under wide load, temperature and 

switching frequency conditions. When comparing the switching performance of the three 

technologies, the GaN device has the best performance and provides high efficiency at high-

frequency applications [75].  

 

Figure 2.7: Comparison of Si, SiC and GaN semiconductors properties. 
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2.5.1 SiC-based Single-phase Inverters 

The advantages of SiC devices were explored in [76] using a doubly grounded single-phase 

inverter topology with active power decoupling method. The inverter and power decoupling 

circuit were developed using the C2M0080120D and C2D05120A SiC devices. The inverter 

was operated at a 100kHz switching frequency, which improved the efficiency 95.8%. In 

[21], a series and parallel combination of power decoupling method was presented for a 2kW 

SiC inverter. The efficiency and power density were achieved as 96% and 55W/in3. In [77], a 

T-type common grounded transformer-less 1kVA single phase inverter was developed using 

C2M0040120D SiC MOSFETs. The peak efficiency of 98.2% was achieved at switching 

frequency 50kHz. In [78], a 100W single-phase inverter was designed using C2M0080120D 

SiC MOSFETs with an efficiency of 94.4%. A 1kW single-phase grid-connected inverter was 

presented in [79] using SiC MOSFETs with an efficiency of 95.4%. In [80], an industrial 

design approach was presented for a SiC-based single-phase inverter. The design was focused 

on the objectives of Google Little Box Challenge. The experiment was performed for 2kVA 

inverter design, which enhanced the efficiency and power density of 97.7% and 100 W/in3. In 

[81], a practical design approach was presented for a 2kVA SiC-based single-phase inverter, 

which enhanced the efficiency and power density of  98.3% and 58 W/in3. The SiC-based 

inverters provided performance enhancement under different temperature and switching 

frequency conditions. In terms of switching performance, the inverter design can be improved 

using GaN devices, which allows high efficiency in high-frequency applications [75].  

2.5.2 GaN-based Single-phase Inverters 

This section will review GaN-based single-phase inverters, and the improvement in 

efficiency and power density by employing the GaN devices. In [82] and [83], the benefits of 

GaN devices were investigated using a single-phase inverter with the H-bridge active power 

decoupling method. The inverter and power decoupling circuit were developed using the 

EPC2033 and EPC2016C GaN devices. The inverter was operated at a 120kHz switching 

frequency, which improved the efficiency and power density to 97.6% and 216W/in3. The 

same parallel H-bridge active power decoupling was validated using a 5kW EPC9203 GaN 

inverter [84]. In [85], a doubly grounded GaN-based single-phase inverter was introduced to 
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eliminate the common-mode leakage current and the second-order ripple power. This inverter 

was developed using the GS66516T GaN device and operated at 100kHz switching 

frequency. The inverter was tested at 1kW power rating, and an efficiency of 95.1% was 

achieved.  

The buck-boost type active power decoupling method was developed using EPC2034 GaN 

devices for residential PV microinverters [86]. The double-line frequency ripple power of a 

quasi-Z-source PV inverter was eliminated using a ripple suppression control method. The 

inverter was developed using TPH3006PS GaN devices and it was operated at 100kHz 

switching frequency to improve the efficiency [87]. In [88] and [89], the performance of 

three-phase dependent active power decoupling methods was studied using a GS66508P 

GaN-based 2kW single-phase inverter. The efficiency and power density were improved to 

98% and 55.8W/in3. A GS66508T GaN-based 2kW single-phase inverter design was 

developed for the Google Little Box Challenge and operated at 100kHz switching frequency. 

The efficiency and power density were improved to 96.9% and 102W/in3 [90]. The power 

loss model of the GaN-based single-phase inverter was developed to improve the design 

efficiency. The model was validated by developing a 4.5kW inverter design using the 

IGOT60R070D1 GaN device [91]. However, the trade-off between the components limits the 

performance of the GaN device. In [92], a trade-off study was performed between the output 

filter and heatsink to reduce the volume of the inverter. The study was validated using a 

1.6kW design, and the inverter volume was reduced 1.16 times of the actual design.    

The switching losses limited the advantage of operating the GaN devices at high switching 

frequency. Therefore, the triangular current mode control method was introduced in [93], and 

the performance was validated using GS66516T GaN device. Using this method, the inverter 

was operated at 300kHz switching frequency, achieved 98.1% efficiency and it improved the 

power density to 151W/in3 for a 2.4kW design. In [94] and [95], a hybrid triangular current 

mode control method was introduced to increase the switching frequency without affecting 

the efficiency and power density. The hybrid control method was evaluated in a 1kW 

GS66502B GaN device-based buck-type differential inverter. The efficiency and power 

density were improved to 98% and 135W/in3. For a grid-connected GaN-based PV inverter, 

the harmonics of the injected grid current is one of the main concerns when it operates at a 
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high switching frequency. A feed-forward discontinuous current mode control scheme was 

introduced in [96], which reduced the THD from 7.3% to 4.5%. 

In [97], a high step-up single-phase inverter with active power decoupling was introduced for 

PV applications. The PV output voltage is step-upped using a high gain boost converter to 

match the DC-link voltage. Two DC-link capacitors were used to share the double-link 

frequency, and therefore the need for sizeable DC-link capacitance was avoided. A 300W 

hardware prototype was developed using GS66508T GaN devices and operated at a switching 

frequency of 100 kHz. A 97.45% peak efficiency was achieved, and the overall system's 

efficiency achieved 94.43%. In [98], a single-stage cascade buck-boost PV inverter was 

introduced to improve the overall system efficiency and power density. A 2kW prototype was 

developed using a GS66508P GaN device, which improved the efficiency and power density 

to 97.8% and 5.8 W/in3.   

2.6 Design Methods of Power Electronic Inverters 

The power decoupling methods discussed in Section 2.4 mainly focused on the reduction of 

total capacitance, which becomes a trade-off between the efficiency and power density of the 

inverter. In addition, most of the power decoupling methods only aim to improve the 

efficiency (Table 2.1). GaN-based design can achieve high efficiency and power density 

(Section 2.5.1). However, using GaN devices cannot directly give higher efficiency or power 

density because the performance of the device depends on several factors, such as switching 

frequency, and operating temperature.   
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Figure 2.8: Trade-off between the performance parameters. 

 

A well-designed power electronic inverter should have high efficiency, small volume and 

light weight, low cost, and low failure rate. However, the challenge is to balance these 

performance measures. Typical technical performance measures are efficiency, volume, cost, 

and reliability (as depicted in Figure 2.8). For example, a design that only focuses on 

achieving higher efficiency impacts the power density, reliability, and cost. These measures 

are mainly determined by the design of converter, including selections of topology, 

modulation scheme, components, and layout. By carefully designing the converter, it can 

have high-power density, reduced volume, weight, and cost. Therefore, the design method 

needs to select the optimal design parameters to improve performance. Figure 2.9 shows the 

design methods of power electronic converters. The design methods are broadly classified 

into conventional methods, optimisation methods and AI-based methods.  
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Figure 2.9: Design method of power electronic converters. 
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analytical models are simple to develop, their accuracy is lower compared to the final 

prototype. 

Numerical Method 

Numerical methods are based on the analytical equations and use interactive functions to 

choose the solutions. In [102], sequential unconstrained minimisation and the augmented 

Lagrangian penalty function methods were introduced to optimise a cost-effective design for 

a switching regulator. The same method was extended to minimise the weight and volume of 

a half-bridge DC-DC power converter [103] and [104]. In [105] and [106], multiple design 

parameters (e.g., switching frequency, ripple and change of temperature) are used to 

maximise the efficiency of buck and buck-boost converters. From these works, the converter 

design can be optimised for the desired performance as long as the design parameters are 

bounded. Moreover, if the number of iterations is lower, then the computation can be 

completed without converging to the solutions, which reduces the efficacy of the designs.  

2.6.2 Optimisation Methods 

Grid Search Method 

In the grid search method, the combination of design parameters is mapped onto the 

performance parameters of the converter. A multi-objective design method was introduced to 

identify the rectifier's Pareto-front of efficiency and power density [107]. The simulation 

results of the search method were verified using a laboratory prototype, which ensured high 

efficiency and power density design. In [108], an optimisation method achieved 99% 

efficiency for a 5kW DC-DC converter design. An optimisation tool was presented in [109] 

to maximise the power density of an inverter. In addition, a design methodology was 

presented to optimise the losses associated with the medium frequency transformer [110]. 

However, while these methods are relatively simple, the number of design parameters is 

exponential with the number of variables.  

Deterministic Algorithm 
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The deterministic algorithm computes the mathematical functions of the design and 

performance parameters of the optimisation problems. The mathematical function produces 

the output for a given objective [111]. In [112], a GP-based optimisation approach was 

presented to optimise the power loss and volume of the inductors. A simplex modelling 

approach was presented in [113] to optimise the components of a Cuk converter. The 

efficiency and power density of a DC-DC converter was optimised using the GP method and 

polynomial functions [114] and [115]. Although these algorithms converge to the optimal 

solutions, additional constraints are required, and this increases complexity. 

Stochastic Optimisation 

The stochastic optimisation methods are based on mathematical functions with random 

variables. A genetic algorithm (GA) based constrained optimisation framework was 

presented to understand the trade-offs involved in the flyback converter design [116]. A 

multi-objective optimisation approach was presented in [117] to minimise the power loss and 

cost of the PV systems. In [118], particle swarm optimisation (PSO) method was presented to 

minimise the power loss of a DC-DC converter. The complexity of the optimisation methods 

is higher due to large number of constraints and iterations. In addition, the optimal solutions 

can be diverged due to the random variables.   

2.6.3 AI -based Methods 

Artificial Intelligence (AI) methods have been used to compute the optimal design of power 

converter. An ANN-based design method has been introduced to develop the reliability 

model for the single-phase inverters. The reliability model is developed by considering the 

switches and ac filters of the systems. This method is highly accurate, requires less 

computational time, and has improved competence [119]. The potential of an ANN-based 

design was used to model and optimise the inductor of the DC-DC converter [120]. The 

ANN-based method improved the accuracy and reduced the computation time.  
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2.7 Summary 

This chapter has presented a detailed review of single-phase inverters with power decoupling 

function and the design methods. Conventional single-phase inverters are popularly used for 

grid-connected and standalone renewable energy applications. However, a conventional 

inverter requires a large DC-link capacitor to store the inherent second-ripple power. 

Therefore, active power decoupling methods were introduced to reduce the need for sizeable 

DC-link capacitance. Most of the decoupling methods were developed using additional active 

and passive components, which require different control schemes. Differential inverters 

eliminate the DC-link ripple power without using additional components. Nevertheless, these 

methods only focus on improving efficiency, which reduces the power density.  

WBG devices improve the inverters efficiency and power density. The GaN-based power 

decoupling methods are designed using direct approaches, which limits the full utilisation of 

the design freedom. Meanwhile, systematic design approaches can identify the optimal 

design of power electronic converters. The conventional and optimisation design methods 

required more information and computational time. In contrast, ANN-based design methods 

find the optimal design with less computational time and with better accuracy. However, the 

system-level design was not studied using ANN-based methods. 

 



 

Chapter 3 Design and Control of Single-phase 

Differential Buck Inverters for Power  

Decoupling 

3.1 Introduction  

The design of single-phase differential buck inverters has two important considerations, 

including reducing second-order ripple power using decoupling capacitors and increasing 

inverter performances. Using larger decoupling capacitors will improve the performance of 

ripple power reduction and efficiency while reducing power density. The previous literature 

has often aimed to reduce the total capacitance as much as possible, which leads to reduced 

volume. However, a smaller decoupling capacitor will increase the second-order ripple 

circulating current, which reduces the inverters efficiency because decoupling capacitance 

and efficiency are mutually coupled. Such trade-off has not been fully modelled and 

investigated, leading to the sub-optimal design of inverters. To address that,   

 

× A mathematical model of power loss and volume of each component within the inverter 

is developed in Section 3.2. A trade-off analysis of all the active and passive 

components of the inverter is studied through detailed modelling. 

× Section 3.3 will conduct an in-depth analysis of the relationship between the efficiency 

and power density of the decoupling capacitor. GaN field-effect transistors (FETs) are 

adopted within the design approach to ensure the high efficiency and high power 

density of the designed inverters. 

× Then, a multi-objective optimisation method based on GP is proposed in Section 3.4 to 

optimise the efficiency and power density. The proposed design approach is based on 
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detailed modelling of power loss and volume by considering the dominant inverter 

design parameters. 

× The design of voltage, current and second-order controllers is discussed in Section 3.5. 

× Section 3.6.1 will discuss how the outcome of the design approach can be used for the 

optimal selection of decoupling capacitors associated with other components, including 

inductors, heatsinks, and power switches. 

× A laboratory prototype is developed in Section 3.6.2 to verify the effectiveness of the 

proposed design approach.   

3.2 Modelling of Power Loss and Volume of the Buck Inverter 

 

Figure 3.1: Single-phase differential buck inverter with power decoupling function. 

 

The detailed modelling of the differential buck inverter topology is presented (see Figure 

3.1). A mathematical model is essential to explore the efficiency and power density of the 

inverters. In general, the models of power electronics components include different design 

variables. For example, the switching loss of a power switch depends on a design variable 

switching frequency. This component-level model will only give the power loss of an 

individual component. Although the total losses can be calculated by aggregating the 
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individual component-level losses, this will reduce the efficacy of the modelling approach. 

Therefore, an accurate system-level modelling approach is required, which needs to consider 

all of the design variables. 

The detailed system-level power loss and volume model of each component are derived 

based on the active power decoupling approach. From this, the efficiency and power density 

are further determined. The design variables including switching frequency Ὢ  the inductor 

ripple ЎὭ, the switch area ὃ , and the junction temperature ЎὝ are used to calculate the 

power loss and volume. The major components are considered, including power GaN FETs, 

inductors, capacitors, and heat sinks.  

3.2.1 Power GaN FET 

The power loss models of the GaN FET are derived based on the on-state resistance Ὑ ȟ , 

the output capacitance ὅ , and the thermal junction-to-case resistance Ὑ  of the switches. 

These variables are scaled by their reference values with respect to the area of the switch. The 

switching losses of the inverter are the sum of the turn-on and turn-off loss of all of the 

switches [121]. The switching losses of the higher side switch ὖ ȟ ( ρȟσ (see Figure 

1) are obtained as follows, 

 
               ὖ

Hȟsw

ὠinὪsw
ς

ὍoutÓÉÎʖὸ Ὥcomp
ὭLa
ς

ὸCR ὸVF

ὍoutÓÉÎʖὸ Ὥcomp
ὭLa
ς

ὸVR ὸCF  

(3.1) 

where Ὥcomp is the second-order current component and ЎὭLa is the inductor current ripple. ὸCR 

and ὸCF are the rise and fall times for the current in the switch. ὸVR and ὸVF are the rise and 

fall times for the voltage in the switch. 

The switching loss of the lower side switches Ὓ2 and Ὓ4 is lower because it is based on the 

diode voltage drop ὠSD. The switching losses of the lower side switch ὖ ȟ , ςȟτ can be 

derived as follows,  
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ὖ
Lȟsw

ὠSDὪsw
ς

ὍoutÓÉÎʖὸ Ὥcomp
ὭLa
ς

ὸCR ὸVF

ὍoutÓÉÎʖὸ Ὥcomp
ὭLa
ς

ὸVR ὸCF  

(3.2) 

From equation (3.1) and (3.2), the total switching losses ὖtot,sw of the inverter can be 

calculated as the sum of ὖ
Hȟsw and ὖ

Lȟsw. 

The conduction loss depends on the Root Mean Square (RMS) current flowing through the 

switch ὍRMS,sw, the on-state resistance ὙDS,on and the change in junction temperature ЎὝj. It 

will vary according to the duty cycle of the switches Ὓ Ὓ. After applying the 

mathematical simplifications, the total conduction loss ὖtot,cond can be written as, 

 
ὖtot,cond

DS,on
ᶻ

sw
ᶻ

sw
ρ Ὕj ὍoutÓÉÎʖὸ Ὥcomp

La ὍoutÓÉÎʖὸ

ʌ Ὥcomp
Lb     

(3.3) 

The power losses of the output capacitance ὅoss, depend on the input voltage and the 

switching frequency, which can be expressed as, 

 
ὖtot,Coss

ς
ὅoss
ᶻὃsw
ὃswᶻ

ὠinὪsw (3.4) 

The reverse recovery loss of the lower side switches is not negligible for cascode devices. 

The total reverse recovery loss ὖtot,rr is calculated as, 

 
ὖtot,rrς

ὗrr
ᶻὃsw
ὃswᶻ

ὠinὪsw (3.5) 

The gate losses depend on the switching frequency, the gate-source voltage ὠGS and the gate 

charge ὗg. The total gate loss of four switches ὖtot,g is calculated as, 

 
ὖtot,gτ

ὗg
ᶻὃsw

ὃswᶻ
ὠGSὪsw (3.6) 
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In cascode GaN FETs, the body diode of the lower side switches incurs a conduction loss 

during the reverse recovery time ὸrr [121]. The total power loss ὖtot,bd of the body diodes can 

be written as, 

 ὖtot,bdςὠSDὪswὸrrὍoutÓÉÎʖὸ ÓÉÎʖὸ ʌ ςὭcomp (3.7) 

The volume of the switches can be calculated as, 

 ὺέὰsw τὬswὃsw (3.8) 

where Ὤsw is the height of the switch package.  

3.2.2 Output Inductors 

The inductor power losses consist of the core losses, the AC and DC losses. The AC and DC 

losses occurred due to the harmonics and the ripple current. The inductor power losses can be 

expressed as [122], 

 ὖindὥL1Ὢsw
Ŭ ὭL

ɓ
ὥL2Ὢsw ὭL

ɔ
ὥL3Ὅout

2 ὭL
ɚ (3.9) 

where ὥL1, ɻ, and ɼ are the Steinmetz coefficients; ὥL2 and ὥL3 are the constants which are 

used to approximate the values of winding resistance; ɔ and ɚ are the real values that are used 

to reduce the non-linearity.  

The approximated inductor volume is calculated as, 

 ὺέὰindὥL4ὒὍpeak,a
2 Ὅpeak,b

2 ὥL5ὒὍpeak,aὍpeak,bὥL6Ὅpeak,aὍpeak,b (3.10) 

 
Ὅpeak,aὍoutÓÉÎʖὸ Ὥcomp

ὭLa
ς

 (3.11) 

 
Ὅpeak,bὍoutÓÉÎʖὸ ʌ Ὥcomp

ὭLb
ς

 (3.12) 

where ὥL4, ὥL5, and ὥL6 are the polynomial coefficients of the inductor which must be a 

positive value. ὒ is the inductor value ὒ ὒa ὒb . Ὅpeak,a and Ὅpeak,b are the peak current of 

the inductors. 
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The inductor selection is associated with the value of the inductor and the maximum output 

current. The required value of the inductor is calculated by the following expression, 

 
ὒ

ὶὠin
ЎὭLὪsw

 (3.13) 

where ὶ is the ripple coefficient of the inductor, which can be selected to between 20% to 

35% of the maximum output current. The current flow through the inductor contains 

switching ripple due to the switches ON and OFF. In equation (3.13), the ripple current can 

be reduced by increasing the value of the inductor. However, the preferred solution of the 

inductor is the lower value and smaller size. To decrease the inductance value, the switching 

frequency needs to be optimised accordingly.   

3.2.3 Power Decoupling Capacitors 

The power loss of the capacitor is calculated as, 

 
ὖcap

ὍRMS,C
2 ÔÁÎ‏

ς“Ὢ2ɤὅ
 (3.14) 

where ὍRMS,C is the RMS current flow through the capacitor, ÔÁÎɿ is the loss factor, Ὢ2ɤ is the 

frequency of second-order ripple power and ὅ is the value of the capacitance.   

In practical design, the capacitance volume is varied by different manufacturers; for that 

reason, an approximated model is used. The total box volume of the capacitors ὺέὰcap are 

calculated as, 

 ὺέὰcapὥC1ὅὠCa
2 ὠCb

2 ὥC2ὅὠCa ὠCb ὥC3ὠCa ὠCb  (3.15) 

where ὥC1, ὥC2, and ὥC3 are the polynomial coefficients of the capacitor which must be a 

positive value. ὅ is the output capacitor ὅ ὅa ὅb . ὠCa and ὠCb are the voltage across the 

output capacitors. The capacitor voltages ὠCa and ὠCb are represented as, 
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ὠCa

ὠout
ς
ρ ÓÉÎʖὸ ὺcomp (3.16) 

 
ὠCb

ὠout
ς
ρ ÓÉÎʖὸ ʌ ὺcomp (3.17) 

The output capacitor selection is the biggest challenge, which requires a trade-off to be made 

between the second-order ripple, power loss and volume. The details of the output capacitor 

selection are discussed in Section 3.  

3.2.4 Heat sinks 

The volume of the heat sink is calculated [123] as, 

 
ὺέὰheat sink

ὠɗSA
ὖD

ЎὝj ὖDὙɗJC ὙɗCS  (3.18) 

where ὠɗSA is the volumetric resistance, ὖD is the power dissipated by the GaN FETs, ЎὝj is 

the temperature difference between the junction and the ambient, ὙɗJC is the thermal 

resistance from junction-to-case of the semiconductor, and ὙɗCS is the thermal resistance 

from case to the mounting surface of the semiconductor. The values of ὙɗJC and ὙɗCS are 

provided by the manufacturer. The value of ὙɗJC is considered to be one of the design 

parameters of the heat sink because it is attached to the heat source. Several other parameters 

need to be considered when selecting heat sinks, such as thermal resistance, volumetric 

resistance, and fin spacing. The extruded radial fins type heat sink is the better choice for the 

given design because it allows two switches to be mounted in one heat sink.  

3.3 Trade-offs Between the Decoupling Capacitance, Power 

Loss and Power Density 

The trade-off between the decoupling capacitance and the total power losses of the inverter 

are analysed in detail. The impacts of capacitance on the switching and conduction loss of 

GaN FETs are reflected in (3.1) to (3.3). The capacitor's power loss is calculated by (3.14). 
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The capacitance will also influence the power loss of the inductor by affecting the value of 

Ὅout in (3.9). It is then vital to derive the expression of the total capacitance, as follows. 

The decoupling capacitors reduce the second-order ripples at the DC-link by buffering the 

second-order power. Hence, the second-order component is processed by the decoupling 

capacitors. The power balance equation of the decoupling capacitor can be written as, 

 
ςὅ
ὨὠC
Ὠὸ

ὠoutὍout
ς
ÃÏÓςʖὸ (3.19) 

where ὠout and Ὅout are the output voltage and current, ʖ is the angular frequency. Then, the 

capacitor voltage can be written as,  

 
ὠC

ὠout
ς
ρ ÃÏÓʖὸ ὺcomp (3.20) 

where ὺcomp is the second-order ripple compensation voltage. Integrating (3.19) and 

substituting ὠC into (3.19) will give the expression of the total required capacitance as,  

 
ὅ

ὠoutὍoutÓÉÎςʖὸ

ψʖ
ὠout
ς
ρ ÃÏÓ‫ὸ ὺcomp

 
(3.21) 

Simplifying this equation with respect to the peak value yields the minimum required 

capacitance,   

 
ὅmin

ὠoutὍout

τʖὠoutὺcomp
 (3.22) 

From (3.22), the minimum required capacitance ὅmin is calculated to be 28ɛF. A sensitivity 

analysis is performed to vary the total capacitance from its minimum required value of 28ɛF 

(Case I) to 6.6 times larger or 185ɛF (Case II) to investigate its impact on the power loss of 

the inverter. The results are given in Figure 3.2.   
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Figure 3.2: Relationship between total capacitance vs. inverter power loss vs. power density. 

 

It can be observed that the power loss reduces non-linearly with the increase of capacitance. 

In Case I, the capacitance is minimised and hence results in a large amplitude of second-order 

ripple in the decoupling capacitors of inverters. This second-order ripple raises the total 

power loss to 23W, see Figure 3.2. In Case II, the capacitance is maximised, and the total 

power loss is reduced to only 13.8W. This happens because the large decoupling capacitor 

buffers the second-order ripple current, which minimises the effects on the circulating 

second-order current. However, arguably, such a big capacitor is not a good option because 

the power density of the inverter will be reduced to 2.07kW/dm3. Moreover, the amount of 

change in power loss is less when the capacitance becomes larger. For instance, power loss 

reduces from 23W to 17W when the capacitance increases from 28µF to 55µF. The power 

density is changed from 5.84kW/dm3 to 4.61kW/dm3. However, the power loss is only 

reduced from 17W to 13.8W when the capacitance increases from 55µF to 185µF. A suitable 

capacitance would be in the range of 40µF to 55µF, where the average rate of change of 

power loss per capacitance is the highest, around 0.22W/µF. Meanwhile, above 55µF, the 
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average rate is 10 times less, around 0.025W/µF. In addition, the higher power density can be 

achieved.  

To further acquire precisely optimised results considering both the total power loss and 

volume of the inverter, a multi-objective design method needs to be developed. The analysis 

of the trade-off between power loss and capacitance is integrated as part of the multi-

objective design method.  

3.4 Multi -objective Design Using GP 

GP is a mathematical method that can be used to solve optimisation problems. The 

advantages of this method are that the global optimum solution always be achievable, and the 

mathematical operations do not exceed the dimension of the problem. GP has been applied to 

optimise the topology and components of power electronics converters [108]. The GP is used 

to find the global minimum of power loss and volume for the set of design inputs.  

An overview of the proposed multi-objective design approach is presented in Figure 3.3. The 

multi-objective design approach is based on GP, which is a non-convex optimisation 

algorithm that is formulated using the monomial and posynomial function [124]. The GP can 

be expressed as follows,   

 
minimizeױױױὪώ ὥώ

1
ώ
2
ȣώn   

subject to,  

 
Ὤώ ὥώ ώ ȣώn ρױױױױὮ ρȟȣȟὴ  

 
Ὣ ώ ὥ ώ

1
ώ
2

ȣώn ρױױױױὯ ρȟȣȟὶ (3.23) 
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where ώ ώȟώȟȣώ  is the vector of the design variables, Ὢώ is the objective function 

to be minimised, and Ὤώ and Ὣ ώ are the equality and inequality constraints, 

respectively, which must be satisfied by the solution. Using the logarithmic function, Ὢώ, 

Ὤώ and Ὣ ώ can be transformed into convex functions. The input variables ώ must be a 

non-zero real positive numbers and, the coefficients ὥȟὥȟὥ , and exponents άȟάȟά  

must be real numbers. The design variable ώ is replaced by its natural logarithm. Then, 

equation (3.23) becomes,  

 minimizeױױױÌÏÇὪὩ   

subject to, 

 ÌÏÇὬὩ πױױױױὮ ρȟȣȟὴ  

 ÌÏÇὫ Ὡ πױױױױὯ ρȟȣȟὶ (3.24) 

To formulate the GP for the multi-objective design approach, the total power loss ὖtot,loss and 

volume ὺέὰtot are formulated as, 

 ὖtot,lossὖtot,swὖtot,condὖtot,Coss
ὖtot,rrὖtot,gὖtot,bdὖindὖcap (3.25) 

 ὺέὰtotὺέὰsw ὺέὰindὺέὰcapὺέὰheat sink (3.26) 

Using equations (3.25) and (3.26), the objective function and inequality constraints can be 

obtained as, 

 minimiseױױױὪὖtot,lossȟὺέὰtot  

 subjectױtoױױױὪsw,minὪsw Ὢsw,max  

 ὃsw,minὃsw ὃsw,max  

 ЎὭL,minЎὭL ЎὭL,max  

 ЎὝj,minЎὝj ЎὝj,max (3.27) 
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From (3.27), the optimal value of the power loss and volume of the inverters can be 

determined after several iterations. The optimised efficiency and power density of the design 

is then calculated. The outcome of the multi-objective design is the Pareto-front, which 

shows the optimised efficiency and power density of the designed inverter. In addition, the 

selection of the components can achieve optimised solutions.  

 

Figure 3.3: Overview of multi-objective design using GP-based design method. 

3.5 Control of Differential Buck Inverter 

The control of a differential buck converter is performed by supplying a sinusoidal voltage to 

the load and diverting the second-order ripple from the DC-link current. Figure 3.4 illustrates 

the inverter control with power decoupling scheme. Ὃ
ab
ί, Ὃ

La
ί and Ὃ

dc
ί are the 

output voltage controller, inductor current controller and second-order ripple controller of the 
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inverter, respectively. These controllers are developed using the PR controller. From 

equations (3.28), (3.29) and (3.30), the targeted control frequency of the PR controller can be 

realised. The control objectives and the design details will be discussed in the following 

section.  

 

 

Figure 3.4: Control scheme of the inverter. 

3.5.1 Output Voltage Controller  

The voltage controller aims to control the fundamental frequency of the inverter. However, 

the output voltage can be affected by the odd and even order harmonics when considering the 

power decoupling functions. Therefore, the voltage controller includes odd and even 

harmonics compensators to reduce the effects of unwanted harmonic components and 

produce a pure sinusoidal voltage. The transfer function of the output voltage controller is 

expressed as follows:   

 
Ὃ
ab
ί Ὧ

ab

ςὯ
ab
ί

ί ‫
ȟȟȟȟ

 (3.28) 

where Ὧ
ab

 and Ὧ
ab

 are the proportional and resonant voltage controller gains; ὶ is the target 

frequency; and ‫  is the resonant frequency, which allows any phase delay to be cancelled 

when following a sinusoidal signal. The proportional gain determines the bandwidth of the 

controller. The controllerôs gains are selected using a bode plot that is obtained from the 

system's open-loop transfer function. The minimum stability margin is then obtained. The 

bode diagram of a voltage control loop is given in Figure 3.5. Consequently, the optimal 
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value of the proportional gain Ὧ
ab

 is obtained as 0.13 and the integral gain Ὧ
ab

, Ὧ
ab

, Ὧ
ab

, 

Ὧ
ab

 and Ὧ
ab

 are obtained as 100, 80, 50, 60, and 40. A minimum stability phase margin of 

82.5o and gain margin of 17.7dB are obtained.    

 

Figure 3.5: Bode diagram of the open loop linearised system Ὡ
ab

 to ὺab. 

3.5.2 Inductor Current Controller s 

The inductor current controller tracks the fundamental frequency and limits the odd 

harmonics. Therefore, it includes the fundamental component and odd harmonic 

compensators. These compensators act according to the output of the voltage controller. The 

compensator of odd harmonics selected up to 7th orders, which is based on the harmonics of 

the output current. The transfer function of the inductor current controller is expressed as 

follows: 
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Ὃ
La
ί Ὧ

La

ςὯ
La
ί

ί ‫
ȟȟȟ

 (3.29) 

where Ὧ
La

 and Ὧ
La

 are the proportional and resonant current controller gains. The 

proportional gain determines the bandwidth of the controller. The controller gains are 

selected using a bode plot that is obtained from the system's open-loop transfer function, and 

the stability margin is confirmed. A bode diagram of the inductor current control loop is 

given in Figure 3.6. The optimal value of the proportional gain Ὧ
La

 is obtained as 1.4 and the 

integral gain Ὧ
La

, Ὧ
ab

, Ὧ
La

 and Ὧ
La

 are obtained as 15, 12, 8, and 5. A minimum stability 

phase margin of 66.4o and gain margin of 7.96dB are obtained.    

 

Figure 3.6: Bode diagram of the open loop linearised system Ὡ
La

 to ὭLa. 
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3.5.3 DC-link  Ripple Controller  

The DC-link ripple controller aims to remove the second-order ripple and the ripple residuals 

presented in the DC-link current. The controller consists of even harmonic compensators to 

cancel the even harmonics on the DC-link current. The transfer function of the second-order 

ripple controller is expressed as follows: 

 
Ὃ
dc
ί Ὧ

dc

ςὯ
dc
ί

ί ‫
ȟȟ

 (3.30) 

 

 

Figure 3.7: Bode diagram of the open loop linearised system Ὡ
dc

 to Ὥdc. 

 




























































































































































































