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ABSTRACT 

 

This Ph.D. thesis focuses on the active power decoupling techniques to eliminate the 

inherent double-line frequency power mismatch between the DC side and the AC side in 

single-phase inverter systems.  

 

Three new single-phase inverter topologies with active power decoupling control are 

proposed on three streams of single-phase inverter systems: single-phase differential 

inverters, single-phase bridge inverters, and two-stage single-phase bridge inverters. The 

salient features of the proposed topologies are: 1) the large electrolytic capacitors in the 

order of mF have been replaced by small film capacitors of around 100uF; 2) the 

absence/mitigation of second-order ripple power enables higher efficiency of photovoltaic 

(PV) panel; 3) the boost/buck-boost capabilities increase DC voltage utilization; and 4) the 

small number of power electronic devices compared with the existing inverters that have 

both voltage boosting and active power decoupling capabilities. 

 

Pulse energy modulation (PEM) and hybrid modulation are proposed and applied to the 

differential inverters and bridge inverters, enabling the inverters to operate under both 

discontinuous conduction mode (DCM) and continuous conduction mode (CCM), and 

switch between DCM and CCM seamlessly. The inverters have zero-current switching 

under DCM when the instantaneous power is low, and small ripple current under CCM 

when the instantaneous power is high.   
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Small-signal modeling analyses are conducted to show the characteristics of the proposed 

inverter topologies and modulation techniques. Simulation and experimental results are 

presented to demonstrate and verify the success of power decoupling with substantial 

mitigation of second-order ripple power, and the feasibility of inverters with PEM and 

hybrid modulation working under both DCM and CCM. 
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1         Introduction 

1.1      Background 

In recent years, interest in exploring renewable energy has grown in response to increased 

global energy demand and concern for the environment. As established technologies, wind 

and photovoltaic (PV) systems experienced rapid growth over past decades due to their 

abundance and low emissions. The intermittent nature of renewable resources like wind 

and solar energy also brings issues regarding the grid reliability, flexibility and power 

quality. Therefore, energy storage systems (ESS) are being introduced to address these 

issues. For electrical energy conversion in renewable energy systems and ESS, power 

converters are a critical component.  

 

As a type of power converters, single-phase inverters are widely used in electric 

distribution systems below 10 kilowatts. These inverters interface a DC input with an AC 

output. In single-phase inverter systems such as battery ESS and PV systems, constant 

input power to the inverter is desired; whereas pulsating instantaneous power is required 

by a single-phase AC load as produced by the sinusoidal voltage and current as shown in 

Fig. 1.1. The pulsating power creates a second-order ripple on the DC voltage or current, 

which, in the case of a PV system, reduces the PV conversion efficiency if not decoupled 

from the PV panel output. This problem also exists in single-phase pulse-width modulation 

(PWM) rectifiers, as the PWM rectifiers can be regarded as PWM inverters with a reverse 

power flow. The difference between the desired constant instantaneous power at the DC 

side and the pulsating instantaneous power at the AC side as shown in Fig. 1.1 must be 
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handled by an energy storage circuit within an inverter, through a mechanism generally 

called ñpower decouplingò. Many power decoupling technologies have been developed for 

single-phase power converters (inverters and PWM rectifiers) [1]-[5]. In general, power 

decoupling can be accomplished through passive power decoupling methods based on 

passive energy storage components such as capacitors & inductors, and active power 

decoupling methods using combined active switches and energy storage components.  

 

Fig. 1.1. Instantaneous power at AC (grid) side and DC side. 

 

Passive power decoupling techniques generally involve paralleling a large electrolytic 

capacitor (or a combination of capacitors and inductors) at the DC link to buffer the 

pulsating power. Implementation of the passive power decoupling method is simple; 

however, electrolytic capacitors have a short lifespan in the range of 1000-7000 hours, only 

a small fraction of the expected lifespan of, for example, PV systems. Efforts have been 

made to eliminate large electrolytic capacitors. Active power decoupling techniques utilize 

auxiliary power decoupling circuits to pump the second-order power into small film 
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capacitors or inductors which have a lifespan of 10 times that of electrolytic capacitors. 

The life expectancy of electrolytic and film capacitors also depends on the temperature and 

operating current, where the operating current has a more significant effect on the 

electrolytic capacitors than film capacitors as the electrolytic capacitors have higher 

equivalent series resistance (ESR). The power loss due to ESR leads to self-heating that 

affects capacitorôs lifespan. Active power decoupling techniques have evolved along with 

the development of power converter topologies [1]-[5], which, together with improvements 

in control algorithms, have contributed to enhanced converter performance, reliability, and 

efficiency.  

 

The research in this Ph. D. thesis focuses on the active power decoupling techniques that 

buffer the second-order ripple power by using small film capacitors instead of large 

electrolytic capacitors. The essential part of the research is about three novel single-phase 

inverter topologies that have both buck-boost/boost and active power decoupling 

capabilities. Meanwhile, the pulse energy modulation (PEM) technique is applied to 

control the differential inverter and the bridge inverter for the first time, which enables the 

inverters to operate under both discontinuous conduction mode (DCM) and continuous 

conduction mode (CCM). A hybrid modulation technique (PEM at DCM and SPWM at 

CCM) is proposed and applied to the bridge inverter. 

 

1.2   Operating Principles of Single-Phase Power Decoupling Techniques 

In a grid-connected single-phase PV-fed inverter or grid-fed PWM rectifier under unity 

power factor operation, the grid voltage and current are expressed as, 
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ὺ ὸ ὠ ϽÓÉÎ‫ὸ                                                ρȢρ 

Ὥ ὸ Ὅ ϽÓÉÎ‫ὸ                                                 ρȢς 

where ὠ  and Ὅ  are the peak values of the grid voltage and current respectively, and 

:is the grid angular frequency. The instantaneous grid side power is presented as ‫ 

ὴ ὸ ὺ ὸϽὭ ὸ πȢυ ὠ Ὅ ρ ÃÏÓς‫ὸ              ρȢσ 

which contains a DC power as well as a second-order ripple power.  

 

Power decoupling techniques are generally classified as passive power decoupling 

techniques and active power decoupling techniques. The active power decoupling 

techniques are further divided into the current-reference, DC voltage-reference, and AC 

voltage-reference active power decoupling techniques according to the references used in 

the control strategies, as presented in Fig. 1.2.   

 

Fig. 1.2. Classification of power decoupling techniques. 
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Passive power decoupling generally parallels a large electrolytic capacitor with the DC link 

of a single-phase power converter to mitigate the power pulsation. This technique is simple 

to implement, but cannot totally eliminate the power pulsation at the DC input. Various 

control strategies have been proposed to divert all the pulsating power to the DC-link 

capacitor [6], [7]. The value of the electrolytic capacitor is designed using (1.4), which 

leads to a large value in the order mF with small range of ripple voltage [1].  

ὅ
ὖ

‫ϽὠϽЎὠ
                                                              ρȢτ 

where is the angular grid frequency, ὖ ‫  is the average DC power; ὠ and Ўὠ are the 

average DC voltage and peak-to-peak ripple voltage across DC-link capacitor, respectively. 

 

Current-reference active power decoupling techniques divert the second-order component 

of the DC current to energy storage components such as film capacitors by controlling the 

DC current with auxiliary power decoupling circuit. These techniques are mainly utilized 

in current-source inverters or flyback inverters [1], as shown in Fig. 1.3, where the flyback 

transformer is charged to reach a certain input reference current Ὅ  during each switching 

cycle while the output reference current Ὥ ὸ is sinusoidal. The excessive current will 

flow into the decoupling capacitor when Ὅ Ὥ ὸ, and out of the decoupling capacitor 

when Ὅ Ὥ ὸ. High ripple voltage across the decoupling capacitors is tolerated so 

that the capacitance can be small. 
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Fig. 1.3. Currentïreference active power decoupling circuit [1]. 

 

AC voltage-reference active power decoupling techniques cancel out the second-order 

ripple power by controlling the voltage across the decoupling capacitor as a sine wave at 

line frequency [2]. As an example in Fig. 1.4, when the voltage across the decoupling 

capacitor is expressed as (1.5): 

ὺ ὸ ὠϽÓÉÎ‫ὸ —                                                (1.5) 

where ὠ is the amplitude of sine wave, is the angular line frequency, and — is the phase ‫ 

angle. The energy in the power decoupling capacitor ὅ  can be calculated as: 

Ὁ ὸ
ὅ Ͻὺ

ς

ρ

ς
ὅὠ ϽÓÉÎ‫ὸ —

ρ

τ
ὅὠ Ͻρ ÃÏÓς‫ὸ ς—      ρȢφ 

The power of the capacitor is the derivative of the energy, as presented in (1.7): 

ὖ ὸ
ὨὉ ὸ

Ὠὸ

ρ

ς
‫ὅὠ ϽÓÉÎς‫ὸ ς—                                ρȢχ 
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From (1.7), the power diverted to the decoupling capacitor is fluctuating at double-line 

frequency, and it can be controlled to compensate the second-order ripple power on the AC 

side. Since the decoupling capacitor is not directly connected at the DC side, it allows a 

wide range of variation in the voltage across the decoupling capacitor, thus the capacitance 

can be much smaller according to (1.4). Moreover, the pure sine wave is easy for the 

controller to track and the non-polarity of film capacitor is fully utilized. 
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Fig. 1.4. AC voltageïreference active power decoupling circuit [3]. 

 

DC voltage-reference active power decoupling techniques cancel out the second-order 

ripple power by controlling the voltage across the decoupling capacitor as a rectified sine 

wave or a DC-biased sine wave. As an example in Fig. 1.5, when the voltage across the 

decoupling capacitor is controlled as a rectified sine wave at double-line frequency in (1.8), 

the energy and power equations are expressed as (1.9) and (1.10): 

ὺ ὸ ὠϽȿÓÉÎ‫ὸ —ȿ                                                 (1.8) 

Ὁ ὸ
ὅ Ͻὺ

ς

ρ

ς
ὅὠ ϽȿÓÉÎ‫ὸ —ȿ

ρ

τ
ὅὠ Ͻρ ÃÏÓς‫ὸ ς—      ρȢω 
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ὖ ὸ
ὨὉ ὸ

Ὠὸ

ρ

ς
‫ὅὠ ϽÓÉÎς‫ὸ ς—                                ρȢρπ 

According to (1.10), the power diverted to the capacitor has double-line frequency, and can 

be controlled to compensate the second-order ripple power on the AC side.  
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Fig. 1.5. DC voltageïreference active power decoupling circuit [4]. 

 

The rectified sine wave as in (1.8) is difficult for a controller to track because the sharp 

turns at the bottom contain rich amount of harmonics. The voltage across the capacitor is 

then controlled as a DC-biased sine wave at double-line frequency. Voltage-Energy-Power 

equations are expressed as follows:  

ὺ ὸ ὠ ὠϽÓÉÎς‫ὸ —                                             (1.11) 

Ὁ ὸ
ρ

ς
ὅὠ ὅὠὠϽÓÉÎς‫ὸ —

ρ

τ
ὅὠ Ͻρ ÃÏÓτ‫ὸ ς—       ρȢρς 

ὖ ὸ ς‫ὅὠὠϽÃÏÓς‫ὸ — ‫ὅὠ ϽÓÉÎτ‫ὸ ς—               ρȢρσ 

where ὠ is the DC offset used to ensure ὺ is always positive. It is also clear in (1.13) that 

the power diverted to the capacitor has a double-line frequency component that can be used 

to compensate the second-order ripple power. At the same time, however, it introduces a 
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fourth-order ripple power. DC voltage-reference active power decoupling techniques 

usually need to compromise between the complexity of the controller and the introduction 

of the fourth-order harmonic.  

1.3   Research Objective  

1.3.1   Problem Overview 

As discussed in Sections 1.1~1.2, power decoupling is a necessary part of single-phase 

power converters. In recent years, many active power decoupling techniques have been 

proposed to replace the short-lifespan electrolytic capacitors with small film capacitors, 

increasing the lifespan of the overall power converters.  

 

Moreover, single-phase bridge inverters usually have low DC voltage utilization and 

require an extra DC-DC converter stage to adapt to the variation and intermittency of 

renewable energy systems.  

 

Finally, as will be discussed in Section 2.5, most modulation techniques restrict single-

phase inverters to operate under only one current conduction mode of either DCM or CCM. 

In a single-phase bridge inverter with existing modulation techniques under unity power 

factor operation, the inverter current is continuous even around the zero-crossing point of 

the output voltage, which causes hard-switching and higher current ripple. 

 

1.3.2   Objectives 
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The main objective of this Ph. D. research is to develop single-phase inverter topologies 

that have both boost/buck-boost and active power decoupling capacities, with low number 

of power electronic devices and small film capacitors instead of large electrolytic 

capacitors. 

 

The second objective is to apply PEM to the single-phase differential inverter as well as 

the single-phase bridge inverter to enable them to operate under both DCM and CCM. 

 

The third objective is to develop a hybrid modulation technique to the single-phase bridge 

inverter so that it can operate under both DCM and CCM without sensing inductor current 

at switching time instants. 

 

1.4   Thesis Outline 

This dissertation is structured as follows: 

 

1) Chapter 1 presents the background of single-phase inverters and the power 

decoupling principles in single-phase inverter systems. 

 

2) Chapter 2 presents the existing power decoupling techniques and modulation 

techniques for single-phase inverters and PWM rectifiers. 

 

3) Chapter 3 proposes a single-phase differential buck-boost inverter with inherent 

active power decoupling capability. Two types of operating principles (unipolar and 
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bipolar) are discussed, where PEM and energy-based power decoupling control are 

applied to each operating principle, respectively. Simulation and experimental results 

are shown to verify the feasibility of PEM in single-phase differential buck-boost 

inverter and successful power decoupling. 

 

4) Chapter 4 proposes a single-phase bridge inverter that has both voltage boosting and 

active power decoupling capabilities within one stage. The PEM technique is applied 

to the bridge inverter to enable the bridge stage to operate under both DCM and CCM. 

Comparison has been made between PEM and SPWM, together with the simulation 

and experimental results showing successful power decoupling.  

 

5) Chapter 5 proposes a two-stage bridge inverter with active power decoupling based 

on the buck-boost stage. A hybrid modulation technique is proposed to the bridge 

inverter to operate under both DCM and CCM, and it saves a current sensor compared 

with PEM. Simulation and experimental results are shown to verify the feasibility of 

the proposed topology as well as the proposed hybrid modulation technique.  

 

6) Chapter 6 describes the conclusions and future work. 

 

  



12 

 

2         Literature Review 

2.1   General 

Instead of paralleling a large electrolytic capacitor at the DC side, active power decoupling 

techniques usually employ auxiliary power decoupling circuits and control strategies to 

pump the second-order ripple power into small film capacitors [4], [5], [8], [9]. The active 

power decoupling techniques are classified as the current-reference, AC voltage-reference, 

and DC voltage-reference active power decoupling techniques according to the reference 

signals in the control strategies. 

 

This section describes the techniques and control strategies in each type of active power 

decoupling techniques. 

 

2.2   Current -Reference Active Power Decoupling Techniques 

Based on the traditional flyback inverter topology, some current-reference active power 

decoupling techniques add power decoupling circuits to pump the input power into a 

decoupling capacitor first, and then release the demanded power to the AC side, as shown 

in Fig. 2.1 [10]-[12]. Thus the second-order ripple power has successfully been absorbed 

by the decoupling capacitor. However, the added power decoupling circuits need to process 

the full power, which increases the power losses. 
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Fig. 2.1. Power decoupling circuits processing all power [10]-[12]. 

 

To decrease the power losses from the power decoupling circuits, some three-port 

topologies are proposed in [13]-[25], such as Fig. 1.3, which add power decoupling circuits 

at the primary side or secondary side of the flyback inverter as the third port to deal only 

with the second-order ripple power. However, the switching losses of the power decoupling 

circuits still render a significant portion of the power losses. 

 

To decrease the power losses caused by the hard-switching of the power decoupling circuits, 

soft-switching inverters based on the flyback inverter as well as capacitive idling single-

ended primary-inductor converter (SEPIC) topology such as Fig. 2.2 are proposed in [26], 



14 

 

[27], which achieve zero-voltage switching in the power decoupling circuits. Then the 

power losses of the power decoupling circuits are further decreased. 
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Fig. 2.2. Soft-switching active power decoupling circuit [26]. 

 

Apart from the above current-reference active power decoupling techniques for flyback-

type inverters, some more power decoupling topologies such as Fig. 2.3 are proposed for 

single-phase uncontrolled rectifier and current source bridge inverter [28]-[33]. The 

current-reference active power decoupling techniques have also been applied in multilevel 

inverters [34], but the electrolytic capacitors are still required since the wide voltage 

variations across the capacitors are not permissible with these topologies. 
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Fig. 2.3. Active power decoupling circuits in uncontrolled rectifiers [28, 29]. 
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The current-reference active power decoupling techniques can only be applied to 

unidirectional power converters and mostly to flyback inverters. In order to incorporate the 

active power decoupling to single-phase bridge inverters, the voltage-reference active 

power decoupling techniques are usually adopted. 

 

2.3   AC Voltage-Reference Active Power Decoupling Techniques 

The most direct way of applying AC voltage-reference active power decoupling techniques 

in bidirectional single-phase inverters is adding an extra full-bridge inverter designated 

solely to the decoupling capacitor, as shown in Fig. 2.4 [35], [36]; thus the voltage across 

the decoupling capacitor can be controlled as a sine wave to absorb the second-order ripple 

power. The full -bridge power decoupling circuit can also be connected in series with the 

DC link to mitigate the second-order ripple voltage [37]-[40]. However, the full-bridge 

power decoupling circuit contains too many power electronic switches, which lead to 

higher cost and power losses. 

_

+

a1S

a3S

a2S

a4S

fLb2
S

b4S

DC

b1
S

b3S

L

gr idv
DCV

 

Fig. 2.4. AC voltage-reference active power decoupling circuits with an extra full-bridge 

[35, 36]. 
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To decrease the number of power electronic devices in full-bridge power decoupling circuit, 

some AC voltage-reference active power decoupling techniques share a bridge leg with the 

single-phase bridge inverter or PWM rectifier, so that only one pair of switches are added 

as the power decoupling circuit to divert the second-order ripple power into the decoupling 

capacitor at the AC side, as shown in Fig. 1.4 [3], [41]-[44]. The same power decoupling 

circuit has also been used in current source inverters, where the bidirectional switches are 

replaced by the unidirectional switches [45]-[48]. An additional decoupling capacitor can 

be added at the AC side to form a half-bridge power decoupling circuit, as shown in Fig. 

2.5 [49]-[53]; then the voltage across each of the two capacitors is a pure sine wave with 

lower voltage stress.  
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Fig. 2.5. AC voltage-reference active power decoupling circuit with an extra half-bridge 

[49]-[53]. 

 

Inductors can also be used as the energy storage device to replace the decoupling capacitors 

in power decoupling circuits [54]-[56], where the AC current-reference is used for the 

decoupling inductor instead of the AC voltage-reference for the decoupling capacitor. The 
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additional leg is controlled to pump a sinusoidal current into the inductor, of which the 

instantaneous power is equal to the second-order ripple power, thereby achieving the 

constant power at the DC side. The additional leg can be replaced with one switch and one 

diode, which reduces the cost and power losses [57]. 

 

While connecting the power decoupling circuit in parallel at the AC side may affect the 

AC current, some AC voltage-reference active power decoupling techniques insert two 

switches in series with the bridge inverter, as shown in Fig. 2.6. [58]. The switches are 

controlled by a space-vector based modulation technique to divert the pulsating power to 

the decoupling capacitor. The same active power decoupling techniques have also been 

applied to current source inverters [59], [60]. These active power decoupling techniques 

also change the structure of the bridge inverter and increase the complexity of modulation 

techniques. 
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Fig. 2.6. AC voltage-reference active power decoupling circuits with inserted switches 

[58]. 
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2.4   DC Voltage-Reference Active Power Decoupling Techniques 

DC voltage-reference active power decoupling techniques generally parallel a bidirectional 

buck, boost, or buck-boost converter at the DC side of the single-phase inverter to divert 

the second-order ripple power into a small film capacitor. A bidirectional buck or buck-

boost converter is able to control the voltage across the decoupling capacitor as a rectified 

sine wave or a DC-biased sine wave fluctuating at double-line frequency [61]-[68], as 

shown in Fig. 1.5, whereas a bidirectional boost converter can only control the voltage 

across the decoupling capacitor as a DC-biased sine wave to absorb the second-order ripple 

power [69]-[73].  

 

To reduce the number of power electronic devices in the power decoupling circuit of a 

bidirectional buck converter, it can share a leg with the single-phase PWM rectifier [74], 

as shown in Fig. 2.7. The shared leg is modulated to control the voltage across the 

decoupling capacitor as a rectified sine wave or a DC-biased sine wave to cancel out the 

second-order ripple power. The other leg is modulated to guarantee sinusoidal input current 

and high power factor.  
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Fig. 2.7. Bidirectional buck converter sharing a leg with PWM rectifier [74]. 
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Some DC voltage-reference active power decoupling techniques add an additional 

decoupling capacitor to the bidirectional buck converter to form a half-bridge power 

decoupling circuit at the DC side [75], [76], as shown in Fig. 2.8. The voltage across each 

decoupling capacitor is controlled as a DC-biased sine wave fluctuating at line frequency. 

Then each capacitor contains power components at both the line frequency and double-line 

frequency, in which the line-frequency components are cancelled out by each other and the 

double-line frequency components are used for power decoupling. The same half-bridge 

active power decoupling circuit has also been used in a fuel cell power-conditioning system 

[77]. 
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Fig. 2.8. DC voltage-reference active power decoupling circuit with an extra half bridge 

[75], [76]. 

 

The number of power electronic devices in the half-bridge power decoupling circuit can 

also be reduced by sharing the bridge leg with the single-phase PWM rectifier [74], [78], 

as shown in Fig. 2.9. The shared leg is modulated to control the voltage across the 

decoupling capacitors as DC-biased sine waves, whose offsets are at half DC voltage. For 
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the bridge inverter with only one filtering inductor, the midpoint of the bridge leg and the 

capacitors are connected through a small filtering inductor [79]. A similar inverter topology 

has also been proposed and studied in [80], where one of the capacitors was replaced by a 

battery. 
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Fig. 2.9. Half bridge circuit sharing a leg with PWM rectifier [78]. 

 

For a two-stage bridge inverter, the inductor of the active power decoupling circuit can be 

integrated with the boost inductor, thus form a flying capacitor DC-DC converter as the 

first stage [81]. The voltage across the decoupling capacitor is controlled to fluctuate at 

twice the grid frequency to cancel out the second-order ripple power. 
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Fig. 2.10. Two-stage bridge inverter with flying capacitor for power decoupling [81]. 
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Single-phase differential inverters shown in Fig. 2.11 have gained attention in recent 

decades with the advantage of eliminating additional power electronic components for 

active power decoupling [82]-[88]. The single-phase differential inverters with power 

decoupling capability are controlled to deliver the second-order ripple power into the 

output film capacitors. The differential buck inverter has a low DC voltage utilization [82]-

[85] whereas the differential boost inverter has a high voltage stress and less room for 

minimizing capacitance [86]-[90]. To overcome these drawbacks and adapt to the 

variations in renewable energy sources, a differential buck-boost inverter is proposed in 

[91], [92], which includes four switches with independent driver circuits that require one 

more branch of power supply in driver circuits than that of the differential buck and boost 

inverters. 
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(c) Buck-Boost [91], [92] 

Fig. 2.11. Differential inverters with active power decoupling [81]. 
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With the DC voltage-reference active power decoupling techniques, the large electrolytic 

capacitors can be eliminated or replaced by small-size, long-lifetime film capacitors. 

However, for the DC voltage references, the rectified sine wave has sharp turns that are 

difficult to track whereas the DC-biased sine wave has redundant energy that cannot be 

reused.  

 

2.5   Modulation Techniques for Single-Phase Bridge Inverters 

Lots of modulation techniques for the bridge inverters have been presented. The simplest 

way to modulate the bridge inverter is to use bipolar sinusoidal PWM (SPWM), where only 

one reference signal is needed to drive all four switches [93]. Comparing with the bipolar 

SPWM, the unipolar SPWM has better performance in terms of the output current ripple 

due to the frequency doubling of the output pulses by modulating each leg with a 

complementary reference waveform and a triangular carrier [94]. Another unipolar SPWM 

with a pair of switches operating at line frequency has also been applied to the bridge 

inverter to eliminate high frequency current commutation of one bridge leg [95]. In this 

case, the bridge inverter is possible to slip into DCM when the instantaneous power is low, 

where the relationship between the output voltage and duty cycle becomes nonlinear. To 

reduce the harmonics introduced by DCM in the previous technique and enable an 

independent modulation for the integrated boost stage, a hybrid quasi-sinusoidal and 

constant PWM is proposed in [96], where one leg is modulated with a constant duty cycle 

and the other with a sinusoidally varying duty cycle.  
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Apart from SPWM, other fixed-frequency PWM methods such as selective harmonic 

elimination PWM offer tight control of the low-order harmonics, and they are preferred for 

high power and low switching frequency applications with little deviation from the pre-

calculated patterns [97]. Space-vector PWM technique has its advantages in three-phase 

applications [98]. Staircase modulation and stepped modulation are used to eliminate 

specific harmonics and approximate sinusoidal waveforms, and they are mainly designed 

for multilevel inverters or inverters with energy buffer circuits [99]-[101]. Carrier-based 

PWM modulates switches by comparing a reference waveform with a stack of carrier 

waveforms to reduce current ripples and harmonics, but it is only applicable in multilevel 

inverters or multi-modular matrix converters [102].  

 

Variable-frequency PWM like hysteresis PWM employs a feedback loop to limit the output 

current within a hysteresis band, where the switching frequency of semiconductor devices 

is usually higher around the peak and trough, and lower around the zero-crossing point 

[103], [104]. Chaotic and random PWMs modulate inverters with random switching 

frequencies to reduce the peaks of harmonics and electromagnetic interference by 

spreading the harmonics around different switching frequencies [105]. These variable-

frequency PWMs require complicated filtering and variable-frequency current controller 

to deal with harmonics around different switching frequencies.  

 

The aforementioned modulation techniques applicable to bridge inverters only enable the 

bridge inverter to operate under CCM. The inverters operating under DCM have 

advantages such as zero-current switching, downsized output inductance, and allowance to 
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operate under low power. While inverters are basically an electric circuitry converting the 

electrical energy from DC form to AC form, PEM, as an alternative of SPWM, controls the 

operation of inverters directly according to the energy transfer instead of voltage or current 

reference, enabling the inverter to operate under both DCM and CCM, and switch between 

them seamlessly [106]. Currently, PEM has only been used to modulate flyback-type buck-

boost inverters or current source inverters [107], [108]. 
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3      Single-Phase Differential Buck-Boost Inverter with Pulse Energy 

Modulation and Power Decoupling Control 

3.1 Introduction  

Single-phase differential inverters have gained more and more attention in recent decades 

due to their inherent power decoupling capability. This chapter presents a new single-phase 

differential buck-boost inverter that possesses both buck-boost and active power 

decoupling functions. The proposed differential buck-boost inverter has higher DC voltage 

utilization than existing differential buck inverters, and lower voltage stress than existing 

differential boost inverters. It does not add any power electronic devices or increase the 

complexity of driver circuits as compared with previous differential inverters.  

 

Two types of operating principles of the proposed differential buck-boost inverter are 

introduced in this chapter. Section 3.3 describes the unipolar operation with the new PEM 

technique, which enables the inverter to operate under both DCM and CCM. Section 3.4 

describes the bipolar operation with energy-based active power decoupling, which delivers 

the second-order ripple power into the output film capacitors, thus eliminating the large 

electrolytic capacitor at the DC side. Section 3.5 provides small-signal modeling analysis 

to show the characteristics of the proposed system and control. Finally, Section 3.6 presents 

simulation and experimental results to verify the feasibility of both operating principles for 

the differential buck-boost inverter and successful power decoupling. 
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3.2 Single-Phase Differential Buck-Boost Inverter 

A new differential buck-boost inverter sharing the negative terminal at AC side is proposed 

in Fig. 3.1. Compared with the differential buck-boost inverter topology in Fig. 2.11 (c) 

[91], [92], the topology in Fig. 3.1 has two switches with common-emitter connection to 

simplify the driver circuit by saving one branch of switching power supply circuit. The 

voltages on the output capacitors are controlled to provide power conversion and power 

decoupling capabilities. Using same number of devices, this differential buck-boost 

inverter also has better DC voltage utilization compared with differential buck inverters 

and lower voltage stress on the devices compared with the differential boost inverters.  
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Fig. 3.1 Differential buck-boost inverter with power decoupling capability [109]. 

 

The proposed differential buck-boost inverter is composed of two DC buck-boost 

converters sharing the same input DC terminals and the negative output terminal, as shown 

in Fig. 3.1, and the positive output terminals are connected differentially to provide an AC 
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output voltage ὺ. Each DC buck-boost converter has a charging and a discharging loop, 

where the inductor is used for energy exchange between the input DC source and the output 

capacitor. The voltage across each output capacitor is unipolar, and can be higher or lower 

than the input DC voltage.  

 

The differential buck-boost inverter has the following two operating principles: (1) Each 

DC buck-boost converter alternately operates as a unipolar converter to provide energy to 

the output for a half cycle, e.g. the DC buck-boost converter on the left works during 

positive half cycle (PHC) and the DC buck-boost converter on the right works during 

negative half cycle (NHC); (2) Both DC buck-boost converters operate as bipolar 

converters to generate DC-biased AC output voltages that can be higher or lower than the 

input DC voltage, of which, when the outputs of the two DC buck-boost converters are 

combined, only a pure AC output voltage is generated. The above two operating principles 

are described in details in Section 3.3 and 3.4, respectively. The PEM technique is applied 

to the differential buck-boost inverter under unipolar operation with the advantage that it 

directly deals with energy transformation, which is the fundamental concept in power 

conversion systems. Then the energy-based power decoupling control is applied to the 

bipolar operation to remove the second-order harmonic in the DC current of the differential 

inverter without theoretically introducing low-order harmonic components. 

 

3.3 Unipolar Operation with PEM  

While an inverterôs main function is to transfer energy from DC form to AC form, it is a 

more direct approach to activate switches with energy reference than with voltage or 
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current reference. With PEM, the operating principles of the differential buck-boost 

inverter can be described by the following two operating half cycles: 

ü PHC: only the left DC buck-boost converter is working. Ὓ remains on, Ὓ and Ὓ 

remain off; Ὓ  is controlled at high frequency by PEM to deliver the energy 

demanded by the output side. 

ü NHC: only the right DC buck-boost converter is working. Ὓ remains on, Ὓ and Ὓ 

remain off; Ὓ  is controlled at high frequency by PEM to deliver the energy 

demanded by the output side. 

 

During each half cycle, PHC for example, some key waveforms of the inverter during a 

switching period are depicted in Fig. 3.2. By turning switch Ὓ on, the energy of the DC 

input transfers to the magnetizing inductor. When Ὓ is turned off, the stored energy in the 

inductor transfers to the output side through Ὓ  and the antiparallel diode of Ὓ . The 

equivalent circuit of each operating mode is shown in Fig. 3.3. The inverter operating 

modes are described as follows: 

¶ Mode I (ὸͯ ὸ): Ὓ is turned on. The DC input delivers energy into inductor ὒ, and 

the output capacitor ὅ provides energy to the AC load. 

¶ Mode II (ὸͯ ὸ): Ὓ is turned off. The inductor ὒ discharges energy into the output 

capacitor ὅ and AC load through Ὓ and the antiparallel diode of Ὓ. Switch Ὓ is 

withstanding the voltage stress of ὠ ὺ. 

¶ Mode III (ὸͯ ὸ+Ὕ): Ὓ is off. The inductor ὒ is totally discharged, and the output 

capacitor ὅ  is providing energy to the AC load. Switch Ὓ  is withstanding the 

voltage stress of ὠ . 
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(a)                                                            (b) 

Fig. 3.2. Inductor current and capacitor voltage waveforms in PHC (a) DCM, (b) CCM. 
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(b) Mode II 
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(c) Mode III 

Fig. 3.3. Equivalent circuits during various operating modes in PHC. 
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As can be seen in these three modes in Fig. 3.3, the voltage across the other inductor ὒ 

and capacitor ὅ is ὺ ὺ, and the current through ὒ is close to the output current Ὥ, 

which is much less than the saturation current of the inductors. 

 

With PEM and under standalone operation with resistive load, the output voltage is 

assumed as ὺ , the output current Ὥ Ὥ  , and the demanded energy during the Ὧ  

switching period is calculated approximately from: 

Ὁ Ὧ ὠὯϽὍ ὯϽὝ                                                    σȢρ 

ὠὯ and Ὅ Ὧ are the output AC voltage and current in the Ὧ  switching period, during 

which ὠὯ  and Ὅ Ὧ  are approximately constant for the fact that the switching 

frequency is much higher than the line frequency. Ὕ is the switching period. In standalone 

operation with resistive load Ὑ, the reference current Ὅ Ὧ ὠὯȾὙ.  

 

In the formulation of the PEM control method, power losses of devices and non-linearity 

of inductors are neglected for simplicity. The PEM technique controls turn-on and turn-off 

durations within a switching period such that the exact demanded energy is transferred 

from the DC side to AC side. First, switch  Ὓ is turned on and remains on until Ὁ Ὧ is 

stored in the inductor. Once Ὁ Ὧ is stored in the inductor, switch Ὓ is turned off and 

releases Ὁ Ὧ from the inductor to the output. The flyback inductor energy can be 

calculated from the inductor current Ὥ as: 

Ὁ
ρ

ς
ὒϽὭ                                                                     σȢς 
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where ὒ is the inductance for ὒ and ὒ, respectively. If the initial value of the inductor 

current is ὍὯ and the inductor current after charging is ὍὯ for the Ὧ  switching 

period, the energy charged from the DC supply during the Ὧ  switching period is 

calculated from: 

Ὁ
ρ

ς
ὒϽὍὯ ὍὯ                                                       σȢσ 

 

Therefore, by measuring the initial and final current values during the charging period, the 

energy transferred to the inductor can be calculated. Assuming the energy stored in the 

inductor at the beginning of a switching period is Ὁ, then switch Ὓ is turned on and the 

inductor is charged until the demanded energy is transferred. If energy stored in the 

inductor at any time is Ὁὸ, then the inductor is charged until: 

Ὁὸ Ὁ Ὁ                                                             σȢτ 

Similarly, at the beginning of the discharging period, the energy stored in the inductor is 

Ὁ and the inductor is discharged until the following condition is satisfied: 

Ὁ Ὁὸ Ὁ                                                            σȢυ 

 

The inverter operates in three modes: charging, discharging and idle modes, as illustrated 

in Fig. 3.3. Once the demanded energy is transferred to the output, if there is still time left 

in the switching period, the inverter enters idle mode; otherwise, it directly goes into next 

charging mode. The inductor current at the beginning of the switching cycle is measured 

to calculate the inductor energy of Ὁ Ὧ, and the change in inductor energy is compared 
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with the energy demand Ὁ Ὧ. The charging of the inductor is controlled according to 

the energy demand, which can be expressed as: 

Ὁ Ὧ
ρ

ς
ὒϽὍὯ ὍὯ                                                  σȢφ 

and ὍὯ can be calculated by: 

ὍὯ ὍὯ
ὠ Ͻὸ Ὧ

ὒ
                                                 σȢχ 

where  ὸ Ὧ is the charging time during Ὧ  switching period. 

 

During PHC, Ὓ remains on, Ὓ and Ὓ remain off; the only switch controlled by PEM is 

Ὓ. ὍὯ can be calculated by: 

ὍὯ ὍὯ
ὠ ϽὈ ὯϽὝ

ὒ
                                              σȢψ 

where Ὀ Ὧ is the duty cycle for Ὓ during PHC, which can be stated as: 

Ὀ Ὧ
ὒ

ὝϽὠ
ὍὯ

ςὉ Ὧ

ὒ
ὍὯ                               σȢω 

During NHC, Ὓ remains on, Ὓ and Ὓ remain off; the only switch controlled by PEM is 

Ὓ. ὍὯ can be calculated by (3.8). The duty cycle for Ὓ during NHC can be stated as: 

Ὀ Ὧ
ὒ

ὝϽὠ
ὍὯ

ςὉ Ὧ

ὒ
ὍὯ                            σȢρπ 

 

While sampling the initial current ὍὯ at precisely the switching instant is extremely 

difficult due to the noise and disturbance of the switching action, the mid-point current 
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value ὍὯ ρ  on decreasing slope in previous switching period is usually sampled 

instead, as shown in Fig. 3.4. Then the initial current ὍὯ can be obtained as: 

ὍὯ ὍὯ ρ
ὠϽρ Ὀ Ὧ ρ ϽὝ

ςὒ
                                   σȢρρ 

t
kTs (k+1)Ts

I  (k)
0

I  (k)
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i

L
Vo I  (k-1)s
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(k  1)Ts
_

D sp T(k) .
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D p T(k  1)_ .1
_[                 ] s

 

Fig. 3.4. Sampling of the inductor current. 

 

In the differential buck-boost inverter, the output switches (Ὓ and Ὓ) are operated at grid 

frequency, and only one of the input switches (Ὓ  or Ὓ ) is operated at high frequency 

during a half cycle, minimizing the switching losses of the insulated-gate bipolar transistors 

(IGBTs). The differential buck-boost inverter is able to operate under DCM around zero-

crossing point of the output voltage, and under CCM around crest and trough of the output 

voltage, as indicated by the white space at the bottom of the inductor current in Fig. 3.5. 

The total harmonic distortion (THD) of the output voltage is 8.85%, and the power factor 

in the experimental result is around 0.95. PEM provides the energy demanded by the 

standalone AC load while the load is actually connected with the other pair of inductor and 

capacitor, as shown in Fig. 3.3, which can cause a phase shift in the output voltage 

waveform. 
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Fig. 3.5. Voltage and current waveforms of differential buck-boost inverter with PEM: 

(a) simulation results, (b) experimental results. 
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3.4 Bipolar Operation with Energy-Based Power Decoupling Control 

With PEM as described in Section 3.3, only one of the DC buck-boost converters is 

operated during each half cycle, and the inductor current is unipolar. To incorporate the 

inherent power decoupling capability into the differential buck-boost inverter, the energy 

through output capacitors needs to be bipolar so that the output capacitors absorb energy 

when the input power is greater than the output power, and release energy when the input 

power is less than the output power. In this case, both DC buck-boost converters operate 

as bipolar converters to generate DC-biased AC output voltages that can be higher or lower 

than the input DC voltage. When the outputs of the two DC buck-boost converters are 

combined, only a pure AC output voltage is generated.  

 

3.4.1 Energy-Based Power Decoupling Control  

Assume the differential AC output voltage ὺ is: 

ὺ ὠϽÓÉÎ‫ὸ                                                       σȢρς 

where ὠ is the peak output voltage. Under unity power factor operation, the output 

reference current Ὥ  can be expressed as: 

Ὥ Ὅ ϽÓÉÎ‫ὸ                                                     σȢρσ 

where  Ὅ  is the peak reference output current. 

 

In the bipolar operation, the differential buck-boost inverter is symmetrical, in which ὺ  

and ὺ  are controlled as DC-biased symmetrical waves including a sine wave at 
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fundamental frequency with a 180-degree phase shift and an additional AC component to 

absorb the second-order ripple power, expressed as (3.14). 

ὺ ȟ ὠ πȢυὠϽÓÉÎ‫ὸ Ὂὸ                                        σȢρτ 

where ὠ is the DC offset used to ensure ὺ  and ὺ  are always positive so that the DC 

buck-boost converters can operate properly, Ὂὸ is the additional AC component used to 

cancel out ripple power. Then the output capacitor currents can be calculated as: 

Ὥȟ ὅȟϽ
Ὠὺ ȟ

Ὠὸ
πȢυ‫ὅȟὠϽÃÏÓ‫ὸ ὅȟὊ ὸ                 σȢρυ 

 

In perspective of PEM, the demanded energy of AC load (Ὁ ) during a specific switching 

period Ὕ can be calculated according to (3.1), which is expressed as in (3.16), 

Ὁ ὺϽὭ ϽὝ
ρ

ς
ὠὍ Ὕ ρ ÃÏÓς‫ὸ                       σȢρφ 

 

The demanded energy of the output capacitors (Ὁ  or Ὁ ) during a specific switching 

period Ὕ can be calculated as:  

Ὁ ȟ ὺ ȟϽὭȟϽὝ 

ὅȟὝ
ρ

ς
‫ὠὠÃÏÓ‫ὸ

ρ

ψ
‫ὠÓÉÎς‫ὸ ὠὊ ὸ

ρ

ς
ὠὊ ὸÓÉÎ‫ὸ

ρ

ς
‫ὠὊὸÃÏÓ‫ὸ ὊὸὊ ὸ                                                       σȢρχ 

 

Adding (3.16)~(3.17) together, and assuming ὅ ὅ ὅ, the total energy Ὁ  demanded 

by the AC load and output capacitors is calculated as: 

 Ὁ Ὁ Ὁ Ὁ    
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ρ

ς
ὠὍ Ὕ

ρ

ς
ὠὍ ὝÃÏÓς‫ὸ

ρ

τ
ὅὝ‫ὠÓÉÎς‫ὸ ςὅὝὠὊ ὸ 

ςὅὝὊὸὊ ὸ                                                                                                     σȢρψ 

 

To cancel out the second-order ripple in the total energy demand Ὁ , the AC component 

in (3.18) will be equal to zero, which gives the following equation: 

ςὅὝὊὸὊ ὸ ςὅὝὠὊ ὸ
ρ

ς
ὠὍὝÃÏÓς‫ὸ

ρ

τ
ὅὝ‫ὠÓÉÎς‫ὸ π    σȢρω 

 

Take the integral for both sides, a quadratic equation with respect to Ὂὸ is obtained as in 

(3.20): 

ὅὊ ὸ ςὅὠὊὸ
ρ

τ‫
ὠὍÓÉÎς‫ὸ

ρ

ς
ὅ‫ὠÃÏÓς‫ὸ π                 σȢςπ 

 

Solve this quadratic function, the added component Ὂὸ is calculated as: 

Ὂὸ ὠὨ ὠὨ
ς ὠÏὍÏ
τ‫ὅ

ÓÉÎς‫ὸ
ρ

ψ
ὠέ
ςÃÏÓς‫ὸ                            σȢςρ 

 

Insert (3.21) into (3.14), the reference voltages for ὺ  and ὺ  are obtained: 

ὺ ȟ πȢυὠϽÓÉÎ‫ὸ ὠ
ὠὍ

τ‫ὅ
ÓÉÎς‫ὸ

ρ

ψ
ὠÃÏÓς‫ὸ              σȢςς 

in which the output capacitor voltages contain a sine wave at fundamental frequency with 

180-degree phase shift and an additional AC component to absorb the second-order ripple 

power. The capacitances of ὅ and ὅ are assumed equal; the capacitance mismatch will 

generate the low-order harmonics at the DC side of the differential inverter because with 
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the capacitor voltages in (3.22), the capacitors cannot absorb the whole second-order 

harmonic. To ensure the capacitor voltages never reach negative, ὠ should be greater than 

ὠ ὠ . 

 

Under the bipolar operation, the pair of switches in each DC buck-boost converter are 

modulated by complementary triggering pulses, and the current through the flyback 

inductor is allowed to be bipolar, as shown in Fig. 3.6. When the inductor current decreases 

to zero, it increases in the opposite direction instead of staying at zero as under unipolar 

operation in Mode III of Fig. 3.2 and Fig. 3.3. When Ὓ is on and Ὓ is off, the voltage 

across the inductor is ὠ , and the forward voltage stress of switch Ὓ is ὠ +ὺ , as in the 

state of Fig. 3.6 (a) and (d). When Ὓ is off and Ὓ is on, the voltage across the inductor is 

ὺ , and the forward voltage stress of switch Ὓ is ὠ +ὺ , as in the state of Fig. 3.6 (b) 

and (c).  
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 Fig. 3.6. Equivalent circuit of DC buck-boost converter on the left under bipolar 

operation during various operating modes: (a) Charge mode with positive Ὥ , (b) 

Discharge mode with positive Ὥ , (c) Charge mode with negative Ὥ , (d) Discharge 

mode with negative Ὥ . 

 

During one switching cycle, the energy charged by the input into the energy-transferring 

inductor is discharged to the output, and vice versa. According to the principle of inductor 

volt-second balance under steady state, the relationships between duty cycles and voltages 

are shown in (3.23): 
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ὠ ϽὨȟϽὝ ὺ ȟϽρ Ὠȟ ϽὝ                                    σȢςσ 

 

With the capacitor voltages derived in (3.22) and volt-second balance in (3.23), the duty 

cycles can be obtained: 

Ὠȟ
ὺ ȟ

ὠ ὺ ȟ
                                                      σȢςτ 

which can be used to control the switches of the differential buck-boost inverter. The whole 

control algorithm is summarized in Fig. 3.7, in which each DC buck-boost converter is 

controlled independently according to the calculations described above. Same as the 

unipolar operation with PEM, the duty cycles in energy-based control are still calculated 

by the energy reference instead of voltage or current reference as in [24], [25]. By using 

the voltage or current reference, the control methods in [24], [25] inherently introduce a 

fourth-order ripple power when the power decoupling control is applied due to the product 

of the added second-order components of the capacitor voltage and current. But by using 

the energy reference, the energy-based control will theoretically remove the second-order 

ripple power without introducing any low-order harmonic components.  
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Fig. 3.7. Control diagram of power decoupling control technique. 
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3.4.2 Parameter Design for Single-Phase Differential Buck-Boost Inverter 

Based on the aforementioned description, Fig. 3.8 shows the instantaneous power 

waveforms of the inverter system under 400W operation, with all of the circuit losses being 

neglected. Without power decoupling, the power absorbed by the output capacitors ὴ  

and ὴ  almost cancel out each other, and the input DC power ὴ  is equal to the output 

power ὴ , thus yielding the second-order ripple component. Assuming the design 

constraint is that the input DC voltage oscillation should be less than 2% and the second-

order ripple power provided by the DC input is less than 5%, then the remaining 95% of 

the ripple power will be fed to a large electrolytic capacitor ὅ . Thus the minimum 

electrolytic capacitance can be calculated by: 

ὅ
πȢωυὖ

ὠ Ͻς‫ϽπȢπςὠ
                                                            σȢςυ 

where ὖ is the amplitude of the ripple power, and ὠ  is the average DC-link voltage. With 

400W rated power and 100V input DC voltage, the capacitance of ὅ needed for power 

decoupling is 2.52mF. 
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(a)              

 

 (b) 

Fig. 3.8. Instantaneous power waveforms of the differential buck-boost inverter: (a) 

without power decoupling, (b) with power decoupling. 

 

However, with power decoupling, the DC power becomes ripple-free as the pulsating 

component is transferred into the output capacitors, where the sum of ὴ  and ὴ  perfectly 

cancels out the second-order ripple power. Under power decoupling operation, the value 

of each output capacitor is designed by the following equation: 
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ὅȟ
ὖ ȟ

ς‫ὠὠ
                                                          σȢςφ 

where ὖ ȟ is the maximum power absorbed by each output capacitor, and ὠ  is the 

amplitude of AC component of capacitor voltage. At the rated power, the relationship 

between decoupling capacitance and voltages is depicted in Fig. 3.9, where the output 

capacitance is chosen as 30ʈF. The parameters used for the differential buck-boost inverter 

with power decoupling are shown in Table 3.1.  

 

Fig. 3.9. Output capacitance vs. capacitor voltage oscillation and DC offset. 

 

Under bipolar operation as shown in Fig. 3.6, the waveform of the flyback inductor current 

is continuous and bipolar, as shown in Fig. 3.10. The current ripple ЎὍ is calculated as 

(3.27), and the relationship between the current ripple, input DC voltage, and inductance 

is depicted in Fig. 3.11. 
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Fig. 3.10. Inductor current waveform under bipolar modulation. 

 

 

Fig. 3.11. Inductance as a function of the applied voltage and allowed current ripple. 

 

3.5 Modeling and Analysis of Energy-Based Power Decoupling Control 

Based on the aforementioned description, both DC buck-boost converters are operated as 

bipolar converters with the energy-based power decoupling control, where the inductor 

current is always continuous. However, the DC buck-boost converter has a nonlinear 
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converter characteristic when operating under CCM. To analyze the power decoupling 

control for the differential buck-boost inverter, a small-signal model is built to linearize the 

bipolar DC buck-boost converter systems so that the classical control theories can be 

applied. According to the PWM switch model introduced in [110], the derived PWM switch 

model for the differential buck-boost inverter is shown in Fig. 3.12. In bipolar operation, 

the input switch has the duty cycle d, and the output switch has the duty cycle 1-d due to 

the complementary trigger. The small-signal model of the switching unit can be obtained 

by perturbing and linearizing the variable d, resulting in a three-port average PWM switch 

model as shown in Fig. 3.12 (b), where the capital letter D represents the quiescent value 

of the variable d, and symbol ñ^ò represents the perturbation of the corresponding voltage, 

current, or duty cycle.  
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(a)                                                                   (b) 

Fig. 3.12. (a) Switching unit of the buck-boost converter under CCM, (b) Small-signal 

model of PWM switching unit. 

 

The small-signal model of each DC buck-boost converter can be derived by using this 

switching unit model; the capital letters represent the quiescent values of the variables. The 

small-signal equivalent circuits of the DC buck-boost converters are shown in Fig. 3.13, 
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and the small-signal description is expressed as (3.28~3.31): 

ίὒ Ὑ ϽǶ ὈϽὺ Ὀ ρὺ ὠ ὠ ϽὨ                  σȢςψ 

ίὅϽὺ ρ Ὀ ϽǶ Ὅ ϽὨ                                               σȢςω 

ίὒ Ὑ ϽǶ Ὀ Ͻὺ Ὀ ρὺ ὠ ὠ ϽὨ                  σȢσπ 

ίὅϽὺ ρ Ὀ ϽǶ Ὅ ϽὨ                                               σȢσρ 

where s is the complex frequency in Laplace transform, Ὑ  and Ὑ  are the ESR of the 

inductors ὒ and ὒ, respectively; Ὠ represents the duty cycle of switch Ὓ for the left DC 

buck-boost converter, and Ὠ  represents the duty cycle of switch Ὓ  for right DC buck-

boost converter. 
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(a)                                                              (b) 

Fig. 3.13. Small-signal equivalent circuit of: (a) left DC buck-boost converter, (b) right 

DC buck-boost converter. 

 

While the positive nodes of the output capacitors are connected to the load, the perturbation 

of the output current Ƕ  in Fig. 3.14 is also a disturbance in the DC buck-boost converters. 
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To simplify the modeling, the perturbation of energy demand ὩǶ ὠὝǶ is added as a 

feedforward in order to equalize the disturbance from the output current Ƕ . Thus, the 

transfer functions of the left DC buck-boost converter from input DC voltage ὺ , duty 

cycle Ὠ, and energy demand ὩǶ to capacitor voltage ὺ  can be derived as: 

Ὃ ί
ὺ ί

ὺ ί

Ὀ ρ Ὀ

ίὒὅ ίὅὙ ρ Ὀ
                             σȢσς 

Ὃ ί
ὺ ί

Ὠ ί

ρ Ὀ ὠ ὠ Ὅ ίὒ Ὑ
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Fig. 3.14. Small-signal equivalent circuit of the differential buck-boost inverter. 

 

And the transfer functions of the right DC buck-boost converter from input DC voltage 

ὺ , duty cycle Ὠ, and energy demand ὩǶ to capacitor voltage ὺ  are expressed as: 

Ὃ ί
ὺ ί

ὺ ί

Ὀ ρ Ὀ

ίὒὅ ίὅὙ ρ Ὀ
                         σȢσυ 
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Ὃ ί
ὺ ί

Ὠ ί

ρ Ὀ ὠ ὠ Ὅ ίὒ Ὑ

ίὒὅ ίὅὙ ρ Ὀ
                       σȢσφ 

Ὃ ί
ὺ ί

ὩǶ ί

ίὒ Ὑ

ὠὝϽίὒὅ ίὅὙ ρ Ὀ
                 σȢσχ 

 

The transfer functions describe how variations or disturbances in the applied input voltage 

and control input lead to disturbances in the output capacitor voltages. To analyze how 

control input variations influence the output voltage ὺ, as shown in the whole small-signal 

model in Fig. 3.14, the duty cycles Ὀ and Ὀ can be further decomposed into common-

mode (CM) and differential-mode (DM) duty cycles Ὀ   and Ὀ  , where Ὀ   mainly 

deals with the second-order ripple power, and Ὀ  deals with the sinusoidal output. Thus 

Ὀ and Ὀ can be expressed as: 

Ὀ Ὀ Ὀ ,        Ὀ ρ Ὀ Ὀ                             (3.38) 

and the disturbances in Ὀ and Ὀ can be written as: 

Ὠ Ὠ Ὠ ,        Ὠ Ὠ Ὠ                                (3.39) 

Substituting (3.29), (3.31) to (3.28), (3.30), and using the above CM and DM duty cycles, 

the capacitor voltages can be expressed as: 

ίὅ ίὒ Ὑ

ρ Ὀ
ρ Ὀ ὺ  

ὠ ὠ
ίὒ Ὑ Ὅ

ρ Ὀ
Ὠ Ὠ Ὀὺ         σȢτπ 

ίὅ ίὒ Ὑ

ρ Ὀ
ρ Ὀ ὺ  

ὠ ὠ
ίὒ Ὑ Ὅ

ρ Ὀ
Ὠ Ὠ Ὀὺ      σȢτρ 
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To simplify the analysis, the quiescent operating point is assumed that Ὀ Ὀ Ὀ, ὒ

ὒ ὒ , ὅ ὅ ὅ , Ὑ Ὑ Ὑ  , ὠ ὠ ὠ , Ὅ Ὅ Ὅ , thus 

σȢτπ σȢτρ becomes: 

ίὅίὒὙ

ρ Ὀ
ρ Ὀ ὺ ὺ ς ὠ ὠ

ίὒὙ Ὅ

ρ Ὀ
Ὠ      σȢτς 

which shows that the disturbance in the output voltage ὺ is mainly dependent on the DM 

duty cycle Ὠ , especially when the parameters for both DC buck-boost converters are 

close to each other. The transfer function from DM duty cycle to the output voltage is given 

as: 

Ὃ ί
ὺ ί

Ὠ ί

ςὠ ὠ ρ Ὀ ςίὒὙ Ὅ

ίὒὅ ίὅὙ ρ Ὀ
                  σȢτσ 

 

Fig. 3.15 shows the Bode plots of output capacitor voltage with respect to the input DC 

voltage, duty cycle of the input switch, and the energy demanded by the output. The system 

is a second-order system as known from the above transfer functions, where the resonant 

peak is the most concern. The magnitude at resonant frequency has been attenuated by the 

resistance in series with the inductor, so that there is no resonant spike with -18πЈ phase 

change, which may affect the system stability. The frequency response shows that the 

inverter system is stable without resonant spike, and it has the ability of rejecting high-

frequency disturbance and perturbation. Different types of controllers can be developed to 

further improve the frequency response of the differential buck-boost inverter based on the 

frequency response. The parameters used for the Bode diagram are ὠ ρππ6, Ὑ

ρɱ, ὠ ρφυ6, Ὢ ρςË(Ú, ὒ σππʈ(, ὅ σπʈ&, and Ὀ πȢτυ. 
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Fig. 3.15. Bode plots of transfer functions Ὃ ί, Ὃ ί, and Ὃ ί for the 

differential buck-boost inverter. 

 

3.6 Simulation and Experimental Results 

A single-phase differential buck-boost inverter is operated with the parameters shown in 

Table 3.1. The resonant frequency of a buck-boost converter can be calculated by Ὢ

ρ ὨȾς“Ѝὒὅ, which is around 1kHz.  

Table 3.1 Parameters of differential buck-boost inverter 

DC voltage ὠ  100V 

AC voltage amplitude ὠ 156V 

AC current amplitude Ὅ 5.1A 

Output rated power ὖ 400W 

Operating inductance ὒȟ 300ʈH*2 

Operating capacitance ὅȟ 30ʈF*2 

AC frequency Ὢ  60Hz 

Switching frequency Ὢ 12kHz 

 



53 

 

3.6.1 Simulation Results 

Figs. 3.16 (a)~(f) show the simulation results of the differential buck-boost inverter 

working under bipolar operation with and without power decoupling control. Fig. 3.16 (a) 

and (b) show the waveforms of duty cycles for both bipolar buck-boost converters when 

the input DC voltage is 100V. Ὠ represents the duty cycle of switch Ὓ for the DC buck-

boost converter on the left, and Ὠ represents the duty cycle of switch Ὓ for the DC buck-

boost converter on the right. It can be seen in the figure that the output voltage starts from 

zero when Ὠ and Ὠ are approximately equal to 0.6. Without power decoupling control, 

the range of duty cycles Ὠ  and Ὠ  for the inverter is 0.4~0.7; with power decoupling 

control, the range becomes 0.05~0.75, both of which are within the practical limits of the 

buck-boost converter. If the duty cycle is out of the limits, the DC offset ὠ of the capacitor 

voltages can be tuned to reach feasible duty cycles. 

 

Figs. 3.16 (c)~(d) show the waveforms of capacitor voltages ὺ ȟ and output voltage ὺ of 

the buck-boost inverter with and without power decoupling. The output voltage ὺ is the 

difference between the output capacitor voltages ὺ  and ὺ . When the output capacitor 

voltages are controlled by the bipolar DC buck-boost converters to contain a sine wave at 

fundamental frequency with 180-degree phase shift, the DC-AC conversion is successfully 

achieved. Without power decoupling control, the range of capacitor voltages is 70~220V; 

with power decoupling control, the output capacitor voltages contain an additional AC 

component to absorb the second-order ripple power, and the range of capacitor voltages 

becomes 0~250V. Thus, the power decoupling control increases the voltage stress of the 

differential buck-boost inverter. The output capacitor voltages are allowed to be higher or 
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lower than the 100V input DC voltage, verifying the buck-boost capability.   

 

Figs. 3.16 (e)~(f) show the waveforms of input currents of two DC buck-boost converters 

and the sum, which is the input DC current Ὥ   of the differential buck-boost inverter. 

During the first 2ms, the input DC current is in transient state, and it has oscillation and 

overshoot. After 2ms, the inverter system reaches the steady state. Without power 

decoupling control, the input DC current Ὥ   contains a visible second-order ripple 

component that has the same amplitude as the DC current value; with power decoupling 

control, the ripple components have been significantly mitigated from almost 100% to only 

9% so that the DC current Ὥ  is almost fixed at 4A. Since the current ripple in DC current 

is lessened by more than 10 times, most of the second-order ripple power has been 

successfully delivered into the output film capacitors instead of existing at the DC side of 

the inverter, thus the large electrolytic capacitor at DC side can be eliminated.  
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(a)                                                                          (b)  

 

(c)                                                                            (d) 

 

                                          (e)                                                                              (f) 

Fig. 3.16. Simulation results: (a) the duty cycle waveform without decoupling, (b) The 

duty cycle waveform with decoupling, (c) The voltage waveforms without decoupling, 

(d) The voltage waveforms with decoupling, (e) The current waveforms without 

decoupling, (f) The current waveforms with decoupling. 
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3.6.2 Experimental Results 

To validate the feasibility of the power decoupling control on the differential buck-boost 

inverter, the inverter prototype as shown in Fig. 3.1 is implemented. The parameters of the 

prototype are the same as in Table 3.1.  

 

Figs. 3.17 (a)~(b) show the voltage and current waveforms of the differential buck-boost 

inverter operating at rated power with and without power decoupling control. It is 

illustrated that the output capacitor voltages can be higher or lower than the input DC 

voltage, and the output voltage ὺ is almost the same in both cases even with different 

output capacitor voltages. The output voltage and current waveforms include some low-

order harmonics, which is due to the parameter mismatch in the feedforward control where 

the second-order ripple component cannot be perfectly compensated and some unexpected 

low-order harmonics are introduced. It can be seen in the figure that the second-order ripple 

component in the input DC current has been decreased by more than 50% with power 

decoupling control. As shown in the spectrum of the output current in Fig. 3.18, the output 

current contains 3rd, 5th and 7th-order harmonics when without power decoupling control, 

and the THD is 3.7%. With power decoupling control, the 3rd-order harmonic of the output 

current increases while the 5th and 7th-order harmonics decrease, and the THD becomes 

5.9%.  
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(a)                                                                   (b) 

Fig. 3.17. Experimental results of the differential buck-boost inverter: (a) without power 

decoupling control, (b) with power decoupling control. 

 

 

(a)                                                                  (b) 

Fig. 3.18. THD of the output currents: (a) without power decoupling control, (b) with 

power decoupling control. 

 

Figs. 3.19 (a)~(b) show the dynamic response of the differential buck-boost inverter when 
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the output power demand changes from 160W to 350W abruptly. Under standalone 

operation, the output voltage changes together with output current when the power demand 

changes. As can be seen in the transient results, the DC current, capacitor voltages, and the 

output voltage respond to the power shift within 2ms with little percent overshoot or 

oscillation, which indicate a good transient performance of the differential buck-boost 

inverter with proposed control technique. The fluctuation of the input DC current Ὥ  has 

been mitigated a lot with power decoupling control in comparison to that without power 

decoupling, and the response to change is very fast because of small capacitance and 

inductance of the storage elements. 
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(a)                                                                  (b) 

Fig. 3.19. Dynamic response of the differential buck-boost inverter: (a) without power 

decoupling control, (b) with power decoupling control. 

 

      Fig. 3.20 shows the efficiency curve of the differential buck-boost inverter under 

bipolar operation with and without power decoupling function. The efficiency curves in 

both cases are close to each other. With power decoupling control, the voltage stress of the 
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system increases at the same time when the current stress of the systems decreases. The 

increased voltage stress leads to higher current ripple in the inductors, which can cause 

higher inductor loss; the decreased current stress leads to lower power loss of the switches. 

The system efficiency with power decoupling control is generally a little bit higher than 

that of the system without power decoupling when the power is high, this could be because 

the lower switching loss caused by lower current stress dominates the change of the power 

loss. When the power is low, the efficiency curve of the differential inverter without power 

decoupling is slightly higher than the inverter with power decoupling, this could be because 

the higher inductor loss caused by higher voltage stress dominates the change of the power 

loss. 

 

Fig. 3.20. Efficiency curve of the differential buck-boost inverter. 
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3.7 Summary 

In Chapter 3, a differential buck-boost inverter with PEM for unipolar operation and 

energy-based power decoupling control technique for bipolar operation is presented, which 

has advantages such as no additional devices and wider range of the output capacitor 

voltages. The PEM technique allows the differential buck-boost inverter to operate under 

both DCM and CCM. The energy-based power decoupling control method successfully 

mitigates the second-order ripple component in the input DC current, without the need of 

the large electrolytic capacitor at DC side. Simulation and experimental results verified the 

feasibility of the proposed topology with proposed control techniques, and the power 

decoupling control achieves substantial reduction of second-order component in DC 

current. The power decoupling control also lowers current stress of the power electronic 

components, with an acceptable range of increase in voltage stress.  
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4      Single-Phase Bridge Inverter with Power Decoupling Control and 

Pulse Energy Modulation 

4.1 Introduction  

Single-phase voltage-source bridge inverters are widely used in ESS and renewable energy 

systems to transfer DC power to AC power, but the bridge circuit alone has limitations such 

as low DC voltage utilization and second-order power mismatch. To increase the DC 

voltage utilization, various DC-DC conversion stages such as boost and buck-boost 

converters are added in front of the bridge inverters, so that they are applicable for 

renewable energy sources and ESS with voltages lower than the grid amplitude [111].  To 

divert the second-order ripple power into a small film capacitor, various active power 

decoupling circuits and techniques have been developed, so that the large electrolytic 

capacitor at the DC side of the bridge inverter can be eliminated [4], [5], [8]. 

 

This chapter presents a new single-phase bridge inverter with both voltage boosting and 

power decoupling capabilities, as shown in Fig. 4.1. This new inverter topology was 

proposed by the author. A US patent was filed based on this inverter and its controls. 

Section 4.2 introduces the configuration and parameter design of the proposed topology, 

which is also compared with the single-phase bridge inverter with a boost stage. Section 

4.3 describes the power decoupling operation and PEM on the bridge inverter. Section 4.4 

further analyzes the performance of PEM on bridge inverters with L-filter and LCL-filter 

by small-signal modeling. Finally, Section 4.5 presents simulation and experimental results 

to verify the feasibility of the proposed bridge inverter with PEM and successful power 
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Fig. 4.1. Single-phase VSI with voltage boosting and power decoupling capabilities. 

 

4.2 Topology Design 

The conventional bridge inverter is a typical topology used as the interface between the 

DC input and single-phase AC output, but it has operational limitation of the minimum 

input DC voltage being higher than the peak AC output voltage in order to avoid the over-

modulation. To increase the DC voltage utilization, a boost converter is added in front of 

the bridge inverter, as shown in Fig. 4.2 (a), in which the front end boost converter steps 

up the input DC voltage above the peak value of the output AC voltage, and the following 

bridge stage supplies generated power to the AC output. Fig. 4.2 (b) shows the ripple power 

component at DC input, DC link, and AC side of the conventional two-stage single-phase 

bridge inverter. Most of the second-order ripple power component should be absorbed by 

the DC-link capacitor, but the DC-link capacitor has the same percentage of voltage 
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oscillation as that of DC input. In order to minimize the power pulsation of DC input, a 

large electrolytic capacitor ὅ is required at DC input or DC link to minimize the voltage 

oscillation and absorb the ripple power. 
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(b) 

Fig. 4.2. Conventional single-phase bridge inverter with boost converter: (a) circuit 

topology, (b) schematic diagram of ripple power at the DC input, DC link, and AC side. 

 

Assume the design constraint is that the input DC voltage oscillation should be less than 

2% and the second-order ripple power provided by the PV panel is less than 5%, then the 

voltage oscillation at DC link should also be less than 2% and the remaining 95% of the 
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ripple power will then be fed to the DC-link capacitor ὅ. Thus the minimum DC-link 

capacitance can be calculated by: 

ὅ
πȢωυὖ

ὠ Ͻς‫ϽπȢπςὠ
                                                      τȢρ 

where ὖ is the amplitude of the ripple power, and ὠ  is the average DC-link voltage. 

With 400W rated power and 100V DC-link voltage ὠ , the capacitance of ὅ needed for 

power decoupling is 2.52mF. When ὠ  is boosted up to 200V, the minimum capacitance 

of ὅ  can be reduced to 0.63mF, and practically 1mF capacitor is used to provide as a 

sufficient design margin. Therefore, the active power decoupling method is proposed to 

significantly reduce the capacitance requirement in single-phase inverter systems. This 

leads to the proposal of a new single-phase inverter topology, with the schematic diagram 

along with ripple power locations shown in Fig. 4.3. In the proposed new topology, the 

additional power decoupling circuit (buck converter) in Fig. 1.5 is merged with the DC 

input, so the DC offset in the voltage across the decoupling capacitor can be used to support 

the input DC voltage. The operating principles of this new inverter are described below. 
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Fig. 4.3. Proposed single-phase VSI with active power decoupling: (a) circuit topology, 

(b) schematic diagram of ripple power at the DC input, DC link, and AC side. 

 

The first stage can also be regarded as a rotated bidirectional buck-boost converter, where 

the inductor current is always continuous. When the DC input is delivering power into the 

decoupling capacitor, the switching operations are depicted in Fig. 4.4, where the inductor 

ὒ  is charged first, and then transfers the energy into the decoupling capacitor ὅ . The 

waveform of the inductor current is continuous. The current ripple ЎὍ  is calculated as 

(3.27), and the inductance is designed such that ЎὍ is less than 30A, to avoid saturation of 

the inductor and high current stress. The relationship between the current ripple, input DC 

voltage, and inductance is the same as in Fig. 3.11. The relationship between input DC 

voltage ὠ  and the voltage ὺ  across the decoupling capacitor is: 
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ὺ
Ὠ

ρ Ὠ
Ͻὠ                                                            τȢς 

where Ὠ is the duty cycle of Ὓ in the buck-boost converter. 
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(a)                                           (b) 

Fig. 4.4. Equivalent circuit of the operation of the front end stage: (a) charging loop, (b) 

discharging loop. 

 

With the connection in Fig. 4.1, the DC-link voltage ὺ  of the bridge inverter can be 

calculated as: 

ὺ ὠ ὺ
ρ

ρ Ὠ
Ͻὠ                                          τȢσ 

It can be seen from the relationship between ὺ  and ὠ  that the buck-boost stage has 

the voltage boosting capability, and the value of ὺ  can be determined by the duty cycle 

of Ὓ. 

 

To achieve the power decoupling function, the voltage across the power decoupling 

capacitor is controlled as a DC-biased sine wave. The DC component of the capacitor 
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voltage is added to the input DC voltage to achieve the voltage boosting function, and the 

AC component is used to cancel out the second-order ripple power. The DC-link voltage 

must always be higher than the peak value of the output AC voltage to ensure that there is 

no over-modulation.  

 

To cancel out the second-order ripple power, the value of the decoupling capacitor is 

designed as following: 

ὅ
ὖ

ς‫ὠὠ
                                                            τȢτ 

where ὖ  is the average DC power, ὠ is the average capacitor voltage, and ὠ  is the 

amplitude of capacitor voltage oscillation. At the rated power, the relationship between 

decoupling capacitance and voltages is depicted in Fig. 4.5. The parameters used in the 

design and analysis are shown in Table 4.1, and the chosen decoupling capacitance is 

around where the arrow points in Fig. 4.5.  
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Fig. 4.5. Decoupling capacitance as a function of the DC offset and allowed oscillating 

capacitor voltage. 

 

4.3 Operating Principle of Power Decoupling and PEM 

4.3.1 Operating Principle of Power Decoupling Function 

In view of energy transfer, the decoupling capacitor needs to absorb energy when the input 

power is greater than the output power, and to release energy when the input power is less 

than the output power, thus requiring bidirectional operation of the front end stage. Suppose 

the single-phase power inverter is operated under unity power factor, the voltage and 

current of the AC load are expressed as follows: 

ὺ ὠ ϽÓÉÎ‫ὸ                                                      τȢυ 

Ὥ Ὅ ϽÓÉÎ‫ὸ                                                       τȢφ 

where ὠ   and Ὅ   are the peak grid voltage and peak grid current, respectively. The 
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demanded energy of the AC load during Ὧ  switching period is:  

Ὁ ὺ ϽὭ ϽὨὸ
ὠ Ὅ

ς
Ͻρ ÃÏÓς‫ὸϽὨὸ      τȢχ 

from which there exists a second-order ripple component. While a constant amount of 

energy is desired at the DC side, the second-order ripple component should be diverted into 

the film capacitor ὅ. Then, the demanded energy Ὁ  of the decoupling capacitor is 

calculated in (4.8) in order to balance the second-order component. 

Ὁ
ὠ Ὅ

ς
ϽÃÏÓς‫ὸϽὨὸ                                         τȢψ 

 

The voltage across the decoupling capacitor ὅ is basically a DC-biased sine wave, which 

contains a DC offset ὠ and an additional AC component ὺ . Suppose the voltage across 

the decoupling capacitor is: 

ὺ ὠ ὺ                                                       τȢω 

The current flowing through the decoupling capacitor is calculated as: 

Ὥ ὅὺ ὅὺ                                                τȢρπ 

where the above dot indicates the derivative of the variables. 

 

The energy absorbed (or released when negative) by the decoupling capacitor ὅ during 

each switching cycle is calculated as: 

Ὁ ὺ ϽὭ ϽὨὸ ὅὠὺ ὅὺ ὺ ϽὨὸ           τȢρρ 

According to energy balance, the energy absorbed by the decoupling capacitor should be 

equal to the demanded energy, so that Ὁ Ὁ  . Combining (4.8) with (4.11), the 
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following equation is obtained: 

ὅὠὺ ὅὺ ὺ ϽὨὸ
ὠ Ὅ

ς
ϽÃÏÓς‫ὸϽὨὸ       τȢρς 

Solving (4.12) and cancelling out Ὕ, a quadratic equation with respect to ὺ  is expressed 

as: 

ὅὺ ςὅὠὺ
ὠ Ὅ

ς‫
ϽÓÉÎς‫ὸ                         τȢρσ 

Solving the quadratic function regarding ὺ  , the additional AC component ὺ   is 

obtained as: 

ὺ ὠ ὠ
ὠ Ὅ

ς‫ὅ
ÓÉÎς‫ὸ                               τȢρτ 

Thus the reference decoupling capacitor voltage is expressed as: 

ὺ ὠ
ὠ Ὅ

ς‫ὅ
ÓÉÎς‫ὸ                                      τȢρυ 

which can be used to control duty cycles of Leg C in Fig. 4.1 to achieve voltage boosting 

and power decoupling functions. 

 

4.3.2 Pulse Energy Modulation on Bridge Inverter 

With PEM, one bridge leg is operated at high frequency, and the other is operated at line 

frequency to eliminate high frequency current commutation. The operating principles of 

the bridge inverter can be described by the following two operating half cycles: 

1) PHC: Ὓ   remains on, Ὓ   and Ὓ   remain off; Ὓ   is controlled on and off, acting 

like a buck chopper, to produce a half sine wave at the output. 
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2) NHC: Ὓ   remains on, Ὓ   and Ὓ   remain off; Ὓ   is controlled on and off to 

produce a half sine wave at the output, which is 18πЈ  out of phase and has the 

opposite polarity of PHC. 

 

During each half cycle, PHC for example, some key waveforms of the bridge inverter 

during a switching period are depicted in Fig. 4.6. By turning on switch Ὓ , the energy of 

the DC link transfers to the output inductor ὒ. When Ὓ  is turned off, the stored energy 

in the output inductor transfers to the load through Ὓ  and the antiparallel diode of Ὓ . 

The equivalent circuits of each operating mode are shown in Fig. 4.7. The bridge inverter 

operating modes are described as follows: 

¶ Mode I (ὸͯ ὸ): Ὓ  and Ὓ  are on. The DC input delivers the energy into output 

inductor ὒ and the grid. 

¶ Mode II (ὸͯ ὸ): Only Ὓ  is on. The output inductor ὒ discharges energy into the 

grid through Ὓ  and the paralleling diode of Ὓ . Switch Ὓ  is withstanding the 

voltage stress ὺ . 

¶ Mode III (ὸͯ ὸ+Ὕ): Ὓ  is off. The output inductor ὒ is totally discharged, and 

the output capacitor ὅ  is providing energy to the AC load. Switch Ὓ   is 

withstanding the voltage stress ὺ ὺ , as can be seen from Fig. 4.7 (c). 
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Fig. 4.6. Operating mode waveforms in PHC: (a) DCM, (b) CCM. 
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Fig. 4.7. Equivalent circuits during various operating modes in PHC. 
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For a grid-connected application, ὺ  is determined by the grid, and Ὥ  is controlled by 

the inverter to follow a desired reference. Suppose Ὥ Ὥ  , the demanded energy 

during the Ὧ  switching period is calculated approximately from: 

Ὁ Ὧ ὠ ὯϽὍ ὯϽὝ                                         τȢρφ 

where ὠ Ὧ and Ὅ Ὧ are grid voltage and reference current, respectively, in the Ὧ  

switching period, during which ὠ Ὧ  and Ὅ Ὧ  are approximately constant for the 

fact that the switching frequency is much higher than the line frequency. Ὕ is the switching 

period. 

 

If the initial current of the inductor is ὍὯ and the inductor current after charging is ὍὯ 

for the Ὧ  switching period, the average current flowing to the grid is ὍὯ ὍὯ . 

The energy charged into the inductor ὒ from the DC input during the Ὧ  switching period 

is calculated from: 

Ὁ Ὧ
ρ

ς
ὒϽὍὯ ὍὯ

ρ

ς
ὍὯ ὍὯ ὠ ὯὈ ὯὝ    τȢρχ 

where Ὀ Ὧ is the duty cycle for Ὓ  at Ὧ  switching period.  

 

The energy absorbed by the filtering inductor ὒ during the Ὧ  switching period is: 

Ὁ Ὧ
ρ

ς
ὒϽὍὯ ρ ὍὯ                                 τȢρψ 

where ὍὯ ρ  can be approximately calculated by ὍὯ ρ ὍὯ Ὅ Ὧ ρ

Ὅ Ὧ. 
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According to the energy balance, in each switching period the following equation must be 

satisfied: 

Ὁ Ὧ Ὁ Ὧ Ὁ Ὧ                                          τȢρω 

 

During PHC, Ὓ  remains on, Ὓ  and Ὓ  remain off; the only switch controlled according 

to PEM is Ὓ . ὍὯ can be calculated by: 

ὍὯ ὍὯ
ὠ Ὧ ὠ Ὧ ϽὈͺ ὯϽὝ

ὒ
              τȢςπ 

where Ὀͺ Ὧ is the duty cycle for Ὓ  during PHC, which can be stated as:  

Ὀͺ Ὧ
ὒ

ὝϽὠ Ὧ ὠ Ὧ
 

Ͻ

ở

Ở
ờ
ὍὯ

ςὉ Ὧ Ὁ Ὧ Ͻὠ Ὧ ὠ Ὧ

ὠ ὯϽὒ
ὍὯ

Ợ

ỡ
Ỡ
 τȢςρ 

During NHC, Ὓ  remains on, Ὓ  and Ὓ  remain off; the only switch controlled according 

to PEM is Ὓ . ὍὯ can be calculated by: 

ὍὯ ὍὯ
ὠ Ὧ ὠ Ὧ ϽὈͺ ὯϽὝ

ὒ
               τȢςς 

The duty cycle for Ὓ  during NHC can be stated as: 

Ὀͺ Ὧ
ὒ

ὝϽὠ Ὧ ὠ Ὧ
 

Ͻ

ở

Ở
ờ
ὍὯ

ςὉ Ὧ Ὁ Ὧ Ͻὠ Ὧ ὠ Ὧ

ὠ ὯϽὒ
ὍὯ

Ợ

ỡ
Ỡ
 τȢςσ 

The above equations are describing a quiescent point at Ὧ  switching period, where all the 

variables are the quiescent values with capital letters. Generally, the variable duty cycle Ὠ 



76 

 

for Leg B can be expressed as: 

Ὠ
ὒ

ὝϽὺ ὺ
Ὥ

ςὩ Ὡ Ͻὺ ὺ

ὺ Ͻὒ
ȿὭȿ      τȢςτ 

where Ὠ is used to control Ὓ  during PHC and to control Ὓ  during NHC. 

 

In the PEM bridge inverter, Leg A is operated at the grid frequency, and only one switch of 

Leg B is operated under high frequency during each half cycle, minimizing the switching 

losses of the IGBTs. 

 

When the instantaneous output power is high, the bridge inverter with both PEM and 

SPWM operates under CCM; the inductor current increases from and decreases to a non-

zero value. When the instantaneous output power is low, the filtering inductor current of 

the bridge inverter with SPWM is still continuous, as shown in Fig. 4.8 (a) that the moment 

it decreases to zero, it increases in the opposite direction. While SPWM provides linear 

modulation to the bridge inverter only under CCM, the non-linear modulation under DCM 

will result in current distortion. But with PEM, the bridge inverter can operate under DCM 

around zero-crossing point, as shown in Fig. 4.8 (b), where the inductor current increases 

from and decreases to zero during each switching cycle. The switching losses of the bridge 

inverter are further reduced due to the zero-current switching under DCM. In addition, 

PEM modulates the bridge inverter based on the energy transfer, making the inverter 

operation less sensitive to the input voltage fluctuation and grid voltage harmonics than 

SPWM does. 
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(a)                                                                 (b) 

Fig. 4.8. Filtering inductor current waveforms around zero-crossing point with (a) 

SPWM, (b) PEM. 

 

4.4 Small-Signal Modeling Analysis of PEM Bridge Inverter 

The overall modulation structure of the proposed single-phase bridge inverter is shown in 

Fig. 4.9, including the front end stage modulation and the bridge stage modulation. The 

power decoupling control is employed in the front end circuit to achieve the desired 

capacitor voltage, which is added with input DC voltage.  
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Fig. 4.9. Control diagram of the single-phase bridge inverter. 
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To further investigate the characteristics of the proposed topology and modulation 

technique, small-signal models have been built for both the front end stage and the bridge 

inverter with PEM.  

 

4.4.1 Small-Signal Modeling of Front End Stage 

The small-signal equivalent circuit of the front end stage is shown in Fig. 4.10, where the 

ESR of the inductor has also been modeled. The small-signal equations are expressed as: 

ίὒὙ ϽǶ ὈϽὺ ὺ ὠ ὠ ϽὨ ὺ                       τȢςυ 

ίὅ Ͻὺ ρ Ὀ ϽǶ ὍϽὨ                                                 τȢςφ 

where s is the complex frequency in Laplace transform, and the capital letters represent the 

quiescent values of the variables and the symbol ñ^ò denotes the perturbed average value 

of the corresponding voltage, current, or duty cycle. 
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Fig. 4.10. Small-signal equivalent circuit of the front end stage. 

 

While the front end stage is connected to the following bridge inverter stage, the 

perturbation of the output current can also be a disturbance in the front end stage. To 

simplify the modeling, the perturbation of energy demand ὩǶ is added as a feedforward 
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in order to cancel out the disturbance from the output current. Thus, the small-signal model 

of the front end stage is illustrated in Fig. 4.11, where the transfer functions from input DC 

voltage ὺ , duty cycle Ὠ, and energy demand ὩǶ to decoupling capacitor voltage ὺ  

can be derived as, 

Ὃ ί
ὺ ί

ὺ ί

Ὀ ρ Ὀ

ίὒὅ ίὅὙ ρ Ὀ
                                    τȢςχ 

Ὃ ί
ὺ ί

Ὠ ί

ρ Ὀ ὠ ὠ ὍίὒὙ

ίὒὅ ίὅὙ ρ Ὀ
                       τȢςψ 

Ὃ ί
ὺ ί

ὩǶ ί

ίὒὙ

ὠ ὝϽίὒὅ ίὅὙ ρ Ὀ
                τȢςω 
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Fig. 4.11. Small-signal model of the front end circuit. 

 

4.4.2 Small-Signal Modeling of Bridge Stage with PEM 

For the following bridge inverter with PEM, the bridge inverter is working under CCM for 

most of the operation time at rated power, except for few switching cycles around zero-

crossing point, where the initial inductor current Ὥ is zero. Under CCM, the relationship 

between the initial inductor current ὍὯ  and the peak inductor current ὍὯ  at Ὧ  
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switching period is illustrated in Fig. 4.12, where the maximum ripple of the inductor 

current is  . While the average current is sampled instead of the 

instantaneous initial inductor current, as discussed in the previous chapter, the average 

inductor current Ὥ (same as Ὥ ) can be used to calculate the initial inductor current Ὥ: 

Ὥ Ὥ
ὺ ὺ ὨὝ

ςὒ
                                                            τȢσπ 

Adding a small AC signal perturbation and dropping the DC and second-order AC terms, 

Ƕ can be expressed as: 

                              Ƕ Ƕ
ὠ ὠ Ὠ Ὀ ὺ ὺ Ὕ

ςὒ
 

Ƕ ὊὨ Ὂ ὺ ὺ                                      τȢσρ 

where Ὂ , and Ὂ . 

 

The transfer functions from grid voltage ὺ  , DC-link voltage ὺ  , initial inductor 

current Ƕ, and energy demand ὩǶ to duty cycle Ὠ can be calculated by applying a small 

AC signal perturbation to the variables in (4.24): 

Ὃ ί
Ὠ ί

ὺ ί

Ὀ

ςὒὍ
                                                τȢσς 

Ὃ ί
Ὠ ί

ὺ ί

ὈὝὠ ςὈὒὍ

ςὒὠ Ὅ
                         τȢσσ 

Ὃ ί
Ὠ ί

Ƕί

Ὀὠ

ὠ Ὅ
                                               τȢστ 
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Ὃ ί
Ὠ ί

ὩǶ ί

ρ

ὠ ὍὝ
                                             τȢσυ 

where Ὅ Ὅ  according to the inductor current relationship in Fig. 4.12. 
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Fig. 4.12. Filtering inductor current waveform under CCM. 
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Fig. 4.13. Small-signal model of PEM bridge inverter with L-filter. 

 

The small-signal model of the PEM bridge inverter is illustrated in Fig. 4.13. The inputs to 

the system are the disturbance in DC-link voltage ὺ   and the disturbance in energy 

demand ὩǶ. The DC-link voltage-to-output current and energy demand-to-output current 

transfer functions are expressed as (4.36) and (4.37), which describes how DC-link voltage 
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and energy demand variations influence the output current.  

                   Ὃ ί
Ƕ ί

ὺ ί
 

Ὀ ρ Ὃ Ὂ ὠ Ὃ Ὃ ȾὊ

ίὒ ρ Ὃ Ὂ ὠ Ὃ
                τȢσφ 

                    Ὃ ί
Ƕ ί

ὩǶ ί
 

ὠ Ὃ ȾὊ Ὃ Ὃ Ὅ Ὕ Ὃ Ὂ ρ

Ὅ ὝϽίὒ ρ Ὃ Ὂ ὠ Ὃ
      τȢσχ 

 

Combining with the front end stage, the DC voltage-to-output current transfer function is 

shown as (4.38). This transfer function describes how variations or disturbances in the 

applied input voltage ὺ  lead to the disturbances in the output current Ὥ .  

Ὃ ί
Ƕ ί

ὺ ί
Ὃ ρ Ὃ                          τȢσψ 

 

Fig. 4.14 shows the Bode plots of output current with respect to input DC voltage, DC-link 

voltage, and control input. The disturbances from input DC voltage and DC-link voltage 

have been attenuated due to the DC-voltage feedforward effect in the algorithm. The 

damping effect introduced by PEM of repressing resonance also leads to a single-pole 

response with respect to the control input, and it has a higher phase margin over a wide 

range of operating points. The parameters used for the Bode plots are ὠ ρππ6, Ὅ

υ! , ὠ ρυφ6 , ὠ ςππ6 , Ὢ ρςË(Ú , ὒ σππʈ( , ὅ ρφπʈ& , and ὒ

πȢψÍ(. 
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Fig. 4.14. Bode plots of transfer functions Ὃ ί, Ὃ ί, and Ὃ ί 

for PEM inverter with L-filter. 

 

(a)                                                                 (b) 

Fig. 4.15. Simulation results of PEM inverter with L-filter: (a) without power decoupling, 

(b) with power decoupling. 

 

While the output grid current at the beginning of each switching cycle is the control 
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variable for the PEM inverter with L-filter, the harmonics at switching frequency cannot 

be filtered out whatever the L-filter is chosen. This is illustrated in Fig. 4.15. Concerning 

with this issue, a capacitor and an inductor (dashed block in Fig. 4.1) are added to the PEM 

inverter to form an LCL-filter. Then, the small-signal model of the PEM bridge inverter 

becomes as Fig. 4.16. The transfer functions from grid voltage ὺ , duty cycle Ὠ, and 

DC-link voltage ὺ  to grid current Ƕ  through LCL-filter are shown as following: 

Ὄ ί
Ƕ ί

ὺ ί

ρ ίὒὅ
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Fig. 4.16. Small-signal model of PEM bridge inverter with LCL-filter. 

 

Then the transfer functions (4.36) and (4.37) become: 

Ὃ ί
Ὄ ρ Ὃ Ὂ Ὄ Ὃ Ὃ ȾὊ

ρ Ὃ Ὂ Ὃ Ὄ
     τȢτς 
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Ὃ ί
Ὄ

Ὃ
Ὂ Ὃ Ὃ Ὅ Ὕ Ὄ ρ Ὃ Ὂ

Ὅ ὝϽρ Ὃ Ὂ Ὃ Ὄ
 

τȢτσ 

 

Fig. 4.17 shows the Bode plots of output current with respect to input DC voltage, DC-link 

voltage, and control input for the PEM inverter with LCL-filter. Different from the PEM 

inverter with L-filter, the introduction of LCL-filter increases the order of the inverter 

system. The disturbances from the input DC voltage and DC-link voltage have been 

attenuated due to the DC-voltage feedforward effect in the algorithm. The LCL-filter 

resonant peak at cutoff frequency has also been suppressed, showing that PEM has the 

active damping effect compared with SPWM. The added parameters for the PEM inverter 

with LCL-filter are ὒ πȢφÍ(,  ὒ πȢτÍ(, and ὅ ρπʈ&.  

 

Fig. 4.17. Bode plots of transfer functions Ὃ ί, Ὃ ί, and Ὃ ί 

for PEM inverter with LCL-filter. 
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4.5 Simulation and Experimental Results 

4.5.1 Simulation Results 

Simulation has been done to verify the effectiveness of PEM on the 400W single-phase 

grid-connected bridge inverter with LCL-filter in the power simulation (PSIM) 

environment. The key parameters are listed in Table 4.1.  

Table 4.1 Parameters of single-phase bridge inverter. 

Input DC voltage ὠ  100V 

Peak grid voltage ὠ  156V 

Peak grid current Ὅ  5.1A 

Rated power ὖ  400W 

Filtering inductance ὒ, ὒ  0.6mH, 0.4mH 

Flyback inductance ὒ 300ʈH 

Power decoupling capacitance ὅ  160ʈF 

Filtering capacitance ὅ 10ʈF 

Grid frequency Ὢ  60Hz 

Switching frequency Ὢ 12kHz 

 

Figs. 4.18 (a)~(b) show the voltage and current waveforms of the grid-connected PEM 

bridge inverter under rated power with and without activating the power decoupling control. 

The input DC voltage is set at 100V, and the PEM bridge inverter is operated under 400W. 

In Fig. 4.18 (a), the DC-link voltage is successfully boosted to around 200V, which ensures 

that the bridge inverter never reaches the over-modulation region. However, the input DC 

current contains a visible second-order component that decreases the efficiency and 

lifetime of a battery ESS. The second-order component has the amplitude almost the same 

as the DC component of the input DC current, which is around 4A, and the high-order 

harmonics from switching are filtered out by a low-pass filter with the cutoff frequency at 
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1kHz. The filtering inductor current Ὥ  is a sinusoidal waveform with high-order 

harmonics due to PEM control, where Ὥ is discontinuous around zero-crossing point of 

ὺ  and is continuous around the crest and trough of ὺ , as exemplified in the zoomed-

in view of Ὥ. The grid current Ὥ  is a pure sinusoidal wave with peak value around 5A 

after the LCL-filter. In Fig. 4.18 (b), the DC-link voltage is still oscillating around 200V, 

but the oscillation has higher amplitude because of power decoupling control. The input 

DC current is around 4A, and the second-order component has almost been eliminated. The 

output filtering inductor current allows DCM when the instantaneous output power is low, 

which decreases the switching loss of the bridge inverter. The grid current is a sinusoidal 

waveform under both cases, but with the addition of power decoupling control, the voltage 

stress across the switches (DC-link voltage) increases nearly 20V, and the current stress 

decreases nearly 50%. 
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(a)                                                                    (b) 

Fig. 4.18. Simulation results of the PEM bridge inverter under rated power: (a) without 

power decoupling control, (b) with power decoupling control. 

 

Figs. 4.19 (a)~(b) show the voltage and current waveforms of the grid-connected PEM 

bridge inverter under DCM with and without activating the power decoupling control. The 

input DC voltage is set at 100V, and the PEM bridge inverter is operated under 100W. In 

Fig. 4.19 (a), the DC-link voltage is successfully boosted to around 200V. The input DC 

current contains a visible second-order component when disabling the power decoupling 

control. The filtering inductor current Ὥ is a series of triangular pulses under low power 

operation, as exemplified in the zoomed-in part. The grid current Ὥ  is a sinusoidal wave 

with peak value around 1.2A after the LCL-filter, showing that the PEM inverter can 

operate properly under DCM. In Fig. 4.19 (b), the DC-link voltage is still oscillating around 

200V, but the oscillation is less obvious due to lower second-order ripple power. The input 
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DC current is around 1A, and the second-order component has almost been eliminated. The 

filtering inductor current is discontinuous, and the grid current is sinusoidal, showing that 

the PEM inverter is allowed to operate under DCM when the output power is low. 

 

                                    (a)                                                                   (b) 

Fig. 4.19. Simulation results of the PEM bridge inverter under low power operation: (a) 

without power decoupling control, (b) with power decoupling control. 

 

Figs. 4.20 (a)~(b) show the dynamic response of the single-phase PEM bridge inverter 

under the change of power with and without activating power decoupling control. The input 

DC voltage is set at 100V and the peak grid voltage is set at 156V. The DC-link voltage 

has been boosted to around 200V. The operating power of the bridge inverter changes from 

100W to 300W at a crest of grid voltage within 1ms, and from 300W to 400W at a zero-

crossing point of grid voltage within 1ms. When the operating power is under 100W, the 

bridge inverter is totally operated under DCM. With the increase of the operating power, 

the bridge inverter starts operating under CCM around the crest and trough of the grid 
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voltage. It can be seen from the inductor current Ὥ that the bridge inverter can switch 

between DCM and CCM seamlessly. In both cases, the DC-link voltage, DC current, and 

the grid current respond very fast to the power change with little overshoot, indicating a 

good transient performance of the single-phase bridge inverter with PEM technique. 

 

(a)                                                                (b) 

Fig. 4.20. Dynamic response of the PEM bridge inverter under power shift: (a) without 

power decoupling control, (b) with power decoupling control. 

 

4.5.2 Experimental Results 

In a laboratory test, a DSP TMS320F28335 microprocessor is programmed to provide the 

power decoupling control and PEM on the bridge inverter, whose parameters are the same 

as in simulation. 
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When the bridge inverter is working close to 400W, the filtering inductor current Ὥ is 

continuous around crest and trough of grid voltage, and discontinuous around the zero-

crossing point of grid voltage. The waveforms of input DC current, DC-link voltage, grid 

voltage, grid current, and the filtering inductor current are shown in Fig. 4.21. The bridge 

inverter is reaching CCM when the instantaneous power is high, as indicated by the white 

space at the bottom of the filtering inductor current. Without power decoupling, the DC 

current contains a 5A peak-to-peak ripple component. With power decoupling control, the 

ripple component has been mitigated to nearly 2A peak-to-peak, verifying the effectiveness 

of the topologyôs power decoupling function. The THD of grid current is around 3.5% 

when without power decoupling, and is around 5.5% when with power decoupling. 

iDC(2A/div)

vlink(50V/div)

vgrid(50V/div)

igrid(5A/div)

iLf (2A/div)

 

iDC(2A/div)

vlink(50V/div)

vgrid(50V/div)

igrid(5A/div)

iLf (2A/div)

 

(a)                                                                  (b) 

Fig. 4.21. Experimental results of the single-phase bridge inverter under CCM: (a) without 

power decoupling control, (b) with power decoupling control. 

 

When the bridge inverter is working below 160W with 100V input DC voltage, the bridge 

inverter is totally under DCM that the inductor current is always discontinuous. The results 

are shown in Fig. 4.22, containing waveforms of input DC current, DC-link voltage, grid 
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voltage, grid current, and the inductor current. The DC-link voltage is maintained higher 

than the grid voltage to ensure under-modulation. In Fig. 4.22 (a), the input DC current 

contains a visible second-order ripple, indicating that the pulsating power has not been 

decoupled without power decoupling control. In comparison in Fig. 4.22 (b), the second-

order ripple has almost been eliminated due to power decoupling control. Under low power 

operation, even a small noise is visible in the current waveforms. In both cases, the grid 

current Ὥ  is a sinusoidal wave with little harmonics after the LCL-filter, and the peak 

value of the grid current is around 1.6A. The filtering inductor current Ὥ is discontinuous 

as a series of triangular pulses, showing that the bridge inverter with PEM is operating 

properly under DCM when the output power is low, which is not allowed in bridge inverter 

with SPWM. 
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(a)                                                                    (b) 

Fig. 4.22. Experimental results of the single-phase bridge inverter under DCM: (a) 

without power decoupling control, (b) with power decoupling control. 

 

Fig. 4.23 shows the transient response of the single-phase bridge inverter with PEM when 
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Ὅ  changes from 1.2A to 2.5A abruptly. As can be seen in the experimental results, the 

DC-link voltage, DC current, and the grid current respond within 2ms to the power shift 

without overshoot or oscillation, verifying good performance of the PEM technique under 

load transient response. In addition, the low-order harmonics in DC current has been 

mitigated by 50% with applied power decoupling control. 
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Fig. 4.23. Dynamic response of the single-phase PEM bridge inverter: (a) without power 

decoupling control, (b) with power decoupling control. 

 

Fig. 4.24 shows the efficiency curve of the bridge inverter with PEM. The power 
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decoupling control increases the inverter efficiency a little bit comparing with the bridge 

inverter without power decoupling control, and the efficiency exceeds 90% at the power 

operation of 400W. 

 

Fig. 4.24. Efficiency curve with/without power decoupling control. 

 

4.6 Summary 

In Chapter 4, a new single-phase bridge inverter with voltage boosting and power 

decoupling capabilities is presented. PEM is applied to the bridge inverter for the first time. 

Small-signal analyses for the PEM bridge inverter have been conducted for the inverter 

system with L-filter and LCL-filter to show the inverterôs characteristics, in which the 

resonant peak of LCL-filter is greatly attenuated by PEM. Simulation and experimental 

results verified that the bridge inverter modulated by PEM is able to operate under both 

DCM and CCM and switch between them seamlessly. With the activation of power 

decoupling control, the second-order component in DC current of the single-phase PEM 

bridge inverter is substantially reduced.  
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5      Power Decoupling Control and Hybrid Modulation on Two-Stage 

Single-Phase Bridge Inverter with Buck-Boost Stage 

5.1 Introduction  

Two-stage single-phase bridge inverters with boost stage or buck-boost stage have wider 

input DC voltage range than the single-stage bridge inverter [111]. In two-stage single-

phase inverters, a large electrolytic capacitor is usually required at the DC link due to the 

double-line frequency power mismatch between the DC and AC sides.  

 

This chapter presents a new two-stage single-phase bridge inverter with voltage-reference 

active power decoupling based on buck-boost converter to remove the large electrolytic 

capacitor. Section 4.2 introduces the configuration of the two-stage bridge inverter with 

power decoupling based on the buck-boost converter. Section 4.3 describes the power 

decoupling operation and hybrid modulation on the bridge inverter. Section 4.4 provides 

the parameter design and small-signal analysis of the inverter system. Finally, Section 4.5 

presents simulation and experimental results to verify the feasibility of the proposed two-

stage bridge inverter with power decoupling capability and hybrid modulation on the 

bridge stage. 
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5.2 Topology Design 

5.2.1 Conventional Two-Stage Single-Phase Bridge Inverter with Electrolytic 

Capacitor 

Fig. 5.1 shows the topology of conventional single-phase bridge inverter with buck-boost 

converter. The ripple power components at DC input, DC link, and AC output of the 

conventional two-stage single-phase bridge inverter are the same as in Fig. 4.2 (b). Most 

of the second-order ripple power component should be absorbed by the DC-link capacitor, 

but the DC-link capacitor has the same percentage of voltage oscillation as the DC input. 

In order to minimize the power pulsation of the DC input, a large electrolytic capacitor ὅ 

in the order of mF is required at DC input or DC link to minimize the voltage oscillation 

and to absorb the ripple power.  
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Fig. 5.1. Conventional two-stage single-phase bridge inverter with buck-boost stage. 

 

5.2.2 Proposed Single-Phase Bridge Inverter with Film Decoupling Capacitor 

To avoid using the large electrolytic capacitor, a single-phase bridge inverter with active 

power decoupling based on buck-boost converter is proposed in Fig. 5.2, which adds only 

a film decoupling capacitor to the front-end buck-boost converter. When the buck-boost 
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converter is operated with complementary triggering signals, the inductor current is always 

continuous and the relationship between the DC-link voltage ὺ   and the input DC 

voltage ὠ  is: 

ὺ
Ὠ

ρ Ὠ
Ͻὠ                                                          υȢρ 

where Ὠ is the duty cycle of switch Ὓ , and the polarities are shown in Fig. 5.2. Then the 

decoupling capacitor voltage ὺ  is: 

ὺ ὠ ὺ
ρ

ρ Ὠ
Ͻὠ                                         υȢς 

The decoupling capacitor voltage can be controlled as a DC-biased double-line frequency 

sine wave, where the DC offset is used to regulate the DC-link voltage instead of being 

under-utilized as in topologies of previous literature. 
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Fig. 5.2. Proposed single-phase bridge inverter with active power decoupling based on 

buck-boost converter. 

 

Fig. 5.3 shows the ripple power components at DC input, DC link, and AC side of the two-

stage single-phase bridge inverter system with active power decoupling. The front-end 

DC/DC converter is responsible for both voltage step-up/step-down and active power 
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decoupling. In other words, the DC offset in the decoupling capacitor voltage is used for 

both voltage-reference power decoupling and the DC-link voltage regulation. In order to 

minimize the power pulsation of the DC input, the second-order ripple power component 

should be fed into the decoupling capacitor. Theoretically, the power pulsation at DC input 

can totally be eliminated with the active power decoupling technique. 
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Fig. 5.3. Schematic diagram of two-stage single-phase bridge inverter with active power 

decoupling based on DC/DC converter. 

 

According to Equation (1.4), the decoupling capacitance is inversely proportional to the 

DC offset and the ripple voltage of the decoupling capacitor with fixed power rating. Fig. 

5.4 shows the relationship between the decoupling capacitor voltage oscillation and the 

decoupling capacitance under 400W power rating. With 100V input DC voltage and 110V 

rms output voltage, the DC-link voltage is controlled to be around 200V. The DC offset for 

the decoupling capacitor of the inverter topology in Fig. 4.1 is set as 120V whereas that of 

the proposed topology in Fig. 5.2 should be set at 320V. Therefore, it is illustrated in Fig. 

5.4 that the decoupling capacitor in the proposed topology has even lower capacitance than 

the decoupling capacitor in Fig. 4.1 with the same voltage oscillation. 
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Fig. 5.4. Relationship between decoupling capacitance and oscillating capacitor voltage. 

 

The flyback inductor is used for energy transfer between the DC input and the output load. 

Under steady state, the energy charged into the inductor is discharged to the capacitor or 

the load during each switching cycle. The waveform of the inductor current is continuous 

and bipolar due to the bidirectional operation, as mentioned in Fig. 4.10. The inductance is 

designed such that ЎὍ is less than 30A, to avoid saturation of the inductor and high current 

stress. Fig. 5.5 shows the relationship between the inductor current ripple and the 

inductance with different buck-boost ratio. The inductance is inversely proportional to the 

inductor current ripple, and the buck-boost ratio matters less to the minimum buck-boost 

inductance when the current ripple is high. 
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Fig. 5.5. Relationship between buck-boost inductance and inductor current ripple. 

 

5.3 Operating Principle of Power Decoupling and Hybrid Modulation  

5.3.1 Operating Principle of Power Decoupling Function 

According to the principle of ripple power compensation as shown in Fig. 5.3, the ripple 

power component of the system is further analyzed. With the AC side voltage, current, and 

instantaneous power described in (1.1)~(1.3), and suppose the system is operated under 

unity power factor (i.e. ÃÏÓ• ρ ), the current through filtering capacitor ὅ  can be 

calculated as: 

Ὥ ὅϽ
Ὠὺ

Ὠὸ
Ὅ ϽÃÏÓ‫ὸ                                         υȢσ 

where ὺ ὺ   is the AC load voltage, Ὅ ʖὅὠ  is the peak filtering capacitor 

current. The instantaneous power absorbed by the filtering capacitor is expressed as: 

ὴ ὺὭ ὠὍ ϽÓÉÎς‫ὸ                                       υȢτ 
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from which it can be seen that the second-order ripple power also comes from the filtering 

capacitor. To divert the second-order ripple power into the film decoupling capacitor ὅ, 

the decoupling capacitor voltage ὺ   should be controlled such that the instantaneous 

power ὴ  absorbed by ὅ becomes: 

ὴ ὖϽÃÏÓς‫ὸ • ὖ ϽÓÉÎς‫ὸ                           υȢυ 

where ὖ ὠὍ and ὖ ὠὍ. 

 

According to (5.2), the decoupling capacitor voltage ὺ  is always higher than the input 

DC voltage ὠ . In order to absorb the second-order ripple power, the decoupling capacitor 

voltage ὺ  is basically a DC-biased sine wave fluctuating at double-line frequency, which 

contains a DC offset ὠ  and a second-order component ὠ ÓÉÎς‫ὸ — . Then the 

voltage, energy, and power equations for the decoupling capacitor are expressed as follows: 

ὺ ὸ ὠ ὠ ϽÓÉÎς‫ὸ —                                          υȢφ 

Ὁ ὸ
ρ

ς
ὅὠ ὅὠὠ ÓÉÎς‫ὸ —

ρ

τ
ὅὠ ρ ÃÏÓτ‫ὸ ς—    υȢχ 

ὴ ὸ
ὨὉ ὸ

Ὠὸ
ς‫ὅὠὠ ϽÃÏÓς‫ὸ —

 

‫ὅὠ ϽÓÉÎτ‫ὸ ς—

 

   υȢψ 

The second-order ripple component in ὴ ὸ can be used to cancel out the second-order 

ripple power at the AC side, but it also introduces a fourth-order ripple component at the 

same time, as shown in (5.8). 

 

To remove the fourth-order ripple component, the voltage across the decoupling capacitor 

is assumed as (5.9) instead of (5.6): 
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ὺ ὠ ὺ                                                        υȢω 

where ὺ  is the AC component of ὺ  and allowed to contain different harmonics instead 

of merely second order. The AC component ὺ  is expressed as: 

ὺ ὠ ὠ
ὠὍ

‫ὅ
ϽÓÉÎς‫ὸ •

ὅ

ὅ
ὠ ϽÃÏÓς‫ὸ         υȢρπ 

Thus the reference decoupling capacitor voltage is calculated as: 

ὺᶻ ὠ
ὠὍ

‫ὅ
ϽÓÉÎς‫ὸ •

ὅ

ὅ
ὠ ϽÃÏÓς‫ὸ                υȢρρ 

It can be seen in (5.11) that the decoupling capacitor voltage is the root square of a DC-

biased second-order harmonic rather than merely a DC-biased sine wave fluctuating at 

double-line frequency, and the voltage amplitude is inversely proportional to the 

decoupling capacitance ὅ . The reference duty cycle Ὠᶻ  for the front-end buck-boost 

converter can be determined by: 

Ὠᶻ
ὺᶻ ὠ

ὺᶻ
                                                        υȢρς 

 

5.3.2 Hybrid Modulation on Bridge Inverter  

As discussed in Chapter 4, PEM enables the bridge inverter to operate under both DCM 

and CCM. When the bridge inverter is working under CCM, the initial inductor current 

needs to be measured at the beginning of each switching cycle, which is difficult due to the 

noise and disturbance of the switching action. Regarding this problem, a hybrid modulation 

technique is proposed in this thesis, which modulates the bridge inverter with PEM under 

DCM and with SPWM under CCM. Compared with PEM in the previous chapter, the 
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hybrid modulation technique removes the necessity of measuring the inductor current at 

the beginning of each switching cycle, thus saving a current sensor and simplifying the 

control algorithm. The operating principles of the bridge inverter are described in Section 

4.3.2, and the operating modes are depicted in Fig. 4.6. The equivalent circuits of the bridge 

inverter with resistive load under each operating mode are shown in Fig. 5.6. 
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(c) Mode III 

Fig. 5.6. Equivalent circuits of various operating modes in PHC. 
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For DCM, the operating waveforms are shown in Fig. 4.6 (a). With the AC side voltage, 

current, and instantaneous power described in (1.1)~(1.3), the demanded energy during the 

Ὧ  switching period is calculated approximately from: 

Ὁ Ὧ ὠὯϽὍὯϽὝ                                         υȢρσ 

where ὠὯ and ὍὯ are AC side voltage and current, respectively, in the Ὧ  switching 

period. Ὕ is the switching period. 

 

As can be seen in Fig. 4.6 (a), the initial inductor current ὍὯ at the beginning of each 

switching cycle is zero. Assuming the inductor current after charging is ὍὯ for the Ὧ  

switching period, then the average current flowing to the grid during charging mode is 

ὍὯ. The energy charged during the Ὧ  switching period is calculated from: 

Ὁ Ὧ
ρ

ς
ὒϽὍὯ

ρ

ς
ὠὯϽὍὯϽὈὝ                          υȢρτ 

where Ὀ is the duty cycle of Leg B under PEM.  

 

According to the energy balance, Ὁ Ὧ  should be equal to Ὁ Ὧ  in each switching 

period. During PHC, Ὓ  remains on, Ὓ  and Ὓ  remain off; the only switch controlled 

according to PEM is Ὓ . ὍὯ can be calculated by: 

ὍὯ
ὠ Ὧ ὠὯ ϽὈͺ ὯϽὝ

ὒ
                            υȢρυ 

where Ὀͺ Ὧ is the duty cycle for Ὓ  during PHC, which can be stated as: 

Ὀͺ Ὧ
ρ

Ὕ
Ͻ

ςὉ ὯϽὒ

ὠ ὯϽὠ Ὧ ὠὯ
                       υȢρφ  
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During NHC, Ὓ  remains on, Ὓ  and Ὓ  remain off; the only switch controlled according 

to PEM is Ὓ . ὍὯ can be calculated by: 

ὍὯ
ὠ Ὧ ὠὯ ϽὈͺ ὯϽὝ

ὒ
                          υȢρχ 

The duty cycle for Ὓ  during NHC can be stated as: 

Ὀͺ Ὧ
ρ

Ὕ
Ͻ

ςὉ ὯϽὒ

ὠ ὯϽὠ Ὧ ὠὯ
                       υȢρψ 

Thus, the duty cycle Ὠ for Leg B under PEM can be expressed as:  

Ὠ
ρ

Ὕ
Ͻ

ςὩ Ͻὒ

ὺ Ͻὺ ȿὺȿ
                                   υȢρω 

where Ὠ is used to control Ὓ  during PHC and to control Ὓ  during NHC. 

 

For CCM, the operating waveforms are shown in Fig. 4.6 (b), and the duty cycle of the 

bridge inverter is proportional to the output voltage, as given by: 

Ὠ
ὺ

ὺ
                                                            υȢςπ 

where Ὠ  is the duty cycle of the high-frequency switches in the bridge inverter. Then 

Ὠ  is modulated according to a sine wave to generate a sinusoidal output voltage ὺ if the 

DC-link voltage is assumed as constant, same as SPWM. Under active power decoupling 

control, the pulsation of DC-link voltage is being taken into consideration. In CCM, Ὠ  

is also used to control Ὓ  during PHC and to control Ὓ  during NHC. 

 

Under hybrid modulation, Leg A is operated under grid frequency, and only one switch of 
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Leg B is operated under high frequency during each half cycle, which minimizes the 

switching losses of the IGBTs. Furthermore, the hybrid modulation avoids sampling the 

initial inductor current at the beginning of each switching cycle compared with PEM in 

Chapter 4. Fig. 5.7 depicts the duty cycle of the bridge inverter under hybrid modulation 

while the DC-link voltage is assumed constant. The bridge stage is operating under DCM 

when ὺ  is low, and the duty cycle Ὠ  calculated by PEM is used to control the high-

frequency switch. When the bridge stage reaches CCM, the duty cycle of the bridge inverter 

becomes proportional to the output voltage, and the duty cycle Ὠ  is modulated according 

to a sine wave to generate a sinusoidal output voltage ὺ.  

 

Fig. 5.7. Duty cycle under hybrid modulation. 
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Fig. 5.8 shows the control block diagram of the two-stage single-phase bridge inverter with 

power decoupling based on a buck-boost converter. The buck-boost stage control is a 

feedforward control, which estimates the second-order ripple power and determines the 

duty cycle based on the ripple power and the desired DC-link voltage. The pair of switches 

in the buck-boost converter is modulated by a complementary triggering signal, which 

ensures the buck-boost inductor current is always continuous. The bridge stage is 

modulated by hybrid modulation: when the bridge stage is operating under DCM, Ὠ is 

used to control the high-frequency switch; when the bridge stage is operating under CCM, 

Ὠ  is used to control the high-frequency switch. 
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Fig. 5.8. Control diagram of the proposed single-phase bridge inverter with hybrid 

modulation. 

 

5.4 Small-Signal Modeling Analysis of Two-Stage Bridge Inverter  

To further investigate the characteristics of the two-stage single-phase bridge inverter, 

small-signal models have been built for both the front end converter and the bridge inverter 
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with hybrid modulation.  

 

The small-signal equivalent circuit of the first stage is shown in Fig. 5.9, in which the ESR 

of the inductor has also been modeled. The small-signal equations are expressed as: 

ίὒὙ ϽǶ ὺ Ὀ ρϽὺ ὠ ϽὨ                                     υȢςρ 

ίὅ Ͻὺ ρ Ὀ ϽǶ ὍϽὨ Ƕ                                        υȢςς 

where s is the complex frequency in Laplace transform, and the symbol ñ^ò denotes the 

perturbed average value of the concerned voltage, current, or duty cycle. Ƕ  is the 

disturbance of the output current, which also affects the front-end control. 
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Fig. 5.9. Small-signal equivalent circuit of the front end converter. 

 

While the front end converter is connected to the following bridge inverter stage, the 

perturbation of the output current can also be a disturbance in the front end system. To 

simplify the modeling, the perturbation of output current Ƕ  is added as feedforward in 

order to cancel out the disturbance from the output current. Thus, the transfer functions 

from input DC voltage ὺ , duty cycle Ὠ, and output current Ƕ to decoupling capacitor 

voltage ὺ  can be derived as: 
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Ὃ ί
ὺ ί

ὺ ί

ρ Ὀ

ίὒὅ ίὅὙ ρ Ὀ
                          υȢςσ 

Ὃ ί
ὺ ί

Ὠ ί

ρ Ὀ ὠ ὍίὒὙ

ίὒὅ ίὅὙ ρ Ὀ
                          υȢςτ 

Ὃ ί
ὺ ί

Ƕί

ίὒὙ

ίὒὅ ίὅὙ ρ Ὀ
                         υȢςυ 

Then the disturbance of the DC-link voltage ὺ  is: 

ὺ Ὃ ρὺ Ὃ Ὠ Ὃ Ƕ                          υȢςφ 

 

While the bridge inverter is working under CCM for most of the operation time at rated 

power, Ὠ  is used to control Ὓ  during PHC and to control Ὓ  during NHC. The small-

signal equations for the bridge inverter can be expressed as: 

Ὀ Ͻὺ ὠ ϽὨ ὒὅί
ὒ

Ὑ
ί ρϽὺ                      υȢςχ 

ὺ Ὑ ϽǶ                                                         υȢςψ 

where ὺ   is the perturbation of DC-link voltage, and Ὠ   is the variation of bridge 

inverter duty cycle. With a resistive load, the transfer functions from the DC-link voltage 

ὺ  and bridge inverter duty cycle Ὠ  to output voltage ὺ can be derived as: 

Ὃ ί
ὺ ί

ὺ ί

Ὀ

ὒὅί
ὒ
Ὑ ί ρ

                           υȢςω 

Ὃ ί
ὺ ί

Ὠ ί

ὠ

ὒὅί
ὒ
Ὑ ί ρ

                           υȢσπ 

Combining with the front end converter, the DC voltage-to-output voltage and output 

current-to-output voltage transfer functions are calculated as: 
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Ὃ ί
ὺ ί

ὺ ί
Ὃ ρ Ὃ                           υȢσρ 

Ὃ ί
ὺ ί

Ƕί
Ὃ Ὃ                                    υȢσς 

 

Fig. 5.10 shows the frequency response of the front-end stage control. The frequency 

response of DC-link voltage with respect to the disturbance of the output AC current is a 

single-pole response, and with respect to the disturbance of the buck-boost duty cycle is 

similar to a single-pole response, which is composed of two left half-plane poles and a right 

half-plane zero. The magnitude of the disturbances after 3 kHz are effectively attenuated 

so that the disturbances at switching frequency have little effect on the DC-link voltage. 

With the active power decoupling control, the Bode plot shows that the DC-link voltage 

does not effectively attenuate the disturbance at the input DC voltage. The frequency 

response can be used to further design the controller or compensator for the front-end stage 

to improve the insensitivity to perturbation or variation. 
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Fig. 5.10. Bode plots of DC-link voltage with regard to the input DC voltage, duty cycle, 

and the output AC current. 

 

Fig. 5.11 shows the frequency response of the inverter stage control. The frequency 

responses of the output AC voltage with respect to the input DC voltage and the inverter 

duty cycle are second-order responses; the frequency response of the output AC voltage 

with respect to the output load is a third-order response. After the cutoff frequency at nearly 

2 kHz, the magnitude of the disturbance has been highly attenuated. Then the disturbances 

at switching frequency and at double switching frequency have little effect on the proper 

operation of the inverter. The parameters used for the Bode plots are ὠ ρππ6, Ὅ υ!, 

ὠ ρυφ6 , ὠ ςππ6 , Ὢ ρςË(Ú , ὒ σππʈ( , ὅ ρππʈ& , ὒ πȢψÍ( , and 

ὅ ρπʈ&. 
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Fig. 5.11. Bode plots of output voltage with regard to the input DC voltage, inverter duty 

cycle, and output load. 

 

5.5 Simulation and Experimental Results 

5.5.1 Simulation Results 

The power simulation (PSIM 11.0) software is used to simulate the two-stage single-phase 

bridge inverter with active power decoupling based on buck-boost converter. Considering 

a 400W inverter system with 100V input DC voltage, the output resistive load has a peak 

AC voltage of 156V and peak AC current of 5.1A. The key parameters are listed in Table 

5.1. The simulation results are shown in Fig. 5.12 and Fig. 5.13. 
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Table 5.1 Parameters of two-stage bridge inverter. 

Input DC voltage ὠ  100V 

Peak output AC voltage ὠ 156V 

Peak output AC current Ὅ 5.1A 

Rated output power ὖ 400W 

Filtering inductance ὒ 0.8mH 

Buck-boost inductance ὒ 300ʈH 

Filtering capacitance ὅ 10ʈF 

Power decoupling capacitance ὅ  100ʈF 

AC frequency Ὢ  60Hz 

Switching frequency Ὢ 12kHz 

 

Figs. 5.12 (a)~(b) show the voltage and current waveforms of the single-phase bridge 

inverter with and without activating the power decoupling control under rated power. The 

input DC voltage is set at 100V, and the two-stage single-phase bridge inverter is operated 

under rated power. The DC-link voltage is successfully boosted to around 200V, the 

decoupling capacitor voltage is around 300V, and the output AC voltage is a pure sinusoidal 

waveform with a peak value around 156V. In Fig. 5.12 (a) without power decoupling 

control, the input DC current contains a visible second-order component, which has almost 

the same amplitude as the DC component of the input DC current, i.e. 4A, and the high-

order harmonics from switching are filtered out by a low-pass filter with the cutoff 

frequency at 1kHz. The output filtering inductor current is a sinusoidal waveform with 

high-order harmonics due to switching actions, and the peak value of the fundamental 

component is around 4.5A. In Fig. 5.12 (b), the AC component of the DC-link voltage has 

a higher amplitude because of the power decoupling control. The AC component at the DC 

link does not affect the output AC voltage because the AC component is being taken into 

consideration in hybrid modulation. The input DC current is around 4A, and the second-

order component has almost been eliminated. The fundamental component of the output 
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filtering inductor current has a peak value around 5A. With addition of power decoupling 

control, the DC-link voltage stress increases nearly 20V, but the current stress decreases 

nearly 50%. As shown in the zoomed-in part of the output inductor current, the bridge 

inverter is operating under DCM around the zero-crossing point and under CCM around 

the peak and trough. 

  

        (a)                                                                (b) 

Fig. 5.12. Simulation results of the two-stage bridge inverter under rated power: (a) 

without power decoupling control, (b) with power decoupling control. 

 

Figs. 5.13 (a)~(b) show the voltage and current waveforms of the single-phase bridge 

inverter with and without activating the power decoupling control under DCM. The input 

DC voltage is set at 100V, and the two-stage single-phase bridge inverter is operated under 

100W. In Fig. 5.13 (a), the DC-link voltage is around 200V and the peak output AC voltage 
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is around 80V to ensure DCM operating mode. The input DC current contains a visible 

second-order component when disabling the power decoupling control. The filtering 

inductor current Ὥ is a series of triangular pulses under low power, as exemplified in the 

zoomed-in zero-crossing point of Fig. 5.12. In Fig. 5.13 (b), the DC-link voltage is still 

oscillating around 200V, but the oscillation is less obvious due to lower second-order ripple 

power. The input DC current is around 1A, and the second-order component has almost 

been eliminated. The filtering inductor current is discontinuous, but the output AC voltage 

is still sinusoidal, showing that the PEM inverter is allowed to operate under DCM when 

the output power is low. 

 

                                    (a)                                                                   (b) 

Fig. 5.13. Simulation results of the two-stage bridge inverter under low power operation: 

(a) without power decoupling control, (b) with power decoupling control. 



118 

 

 

The operation of the two-stage single-phase bridge inverter with hybrid modulation is 

investigated under a transient change in power, as shown in Figs. 5.14 (a)~(b). At time 

instant 0.1s, the power increases from 100W to 200W during 1ms and the amplitude of the 

output AC voltage increases from 80V to 120V. At time instant 0.2s, the power increases 

from 200W to 400W and the amplitude of the output AC voltage increases from 120V to 

156V. The input DC current has a small percent overshoot with and without power 

decoupling control. The dynamic response of the inverter system is within 2ms.  

 

        (a)                                                            (b) 

Fig. 5.14. Dynamic simulation results of the two-stage bridge inverter: (a) without power 

decoupling control, (b) with power decoupling control. 
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5.5.2 Experimental Results 

The experimental setup of the inverter prototype in Fig. 5.2 is built to validate the hybrid 

modulation and power decoupling control on the two-stage single-phase bridge inverter, 

whose parameters are the same as in Table 5.1.  

 

When the inverter is working close to 400W, the waveforms of input DC current, DC-link 

voltage, output AC voltage and current, and the filtering inductor current are shown in Fig. 

5.15. The DC-link voltage is always higher than the peak output AC voltage to ensure that 

the bridge inverter never reaches the over-modulation region. The filtering inductor current 

Ὥ  is continuous around crest and trough of the output AC voltage, and discontinuous 

around the zero-crossing point of AC voltage. In Fig. 5.15 (a), the output AC voltage also 

contains some low-order harmonics, which come from the oscillation of DC-link voltage 

while the DC-link voltage is assumed constant in SPWM. The input DC current contains a 

visible second-order ripple, indicating that the pulsating power has not been decoupled. 

The percentage of the second-order harmonic in the experiment is less than that in the 

simulation, which is due to the damping effect in practical application and the pulsation of 

the input DC voltage.  In Fig. 5.15 (b), the output AC voltage does not contain the low-

order harmonics from the DC-link voltage since the low-order oscillation is being 

considered into the hybrid modulation. The second-order component in the input DC 

current has almost been eliminated with power decoupling control, indicating the 

successful power decoupling. Moreover, the power decoupling control does not increase 

the amplitude of AC component in DC-link voltage. 



120 

 

iDC(2A/div)

vlink(50V/div)

vo(50V/div)

io(5A/div)

iLf (5A/div)

iDC(2A/div)

vlink(50V/div)

vo(50V/div)

io(5A/div)

iLf (5A/div)

 

(a)                                                                 (b) 

Fig. 5.15. Experimental results of the two-stage bridge inverter: (a) without power 

decoupling control, (b) with power decoupling control. 

 

The Fourier analyses of the DC current and AC current under 400W are shown in Fig. 5.16 

and Fig. 5.17. As can be seen in the DC current spectrum, the second-order ripple 

component (120Hz) is highly mitigated with the power decoupling technique; the fourth-

order ripple component (240Hz) caused by the output voltage distortion and the deadband 

of switches in the buck-boost converter also decreases. For the AC current spectrum, the 

THD of AC current with power decoupling control is 3.1%, which is lower than 5.9% in 

the AC current without power decoupling control, as shown in Fig. 5.17. 
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(a)                                                                     (b) 

Fig. 5.16. Fourier analysis of the DC current (5mV/A): (a) without power decoupling 

control, (b) with power decoupling control. 

 

(a)                                                           (b) 

Fig. 5.17. Fourier analysis of the output AC current: (a) without power decoupling 

control, (b) with power decoupling control. 
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When the DC-link voltage remains the same and the output AC voltage decreases to half 

value, the bridge inverter operates under DCM that the inductor current is always 

discontinuous, as shown in Fig. 5.18. In Fig. 5.18 (a), the input DC current contains a 

visible second-order ripple, indicating that the pulsating power has not been decoupled 

without power decoupling control. In comparison in Fig. 5.18 (b), the second-order 

component of the input DC current has almost been eliminated due to power decoupling 

control. Under low power operation, the DC-link voltage oscillation is much smaller, and 

the output AC current is not affected by the DC-link voltage oscillation. The filtering 

inductor current Ὥ is discontinuous as a series of triangular pulses, showing that the bridge 

inverter with hybrid modulation is operating properly under DCM when the output power 

is low. 
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(a)                                                                    (b) 

Fig. 5.18. Experimental results of the two-stage bridge inverter under DCM: (a) without 

power decoupling control, (b) with power decoupling control. 
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The Fourier analyses of the DC current and AC current under DCM are shown in Fig. 5.19 

and Fig. 5.20. As can be seen in the DC current spectrum, the second-order ripple 

component (120Hz) is reduced to 1/5th with the power decoupling technique. For the AC 

current spectrum under DCM, the THD of AC current with power decoupling control is 

almost the same as without power decoupling control. 

0 Hz

120 Hz

0 Hz

120 Hz

 

(a)                                                   (b) 

Fig. 5.19. Fourier analysis of the DC current (5mV/A) under DCM: (a) without power 

decoupling control, (b) with power decoupling control. 
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(a)                                                            (b) 

Fig. 5.20. Fourier analysis of the output AC current under DCM: (a) without power 

decoupling control, (b) with power decoupling control. 

 

The dynamic response of the two-stage single-phase inverter is shown in Fig. 5.21, where 

the power changes suddenly from 100W to 400W. The DC current, DC-link voltage, output 

AC voltage, and decoupling capacitor voltage respond fast with little overshoot. It can be 

seen in the dynamic response that the second-order ripple in DC current with power 

decoupling control is much smaller than that without power decoupling control. Moreover, 

the power decoupling control does not increase the amplitude of AC component at DC-link 

voltage or that of AC component at decoupling capacitor voltage.  
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(a)                                                                    (b) 

Fig. 5.21. Dynamic results of the two-stage bridge inverter: (a) without power decoupling 

control, (b) with power decoupling control. 

 

The efficiency curves of the two-stage single-phase bridge inverter with and without active 

power decoupling method are illustrated in Fig. 5.22. When the operating power is low, the 

efficiency of the inverter without power decoupling control is higher than that with power 

decoupling control. When the operating power increases, the efficiency of the inverter with 

power decoupling control increases faster than the inverter without power decoupling 

control. 
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Fig. 5.22. Efficiency curve with/without power decoupling control. 

 

5.6 Summary 

In Chapter 5, a new two-stage single-phase bridge inverter with active power decoupling 

based on buck-boost converter is presented. The proposed two-stage bridge inverter has 

both buck-boost and power decoupling capabilities without adding power electronic 

devices to the conventional two-stage buck-boost inverter. Hybrid modulation is applied to 

the bridge stage, which saved one sampling circuit compared with PEM in Chapter 4. 

Small-signal analyses for the two-stage bridge inverter have been conducted to show the 

inverterôs characteristics. Simulation and experimental results show that the two-stage 

bridge inverter with hybrid modulation is able to operate under both DCM and CCM with 

a seamless transition. With the activation of power decoupling control, the second-order 

component in DC current of the two-stage single-phase bridge inverter is substantially 

reduced. 
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6      Conclusions 

6.1 Summary 

The research in this thesis studied the single-phase active power decoupling techniques to 

accommodate the inherent double-line frequency power mismatch between the DC side 

and the AC side in single-phase inverter systems. Three new single-phase inverter 

topologies with active power decoupling control have been proposed in three streams of 

single-phase inverter systems: single-phase differential inverters, single-phase bridge 

inverters, and two-stage single-phase bridge inverters. The large electrolytic capacitors in 

the order of mF have been replaced by small film capacitors of around 100uF.  

 

PEM, hybrid modulation, and energy-based modulation have also been proposed and 

applied to the differential inverters and bridge inverters, activating the switches with energy 

reference to ensure the input energy is equal to the energy demanded by the AC output 

during every switching period. Unlike modulations with voltage or current reference, 

modulations with energy reference enable the inverters to operate under both DCM and 

CCM, and switch between them seamlessly.  

 

6.2 Contributions 

The major contributions of the research in this thesis are summarized as follows: 

1. A single-phase differential buck-boost inverter with inherent active power decoupling 

capability has been proposed. Two types of operating principles (unipolar and bipolar) 

are discussed, where PEM and energy-based power decoupling control are applied to 
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each operating principle, respectively. Simulation and experimental results are shown 

to verify the feasibility of PEM in single-phase differential buck-boost inverter and 

successful power decoupling. 

2. A single-phase bridge inverter that has both voltage boosting and active power 

decoupling capabilities within one stage has been proposed. The PEM technique is 

applied to the bridge inverter to enable the bridge stage to operate under both DCM 

and CCM. Comparison has been made between PEM and SPWM, together with the 

simulation and experimental results showing successful power decoupling. 

3. A single-phase bridge inverter with active power decoupling based on a buck-boost 

converter stage has been proposed. A hybrid modulation technique is proposed and 

applied to the bridge inverter to save a current sensor compared with the circuit using 

PEM. Simulation and experimental results have verified the feasibility of the proposed 

topology as well as the proposed hybrid modulation technique. 

4. PEM is for the first time applied to bridge inverters. PEM controls the operation of 

inverters directly according to the energy transfer instead of voltage or current 

reference, enabling the inverter to operate under both DCM and CCM and switch 

between them seamlessly. Previously, PEM was only able to modulate flyback-type 

buck-boost inverters. Now PEM has been extended to bridge inverters and differential 

inverters. 

 

6.3 Future Work  

For the single-phase differential buck-boost inverter with inherent active power decoupling 

capability, the PEM and energy-based control are fundamentally a feedforward control 
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method rather than a closed feedback loop control. The feedforward control usually 

predicts the changes and disturbances. As a result, the unexpected parameter mismatch and 

disturbances in the feedforward control can cause some harmonics and problems. The 

consideration of compensating the power losses and power mismatch as well as controller 

design could be conducted in the future work.  

 

For the single-phase bridge inverter with voltage boosting and power decoupling 

capabilities, investigation for a better controller (notch filter, etc.) for the front-end stage 

and the following bridge stage to obtain a better ripple current mitigation can be the future 

work, especially under rated power.   

 

For the two-stage single-phase bridge inverter with active power decoupling based on the 

buck-boost converter, how to compensate the decoupling capacitor voltage loss caused by 

the deadband of switches in the buck-boost converter is the future concern for improving 

the single-phase power decoupling. 
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Appendix A      Single-Phase Bridge Inverter with SPWM 

The control block diagram of the single-phase bridge inverter proposed in Chapter 4 with 

SPWM is shown as Fig. A-1. 
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Fig. A-1. Control diagram of the single-phase bridge VSI with SPWM. 

 

The small-signal equivalent circuit of the front end stage is shown in Fig. A-2, where the 

ESR of the inductor has also been modeled. The small-signal equations are expressed as: 

ίὒὙ ϽǶ ὈϽὺ ὺ ὠ ὠ ϽὨ ὺ                          

ίὅ Ͻὺ ρ Ὀ ϽǶ ὍϽὨ                                                     
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where the symbol ñ^ò denotes the perturbed average value of the concerned voltage, current, 

or duty cycle. 

+
_

_
++

_

vDC
^

_

+

LRon

dcvDC
^ +vC

^
D

vC
^

D
CD

D
C

( )
^V

DC VCD
+ )(

iL
^

IL dc
^

D
C

iL
^

 

Fig. A-2. Small-signal equivalent circuit of the front end stage. 

 

While the front end converter is connected to the following bridge inverter stage, the 

perturbation of the output current can also be a disturbance in the front end system. To 

simplify the modeling, the perturbation of output current Ƕ  is added as feedforward in 

order to cancel out the disturbance from the output current. Thus, the small-signal model 

of the front end stage is illustrated in Fig. A-3, where the transfer functions from input DC 

voltage ὺ , duty cycle Ὠ, and output current Ƕ to decoupling capacitor voltage ὺ  can 

be derived as: 
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Fig. A-3. Small-signal model of the front end circuit. 

 

The small-signal equations for the bridge inverter can be expressed as: 

Ὀ Ͻὺ ὠ ϽὨ ὒὅί
ὒ

Ὑ
ί ρϽὺ                                 

ὺ Ὑ ϽǶ                                                                                  

where ὺ   is the perturbation of DC-link voltage, and Ὠ   is the variation of bridge 

inverter duty cycle. With a resistive load, the transfer functions from the DC-link voltage 

ὺ , bridge inverter duty cycle Ὠ  to output voltage ὺ can be derived as: 
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Combining with the front end stage, the DC voltage-to-output voltage, front end duty cycle-

to-output voltage, and output current-to-output voltage transfer functions are calculated as: 

Ὃ ί
ὺ ί

ὺ ί
Ὃ ρ Ὃ                                              



143 

 

Ὃ ί
ὺ ί

Ὠ ί
Ὃ Ὃ                                                       

Ὃ ί
ὺ ί

Ƕί
Ὃ Ὃ                                                      

 

Fig. A-4 shows the Bode plots of the output voltage with respect to the disturbance of the 

front end stage and bridge inverter duty cycles. As can be seen, the frequency response of 

bridge inverter duty cycle has a resonant gain (10dB higher) at cutoff frequency whereas 

the front end duty cycle does not have. After the cutoff frequency at nearly 2 kHz, the 

magnitude of the disturbance has been highly attenuated. With a 12 kHz switching 

frequency, the frequency of the voltage pulses after the bridge inverter is 24 kHz. Then the 

disturbances at the switching frequency and at twice the switching frequency have little 

effect on the proper operation of the inverter.  

 

Fig. A-4. Bode plots of output voltage with regard to the front end stage and bridge 

inverter duty cycles. 
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Fig. A-5. Bode plots of output voltage with regard to the input DC voltage and output 

load. 

 

Fig. A-5 shows the Bode plots of the output voltage with respect to the disturbance of the 

input DC voltage and output load. The frequency response of the input DC voltage is a 

second-order response, and that of the output load is a third-order response. In both 

responses, the magnitude at resonant frequency has been attenuated due to the load 

resistance and by properly choosing the ESR damping. The parameters used for the Bode 

plots are ὠ ρππ6 , Ὅ υ! , ὠ ςππ6 , ὠ ρυφ6 , Ὢ ρςË(Ú , ὒ σππʈ( , 

ὅ ρφπʈ&, and ὒ πȢψÍ(. 
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Appendix B      Results for Battery Source and Resistive Load 

The PSIM 11.0 software is used to simulate the single-phase VSI with voltage boosting 

and power decoupling capabilities. Considering a 400W inverter system with a battery 

source of 100V input DC voltage, the output resistive load has a peak AC voltage of 156V 

and peak AC current of 5.1A. The key parameters are listed in Table B-1. The simulation 

results have been shown in Fig. B-1 and Fig. B-2. 

 

Fig. B-1 shows the voltage and current waveforms of the single-phase VSI with and 

without activating the power decoupling control. The input DC voltage is set at 100V, and 

the VSI is operated under rated power. In Fig. B-1 (a), the DC-link voltage is successfully 

boosted to around 200V, which ensures that the VSI does not experience over-modulation 

and that the output AC voltage is a pure sinusoidal waveform with peak value around 156V. 

However, the input DC current Ὥ   contains a visible second-order component, which will 

decrease the efficiency and lifetime of a battery ESS. The second-order component has 

almost the same amplitude as the DC component of the input DC current, which is around 

4A, and the high-order harmonics from switching are filtered out by a low-pass filter with 

the cutoff frequency at 1kHz. The output filtering inductor current is a sinusoidal waveform 

with high-order harmonics due to switching actions, and the peak value of the fundamental 

component is around 4.5A. In Fig. B-1 (b), the DC-link voltage is still oscillating around 

200V to ensure there is no over-modulation for the bridge inverter, but the AC component 

in DC-link voltage has higher amplitude because of power decoupling control. The output 

AC voltage is a pure sinusoidal waveform with a peak value around 156V. The input DC 

current is around 4A, and the second-order component has almost been eliminated. The 
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fundamental component of the output filtering inductor current has a peak value around 

5A. With addition of power decoupling control, the DC-link voltage stress increases nearly 

20V, but the current stress decreases nearly 50%.  

 

(a)                                                                                 (b) 

Fig. B-1. Steady-state simulation results of the VSI: (a) without power decoupling 

control, (b) with power decoupling control. 

 

TABLE B-1 

PARAMETERS OF SINGLE-PHASE VSI WITH SPWM 

Input DC voltage ὠ  100V 

Peak Output AC voltage ὠ 156V 

Peak Output AC current Ὅ 5.1A 

Rated power ὖ 400W 

Filtering Inductance ὒ 0.8mH 

Flyback Inductance ὒ 300ʈH 

Filtering Capacitance ὅ 10ʈF 

Power decoupling capacitance ὅ  160ʈF 

AC frequency Ὢ  60Hz 

Switching frequency Ὢ 12kHz 

 

The operation of the topology with corresponding control is investigated under a transient 
























