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(ABSTRACT) 

 

A single-phase grid connected transformerless photovoltaic (PV) inverter for 

residential application is presented. The inverter is derived from a boost cascaded with 

buck converter along with a line frequency unfolding circuit. Due to its novel operating 

modes, high efficiency can be achieved because there is only one switch operating at high 

frequency at a time, and the converter allows the use of power MOSFET and ultra-fast 

reverse recovery diode. This dissertation begins with theoretical analysis and modeling of 

this boost-buck converter based inverter. And the model indicates small boost inductance 

will leads to increase the resonant pole frequency and decrease the peak of Q, which help 

the system be controlled easier and more stable. Thus, interleaved multiple phases 

structure is proposed to have small equivalent inductance, meanwhile the ripple can be 

decreased, and the inductor size can be reduced as well. A two-phase interleaved inverter 

is then designed accordingly.  

The double-carrier modulation method is proposed based on the inverter’s 

operation mode. The duty cycle for buck switch is always one if the inverter is running in 

boost mode. And the duty cycle for boost switches are always zero if the inverter is 

running in buck mode. Because of this, the carrier for boost mode is stacked on the top of 



 iii

the carrier for buck mode, as a result, there is no need to compare the input and output 

voltage to decide which mode the inverter should operate in. And the inverter operates 

smoothly between these two modes. Based on similar concept, three advanced 

modulation methods are proposed. One of them can help further improve the efficiency, 

and one of them can help increase the bandwidth and gain, and the last one takes the 

advantage of both.  

Based on similar concept, another three dual-mode double-carrier based SPWM 

inverters are proposed. With both step-up and step-down functions, this type of inverter 

can achieve high efficiency in a wide range because only one switch operates at the 

PWM frequency at a time. 

Finally, the simulation and experiment results are shown to verify the concept and 

the tested CEC (California Energy Commission) efficiency is 97.4%. It performs up to 2% 

more efficiently better than the conventional solution. 
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Chapter 1:  

Introduction 

1.1 Background 

With the worsening of the world’s energy shortage and environmental pollution 

problems, protecting the energy and the environment becomes the major problems for 

human beings. Thus the development and application of clean renewable energy, such as 

solar, wind, fuel cell, tides and geothermal heat etc., are getting more and more attention. 

Among them, solar power will be dominant because of its availability and reliability. As 

predicted by [1], the solar will provide the electricity up to 64% of the total energy by the 

end of this century as shown in Figure 1.1. 

 

Figure 1.1 Global energy use by source in the 21st century [1]. 
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Photovoltaic (PV) power generation has become one of the main ways to use 

solar energy. And the renewable energy source based distributed generation (DG) system 

are normally interfaced to the grid through power electronic converters or inverters [2] as 

shown in Figure 1.2. Thus developing a photovoltaic grid-connected inverter system is 

important for the mitigation of energy and environmental issues. 

 

Figure 1.2 Renewable energy based distributed generation system. 

 

1.2 Photovoltaic 

Photovoltaic (PV) is a method of generating electrical power by converting solar 

radiation into direct current electricity using semiconductors that exhibit the photovoltaic 

effect.  The basic PV cell model is presented in Figure 1.3 [3]. 

Solar

Fuel
Cell

Wind

Power electronics 
converter / inverter MVLV
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Figure 1.3 Basic PV cell model 

Then the equations (1.1) through (1.3) could be obtained. 

D scI I I 
  

(1.1) 

1T

V

n V
D sI I e 

 
    

    
(1.2) 

1T

V

n V
D sc sI I I e 

 
     

    
(1.3) 

Where Isc is the photo current; Is is diode reverse saturation current; n is diode 

ideality factor normally between 1 and 5; VT = kˑT/q is temperature voltage, which is 25.7 

mV at 25 ̊ C; k is Boltzmann constant, which is 1.38ˑ10-23 J/K; T is temperature in K and q 

is electron charge which is 1.6ˑ10-19 C. 

Based on its model, Figure 1.4 could be obtained to represent the typical 72-cell 

PV module’s current and power characteristics under different irradiations and different 

temperatures.  
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Figure 1.4 Photovoltaic module’s current and power characteristics under different 

irradiation and temperature conditions. 

 

It can be observed that the PV module’s short circuit current highly depends on 

the radiation. High radiation leads to large short circuit current. And the temperature 

impacts more on the open circuit voltage. High temperature leads to small open circuit 

voltage. 

Because of its I-V and P-V characteristics, maximum power point tracking (MPPT) 

is required to extract the maximum energy that the PV module can produce.  

 

IPV (A) 
1000 w/m2, 25ºC 

1000 w/m2, 0ºC 

1000 w/m2, 50ºC 500 w/m2, 25ºC 

200 w/m2, 25ºC 

1000 w/m2, 25ºC 

1000 w/m2, 0ºC 

1000 w/m2, 50ºC 

500 w/m2, 25ºC 

200 w/m2, 25ºC 

VPV (V) 

PPV (W) 
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1.3 Inverters for Photovoltaic Applications 

Because photovoltaic devices generate direct current electricity with its unique I-

V characteristics, power electronics are required to help convert its maximum power for 

different applications. The typical applications include PV power plants, residential PV, 

building integrated PV (BIPV) and PV lighting. For PV power plants, one or several 

centralized inverter upto1 MW is required to convert the DC power to AC power. For 

residential PV, a string type inverter between 1 kW and 10 kW or many micro-inverters 

are required to converter the power. The residential PV application utilizes either a stand-

alone system or a grid-tied system. Stand-along system is always used for some remote 

area. In this system, the outputs of power converters or inverters connect to the local load 

instead of connecting to the grid. Batteries are required to store the energy for night 

consumption [4]. In grid-tied system, the outputs of power converters or inverters connect 

to the grid directly. BIPV means that PV materials are used to replace conventional 

building materials in parts of the building envelope such as the roof, skylight, or facades 

[5]. In this application, a converter is required for each panel for energy conversion [6]. 

And in lighting application, a converter is normally required for each panel to charge a 

battery for powering lamps at night [7]. Table 1.1 lists different types of PV inverters or 

converters.  
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Table 1.1 Comparisons of different types of PV inverter/converter. 

Type Central String Module 

Circuit 
Topology 

   

DC bus High voltage,         
high current 

High voltage, low 
current 

Low voltage, low current

Features  Higher power losses,   
mismatch losses, 
inflexible design, 

high current 
harmonics,         

lower power quality 

Separate MPPT for 
each string,          

higher overall 
efficiency than     
central inverter 

Higher installation cost,   
no mismatch losses, 
individual MPPT, 
flexible design for 

expansion,              
lower efficiency 

 

Among these, PV power supplied to the utility grid is gaining more and more 

attention [8]-[13]. As a PV grid-tied inverter, it also needs to meet the requirement from 

the utility side. The standard IEEE 1547 [14] deals with issues as power quality, detection 

of islanding operation, DC current injection etc. Table 1.2 lists the requirements of IEEE 

1547 standard. 

 

 

 

 

 

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)

DC/AC
(DC/DC)
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Table 1.2 IEEE 1547 requirements. 

Nominal power 30 kW 

Harmonic currents (2-10) 4.0% 

(11-16) 2.0% 

(17-22) 1.5% 

(23-34) 0.6% 

(>35) 0.3% 

THD 5% 

DC current injection < 0.5% of rated output current 

Abnormal voltage 

disconnection 

V < 50%  or V >137%    6 cycles 

50%< V < 88%  or 110%< V < 137%  120 cycles 

Abnormal frequency 

disconnection 

f < rated – 0.7 Hz   6 cycles 

f > rated + 0.5 Hz   6 cycles 

 

Numerous inverter circuits and control schemes can be used for PV power 

conditioning system (PCS). For residential PV power generation systems, single-phase 

utility interactive inverters are of particular interest [15]-[19]. This type of application 

normally requires a power level lower than 5 kW [16][20] and a high input voltage stack 

that provides a dc voltage around 400 V. However, depending on the characteristics of 

PV panels, the total output voltage from the PV panels varies a lot due to different 

temperature, irradiation conditions and the shading & clouding effects. Thus, the input 

voltage of a residential PV inverter can vary in a wide range, for example from 200 V to 

500 V, which appears to be highly mismatched with the desirable 400-V level. Therefore, 
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a dc-dc converter with either step-up or step-down function or even both step-up and -

down functions is needed before the dc-ac inverter stage. Such a dc-dc converter in 

conjunction with a dc-ac inverter arrangement has been widely used in the state-of-the-art 

PV PCS.    

DC

DC

DC

ACLINKC

 

Figure 1.5 Conventional two-stage PV. 

 

Figure 1.5 shows the block diagram of the PV PCS, which has two-stage high-

frequency power conversion in cascaded configuration with dc link in the middle [21]-

[25]. In this structure, the dc bus voltage should be boosted from the PV array, and the 

dc-ac stage can be a voltage source type high frequency inverter. Another option is to use 

line commuted inverter along with an isolated dc-dc stage [26]-[29]. There are many non-

isolated single stage boost or buck-boost derived inverter topologies developed [30]-[33]. 

Their major drawbacks are limitation of input voltage range and/or requirement of two 

input sources [34][35]. With recent change of electric code that allows ungrounded PV 

panels, it is possible to replace the isolated dc-dc with non-isolated or transformerless dc-

dc [36]. Without transformer, the dc-dc stage will be more reliable and cost effective 

[37]. This dissertation’s focus is to develop a high efficiency transformeless inverter with 

both step-up and step-down functions.  
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1.4 Research Objectives and Outline  

The research objectives are list as follows. 

(i) Design an efficient residential power level PV inverter with wide input 

voltage range. 

(ii) Establish a power stage model. 

(iii) Design and implement a unified digital controller for smooth transition 

between modes. 

(iv) Design the same-concept-based advanced controllers. 

(v) Design the same-concept-based other efficient PV inverters. 

The dissertation consists of six chapters, which are organized as follows. 

Chapter 1 introduces the research background. The photovoltaic characteristic has 

been described. Some standards required for the inverters designed for grid-tied 

applications are introduced. At last, the research objectives are proposed. 

In Chapter 2, the state-of-the-art single stage PV inverters are introduced. All of 

them produce rectified sinusoidal current in the SPWM power processing stage, and have 

additional switches for polarity selection. After that the energy storage used in this type 

of inverter and its lifetime issue are analyzed. Along with it, the lifetime issue of the 

electrolytic capacitors has been investigated. Because the capacitance also has an impact 

on MPPT efficiency, their relationship is also analyzed. Then, a novel boost-buck 

converter based single stage PV inverter has been presented. The first converter part 

operates in either boost or buck mode, thus it has a wide input voltage range, which is 
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good for PV application. The second inverter part is composed with unfolding circuit 

based on the direction of the grid. Thus from power processing point of view, this 

inverter is a single stage inverter. Because it process power either as a buck converter or a 

boost converter, high efficiency can be achieved.  

In Chapter 3, averaged models for both modes have been established, which is the 

foundation for the controller design and optimization. After analyzing its model, an 

interleaved-boost-cascaded-with-buck (IBCB) converter is proposed to increase the 

resonant pole frequency by the use of smaller boost inductor value. As a result, the 

control loop bandwidth can be pushed further up to enhance the robustness of the 

complete system and helps the system be controlled easier. The MPPT Perturb and 

Observe (P&O) algorithm is introduced. In this inverter, MPPT gives an input voltage 

reference, which is the reference for the outer control loop. And the proposed circuit 

along with its controller has been designed, simulated, and tested with a hardware 

prototype. Finally, the results indicate that the efficiency of the proposed solution is 

around 2% higher than the conventional solution under the same condition and its tested 

CEC efficiency is 97.4%. 

In Chapter 4, based on the modulation method proposed in Chpater 3, three 

advanced modulation methods are proposed. The first one - double-carrier with different 

frequencies can help further improve the efficiency. The second one - double-carrier with 

different magnitudes can help increase the bandwidth and gain. And the last one - double-

carrier with different frequencies and magnitudes takes the advantage of both.  

Chapter 5 proposed another three dual-mode double-carrier based SPWM 

inverters. With both step-up and step-down functions, this type of inverter can achieve 
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high efficiency in a wide range because only one switch operates at the PWM frequency 

at a time. The efficiencies and the detailed loss distribution of these inverters with one of 

the advanced modulation method are compared. Based on the comparison, boost mode 

with H5 PV inverter gives highest CEC efficiency in most cases, because it has lowest 

switching loss.  

In Chapter 6, the conclusion is drawn and future works are summarized based 

upon the implementation experience and experimental results.  
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Chapter 2:  

Proposed Single Stage High Efficiency 

Boost-Buck Converter Based PV Inverter  

 

In this chapter, the state-of-the-art single stage PV inverters are reviewed firstly. 

For these single stage PV inverters, either a transformer is used for boosting the input 

voltage or the input voltage will be required to be higher than the peak of the grid voltage, 

which is not good for PV application because the PV panel’s characteristics changes all 

the time. The energy storage needs to be at the front of a single stage inverter, and it is 

usually implemented by electrolytic capacitors. The lifetime issue of an electrolytic 

capacitor is introduced. And the conclusion can be drawn that although the electrolytic 

capacitors have limited lifetime, it can still be used by applying smaller voltage and 

current ripple to prolong its lifetime. Because the end of its life doesn’t mean it failed, the 

electrolytic capacitor can work much longer than its estimated lifetime. As the 

capacitance also has an impact on MPPT efficiency, the larger capacitance leads to higher 

MPPT efficiency.  

After that, a boost-buck converter based inverter is proposed. It operates in either 

boost or buck mode; thus, it has a wide input voltage range and high efficiency can be 

achieved. Then, the analysis of its middle capacitor and CCM/DCM operation condition 

is presented. Since the common-mode voltage in this inverter is equal to the grid voltage, 

it changes at line frequency. Thus, the leakage current of it is very small even at an 

extreme case. 
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2.1 Single Stage PV Inverter 

2.1.1 State-of-the-art Single Stage PV Inverters  

Here, single stage inverter is defined as an inverter with one stage of high 

frequency power processing. That means it has only one high switching frequency stage. 

Figure 2.1 through Figure 2.3 show the state-of-the-art single stage PV inverters. 

 

Figure 2.1 Enphase micro–inverter 

 

In Figure 2.1, the interleaved flyback converters serve as single-stage power 

conversion. Sx1 and Sx2 are auxiliary switches for active snubber. Q1, Q2, Q3, and Q4  are 

thyristors, which serve as polarity selection switches.  
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S5

S1 S2

S3 S4

 

Figure 2.2 SMA H5TM inverter [38]. 

 

In Figure 2.2, buck switch S5 produces rectified SPWM. IGBT’s S1 and S2 serve 

as low frequency selection network. MOSFET S3 operates in SPWM on negative cycle. 

MOSFET S4 operates in SPWM on positive cycle. Use fast recovery diode for S1 and S2 

to reduce reverse recovery loss. S5 and S3 or S4 share half the DC bus voltage, allowing 

low-voltage switches to be used in high voltage input. Other than high efficiency, the 

most advantage of this inverter is it has no leakage current, which is important for PV 

application. The drawback of this inverter is that the input voltage of it should be higher 

than the peak of the grid voltage, which limits the input voltage range for a PV inverter. 
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Figure 2.3 Highly efficient and reliable concept (HERIC) inverter. 

 

Similar as H5TM’s concept, the diagonal switches (S1 – S4) and (S2 – S3) pairs 

switch alternatively during positive and negative line cycles. Auxiliary switches (S5 and 

S6) turn on during zero states or freewheeling period and turn off during powering states, 

so only the auxiliary diodes need to be ultrafast reverse recovery, but the main diodes can 

be slow one. It should have even higher efficiency than H5TM because of only two 

switches in series during on time. And it doesn’t introduce leakage current either. 

For these single stage PV inverters, either a transformer is used for boosting the 

input voltage or the input voltage requires being higher than the peak of the grid voltage, 

which is not good for PV application because the PV panel’s I-V characteristics changes 

all the time. 

 



 16

2.1.2 Energy Storage in Single Stage PV Inverters  

2.1.2.1 Capacitance Calculation 

Figure 2.4 illustrates the relationship between the input power and output power 

for a single phase PV inverter. Because of the power difference, the single phase inverters 

always need energy storage to balance the instantaneous energy between input and output. 

Since single stage inverter only has one power processing stage, this energy storage need 

to be placed in the front of the inverter as shown in Figure 2.5. 

 

Figure 2.4 Input power and output power for a single phase PV inverter. 
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ACLINKC
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Figure 2.5 Single stage inverter. 
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For a grid-tied PV inverter, it is required to have unity power factor by standards 

[14] . In order to achieve unit power factor, the output current and voltage should have 

the same phase. Thus, the output power can be expressed as in (2.1). 

( ) 2 sin( ) 2 sin( )PV
out grid grid grid

grid

P
p t V t t

V
     

  
(2.1) 

Where Pout (t) is the instantaneous power; PPV is the dc power from the input PV 

panels; Vgrid is the grid’s rms voltage. Thus, the output power could be simplified as in 

(2.2). 

2( ) 2 sin ( ) cos(2 )out PV grid PV PV gridp t P t P P t       
  

(2.2) 

Then the energy stored at the capacitor can be calculated as below: 

  2 2
max min

1 1
( )

2 2out PV C Cp t P dt C u C u     
  

(2.3) 

Thus, the capacitance can be obtained as below: 

PV

grid C C

P
C

u u


    
(2.4) 

Take the commercial Sunnyboy 8000TL-US grid-tied PV inverter for example. 

For this inverter, PPV=8000W, ωgrid=60Hz, UC=300V and ΔUC=15V. The required 

capacitance can be calculated as shown in (2.5).  

8000
4500

2 60 300 15
PV

grid C C

P
C uF

U u 
  

       
(2.5) 
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 Figure 2.6 shows the capacitors used for the Sunnyboy 8000TL-US PV inverter. 

Eighteen 1000µF capacitors with 300 V are used. 2 of them are connected in series for 

higher voltage stress and 9 of series are connected in parallel for higher capacitance. 

 

Figure 2.6 The DC-link capacitors in the commercial product (300V, 18*1000uF). 

 

2.1.2.2 Lifetime of Electrolytic Capacitor 

Because the capacitor in this case requires large capacitance, electrolytic 

capacitors have been mostly chosen to decouple the power pulsation caused by single-

phase power generation. The lifetime of an electrolytic capacitor is not long because the 

electrolytes in it evaporate. Thus, the lifetime of the inverter is shortened as well.  

In order to analyze the electrolytic capacitor’s lifetime, literature from many 

manufacturers [39]-[42] have been surveyed. It is found that different manufacturers 

estimate lifetimes for their products in different ways. However, the lifetime of 

electrolytic capacitors offered by every manufacturer has a strong relationship with the 

ambient temperature. The lifetime of the electrolytic capacitors from most manufacturers 
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does not change if smaller voltage is applied to them. Although the ripple current is the 

main reason of increasing core temperature, which decreases the lifetime, the maximum 

improvement we can make to the lifetime of the capacitors is to double the original 

lifetime by applying a smaller ripple current on the caps. The lifetime equations derived 

from the equations given by Nippon Chemi-Con and Nichicon are actually the same and 

can be arranged in (2.6). 

2

1
102 2

ao

r

IT T
I

n OL L
   
   

  
(2.6) 

where Ln is the lifetime to be estimated and Lo is the base lifetime given in the datasheet. 

To is the actual ambient temperature in ˚C of the capacitor under which the base lifetime 

is tested, and T is the actual ambient temperature in ˚C.  Ir is the specified maximum 

allowable ripple current (Arms) at an applied To, and Ia is the applied ripple current 

through the capacitor.  
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Figure 2.7 Lifetime multipliers of Nippon Chemi-Con and Nichicon  

vs. ambient temperature and ripple current ratio 

The longest lifetime of capacitors in these two manufactures is 20,000 hours at 

85˚C. The DOE’s target of a twenty-year lifetime (by 2015) [43] can be calculated in 

hours by estimating that one PV inverter works 11 hours (7:00am-6:00pm) per day, then 

calculating that twenty years = 11×365×20 = 80300 hours. From Figure 2.7, it is known 

that it is needed to increase the current maximum lifetime of 20,000 hours fourfold in 

order to reach this long lifetime. Because reducing the ripple current can only extended 

the lifetime by two times at most, another factor, ambient temperature is important to 

keep further prolonging the capacitor lifetime. A very simple way to change the ambient 

temperature is by using a fan; however, a fan also has a limited lifetime, and the fan 
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creates noise (sound and electrical). Thus, the power electronics industry always tries to 

avoid using a fan for cooling.  

It is found that Cornell Dubilier Electronics (CDE) has a specific equation of 

capacitor lifetime that includes a factor of the applied voltage. 

102 (4.3 3.3 )
m aT T

a
n O

r

V
L L

V



   
  

(2.7) 

where Ln is estimated lifetime and Lo is the base lifetime given in the datasheet. Tm is the 

maximum permitted internal operating temperature in ˚C, and is the temperature at which 

the base lifetime is tested; and Ta is the actual capacitor internal operating temperature in 

˚C. Vr is the rated voltage and Va is the applied voltage across the capacitor. The longest 

lifetime we can find for a CDE product is 10,000 hours at 105˚C. Here we should pay 

attention to the fact that 105˚C is the internal temperature and not the ambient 

temperature. If unlimited capacitors are used in series, the maximum multiplier of the 

lifetime can reach 4.3; even so, the maximum lifetime is only 43,000 hours, which is only 

slightly more than half of our target 80,300 hours (shown in Figure 2.8). In addition, with 

capacitors in series, additional capacitors will be used in parallel to obtain the same 

capacitance. This would lead to a great cost and requires more space. Thus, lowering the 

temperature is also the most important factor to improve the lifetime of CDE products; 

however, this raises the same issues as we have discussed for Nippon Chemi-Con and 

Nichicon products. 
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Figure 2.8 Lifetime multipliers of CDE vs. ambient temperature and ripple current ratio 

Moreover, the end of life of the capacitor doesn’t mean all the electrolytes in it 

evaporate. It is defined when one or more of the capacitor parameters have changed by a 

given amount, e.g. [44]: 

– ΔC = 15% for Vr <=160 VDC. 

– ΔC = 10% for Vr >160 VDC. 

– ESR >= 2 times the initial value. 

– DF (tanδ) >= 1.3 times the rated value. 

– IL >= the rated value. 



 23

Where ΔC is the change in capacitance; Vr is the rated voltage; ESR refers to 

equivalent series resistance; DF is dissipation factor and IL is the leakage current. 

 When the electrolytic capacitor reaches its lifetime, it only means the parameters 

with it have been changed but not mean it is not working at all. Normally, many 

manufactures define that if the capacitor reaches its end of life when its capacitance is 

smaller than 80% of its initial value. Thus, the electrolytic capacitor can work much 

longer than its lifetime. Therefore it is possible to reach our target of 80,300 hours by 

using electrolytic capacitors.  

Many researches are conducted on long lifetime PV inverter [45]-[49]. The 

principle of them is adding an auxiliary circuit for decoupling the energy and make use of 

film capacitor or other type of capacitor with smaller capacitance and longer lifetime. 

  

2.1.3 MPPT Efficiency 

For the single stage PV inverter, the energy storage capacitors are required to 

keep the voltage out from the PV panels with small fluctuation in order to get maximum 

output power from the PV panels. Because of the voltage fluctuation, the power obtained 

from PV panel is also fluctuated. The MPPT efficiency can be defined as (2.8) [50]. 

 
0

T

in

MPPT
MPP

P t dt

T
P

 



  
(2.8) 

The relationship between PV panels’ current and voltage could be expressed as 

(1.3). 
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cos(2 )in mppU U u t  
  

(2.9) 

2 mpp in

P
u

U C
 

    
(2.10) 

Based on (2.8) through (2.10), take a single stage micro-inverter for example, the 

pulsating power with different input capacitor could be illustrated in Figure 2.9. 
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(b) 
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(c) 

Figure 2.9 Different Cin’s impact on: (a) Vin ; (b) Iin ; (c) Pin. 

 

It could be observed that the smaller input capacitance introduce more pulsating 

input voltage, input current and input power. Figure 2.10 and Figure 2.11 show the 

experimental results obtained from a commercial micro-inverter product and the 

analytical results with different energy storage capacitance. The analytical results match 

with experimental results very well.   

 

(a) 

  

(b) 

Figure 2.10 Experimental Vs. analytical results with Cin = 9 mF: (a) experimental; (b) analytical. 

 

0.05                              0.07                               0.09                              0.11                   0.13                               0.15

30

29

28

27

26

4.4

4.2

4.0

3.8

3.6

Vpp=1.2 V Ipp=0.18 A 



 26

 

(a) 

 

(b) 

Figure 2.11 Experimental Vs. analytical results with Cin = 3.6 mF: (a) experimental; (b) analytical. 

 

Because different input energy storage capacitances introduce different input 

pulsating power, the MPPT efficiency changes with the input capacitances. For this 

micro-inverter, their relationship is shown in Figure 2.12. 
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(a) 

 

 (b) 

Figure 2.12 MPPT efficiency Vs. Cin under different power condition: (a)PMPP = 115W; (b) PMPP = 

176W;. 
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From the figure, it is known that less input capacitance leads to smaller MPPT 

efficiency and the MPPT efficiency drops more in strong irradiation case because the 

current is more pulsating. Different PV panel will have different MPPT efficiency curve 

based on its different I-V characteristics.  

As time goes on, the capacitance of electrolytic capacitor will be reduced. If the 

capacitance is reduced a lot, the input power will be more pulsating, which reduces the 

MPPT efficiency and the whole system’s efficiency will be lower as well. 

 

2.2 Proposed Boost-Buck Converter Based PV Inverter  

2.2.1 Boost-Buck Converter Based PV Inverter Topology 

A boost-buck type dc-dc converter is proposed as the first stage with regulated 

output inductor current, and a full-bridge unfolding circuit with 50- or 60-Hz line 

frequency is applied to the dc-ac stage, which will unfold the rectified sinusoid current 

regulated by the dc-ac stage into a pure sinusoidal current, as shown in Figure 2.13. Since 

the circuit runs either in boost or buck mode, its first stage can be very efficient if the low 

conduction voltage drop power MOSFET and ultra-fast reverse recovery diode are used. 

For the second stage, because the unfolding circuit only operates at the line frequency 

and switches at zero voltage and current, the switching loss can be omitted. The only loss 

is due to the conduction voltage drop, which can be minimized with the use of low on-

drop power devices, such as thyristor or slow-speed IGBT. In this version, IGBT is used 

in the unfolding circuit because it can be easily turned on and off with gating control. 
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Since only the boost dc-dc converter or buck dc-dc converter operates with high 

frequency switching all the time in the proposed system, the efficiency is improved [51]. 

And because there is only one high frequency power processing stage in this complete 

PCS, the reliability can be greatly enhanced [52]. Other than these, the analysis of middle 

capacitor and CCM/DCM operation condition is also presented. 

 

Figure 2.13 Boost-buck based PV inverter. 

 

2.2.2 Operation Principle 

A. Boost Mode 

When the PV panel’s voltage is lower than the instantaneous grid voltage, it will 

operate in boost mode, in which, Sboost will be switched on and off and Sbuck will be 

always on, and the buck part of the circuit will act as an output filter as shown in Figure 

2.14.  
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Figure 2.14 Boost mode. 

 

In this mode, the duty cycle of Sboost can be found as 

1 in
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V
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 

  
(2.11) 

Where 200 340inV  and 340sinoV t , then it is easy to get 

0 1
340

in
boost

V
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(2.12) 

B. Buck Mode 

When the PV panel’s voltage is higher than the instantaneous grid voltage, it will 

operate in buck mode, in which, Sbuck will be switched on and off and Sboost will be always 

off, and the boost part of the circuit will act as an input filter as shown in Figure 2.15.  
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Figure 2.15 Buck mode. 

 

In this mode, the duty cycle of Sbuck can be found as 
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If 200 340inV  , then     

0 1buckD 
  

(2.15) 

 Thus, if the PV panel’s voltage is lower than the grid’s peak voltage, the PV inverter 

will switch between buck mode and boost mode depending on the instantaneous grid 

voltage as shown in Figure 2.16. However, if the PV panel’s voltage is higher than the 

grid’s peak voltage, it will always run at buck mode. Instead of a dc bus in the middle, 

the voltage across the capacitor CL in boost/buck PV inverter varies with the grid, if PV 

panel’s voltage is lower than the grid’s peak voltage as shown in Figure 2.17. However, if 

PV panel’s voltage is higher than grid’s peak voltage, CL’s voltage will be the same as 

PV panel’s voltage. 
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Figure 2.16 Operation mode. 

 

 

Figure 2.17 Capacitor CL’s voltage. 

 

2.2.3 Passive Components Design 

2.2.3.1 Capacitor Design 

Based on the energy storage the input capacitance could be calculated as (2.16).  
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The middle capacitor CL impacts Q factor and double-pole frequency. Large CL 

leads to small Q but low frequency double-pole, which is analyzed in 3.2. And also from 

the power decoupling point of view, as shown in Figure 2.18, large CL also leads to large 

pulsating input power that means large Cin is needed to decouple the power, which is not 

expected. In our case, 2 F is chosen for CL.  
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(a) 

 

(b) 

      Figure 2.18 Pulsating power on input, output and CL: (a) CL = 200 uF; (b) CL = 2 uF. 
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2.2.3.2 Inductor Design 

During the buck mode, the input current can be treated as the input filter’s 

inductor’s current, whose ripple is much reduced from the filtering effect. Thus the input 

inductor is designed based on the current ripple in boost mode. 
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Similarly, during the boost mode, the output current can be treated as the output 

filter’s inductor’s current, whose ripple is also much mitigated. Thus, the output inductor 

is also designed based on the current ripple in buck mode. 
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Thus,  
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Table 2.1 lists the summary of every passive components parameter. 

Table 2.1 Passive components parameter. 

L1 200 µH 

L2 400 µH 

CB 2 mF 

CL 2 µF 

 

2.2.4 Boundary Mode Analysis 

As mentioned before, during the buck mode, the input current can be treated as 

the input filter’s inductor’s current, whose ripple is much reduced from the filtering effect. 

Similarly, during the boost mode, the output current can be treated as the output filter’s 

inductor’s current, whose ripple is also much mitigated. Due to this dual filter effect, the 

DCM mode operation is very rare in the proposed circuit.  
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In fact, the circuit is always running in continuous current mode (CCM) for input 

current in buck mode and output current in boost mode. That also indicates that 

discontinuous current mode (DCM) or boundary mode can happen only in output current 

in buck mode and input current in boost mode. Then it can be analyzed as a normal buck 

and boost converter. The boundary condition can be derived based on the input current 

ripple for boost mode and output current ripple for buck mode as below: 

2
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1
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1 1 1
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sw o in o in
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a o
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(2.29) 

Based on the equations above, it is easy to derive that the maximum ripple of 

input current happens when 200inV V and 340oV V , then _ max 4.12inI A  . And the 

maximum ripple of output current happens when 500inV V and 250oV V , then 

_ max 6.25oI A  . Thus, the boundary power for different input voltage can be obtained 

shown in Figure 2.19 and Figure 2.20. 
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Figure 2.19 Boundary power condition for input current with different input voltage. 

 

 

Figure 2.20 Boundary power condition for output current with different input voltage. 

 

It is obviously noticed from Figure 2.19 and Figure 2.20 that the input current will 

go to DCM at very light power condition, which is even lower than 10% of the rated 

power. And the output current will go to DCM at light power condition as well, which is 
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lower than 20% of the rated power at most of the input voltage. If DCM is not desired, 

burst mode can be implemented at light power condition [53].  

 

2.2.5 Leakage Current Analysis 

[53] has reported that the capacitance between the point of contact and a single 

PV module has been calculated to range between 100 – 400 pF. The capacitance depends 

on weather conditions, and in the worst case as rainy days, the capacitance can be as high 

as 80 nF/kW [55]. Because of there is no isolation between the input and output without a 

transformer, the transformerless inverter needs to consider the leakage current issue as 

shown in Figure 2.21. The maximum current which can flow through the human body is 

0.2 mA. And the German standard [56] lists the disconnection time for different levels of 

leakage currents as shown in Table 2.2. 

DC

AC

EMI

 

Figure 2.21 Leakage current in a PV transformerless trid-tied inverter system. 
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Table 2.2 Leakage current and corresponding disconnection time [56] . 

RMS value of the leakage current (mA) Disconnection time (s) 

30 0.3 

60 0.15 

150 0.04 

 

Because of this safety issue, the leakage current should be as small as possible for 

transformerless inverter. Many literatures [57]-[59] analyzed the leakage current in 

transformerless grid-connected inverter. For the proposed topology, the negative terminal 

“O” of solar modules is set as the reference point, and the middle points of the bridge legs 

are set as “P” and “N” for the output terminals as shown in Figure 2.22.  

 

Figure 2.22 Boost-buck based PV inverter. 

 

Then the instantaneous common-mode voltage vcm can be calculated as 

( )

2
PO NO

cm

v v
v




  
(2.30) 

If vcm is keeping constant all the time, the leakage current could be avoided [57]. 

For the proposed inverter, (2.31) can be obtained.  
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Thus,  

2
grid

cm

v
v 

  
(2.32) 

Since vgrid is not constant but sinusoidal with 60 Hz, there is a small line 

frequency leakage current in the proposed inverter. For a 2.5 kW system, the capacitance 

between the PV modules and the ground CPV would as high as 200 nF. The simulated 

leakage current in this extreme case is shown in Figure 2.23. It shows that even in this 

extreme case, the leakage current is still far below the standard.  

 

Figure 2.23 Leakage current with CPV = 200 nF. 
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2.3 Summary 

 In this chapter, the state-of-the-art single stage PV inverters are reviewed firstly. 

For these single stage PV inverters, either a transformer is used for boosting the input 

voltage or the input voltage requires being higher than the peak of the grid voltage, which 

is not good for PV application because the PV panel’s I-V characteristics changes all the 

time.  

Following the topology review, the energy storage used in this type of inverter 

and its lifetime issue are discussed. Although the electrolytic capacitors have limited 

lifetime, it can still be used by applying smaller voltage and current ripple to prolong its 

lifetime. Because the end of its life doesn’t mean its failure, the electrolytic capacitor can 

work much longer than its estimated lifetime. Moreover, the capacitance also has an 

impact on MPPT efficiency. The larger capacitance leads to higher MPPT efficiency.  

After that a novel boost-buck converter based inverter has been presented. The 

first converter part operates in either boost or buck mode, which offers a wide input 

voltage range and presents a big advantage in PV inverter applications. The second 

inverter part is composed with unfolding circuit based on the direction of the grid. Thus 

from power processing point of view, this inverter is considered as a single stage inverter. 

Because it process power either as a buck converter or a boost converter, high efficiency 

can be achieved.  

And then the analysis of its middle capacitor is presented. This capacitor is not 

used for energy storage. For power balance, if it is chosen large, the input energy storage 

capacitor needs to be large. Thus this middle capacitor is preferred to be small. 
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Other than those, CCM/DCM operation condition is also presented. For the 

current design, the input current will normally be in CCM for more than 10% rated power, 

and the output current will be always in CCM for more than 20% rated power.  

Since the common-mode voltage in this inverter is equal to the grid voltage, it 

changes at line frequency. Thus the leakage current of it is small even at some extreme 

case. 
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Chapter 3: 

Modeling and Control of Boost-Buck 

Converter Based PV Inverter 

  

In previous chapter, a boost-buck converter based high efficiency PV inverter is 

proposed. In order to control it well, the modeling will be described in this chapter. After 

modeling the two modes separately, it can be derived that small L1 and large L2 are 

preferred because they help the controller design. Because of this, an interleaved-boost-

cascaded-with-buck (IBCB) converter is proposed to increase the resonant pole frequency 

by the use of smaller boost inductor value. As a result, the control loop bandwidth can be 

pushed further up to enhance the robustness of the complete system and helps the system 

be controlled easier. The MPPT P&O algorithm is introduced in this chapter as well. The 

proposed circuit along with its controller has been designed, simulated, and tested with a 

hardware prototype. Finally, the results indicate that the efficiency of the proposed 

solution is up to 2% higher than the conventional solution under the same condition and 

its tested CEC efficiency is 97.4%. 

 

3.1 Modeling of Boost-Buck Converter Based PV 

Inverter 

In order to achieve unity power factor, the current of inductor L2 needs to be 

controlled as a rectified sinusoidal shape. The pulse-width modulation (PWM) switch 
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models have been established for this PV inverter both in buck mode and boost mode 

with parasitic parameters considered. 

3.1.1 Boost Mode Modeling 

The PV panel is simplified as a DC voltage source and the grid with bridge 

switches are simplified as a rectified sinusoidal voltage source. Although the output 

voltage is rectified sinusoidal instead of constant output, it can also be treated as “steady-

state”, since the output voltage is changing with line frequency that is much smaller than 

switching frequency as shown in Figure 3.1. Under steady-state condition, the average 

model [61] of boost mode can be obtained as shown in Figure 3.2. Figure 3.3 shows their 

simplified model. Based on the model, its transfer functions can be obtained as follows. 

 

Figure 3.1 Quasi Steady State Concept. 
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Figure 3.2 Model of boost mode. 
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Figure 3.3 Simplified model of boost mode. 
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Thus, Gid_boost can be derived as follow shown from (3.8) to (3.12). 

22
2 2

2 2

ˆˆ
ˆ ˆ

ˆ ˆ
C L C C

L L C id
L C L C

Z i Zi
i i G

Z Z Z Zd d
    

      
(3.8) 

1 2
1 1 1 2 1

ˆ ˆ
ˆˆ ˆ ˆ ˆ

1
L C

L L L C L

I d i
i D I d i i i

D


     

     
(3.9) 

1 2
2 2 2 2 1

21
2 2 1 1

1 1 1
2 2

1 1

2 1 1

1 2
2

ˆ ˆ
ˆ ˆ ˆ( )

1
ˆ ˆ

ˆ ˆ (1 )
1 1

ˆˆ (1 )
1 1

ˆ '1
ˆ '(1 )

1

c L C
L C L C L C L C L e

L C
c L C L C L e L e

L e L e
L C L C c

L e
c

L C L e c

L e L C
L C

V I d i
D d i Z i Z Z

D D

iI d
V d i Z D Z Z

D D
Z I Z

i Z D V d
D D

I Z
Vi I Z V DD

Z Z Dd Z D
D


  



    
 

             


    
 



1 1
2 2

1 2 1

'

'
o L L e

L e L C L e

V D I Z

Z Z D Z

 


 

 
(3.10) 



 48

1

2 1 1 1 12
_ 2

222 2 1 2 2

2

ˆˆ ' '
ˆ ˆ ' '

L C C o L L e C o L L e C
id boost

C LL C L C L e L C L C
L e

L C

i Z V D I Z Z V D I Z Zi
G

Z ZZ Z Z D Z Z Z Z Zd d D Z
Z Z

   
      

   


(3.11) 

 

 

 
 

 

 

 

1
1 1 1 1

_

1 2 2 2 2 1
21 1

1 1

1 2 2
1

1 1 1

2
1 2 2 1 1

1

1
'

1 1

'
1

'

1
'

o L e
id boost

e

o L e

ESR
V D I sL DCR D Dr sC

G

ESR sL DCR sL DCR ESR
sC sC

D sL DCR D Dr

ESR sL DCR
sC

V D I sL DCR D Dr

ESR sL DCR D sL DCR D
sC

 
       

   
       

     
 

   
 

   

 

     
 

   

 
        

 

1
1

2 2 1
1

1 1 1
1 12 2

1 1 2 2 1 1 1 1 1 2 1 2

1

1

'
1

1 ' 1

e

o L e

e

ESR
sC

Dr sL DCR ESR
sC

V D I sL DCR D Dr
sC ESR

sC ESR sL DCR D sL DCR D Dr sC ESR s C L sC DCR

 
          

  
   

  
         

(3.12) 

Thus, Gid_boost can be expressed as shown in (3.13). 
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The simulation model for AC analysis of control - to - output inductor current has 

been built as shown in Figure 3.4. The Bode plot of its transfer function is extracted. The 

Bode plot data obtained from simulation is put into a Mathcad file and compared with 

that of derived averaged model in (3.13). In Figure 3.5, under condition Vin = 200 V and 

Vo = 340 V, the blue dashed curve is from Simplis simulation model and the red solid one 

is obtained from mathematic model. It is noticed that at the switching frequency, both 

gain and phase have a little glitch in simulation result, whereas the derived model does 

not have. With exception at this switching frequency and its multiples, the simulated 

result matches that of the mathematic model very well. Thus, the mathematic model 

could be used for further analysis. 
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Figure 3.4 Boost mode simulation model in Simplis. 
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Figure 3.5 Comparison between mathematic model and Simplis simulation model. 
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It could be easily found that the DC gain is related to input voltage Vin, duty cycle 

D and the parasitic resistance. 

From its numerator’s expression, it can be noticed that Gid_boost  contains both right 

half plane (RHP) zero and left half plane (LHP) zero. In order to obtain its zeros position, 
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the numerator of Gid_boost  needs to be zero. Therefore, the RHP zero could be obtained as 

shown in (3.15) and (3.16). 
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And the LHP zero can be obtained as shown in (3.17) and (3.18). 
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Thus it could be easily found that the RHP zero is related to voltage Vin, duty 

cycle D, inductors L1, the current going through inductor L1 and the parasitic resistance. 

The LHP zero is related to capacitor C1 and its parasitic ESR1. 

In order to obtain the double - pole position, the numerator of Gid_boost  needs to be 

zero as well. 
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Thus, the double - pole position can be obtained as:
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It could be easily found that the double - pole position is related to duty cycle D, 

two inductors L1 and L2 and capacitor C1, especially C1. 

Similarly, single pole position can be obtained as shown in (3.21) and (3.22). 
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It can also be found that the single pole position is related to duty cycle D, two 

inductors L1 and parasitic resistance.  

Since there are double - pole and a single pole in Gid_boost, the denominator can be 

expressed as below: 
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Thus,  
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Thus, Q could be obtained as shown in (3.26).  
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Assume 
1 1 1 2 2 1, ,ESR DCR ESR DCR and L L 

, then Q could be approximated 

as below: 
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From the expression of Q, it can be noticed that Q will change apparently with D, 

C1, L1, ESR1 and L2. And L1 impacts Q more than L2 and C1. Since Q changes with D, Q 

will be always changing in the line cycle.  The larger D and L1 are, the larger Q will be.  

The larger C1, ESR1 and L2 are, the smaller Q will be. Since 200
1

340
D   , the largest Q 

happens at 200

340
D   .  
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3.1.2 Buck Mode Modeling 

Similar to 3.1.1, under steady-state condition, the average model of buck mode 

can be obtained as shown in Figure 3.6 and Figure 3.7. Figure 3.8 shows their simplified 

model. Based on its model, its transfer functions can be obtained as follows. 
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d
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Figure 3.6 Model of buck mode.  
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Figure 3.7 Model of buck mode. 
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Figure 3.8 Simplified model of buck mode.  
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Then Gid_buck  can be derived as 
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(3.36) 

Similarly to 3.1.1, the simulation model of buck mode for AC analysis of control - 

to - output inductor current has been built as shown in Figure 3.9. The Bode plot of its 

transfer function is extracted and the Bode plot data obtained from simulation is put into 

a Mathcad file and compared with that of derived averaged model in (3.36). In Figure 

3.10, under condition Vin = 200 V and Vo = 10 V, the blue dashed curve is from Simplis 

simulation model and the red solid one is obtained from the mathematic model. It is 

noticed that at the switching frequency, both gain and phase have a little glitch in 

simulation result, whereas the derived model does not have. Except at this switching 

frequency and its multiples, the simulated result matches that of the mathematic model 

very well. Thus, the mathematic model could be used for further analysis. 
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Figure 3.9 Buck mode simulation Model in Simplis. 
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Figure 3.10 Comparison between mathematic model and Simplis simulation model. 
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It could be easily found that the DC gain is related to input voltage Vin, duty cycle 

D and the parasitic resistance. 

In order to obtain the single pole and double - pole position, the denominator of 

Gid_buck  needs to be zero. However, some approximations are needed since it is a very 

complicated expression. From the Bode plot, it is found that the single pole is in low 
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frequency range, and the double - pole is in high frequency range. Therefore, the 

approximations could be obtained to find out the single pole and double - pole positions 

as shown in (3.38) and (3.39). 
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Thus, the single pole position can be obtained as:
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It could be easily found that the single pole position is related to duty cycle D, 

two inductors L1 and L2 and the parasitic resistance. 

In order to obtain the double - pole position, the numerator of Gid_buck  needs to be 

zero as well. 
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Thus, the double - pole position can be obtained as:
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It could be easily found that the double - pole position is related to duty cycle D, 

two inductors L1 and L2 and capacitor C1. 

Similarly, double - zero position can be obtained as shown in (3.42) – (3.44). 
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It can also be found that the double - zero position is related to duty cycle D, 

inductors L1, the current going through inductor L2, capacitor C1 and parasitic resistance. 

And it also need to be noted that the double - zero will move from left half plane (LHP) 

to right half plane (RHP) if 2I D becomes larger than 1 1 1

1

( ) inC ESR DCR V
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. Thus, the double - zero will be in RHP if in heavy 

power condition. 
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Figure 3.11 Root locus of different D (Vin=340) 

 
Figure 3.12 Bode plot of different D (Vin=340) 
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From Figure 3.11 and Figure 3.12, some features of buck mode could be noticed. 

 The double-pole and double-zero positions are very close to each other. 

 The buck mode is automatically stable, if the double-zero is in LHP.  

 There will be a high Q, if the double-zero is in RHP. 

 Because of the RHP double-zero, we need a compensator which can make the 

crossover happen before the position of Q. 

 There is a need to design based on the worst condition, which is the one with highest Q. 

Since there are double - pole and a single pole in Gid_buck , the denominator can be 

expressed as below: 
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Thus, Q could be obtained as shown in (3.48).  
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Assume 
1 1 1 2 2 1, ,ESR DCR ESR DCR and L L 

, then Q could be approximated 

as below: 
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From the expression of Q, it can be noticed that Q will change apparently with D, 

C1, L1, ESR1, DCR1 and L2. And L1 impacts Q more than L2 and C1. Since Q changes with 

D, Q will be always changing in the line cycle.  The larger D and L1 are, the larger Q will 

be.  The larger C1, ESR1, DCR1 and L2 are, the smaller Q will be. Since 0 1D   , the 

largest Q happens at 1D   .  

 

3.2 Control of Boost-Buck Converter Based PV Inverter 

During buck mode, L2’s current can be treated as normal buck converter’s output 

inductor current which can be easily controlled. However, it is critical to control L2’s 

current in boost mode because the control target in this mode is its output filter’s inductor 

current. Thus, the compensator for boost mode needs to be designed first and then applies 
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it to buck mode. In practice, if the boost mode is stable and well controlled, buck mode 

will be stable and well controlled as well. The loop gains of boost mode at different 

operating points are shown in Figure 3.13. It clearly shows that the RHP zero and double-

pole make 270° phase delay, which makes it difficult to be compensated. Thus, the 

compensated crossover frequency needs to be before double-pole’s frequency of the 

boost mode and to insure that the peak Q value is lower than 0dB. In order to have a 

compensator that is good for every operation point, the compensator design is based on 

the worst conditions, which is defined as a condition with highest Qpk and the earliest 

phase drop. In our case, worst condition happens when input voltage is the lowest defined 

value 200 V and output voltage is the peak voltage of the grid 340 V. 

 

Figure 3.13 Loop gain of boost mode at different operating point. 
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In order to achieve smooth waveform in transition between boost to buck modes, 

an offset of the sawtooth carrier right on the top of the buck mode PWM modulator needs 

to be applied to boost mode as shown in Figure 3.14. The high gain of buck mode can be 

realized by reducing the carrier magnitude for buck mode as described in 4.2. As a result, 

universal control for both modes can be achieved. If a digital signal processor (DSP) is 

employed as a controller, smooth transition between the two modes can be achieved in 

various ways by taking advantage of flexible algorithm implementation. For example, in 

our test-bed system, the signal after compensator is deducted by a unit as shown in Figure 

3.15 in order to achieve smooth transition between the two modes.   

 

Figure 3.14 Analog control for smooth. 
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Figure 3.15 Digital control for smooth. 

 

3.3 Proposed Partial - Interleaved PV Inverter 

       Table 3.1 lists the transfer function derivation results for both boost and buck 

modes. It can be seen that the inductor value is the dominant factor to the resonant 

frequency, or double-pole frequency. If L1 can be reduced, the double-pole position, 

which is considered as the frequency wall of bandwidth, will be pushed to higher 

frequency. Moreover, the gain will increase as well, and also the Q factor will be reduced 

accordingly as shown in Figure 3.16, which benefits the high bandwidth design for the 

boost mode. However, decreasing L2 will keep the same double-pole position and have 

higher Q factor as shown in Figure 3.17, which won’t help controller design. As a result, 

small L1 and large L2 are preferred from the design point of view.    
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Figure 3.16 Boost inductance L1’s impact on boost mode bode plot Gid_boost. 
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Figure 3.17 Buck inductance L2’s impact on boost mode bode plot Gid_boost. 

 

If the switching frequency can be increased so that a smaller inductance is utilized, 

the system will be easier to compensate and more stable. However, the efficiency may 

decrease in this case. In order to keep high efficiency and stability, an interleaved-boost-
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cascaded-with-buck converter [62] is proposed. Figure 3.18 shows the complete circuit 

diagram. 
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Figure 3.18 Circuit diagram of proposed PV inverter. 

 

3.3.1 Control of the Proposed Interleaved PV Inverter 

The model of such a circuit is similar to that of the circuit shown in Figure 3.2 and 

Figure 3.6, so the same model derived in this section can be used for compensator design. 

The maximum power point tracking can be implemented as an outer loop with lower 
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bandwidth control, providing the magnitude of the output current reference [63]-[66]. 

Figure 3.19 and Figure 3.20 show the analog control diagram and digital control diagram 

for smooth transition between buck and boost modes respectively. Similar as non-

interleaved circuit, for analog control, the boost carrier should be on the top of the carrier 

for the buck with 180° phase shift for interleaving. For digital control, the boost carrier 

has the same level as buck carrier with 180° phase shift for interleaving. Furthermore, the 

compensated signal should be minus one as well as in non-interleaved circuit.  

  

Figure 3.19 Analog control for smooth transition between modes. 
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Figure 3.20 Digital control for smooth transition between modes. 

 

Figure 3.21 and Figure 3.22 show the analog control and digital circuit in PSIM, 

respectively. In the PSIM simulation, the system is considered as continuous-time system 

since the analog - to - digital (ADC) is not used. 

Figure 3.23 and Figure 3.24 illustrate the simulation results using analog control 

and digital control respectively. These simulation results match the analysis very well and 

verify that both control methods work for the proposed dual - mode inverter.  
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Figure 3.21 Analog control circuit in PSIM. 

 

 

Figure 3.22 Digital control circuit in PSIM. 
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Figure 3.23 Simulation results with analog control. 
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Figure 3.24 Simulation results with digital control. 

 

3.3.2 Maximum Power Point Tracking (MPPT) 

The relationship between output voltage and current from the PV module is a 

function of solar irradiation, module temperature, and amount of partial shadow, as 

seen in Figure 1.4. According to its I-V curve, there is a point where the PV module 

generates the most power. This point is called the Maximum Power Point (MPP), and 

the corresponding current and voltage are denoted as IMPP and UMPP. The MPP is 

different as the PV module’s I - V curve changes with irradiance and module 

temperature. Sometimes it changes rapidly due to fast changes in the weather 
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conditions such as partial cloudy day; otherwise it is almost constant in a sunny day 

without clouds. 

Because of this characteristic of MPP, some proper algorithms are required for 

Maximum Power Point Tracking (MPPT). Many researches are conducted of 

different MPPT techniques [67]-[72]. There are three main methods, which are the 

most widely used [71]: Perturb and Observe (P&O); Incremental Conductance (INC) 

and Constant Voltage (CV). The first two are essentially “hill-climbing” methods 

because they share the same scenario as shown in Table 3.2. 

Table 3.2 Scenarios of three most common MPPT methods. 

Hill - climbing methods  

Perturb and Observe 

(P&O) 

Incremental Conductance 

(INC) 

Constant Voltage (CV) 

Left of the MPP: 0
dP

dV
  

Right of the MPP: 0
dP

dV
  

0.76MPP

OC

V

V
  

 

Here, the P&O MPPT method is chosen. The algorithm for P&O MPPT is 

shown in Figure 3.25. If logic ‘1’ is set for the ‘yes’ in the algorithm and logic ‘0’ is 

set for the ‘no’ in the algorithm, and this algorithm could be summarized as illustrate 

in Table 3.3. Then, an XOR logic gate can be used in simulation, as shown in Figure 

3.26. 
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Table 3.3 MPPT logic table.  

Pk > Pk-1 1 1 0 0 

Vk > Vk-1 1 0 1 0 

Vref = Vk + ΔV 1 0 0 1 

 

 

Figure 3.25 P&O MPPT algorithm. 
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Figure 3.26 P&O MPPT algorithm. 
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(a) 
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(b) 

Figure 3.27 Simulation results with MPPT algorithm in PSIM: (a) VMPP=300 V; (b) VMPP=400 V.  

 

3.4 Simulation Results 

The proposed PV inverter along with its closed-loop controller has been simulated 

in PSIM. Figure 3.28 and Figure 3.29 compare the simulation results with different input 

voltage conditions. In Figure 3.28, the input voltage Vin is assumed to be 200 V. As can 
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be seen in the figure, buck or boost switch does not work simultaneously. Sboost works 

when Vin is smaller than the instantaneous grid voltage while Sbuck works when Vin is 

larger than the instantaneous grid voltage. In this case, the ripple current of L2 during 

boost mode is smaller than that during buck mode, because L2 performs as the output 

filter’s inductor of boost converter but performs a normal output inductor of buck 

converter. Figure 3.29 shows the simulation results when the input voltage is 400 V. 

Unlike the previous case, there is no boost mode, and only Sbuck is working. The voltage 

on middle capacitor CL always equals to the input voltage since Dboost is always 

conducting. 

 

Figure 3.28 Simulation results with small input voltage. 
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Figure 3.29 Simulation results with large input voltage. 

 

3.5 Experimental Results 

Figure 3.30 shows the photograph of the test-bed hardware prototype and Table 

3.4 and Table 3.5 list the design parameters and components selection. DSP 

TMS320F28335 from Texas Instruments has been implemented in the system. Figure 19 

shows the PWM and the reference control signals. Figure 3.32 shows the testing results 

when Vin is smaller than the peak of output voltage and Figure 3.33 shows the testing 

results when Vin  is almost the same as the peak of output voltage. Figure 3.34 shows the 

testing results when Vin  is greater than the peak of output voltage.  

 

0

0.4

0.8

Vbuck

0

-0.4

-0.8

Vboost1

0

200

400

Vin ABS(Vgrid) Vmiddlecap

0.01 0.02 0.03 0.04
Time (s)

0

-20

20

Igrid



 82

 

Figure 3.30 Test-bed hardware prototype. 

 

Table 3.4 Design parameters. 

Rated Power 2.5 kW 

Grid Voltage 208 Vac / 240 Vac 

Grid frequency 60 Hz 

Input Voltage 200 – 500 V 

Switching frequency 50 kHz 
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Table 3.5 Component selection. 

L1A, L1B 200 µH 

L2 400 µH 

CB 2 MF 

CL 2 µF 

S1, S2, S3 SPW47N60C3 

D1, D2, D3 C3D20060D 

SA, SB, SB, SD FGH30N60LSD 

 

 

 Figure 3.31 Experiment results of PWM signals. 
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Figure 3.32 Experimental results with small input voltage.  

 

 

Figure 3.33 Experimental results with middle input voltage. 
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Figure 3.34 Experimental results with large input voltage. 

 

Figure 3.35 shows efficiency curves with different input voltage under different 

power condition. The California Energy Commission (CEC) efficiency of a PV inverter 

could be calculated as below. 

10% 20% 30% 50% 75% 100%0.04 0.05 0.12 0.21 0.53 0.05CEC           
 

(3.51) 

Thus this test-bed inverter has a CEC efficiency of 97.4%. 

Dbuck 

Dboost 

Io 

Vgrid 
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Figure 3.35 Efficiency curves of different input voltage under different load condition. 

 

Testing with conventional control methods with constant voltages on CL has also 

been conducted. Figure 3.36 shows efficiency comparisons of the proposed inverter and 

the traditional inverter under different input and load condition. The results demonstrate 

the proposed inverter can improve up to 2% in efficiency especially at light power 

condition, because the current is small and the switching losses become dominant in this 

case. During heavy power condition, the current becomes large and the conduction losses 

become dominant. Nonetheless, the proposed inverter still performs better than the 

conventional one. Nearly a 1% improvement in efficiency is measured in the heavy 

power condition. 
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Figure 3.36 Efficiency comparisons of the proposed inverter and the traditional inverter under 

different input and load condition. 

 

3.6 Summary 

The averaged models for both modes have been established, which is the 

foundation for the controller design and optimization. After analyzing its model, it is 

known that if L1 can be reduced, the double-pole position, which is considered as the 

frequency wall of bandwidth, will be pushed to higher frequency. Moreover, the gain will 

increase as well. Also, the Q factor will be reduced accordingly, which benefits the high 

bandwidth design for the boost mode. However, decreasing L2 will keep the same double-

pole position and have higher Q factor, which won’t help controller design. As a result, 

small L1 and large L2 are preferred from the design point of view.    
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Because small L1 is preferred for easier controller design, an interleaved-boost-

cascaded-with-buck (IBCB) converter is proposed to increase the resonant pole frequency 

by the use of smaller boost inductor value. As a result, the control loop bandwidth can be 

pushed further up to enhance the robustness of the complete system and helps the system 

be controlled easier. 

The proposed circuit along with its controller has been designed, simulated, and 

tested with a hardware prototype. Finally, the results indicate that the efficiency of the 

proposed solution is up to 2% higher than the conventional solution under the same 

condition and its tested CEC efficiency is 97.4%. 
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Chapter 4: 

Advanced Double-Carrier based SPWM 

Control 

 

In the previous chapters, an offset of the sawtooth carrier right on the top of the 

buck mode PWM modulator needs to be applied to boost mode in order to achieve 

smooth waveform in transition between boost and buck modes. Based on the similar 

concept, with different magnitudes and/or different frequencies for these two carriers, 

another three advanced double-carrier based SPWM modulation methods are proposed in 

this chapter. They help to further improve the efficiency and/or increase the bandwidth 

and gain. 

 

4.1 Double-Carrier with Different Frequencies 

From 3.3, small boost inductance L1 and L2 and large buck inductance Lo help 

compensator design. Thus, it is good to increase the carrier frequency for boost mode and 

reduce the carrier frequency for buck mode as shown in Figure 4.1. Figure 4.2 and Figure 

4.3 illustrate a digital implementation. In this method, the same current ripple can be 

obtained by enlarging Lo and reducing L1 and L2. If only the carrier frequency for buck 

mode is reduced and the carrier frequency for boost mode is kept the same, switching loss 

can be reduced. However, since the inductance Lo needs to be increased, copper loss 



 90

introduced by this inductor may increase as well. As a result, the frequency should be 

selected by compromising between switching loss, core loss and copper loss. 

 

Figure 4.1 Double-carrier with different frequencies in analog control. 

 

 

Figure 4.2 Double-carrier with different frequencies in digital control. 
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Figure 4.3 Digital control diagram for double-carrier with different frequencies. 

 

Figure 4.4 and Figure 4.5, respectively, show the analog control and digital circuit 

in PSIM. The only difference with these figures and Figure 3.21 and Figure 3.22 is that 

the carrier frequency for the buck switch S3 has been reduced. Figure 4.6 shows 

simulation results using analog control and digital control, respectively. In order to have 

the same current ripple, the inductance needs to be increased properly. As a result, these 

simulations results are the same as the ones shown in Figure 3.23 and Figure 3.24. These 

simulation results verify that both control methods work for the proposed dual - mode 

inverter.  
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Figure 4.4 Analog control for smooth transition between modes. 

 

 

 

Figure 4.5 Digital control for smooth transition between modes. 
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Gi(s) 
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(a) 

 

 

(b) 



 94

Figure 4.6 Simulation results of double-carrier with different frequencies: (a) analog control; (b) 

digital control. 

 

4.2 Double-Carrier with Different Magnitudes 

Also from Chapter 3.3, once the compensator works for boost mode, it will 

automatically work for buck mode because of buck converter’s characteristics. This gives 

the possibility of implementing a universal controller for boost mode and buck mode, 

with the two modes sharing the same compensator as shown in Figure 3.18. However, for 

the rectified sinusoidal waveform, there are many harmonics at the zero crossing, which 

require wide control loop bandwidth and high gain to compensate. Thus an advanced 

double-carrier based SPWM with different carrier magnitudes is proposed, as shown in 

Figure 4.7. If the buck mode needs to have k times the gain of boost mode, the boost 

carrier’s magnitude needs to be k times that of buck mode. The distortion of the 

compared rectified sinusoidal waveform is due to the different magnitude of these two 

modes. In order to have the correct duty cycle, this comparing signal will adaptively 

become distorted with the carrier magnitudes.  

 

Figure 4.7 Double-carrier with different magnitudes. 
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In Figure 4.8, Gi(s) is the compensator gain, FM is the PWM modulation gain, 

and Gd(s) is the control-to-output transfer function. Thus, the loop gain can be expressed 

as (3.51). 

d iT G G FM  
 

(3.1) 

where  

1

m

FM
V

  
(3.2) 

Vm is the magnitude of the carrier. 

Thus, for boost mode, its loop gain is  

1
boost d iT G G

k
  

 
(3.3) 

For buck mode, its loop gain is  

1buck d iT G G  
 

(3.4) 

Thus,   

buck boostT T k 
 

(3.5) 
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Figure 4.8 Control diagram of loop gain. 
 

Thus, with different carrier magnitudes, the buck mode can obtain larger loop 

gain than the boost mode. In this method, the buck mode doesn’t need to be constrained 

by the boost mode, and it can have wider bandwidth and higher gain. Figure 4.9 shows 

the loop gain of buck mode with the same carrier magnitude. Its bandwidth is around 2.5 

kHz and its gain at 60 Hz is 65 dB. Figure 4.10 shows the loop gain of buck mode with 

five times smaller carrier magnitude than boost mode. Its bandwidth is around 6 kHz and 

its gain at 60 Hz is 78 dB. Table 4.1 shows a comparison. 
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Figure 4.9 Loop gain of buck mode with the same carrier magnitude as boost mode. 
 

 
Figure 4.10 Loop gain of buck mode with five times smaller carrier magnitude than boost mode. 
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Table 4.1 Bandwidth and gain comparisons. 

 Same carrier magnitude as 

boost mode 

Five times smaller carrier magnitude 

than boost mode 

Bandwidth 2.5 kHz 6 kHz 

Gain @ 60 Hz 65 dB 78dB 

 

Figure 4.11 and Figure 4.12 illustrate how to implement the method digitally. In 

digital control, the carriers for both modes are the same, and the compensated signal 

needs to deduct the carrier magnitude, which is 1 in a digital implementation, for the 

boost mode. The compensator increases by a factor of k to have a higher gain for the 

buck mode. As a result, the compensated signal needs to be reduced by a factor of k in 

order to have the same gain as analog control for this mode as shown in Figure 4.12. 

 

Figure 4.11 Double-carrier with different magnitudes in digital control. 
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Figure 4.12 Digital control diagram for double-carrier with different magnitudes. 

 

Figure 4.13 shows the analog control in PSIM. The only difference with Figure 

3.21 is the carrier’s magnitude for the boost switches S1 and S2 needs to be increased by k.  

Figure 4.14 shows the digital circuit in PSIM. The differences between this configuration 

with the one shown in Figure 3.22 are the compensator increases by a factor of k to have 

higher gain for the buck mode and the compensated signal needs to be reduced by a 

factor of k in order to have the same gain as analog control for the boost mode. In the 

simulation, k is chosen to be 5. 
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Figure 4.13 Analog control for smooth transition between modes. 

 

 

Figure 4.14 Digital control diagram for double-carrier with different magnitudes. 
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Figure 4.15 shows simulation results using analog control and digital control 

respectively. These simulation results verify that both control methods work for the 

proposed dual - mode inverter. Because of the higher compensator gain for the buck 

mode, the output current Igrid performs much better than in the previous control method, 

especially near zero - crossing point. 

 

(a) 
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(b) 

Figure 4.15 Simulation results of double-carrier with different magnitudes: (a) analog control; (b) 
digital control. 

 

 

4.3 Double-Carrier with Different Frequencies and 

Magnitudes 

Based on the previous two modulation methods, it is straightforward to combine 

these two modulation methods and take the advantages of both. Figure 4.16 illustrates 

this modulation method. The carrier for the boost mode is still on the top of the carrier for 

the buck mode. The carrier for buck mode has a different frequency and magnitude than 

that for the boost mode. As a result, the switching loss in the buck mode can be reduced 

and the buck mode obtains wide bandwidth and high gain.  
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Figure 4.17 and Figure 4.18 illustrate how to implement this method digitally. 

 

 

Figure 4.16 Double-carrier with different frequencies and magnitudes. 

 

 
Figure 4.17 Double-carrier with different frequencies and magnitudes in digital control. 
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Figure 4.18 Digital control diagram for double-carrier with different frequencies and magnitudes. 

 

Figure 4.19 and Figure 4.20, respectively show the analog control and digital 

circuit in PSIM. The only difference with Figure 4.13 and Figure 4.14 is that the carrier 

frequency for buck switch S3 needs to be reduced. Figure 4.21 show the simulation results 

using analog control and digital control respectively. In order to have the same current 

ripple, the inductance needs to be increased properly. Hence, these simulation results are 

the same as the ones shown in Figure 4.15. These simulation results verify that both 

control methods work for the proposed dual - mode inverter.  
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Figure 4.19 Analog control for smooth transition between modes. 

 

 

Figure 4.20 Digital control diagram for double-carrier with different magnitudes. 
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(a) 
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(b) 

Figure 4.21 Simulation results of double-carrier different frequencies and magnitudes: (a) analogy 

control; (b) digital control. 

 

4.4 Summary 

Based on the modulation method proposed in previous chapter, three advanced 

modulation methods are proposed. Double-carrier with different frequencies can help 

further improve the efficiency. Double-carrier with different magnitudes can help 

increase the bandwidth and gain. Double-carrier with different frequencies and 

magnitudes takes the advantages of both. Simulation verifies their function very well. 
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Chapter 5: 

Proposed Other Dual - Mode Double - Carrier 

PV Inverters 

 

In the previous chapters, a dual mode boost – buck converter based PV inverter 

was proposed, with a boost-buck type dc-dc converter as the first stage with regulated 

output inductor current. A full-bridge unfolding circuit with 50- or 60-Hz line frequency 

is applied to the dc-ac stage, unfolding the rectified sinusoidal current into a pure 

sinusoidal current. An interleaved boost is chosen for better performance and lower input 

current ripple. Since the circuit runs either in boost or buck mode, its first stage can be 

very efficient. For the second stage, because the unfolding circuit only operates at the line 

frequency and switches at zero voltage and current, switching loss can be omitted. It is 

observed that, for buck mode, there are many topologies can meet the same criteria, such 

as full bridge (FB), H5 inverter and dual buck (DB) inverter. In this chapter, three new 

dual - mode inverters are proposed. These proposed topologies either reduce the number 

of components or further improve the efficiency. The efficiencies and leakage currents of 

these inverters are compared.  

 

5.1 Boost Cascaded with Full Bridge Inverter 

The proposed boost - full bridge (FB) inverter is shown in Figure 5.1, in which 

the IGBTs covered by blue are operating in line frequency for selecting grid polarity as 

the same function of SA - SD in unfolding circuit in Figure 3.18. The MOSFETs covered 



 109

by yellow are operating at high switching frequency as the same function of S3 in Figure 

3.18.  

 

Figure 5.1 Boost-full bridge (FB) inverter. 

   

Similar to the operation modes discussed 2.2.2, if the input voltage is lower than 

the rectified instantaneous grid voltage, the switches in the interleaved boost part S1 and 

S2 are operating, and the MOSFETs covered by yellow are always on or off depends on 

the polarity of the grid. 

If the input voltage is larger than the rectified instantaneous grid voltage, the 

switches in the interleaved boost part S1 and S2 are off, and the MOSFETs covered by 

yellow are operating in high frequency as a normal unipolar full bridge inverter. Its PWM 

generation is shown in Figure 5.2. 

N 

P 

O 
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Figure 5.2 PWM generation of boost-full bridge (FB) inverter. 

 

In Chapter 3.3, four switches are used in unfolding circuit for selecting the 

polarity of the grid. This boost - full bridge inverter saves two switches for polarity 

selection, which help save half of the conduction loss introduced by polarity selection 

switches. Also, the number of components can be reduced, which can help save the cost. 

However, since the free-wheeling diodes are the diodes in the same package with IGBTs, 

their reverse recovery may hurt the whole circuit’s efficiency.  

The two different operating modes and the non-constant middle link capacitor 

voltage as shown in Figure 2.16 and Figure 2.17 give the complication of calculating the 

loss in this type of inverters. Some details about calculations of loss are provided below.  
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If the input voltage range is set from 200 V to 500 V, under different input voltage 

condition, the angle and the voltage across the middle link capacitor can be found in (4.1) 

and (4.2) respectively. 

sin 200 340

340 500
2

in
in

opk

in

V
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V

if V




 
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 
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(4.2) 

Based on Figure 5.2, the loss in this inverter includes the loss in boost part, full 

bridge part and unfolding part as shown in (4.3).  
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The loss in boost part can be calculated by (4.4) to (4.8). 
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The loss in full bridge part can be calculated by (4.9) to (4.13). 
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IGBTs S\c and Sd operate at line frequency; so, this part only includes conduction 

loss. 
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Then the efficiency can be calculated as: 

o

o Loss

P

P P
 

  
(4.15) 

Figure 5.3 shows the simulation results of the proposed topology. Igrid is the current sent 

to the grid. Vboost, Sa, Sb, Sc and Sd represent the PWM signals for the corresponding switches. 

Vboostc, Vbuckc and ABS(Vm) represent boost carrier, buck carrier and the compensated signal 

respectively. Both the operation modes and modulation methods are well illustrated in the 

simulation results. 

 

Figure 5.3 Simulation results of boost with full bridge. 
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5.2 Boost Cascaded with H5 Inverter  

H5 is the inverter introduced in 2.1. Similarly to 5.1, the proposed boost - H5 

inverter is shown in Figure 5.4, in which the IGBTs covered by blue are operating in line 

frequency for selecting grid polarity as the same function of SA - SD in unfolding circuit in 

Figure 3.18. The MOSFETs covered by yellow are operating at high switching frequency 

as the same function of S3 in Figure 3.18.  

 

Figure 5.4 Boost-H5 inverter. 

 

Similar to the operation modes discussed in Chapter 2.2.2, if the input voltage is 

lower than the rectified instantaneous grid voltage, the switches in the interleaved boost 

part S1 and S2 are operating, and S3 is always on. The other two MOSFETs covered by 

yellow Sc and Sd are on and off based on the polarity of the grid. 

If the input voltage is larger than the rectified instantaneous grid voltage, the 

switches in the interleaved boost part S1 and S2 are off, and the MOSFETs covered by 

yellow are operating in high frequency working as a H5 inverter. Its PWM generation is 

shown in Figure 5.5. 

N 

P 

O 
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Figure 5.5 PWM generation of boost-H5 inverter. 

 

In Chapter 3.3, four switches are used in unfolding circuit for selecting the 

polarity of the grid. In this boost - H5 inverter, one diode is saved and the diodes in the 

same package with IGBTs are also utilized. Because it can reduce the voltage stress for 

each component, its switching loss is greatly reduced and, thus, it still can achieve high 

efficiency.  

Based on Figure 5.5, the loss in this inverter includes the loss in boost part, H5 

part and unfolding part as shown in (4.16).  
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     
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Same as Chapter 5.1 , the loss in boost part can also be calculated by (4.4) to (4.8). 

The conduction loss is the same as in full bridge part calculated as (4.9). The 

switching loss is slightly different since the voltage stress is half of that in full bridge 

inverter, and they can be calculated by (4.17) and (4.18). 
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The loss in IGBT which operates at line frequency can also be calculated as (4.14). 

Then the efficiency can be calculated as: 

o

o Loss

P

P P
 

  
(4.19) 

Figure 5.6 shows the simulation results of the proposed topology. Igrid is the current sent 

to the grid. Vboost, S3, Sa, Sb, Sc and Sd represent the PWM signals for the corresponding 

switches. Vboostc, Vbuckc and ABS(Vm) represent boost carrier, buck carrier and the compensated 

signal respectively. Both the operation modes and modulation methods are well illustrated in 

the simulation results. 
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Figure 5.6 Simulation results of boost with H5. 

 

5.3 Boost Cascaded with Dual Buck Inverter 

Similarly to Chapter 5.1 and 5.2, the proposed boost - dual buck (DB) inverter is 

shown in Figure 5.7, in which the IGBTs covered by blue are operating in line frequency 

for selecting grid polarity as the same function of SA - SD in unfolding circuit in Figure 

3.18. The MOSFETs covered by yellow are operating at high switching frequency as the 

same function of S3 in Figure 3.18.  
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Figure 5.7 Boost-dual buck (DB) inverter. 

 

Similar to the operation modes discussed in Chapter 2.2.2, if the input voltage is 

lower than the rectified instantaneous grid voltage, the switches in the interleaved boost 

part S1 and S2 are operating, and the MOSFETs covered by yellow are on and off based 

on the polarity of the grid. 

If the input voltage is larger than the rectified instantaneous grid voltage, the 

switches in the interleaved boost part S1 and S2 are off, and the MOSFETs covered by 

yellow are operating in high frequency working as a dual buck inverter. Its PWM 

generation is shown in Figure 5.8. 
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Figure 5.8 PWM generation of boost-dual buck (DB) inverter. 

 

In Chapter 3.3, four switches are used in unfolding circuit for selecting the 

polarity of the grid. This boost-dual buck inverter keeps the same component number. 

Since a SiC diode with no reverse recovery loss can be used, it can reach higher 

efficiencies.  

Based on Figure 5.8, the loss in this inverter includes the loss in boost part, H5 

part and unfolding part as shown in (4.20).  
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As with the discussion in Chapter 5.1 , the loss in boost part can also be calculated 

by (4.4) to (4.8). The loss in dual buck part can also be calculated by (4.9) to (4.13). 

Then the efficiency can be calculated as: 

o

o Loss

P

P P
 

  
(4.21) 

Figure 5.9 shows the simulation results of the proposed topology. Igrid is the current sent 

to the grid. Vboost, Sa, Sb, Sc and Sd represent the PWM signals for the corresponding switches. 

Vboostc, Vbuckc and ABS(Vm) represent boost carrier, buck carrier and the compensated signal 

respectively. Both the operation modes and modulation methods are well illustrated in the 

simulation results. 

 
Figure 5.9 Simulation results of boost with dual buck. 
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5.4 Comparisons of the Proposed Inverters 

5.4.1 Efficiency Comparison 

The parameters of these inverters are listed in Table 5.1. All of the MOSFETs are 

CoolMos SPW47N60C3, and diodes are a SiC diode C3D20060D, and FGH30N60LSD 

are selected for IGBTs. Figure 5.10 and Figure 5.11 show the loss distribution with rated 

power 2.5 kW under different input voltage conditions, where diode loss includes its 

conduction loss and the reverse recovery loss.  

   Table 5.1: Parameters of all the inverters 

Rated Power Grid Voltage Grid Frequency Input Voltage Switching Frequency

2.5 kW 240 Vac 60 Hz 200 – 500 V 50  kHz 

 

When Vin = 400 V, only buck mode operates; thus, all the boost related losses are 

zero. In FB and H5, the loss due to diodes is dominant because of the bad performance of 

the paralleled diodes with their IGBTs. Because the MOSFETs in H5 have lower voltage 

stress than those used in the buck, FB and DB, the switching loss of MOSFETs in the H5 

is smaller than the other three circuits. However, the conduction loss is larger because 

there are two MOSFETs in series. The loss due to the IGBTs is higher in buck than the 

other three, because there are always two IGBTs operating together. This can give the 

idea that if buck type inverter can change the IGBTs in unfolding circuit to MOSFETs, 

the efficiency in this buck type would be even higher. 
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Figure 5.10 Loss distribution in three inverters when Vin = 400 V 

 

When Vin = 200 V, both buck mode and boost mode operate. Because of the 

uniformity, all the boost related losses are the same. Due to high input current, the boost 

diode’s conduction loss is high. The different is with high input voltage case, the 

switching loss in buck/FB/H5/DB becomes less on account of lower voltage stress.  
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Figure 5.11 Loss distribution in three inverters when Vin = 200 V 

 

It can be observed that the switching loss in buck/FB/H5/DB mode is dominant if 

the input voltage is larger than the peak of the grid voltage because of the high voltage 

stress when the switches are off. In this case, first advanced double - carrier based SPWM 

control described in Chapter 4.1 – reducing the carrier frequency for buck/FB/H5/DB 

mode will help improve the efficiency. However, the switching loss in in 

buck/FB/H5/DB mode will not be dominant when the input voltage is smaller than the 

peak of the grid voltage because of the small voltage stress when the switches are off. In 

this case, the control described in Chapter 4.1 won’t help improve the efficiency 

significantly. Thus, a more complicated advanced double - carrier based SPWM control - 

changing the carrier frequency based on the input voltage can be proposed which will be 

discussed in the future work. Currently, the second advanced double - carrier based 
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SPWM control in 4.2 – reducing the carrier magnitude for buck/FB/H5/DB mode but 

keeping the same frequency is implemented. 

Figure 5.12 shows the calculated CEC efficiency of these four inverters. It is easy 

to observe that boost with H5 type inverter gives the highest CEC efficiency in most of 

the conditions, because H5 type will give the advantages of lower switching loss due to 

lower voltage stress. The conduction loss is no longer dominant, especially in light load 

condition, and H5’s superiority gives higher efficiency. 

 

Figure 5.12 CEC efficiency of four inverters under different input voltage condition 

 

5.4.2 Leakage Current Comparison 

Similar to the analysis used in Chapter 2.2.5, for all the three proposed topologies, 

the negative terminal “O” of solar modules is set as the reference point, and the middle 

points of the bridge legs are set as “P” and “N” for the output terminals. Then the 

instantaneous common-mode voltage vcm can be calculated as 



 125

( )

2
PO NO

cm

v v
v




  
(5.22) 

Based on the discussion in Chapter 2.2.5, the common mode voltage Vcm for the 

boost-buck PV inverter proposed in Chapter 2 can be simulated, as shown in Figure 5.13. 

It could be noticed that Vcm changes at line frequency, which will lead to very small 

leakage current. 

 

(a) 

 

(b) 



 126

Figure 5.13 Common mode voltage Vcm of boost-buck: (a) Vin>Vgridpk; (b) Vin<Vgridpk. 

 

For boost - FB inverter, equations (5.23) and (5.24) can be obtained.  

If vgrid > 0, 

 

0

0 0
PO CL NO a

PO NO a

v v v if S is on

v v if S is off

 
     

(5.23) 

If vgrid < 0, 

0

0 0
PO NO CL b

PO NO b

v v v if S is on

v v if S is off

 
     

(5.24) 

where vCL is the middle capacitor’s voltage, which is equal to vin when it runs in 

buck mode and is vgrid when it runs in boost mode, as shown in Figure 2.17. Then, vcm 

changes between 0 and vCL/2 with high switching frequency as shown in Figure 5.14. 

Thus, there will be a high leakage current in this inverter. 

 

(a) 
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(b) 

Figure 5.14 Common mode voltage Vcm of boost-FB: (a) Vin>Vgridpk; (b) Vin<Vgridpk. 

 

For boost – H5 inverter, equations (5.25) and (5.26) can be obtained.  

If vgrid > 0, 

 

3

3

0

2 2

PO CL NO

CL CL
PO NO

v v v if S is on

v v
v v if S is off

 


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(5.25) 

If vgrid < 0, 

3

3

0

2 2

PO NO CL

CL CL
PO NO

v v v if S is on

v v
v v if S is off

 



    
(5.26) 

Then, vcm always equals to vCL/2 as shown in Figure 5.15. Thus, there will be no 

leakage current if the inverter runs in buck mode, but there will be small leakage current 

if it runs in boost mode. 
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(a) 

 

(b) 

Figure 5.15 Common mode voltage Vcm of boost-H5: (a) Vin>Vgridpk; (b) Vin<Vgridpk. 

 

For boost - DB inverter, equations (5.27) and (5.28) can be obtained.  

If vgrid > 0, 
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1
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v v v if S is on

v v if S is off

v v

  


 
 

  
(5.27) 

If vgrid < 0, 

2

2

1

0P O NO CL d

P O CL NO CL d

PO grid

v v v if S is on

v v v v if S is off

v v

  


 
 

  
(5.28) 

Then, vcm changes among 0, vCL/2 and vCL with high switching frequency as 

shown in Figure 5.16. Thus, there will be a high leakage current in this inverter. 

 

(a) 
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(b) 

Figure 5.16 Common mode voltage Vcm of boost-DB: (a) Vin>Vgridpk; (b) Vin<Vgridpk. 

 

Table 5.2 lists the summary of the inverters proposed in this chapter and the one 

in previous chapter – boost-buck converter based inverter. If both efficiency and leakage 

current are considered, boost-H5 should be the best choice. 

   Table 5.2: Comparisons of leakage current in different proposed inverters. 

 Boost-buck Boost-FB Boost-H5 Boost-DB 

Common mode 

voltage (vcm) 2
gridv

 0  or 
2
CLv

  
2
CLv

 0  or 
2
CLv

 or CLv  

vcm changing 

frequency 

Line 

frequency 

High 

switching 

frequency 

Constant in buck 

mode 

Line frequency in 

boost mode 

High switching 

frequency 

Leakage 

current 

low high low high 
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5.5 Summary 

This chapter proposed another three dual-mode double-carrier based SPWM 

inverters based on the boost/buck operation mode concept. With both step-up and step-

down functions, this type of inverter can achieve high efficiency in a wide range because 

only one switch operates at the PWM frequency at a time.  

In fact, if any inverter is working based on buck converter’s concept, it can be 

integrated with boost part and operate in either buck or boost mode. As a result, the new 

inverter won’t have the limitation on its input voltage, which means the input voltage 

doesn’t need to be higher than the peak of the output ac voltage. In this way, the input 

voltage range could be widened. 

The efficiencies and the detailed loss distribution of these inverters with one of 

the advanced modulation method are compared. Based on the comparison, boost mode 

with H5 PV inverter gives highest CEC efficiency in most cases, because it has lowest 

switching loss.  

The leakage current for the three inverters have been analyzed. From this point of 

view, boost-H5 performs the best. Thus, if both efficiency and leakage current are 

considered, boost-H5 should be the best choice. 
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Chapter 6: 

Conclusions and Future Works 

 

6.1 Summary 

This dissertation proposed a single stage boost-buck converter based high-

efficiency grid-tied PV inverter. Based on its unique operation mode, the proper control 

method is proposed for smooth mode transition. Based on the similar concept, three other 

inverters with both step-up and step-down functions are proposed. Along with that, three 

advanced control methods are also proposed 

The following conclusions are drawn from the work. 

1) A high efficiency boost-buck converter based single stage PV inverter is proposed. 

The first converter part operates in either boost or buck mode; thus, it has a wide 

input voltage range, which is good for PV application. The second inverter part is 

composed with unfolding circuit based on the direction of the grid. Therefore 

from power processing point of view, this inverter is a single stage inverter. 

Because it processes power either as a buck converter or a boost converter, high 

efficiency can be achieved.  

2) After analyzing its model, it is known that if the input inductor L1 can be reduced, 

the double-pole position, which is considered as the frequency wall of bandwidth, 

will be pushed to higher frequency. Moreover, the gain will increase as well. Also, 

the Q factor will be reduced accordingly, which benefits the high bandwidth 

design for the boost mode. However, decreasing the output inductor L2 will keep 
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the same double-pole position and have higher Q factor, which won’t help 

controller design. As a result, small L1 and large L2 are preferred from the design 

point of view.    

3) Because small L1 is preferred for easier controller design, an interleaved-boost-

cascaded-with-buck (IBCB) converter is proposed to increase the resonant pole 

frequency by the use of smaller boost inductor value. As a result, the control loop 

bandwidth can be pushed further up to enhance the robustness of the complete 

system and helps the system be controlled easier.  

4) The double-carrier modulation method is proposed based on the inverter’s 

operation mode. The duty cycle for buck switch is always one if the inverter is 

running in boost mode. The duty cycle for boost switches are always zero if the 

inverter is running in buck mode. Because of this, the carrier for boost mode is 

stacked on the top of the carrier for buck mode. As a result, there is no need to 

compare the input and output voltage to decide which mode the inverter should 

operate in and the inverter operates smoothly between these two modes. 

5) Three advanced modulation methods are proposed. The first one - Double-carrier 

with different frequencies can help further improve the efficiency. The second one 

- Double-carrier with different magnitudes can help increase the bandwidth and 

gain. The last one - Double-carrier with different frequencies and magnitudes 

takes the advantage of both.  

6) Based on the operation mode concept, many topologies can be proposed. If any 

inverter is working based on buck converter’s concept, it can be integrated with 

boost part. As a result, the new inverter won’t have the limitation on its input 
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voltage, which means the input voltage doesn’t need to be higher than the peak of 

the output ac voltage. In this way, the input voltage range could be widened. In 

this dissertation another three dual-mode double-carrier based SPWM inverters 

are proposed for example. With both step-up and step-down functions, this type of 

inverter can achieve high efficiency in a wide range because only one switch 

operates at the PWM frequency at a time.  

7) The lifetime issue of the electrolytic capacitors has been investigated and 

analyzed. Although the electrolytic capacitors have limited lifetime, it can still be 

used by applying smaller voltage and current ripple to prolong its lifetime. 

Because the end of its life doesn’t mean its failure, the electrolytic capacitor can 

work much longer than its estimated lifetime. As time goes on, the capacitance of 

electrolytic capacitor will be reduced. The smaller capacitance leads to lower 

Maximum Power Point Tracking (MPPT) efficiency. Thus, at the end of the 

electrolytic capacitors’ lifetime, the capacitors won’t fail to work but the change 

in capacitance will reduce the MPPT efficiency and will reduce the whole 

system’s efficiency as well. 

 

6.2 Future Works 

1) When the grid is abnormal, the PV inverter needs to disconnect from the grid. A 

control scheme needs to be developed and further investigated to make the inverter to 

operate between grid-tied mode and islanding mode. 
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2) Although the three dual-mode double-carrier based SPWM inverters are proposed 

and their efficiency analysis has been provided, some more experiments should be 

conducted and their actual efficiency should be compared.  

3) Other types of dual-mode double-carrier based SPWM inverters can be 

investigated, such as boost along with HERIC (Highly Efficiency and Reliable Inverter 

Concept) [73] inverter. 

4) For boost-FB (Full Bridge) and boost-DB (Dual Buck) inverter, other modulation 

methods could be considered to eliminating their leakage currents, such as bipolar PWM 

modulation method. 
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