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ABSTRACT 

In the field of renewable energy, solar photovoltaic is growing exponentially. Grid-tied PV 

micro-inverters have become the trend for future PV system development because of their 

remarkable advantages such as enhanced energy production due to MPPT implementation for 

each PV panel, high reliability due to redundant and distributed system architecture, and simple 

design, installation, and management due to its plug-and-play feature. Conventional approaches 

for the PV micro-inverters are mainly in the form of single-phase grid connected and they aim at 

the residential and commercial rooftop applications. It would be advantageous to extend the 

micro-inverter concept to large size PV installations such as MW-class solar farms where three-

phase AC connections are used. 

The relatively high cost of the three-phase micro-inverter is the biggest barrier to its large scale 

deployment. Increasing the switching frequency may be the best way to reduce cost by shrinking 

the size of reactive components and heat-sink. However, this approach could cause conversion 

efficiency to drop dramatically without employing soft switching techniques or using costly new 

devices. 

This dissertation presents a new zero voltage switching control method that is suitable for low 

power applications such as three-phase micro-inverters. The proposed hybrid boundary 

conduction mode (BCM) current control method increases the efficiency and power density of 

the micro-inverters and features both reduced number of components and easy digital 

implementation. Zero voltage switching is achieved by controlling the inductor current bi-

directional in every switching cycle and results in lower switching losses, higher operating 

frequency, and reduced size and cost of passive components, especially magnetic cores. Some 
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practical aspects of hybrid control implementation such as dead-time insertion can degrade the 

performance of the micro-inverter. A dead-time compensation method that improves the 

performance of hybrid BCM current control by decreasing the output current THD and reducing 

the zero crossing distortion is presented. 

Different BCM ZVS current control modulation schemes are compared based on power losses 

breakdown, switching frequency range, and current quality. Compared to continuous conduction 

mode (CCM) current control, BCM ZVS control decreases MOSFET switching losses and filter 

inductor conduction losses but increases MOSFET conduction losses and inductor core losses. 

Based on the loss analysis, a dual-mode current modulation method combining ZVS and zero 

current switching (ZCS) schemes is proposed to improve the efficiency of the micro-inverter. 

Finally, a method of maintaining high power conversion efficiency across the entire load range 

of the three-phase micro-inverter is proposed. The proposed control method substantially 

increases the conversion efficiency at light loads by minimizing switching losses of 

semiconductor devices as well as core losses of magnetic components. This is accomplished by 

entering a phase skipping operating mode wherein two phases of an inverter are disabled and 

three inverters are combined to form a new three-phase system with minimal grid imbalance.  

A 400W prototype of a three-phase micro-inverter and its hybrid control system have been 

designed and tested under different conditions to verify the effectiveness of the proposed 

controller, current modulation scheme, and light load efficiency enhancement method. 
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CHAPTER 1. INTRODUCTION  

 

1.1 Background and Challenges   

Non-renewable energy will become more expensive as supplies dwindle and demand increases 

while renewable energy is reliable and plentiful and will potentially be very cheap once 

technology and infrastructure improve [1]. Among the six primary renewable resources (solar, 

wind, hydro, geothermal, biomass, and ocean), the potential of solar energy is perhaps the most 

promising. This is because solar energy is low-cost, non-polluting and therefore no threat to the 

environment, and depends on an available resource – sunshine[2].  

Through research and technological advances solar energy could become capable of competing 

with conventional sources of energy and become a mainstream electricity source within the next 

few years [3].  

The best and most efficient way to use solar energy is to convert it to electricity and inject it into 

the utility grid. Grid tie solar systems do not need any kind of expensive power storage systems. 

They are essentially composed of power electronics interfaces to account for the different 

characteristics between the generated electricity and the utility grid [4]. Solar source is low 

voltage DC power while the utility grid is high voltage AC power. A grid tie solar system is 

shown in Figure 1-1. 
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Figure 1-1: Grid-tie solar system 

The solar system shown in Figure 1-1 is based on two-stage power conversion architecture. This 

kind of architecture can better interface with the crystalline PV panels featuring low DC output 

voltage. The first stage is a DC/DC converter and the second stage is a DC/AC inverter. The 

front-end DC/DC stage features voltage boosting and maximum energy harvesting, while the 

inverter stage realizes power conversion from DC to AC and grid connection functions [5]. 

Various circuit topologies and control methods have been proposed to improve the efficiency, 

decrease the cost, and enhance the performance and reliability of solar systems. In this 

dissertation, a new soft switching control based three-phase micro-inverter is proposed for a 

highly reliable, high-efficiency, high-power density, and low cost solar system. To achieve the 

targeted power conversion efficiency and power density a comprehensive investigation and 

research were done on the new topologies and soft switching techniques.  

 

1.2 Centralized, String and Micro-inverters 

Three basic architectures for the PV solar systems with respect to the type of the grid-tied 

inverter are: 
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 Centralized inverter  

 String inverter or multi-string inverter 

 Micro-inverter 

In centralized inverter architecture, a large number of PV modules are grouped into several series 

of connections using string diodes or junction boxes [6]. With sufficient high voltage generated 

by each series group (referred to as a string), PV modules are directly fed to the central inverter. 

Centralized inverter architecture can operate at high efficiency due to only one power conversion 

stage [7]. This architecture has become conventional for 100 kilowatt peak solar plants. Some 

limitations of this architecture shown in Figure 1-2 can be mentioned as:  

1- Single point of failure 

2- Individual PV panels may not operate in their maximum power tracking due to partial 

shading or some other kind of coverage 

3- Junction boxes or string diodes introduce extra losses 

4- It usually needs an additional power stage to convert the wide range input voltage into a 

stable and compatible voltage to the grid. The normal operation voltage range varies 

significantly  

5- Mismatch of each string or PV panel affects the PV array efficiency significantly 

In order to solve the problems of centralized inverter structure, string inverter architecture was 

proposed. This structure as shown in Figure 1-3 does not need string diodes. In this architecture 

each string can apply the MPPT, resulting in higher PV efficiency utilization than that of a 

centralized inverter. The other centralized inverter limitations remain in this structure. 
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Figure 1-2: Diagram of centralized inverter system architecture 
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Figure 1-3: Diagram of string inverter system architecture 

In order to implement the maximum power tracking for individual panels, a power maximizer 

consisting of a DC/DC converter can be attached to the PV panels. This new approach can be 
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applied to either central inverter structure as illustrated in Figure 1-4 or string inverter 

architecture. Using the power maximizer, there is no mismatch issue between strings or PV 

panels. At the cost of an additional DC/DC module, central and string inverters can maximize 

power production from each PV panel, but they still suffer drawbacks such as single point of 

failure, high DC voltage hazard, and difficulties in maintenance. Various companies are trying to 

improve the efficiency and reliability of these power maximizers and reduce their costs [8],[9].    

DC/AC 

inverter

PV

Transformer

Low voltage Medium Voltage

MPPT 

module

MPPT 

module

MPPT 

module

MPPT 

module

MPPT 

module

MPPT 

module

MPPT 

module

MPPT 

module

MPPT 

module
Grid

 

Figure 1-4: Maximum power tracking for individual panels in the centralized inverter structure 

 

Distributed PV electricity generation, which takes granularity of large-scale solar farms down to 

a single PV panel, will be a tendency for future solar PV deployment. Micro-inverters, one of the 

typical distributed PV systems, are small grid-tie inverters of 150-400W that convert the output 

of a single PV panel to AC [10]. Micro-inverters have the potential to be fully integrated into the 

PV modules to realize a true Plug-and-Play system that can be purchased, installed, and 

connected by homeowners without the need to engage outside consultants or contractors.    
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Although micro-inverter and AC PV module products have been very successful in the market, 

their uses have been limited to small scale, single phase (110VAC & 220VAC) residential and 

commercial PV installations.  

Conventional systems for large size PV installation are based on centralized or string inverters. 

Considering the merits of solar systems based on micro-inverters, it is advantageous to extend 

this concept to large size PV installations such as MW-class solar farms where three-phase AC 

connection is used. 

At a solar farm based on three-phase micro-inverters, output of the micro-inverters are connected 

in parallel and routed to a common AC coupling point. Series or parallel DC connections are not 

required and all DC wiring is made at a relatively low voltage level of a single panel that is less 

than 50 volts. AC PV modules with micro-inverters will be a tendency for future solar PV 

deployment because of the remarkable merits such as: 

 Maximum Power Point Tracking (MPPT) for individual panels  

 Preventing mismatch losses due to parallel connection of PV modules 

 Ease of installation through flexible and modular solar farm architecture 

 Lower installation costs 

 Possible inverter cost reduction due to mass production  

 Lower DC distribution losses 

 Distributed and redundant system architecture (Higher reliability)  

 Preventing DC high voltage safety hazards 
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The new architecture for a PV solar farm based on three-phase micro-inverter is shown in Figure 

1-5 [11]. The outputs of each micro-inverter are directly connected to a low voltage three-phase 

utility grid. A medium voltage transformer boosts this three-phase low voltage to high voltage at 

the power transmission line side. Each micro-inverter operates independently regardless of the 

other micro-inverters’ failure. 

PV

Transformer

Grid
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PV

PV

PV

PV

PV

PV

PV

PV

PV

PV

PV

PV

PV

PV
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PV

PV

PV

Micro 

inverter

AC grid 

interface

PV 

Module

backplane

 

Figure 1-5: Solar farm architecture based on three-phase micro-inverters  
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1.3 Required Characteristics of Micro-inverters 

The relatively high cost of the micro-inverter is the biggest barrier to its large scale deployment. 

Increasing power converter switching frequency may be the best way to reduce cost by shrinking 

the size of inductors, capacitors and heat spreaders. However, this approach could cause 

conversion efficiency to drop dramatically without employing soft switching techniques or using 

costly new semiconductor devices. In conventional soft switching techniques resonant 

components and auxiliary devices are employed to create either zero voltage or zero current 

across the switching device prior to the switching transition. These additional auxiliary switches, 

passive components, and more gate driving circuits will reduce the reliability and increase the 

cost and control complexity of the inverter. Conventional soft switching techniques will be 

referred as topology based soft switching methods in this dissertation.  

 

1.4 Benefits and Limitations of Topology-based Soft Switching Inverters 

Topology based soft switching strategies for voltage source inverters are basically classified into 

two families: passive approach and active approach. Those in the category of passive approach 

are usually bulky and are not able to completely eliminate the switching loss. The family of 

active approach, according to the placement of the auxiliary circuitry, can be further classified 

into two categories: DC-side topologies and AC-side topologies. 
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DC-side topologies are the Resonant DC-link family and Quasi-Resonant DC-link family in 

which an auxiliary circuit is inserted between the input DC power supply and main bridges to 

create a zero-voltage interval of the DC-bus at each switching transition [12].  

The Resonant DC link (RDCL) circuit proposed by Divan is composed of an inductor and 

capacitor that resonate at a certain frequency to provide a soft DC bus at switching transitions 

[13]. Switching the main devices at zero voltage transitions of the DC bus introduces undesirable 

harmonic distortion since Discrete Pulse Modulation has to be applied [13]. To reduce these 

harmonics the DC link has to resonate at higher frequencies, which increases resonant circulating 

conduction loss. Another limitation of this technique is high voltage stress on the main switches 

[14]. 

High voltage stress can be reduced to 1.4 times Vdc by applying a clamped circuit shown in 

Figure 1-6 which requires one additional switch [15]. Voltage stress is still higher than the source 

voltage Vdc and the problem of high THD is not solved. Several modified versions of RDCL 

such as the passive clamped type using the couple inductors [16], and a one switch resonant 

inverter that need special space vector PWM were proposed to overcome the drawbacks of the 

RDCL inverters [17],[18]. These improved soft switching inverters still suffer from voltage stress 

and reliability problems [14].  
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Figure 1-6: Clamped Resonant DC Link inverter 

 

Quasi Resonant DC link (QRDCL) topologies proposed to solve before mentioned problems of 

RDCL inverters offer lower component stress limited to DC voltage supply. They are also 

compatible with conventional PWM schemes. QRDCL consists of a controlled resonant branch 

in parallel with the main power bridge circuit and an auxiliary switch in the DC rail that make 

the dc link resonate to zero and keep it at zero for the switching transition in the PWM inverter. 

The common disadvantage of QRDCL topologies is that the DC rail switch has to conduct the 

full load current of the inverter, and for every switching cycle it is turned off with high current 

and under hard-switching condition [19],[20],[21]. 

Parallel Resonant DC link (PRDCL) proposed by He needs large active component counts that 

must withstand high current or voltage stress [22]. A different version of PRDCL with lower 

component stress was proposed by Cho, however it needs three auxiliary switches and two 

additional diodes and this large component count is not affordable for the micro-inverter 

applications [23]. Auxiliary QRDCL inverter proposed by DeDoncker has a charge balance 

problem in its capacitors besides the common disadvantages of QRDCL inverters [14]. One 
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solution to this problem is to increase the resonant frequency, however that increases the peak 

current and results in higher conduction losses. Soft switching inverter topology shown in Figure 

1-7 utilizes only one dc rail switch and one auxiliary switch [24]. The control timing of this 

topology is complicated and quite challenging to maintain the location and duration of zero 

voltage for a wide operation range. 
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-
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Figure 1-7: Quasi Resonant DC Link inverter 

 

The soft switching topologies proposed in [25], [26] and [27] need magnetically coupled 

inductors and some modification in the control method. The coupled inductor is bulky which 

reduces the power density of the micro-inverter, and moreover brings additional magnetic losses. 

The topology proposed by Mandrek reduces the number of switches at the cost of adding a 

capacitive voltage divider at the input of the inverter [28].  

In the AC side topologies there are basically two techniques, zero voltage switching (ZVS) and 

zero current switching (ZCS). For these soft switching inverters the auxiliary circuit is placed on 

the AC side of the main power bridge. Essentially the auxiliary circuit is out of the main power 
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path therefore reducing the conduction losses. Low conduction loss of AC-side topologies makes 

them preferable for high power applications.   

The Auxiliary Resonant Commutated Pole (ARCP) inverter can completely operate under soft 

switching condition and achieve high power conversion efficiency. ARCP requires the addition 

of a resonant inductor and two auxiliary switches per phase that makes the topology and control 

costly and complicated. The overvoltage protection is required for ARCP since its auxiliary 

switches are connected back to back and there is no path for the inductor current to return to the 

source. Furthermore, ARCP has the disadvantage of charge imbalance in the bulky input 

capacitors [29],[30]. 
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Figure 1-8: Auxiliary Resonant Commutated Pole inverter 

 

ZVS inverter topologies with coupled inductor feedback developed by Frame [31] and Yuan [32] 

for three-phase inverters offer several advantages over the ARCP.  However, the main drawback 

of these topologies is the use of coupled inductors. They are bulky and moreover they bring 

additional magnetic losses. Although three-auxiliary-switch topologies reduce the cost of AC 

side soft switching inverters [33],[34], but their practical implementation is very challenging. 
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Another family of ZVS inverters with one or two auxiliary switches were proposed in which an 

evaluation study indicates that although they reduce the cost, their efficiency is actually worse 

than hard-switching inverters [35] or they introduce very complex control circuitry and 

limitations on the operation of the inverter [36],[37]. 

Zero current switching (ZCS) techniques are usually implemented for high-power inverters 

which are built with minority-carrier devices, such as IGBTs and GTOs. Diode reverse recovery 

and Turn-off loss are the dominant causes of switching losses in these inverters and they can be 

minimized using the ZCS techniques. ZCS soft switching approach diverts the current through 

the main power device to another path prior to the switching transition.  

Six and three auxiliary switches ZCS inverters were proposed in [38],[39],[40],[41]. They feature 

many advantages such as high efficiency, conventional PWM implementation, and low voltage 

stresses across the switches/diodes. The major disadvantages are the high complexity, cost, and 

size associated with the large number of auxiliary switches. 

Resonant components and auxiliary devices are required to achieve soft switching conditions in 

all previously reviewed techniques. These additional components reduce the reliability and 

increase the control complexity and price of the micro-inverter. High efficiency hard switched 

inverter topologies also require costly silicon carbide devices or additional magnetic components 

[42].  

In order to solve the before mentioned problems and reduce the cost of micro-inverters, a novel 

control based zero voltage switching technique is proposed and will be discussed in the next 

chapter of this dissertation. The proposed technique is based on a current control scheme that 
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creates a soft switching condition for the switches of the conventional half-bridge topology with 

no additional devices, magnetic components or analog circuits.  

  

1.5 Research Motivation and Objective 

The objectives of this dissertation are to develop a low cost, high efficiency, long lifetime, ultra-

compact, three-phase micro-inverter. The application of this three-phase micro-inverter can be 

for residential and commercial rooftops or for MW-class solar farms.  

More specifically, the development targets for the three-phase inverter are summarized as 

follows: 

 To employ soft switching without any additional cost or components 

 To achieve power conversion efficiency more than 96% 

 To increase the life span of the micro-inverter for more than 25 years 

 To increase the power density of the micro-inverter for more than 12W/in3 

 To implement smart functions such as: Var compensation, Grid support…  

With the above development targets, the research objectives of this dissertation can be 

summarized as: 

 To design and build a new three-phase micro-inverter that can achieve soft switching 

operation without any additional cost or external components 

 To design a control method that can be implemented fully using the digital control 

thereby removing the analog control components and increasing the power density and 
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reliability and reducing the cost of the inverter 

 To explore different current modulations for further improvement of micro-inverter 

efficiency and output current quality 

 To solve current distortion problems caused by dead-time  

 To implement a new method for light load efficiency improvement of three-phase micro- 

inverters 
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CHAPTER 2. CONTROL BASED SOFT SWITCHING MICRO-INVERTER 

 

2.1 Introduction 

The relatively high cost of a micro-inverter is the biggest barrier to its large scale deployment. 

Increasing the switching frequency may be the best way to reduce cost by shrinking the size of 

output filter components and heat spreaders [43]. However, this approach could cause conversion 

efficiency to drop dramatically without employing soft switching techniques or using costly new 

devices [44],[45]. A good efficiency is achievable if a proper soft-switching technique is 

employed [46],[47]. In most conventional soft switching techniques resonant components and 

auxiliary devices are employed to create either zero voltage or zero current across the 

semiconductor devices prior to the switching transition. These additional auxiliary switches, 

passive components, and more gate driving circuits will reduce the reliability and increase the 

cost and control complexity of the inverter [48].  

In order to solve the before mentioned problems, this chapter proposes a new control based soft 

switching method. The proposed control technique is based on a boundary conduction mode 

(BCM) zero-voltage switching (ZVS) method and features both reduced number of components 

and easy digital implementation. Since the soft switching condition for the switches of the three-

phase inverter topology is created by the proposed control scheme, no additional devices or 

magnetic components are required. The proposed method also allows for easy implementation in 

a DSP and thus eliminates the requirement for external analog components, further decreasing 
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the component count and increasing the power density. The proposed soft switching technique is 

suitable for low power applications where switching losses are dominant [49],[50]. 

This chapter first presents the topology and analyzes the operation principle of a control based 

zero voltage switching inverter. It secondly introduces the new hybrid current control method for 

three-phase micro-inverter applications. Finally, it shows a 400W hardware prototype along with 

experimental results under different conditions to demonstrate the feasibility and advantages of 

the proposed control based soft switching method [51].  

 

2.2 Topology of Half Bridge Three-phase Inverter  

A standard half-bridge three-phase inverter topology is shown in Figure 2-1. In this topology the 

diodes and capacitors paralleled with the MOSFETs are the body diodes and parasitic output 

capacitors of the MOSFETs. The control based soft switching technique is implemented for this 

topology. As can be seen the device count is the same as the standard voltage source inverter 

(VSI) and the new soft switching technique does not add any auxiliary devices or magnetic 

components to the topology.  

 

2.1 Zero Voltage Switching Boundary Current Control 

The ZVS BCM current control is implemented for half-bridge three-phase inverter topology. In 

the proposed soft switching method ZVS is achieved by allowing the bi-directional current flow 
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which discharges the MOSFET output capacitor and passes through the body diode prior to each 

switching transition. 

C1
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CbCa Cc

 

Figure 2-1: Standard half-bridge three-phase DC/AC inverter 

Each phase of three-phase half-bridge inverter under ZVS BCM current control operates 

independently. Therefore to analyze the detailed operation principle, transition from one switch 

to another one in one phase leg of the three-phase inverter is discussed in this part. This phase leg 

is shown in Figure 2-2.  
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S2

Cs1
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Vdc/2

Vdc/2 Vac

 

Figure 2-2: One phase leg of half-bridge three-phase micro-inverter 
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In order to simplify the analysis of the soft switching inverter the following assumptions are 

made: 

1. The whole inverter system operates in steady state. 

2. The output voltage (Vo) is considered as the grid voltage.  

Since the switching frequency (fs: 20KHz-180KHz) is much higher than the grid voltage 

frequency (60Hz), the output voltage is assumed to be constant in one switching period (Ts). 

Figure 2-3 shows the current and voltage waveforms during the transition from the switch S2 to 

the switch S1.  

0

Lower Limit 

B0

Driving signal S1

Driving signal S2

Inductor current iLa

0

Vds (S1)

Upper Limit

t4t5 t6t1 t2 t3

 

Figure 2-3: Current and voltage waveform for ZVS BCM current control 
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The detailed operation analysis for different time intervals is presented as follows: 

Stage 1 (t1-t2): In this stage as shown in Figure 2-4 the switch S2 is on and the switch S1 is off. 

The inductor current is linearly decreasing until it crosses the zero point at time t2. The inductor 

current can be calculated according to equation (2-1). 

 1( ) ( )
/ 2ac dc

ti t iLa La
La

V V
t  (2-1) 

 

Vdc/2

S1

S2

Cs1

Cs2

Vdc/2

Vdc/2 Vac
iLa

[t1-t2]
 

Figure 2-4: Stage one of transition from Switch S2 to Switch S1 

Stage 2 (t2-t3): In this stage, same as the previous stage the switch S2 is on and the switch S1 is 

off. The inductor current is linearly increasing from the zero point in the opposite direction 

compared to stage 1. The inductor current can be calculated according to equation (2-2). The 

power circuit can be seen in Figure 2-5.  

 ( )
/ 2ac dc

ti tLa
La

V V
 (2-2) 
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Figure 2-5: Stage two of transition from Switch S2 to Switch S1  

Stage 3 (t3-t4): In time t3 the inductor current has reached the expected reverse value and switch 

S2 is turned off; as switch S2 is turned off, the resonant current of inductor La discharges and 

charges the parasitic capacitors of the MOSFETs S1 and S2 respectively. Figure 2-6 shows the 

power circuit. This stage ends when the capacitor of MOSFET S1 is totally discharged and its 

voltage is zero. The status equation for the inductor current and capacitor voltage can be written 

as equation (2-3). 

 

3 0 0
0

1 0 3 0 0

/ 2
( ) ( ) cos( ) sin( )

( ) ( / 2 ) ( / 2 )cos( ) ( ) sin( )

ac dc
La La

Cs dc ac dc ac La

V V
i t i t t t

Z

V t V V V V t i t Z t
 (2-3) 

The natural resonant frequency (ω0) and the characteristic impedance (Z0) of the resonant tank, 

composed by La, Cs1, and Cs2 are expressed in equation (2-4) and (2-5) respectively.  

 0 1 / 2CLa  (2-4) 

 
0 2 1 2

LaZ C C C
C s s  (2-5) 
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Figure 2-6: Stage three of transition from Switch S2 to Switch S1  

Stage 4 (t4-t5): In time t4, the voltage across S1 drops to zero, and the anti-parallel diode of the 

switch S1 starts to conduct. Switch S1 can be turned on under ZVS condition. During this stage 

the inductor current starts ramping up according to equation (2-6). This stage is shown in Figure 

2-7. 

 4( ) ( )
/ 2dc aci t t iLa La
La

V V
t  (2-6) 
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Figure 2-7: Stage four of transition from Switch S2 to Switch S1 
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Stage 5 (t5-t6): In time t5 the switch S1 turns on at zero voltage. Inductor current transfers from 

the anti-parallel diode to the switch S1, and keeps decreasing linearly until it reaches a zero value 

at time t6. Inductor current still follows the equation (2-6). This stage is shown in Figure 2-8.  
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Cs2

Vdc/2

Vdc/2 Vac
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Vdc/2

Vdc/2
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Figure 2-8: Stage five of transition from Switch S2 to Switch S1 

Stage 6 (t6-t7): Inductor current is increasing from a zero value at t6 in the opposite direction 

compared to the previous stage. Inductor current follows equation (2-7) and its direction is 

shown in Figure 2-9. 

 ( )
/ 2dc aci t tLa
La

V V
 (2-7) 
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Figure 2-9: Stage six of transition from Switch S2 to Switch S1 

Before moving to the next step, one important point about the switches of the half-bridge inverter 

should clearly be described. The power MOSFETS of ZVS BCM current control operates in 

their first (Vds> 0 and Ids> 0) and third quadrants (Vds < 0 and Ids< 0). The operation of low 

voltage power MOSFETs in their third quadrant is widely used in synchronous rectifier buck 

converters. The use of higher voltage (i.e. 600V in our case) power MOSFET in the third 

quadrant is less common, but nevertheless follows a similar operation principle. 

 

2.2 BCM ZVS Implementation Requirements  

Implementation of the ZVS BCM current control requires setting the upper and lower boundaries 

(limits) of the inductor current. The value of the reverse current (lower boundary for the positive 

half cycle and upper boundary for the negative half cycle) during each half line period is 

determined by the amount of current required to charge the inductor such that the discharging 

current from that during the dead-time interval is large enough to discharge the parasitic 
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capacitance and turn on the body diode of the MOSFET which is about to turn on thereby 

ensuring ZVS operation for the MOSFETs. The other boundary is chosen in a way that it ensures 

the average of inverter inductor current follows the reference current. Depending on the 

boundary shape of the current limits there are different current modulations for achieving ZVS 

operation that will be discussed in more detail in Chapter Four of this dissertation.  

Boundaries of BCM ZVS current control are shown in Figure 2-10. As seen in this figure this 

current modulation scheme has a fixed value reverse current. For the positive half cycle the 

upper limit is set to ensure that the average current during each switching cycle is equal to the 

reference current whereas the lower limit is set to ensure that the reverse current is sufficient to 

discharge the output capacitor of the MOSFETs. During the negative half cycle the situation is 

opposite and the upper limit ensures the soft switching and the lower boundary is calculated from 

the current reference. Upper and lower limits for this current modulation scheme can be 

calculated from equation (2-8), where B0 is the reverse current required to achieve zero voltage 

switching and iref sin(ωt) is the reference current.  

 

2 sin( ) 0
sin( ) 0

0

0
sin( ) 0

2 sin( ) 0

i i t Bupper ref
if i wtrefi Blower

i Bupper
if i wtrefi i t Blower ref

 (2-8) 
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Figure 2-10: Upper and lower boundaries of BCM ZVS current control 

 

 

2.3 Hybrid BCM Current Control 

For power electronics applications, peak current control is usually implemented using the analog 

circuits to turn on and off the inverter switches. This transition happens when the current reaches 

the expected boundaries. The analog circuits have the problem of reliability and they also 

decrease the power density of the micro-inverter. The second method to implement the peak 

current control is to predict the required switching time using the calculation inside the 

controller. The required turn on and turn off of the switches can be predicted in order to change 

the current between the desired boundaries. The problem of this method is accumulated error 

caused by the change in the inverter parameters. 

In this part a new method of ZVS BCM current control is proposed which is a combination of 

hardware reset and predictive control and is referred to as hybrid current control. Hybrid current 

control doesn’t require external analog components and can be completely implemented using 
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the advanced features of DSPs designed for power electronics applications. By taking advantage 

of the internal comparator of these DSPs, PWM period can be reset whenever the inductor 

current reaches the required boundary. Turn-on or Turn-off duration can be predicted using the 

calculation inside the DSP. This hybrid current control method is shown in Figure 2-11.  

TimeB0

Predictive 

Control

Hardware  

Reset

Hardware  

Reset

Predictive 

Control

In
d

u
ct

o
r 

C
u

rr
en

t

 

Figure 2-11: Hybrid BCM current control 

Figure 2-12 shows the implementation of Hybrid BCM current control using a DSP designed for 

power electronics application. Basically current control methods for power electronics 

applications require accurate sensing of the inductor peak current. Since the inductor current for 

the half-bridge inverter includes both the switching frequency and the line frequency, it is bulky 

to measure with a single current transformer. However, it can easily be sensed with a high 

frequency current transformer and a low frequency current sensor chip. This current sensing 

approach reduces the size of current measurement component. These high and low frequency 

components are separately sensed from the capacitor and the output line and then added together 

to produce the inductor current. For each phase only one comparator and a PWM generator are 
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needed to produce the switching signals. Since all the controller parts are located inside the DSP 

chip the propagation delay is very short for this control method. 
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Figure 2-12: DSP implementation of hybrid ZVS BCM current control 

 

2.4 Practical Implementation: Problems and Solutions 

In practical implementation of hybrid BCM current control, there is a difference between the 

points which the actual current reaches and the required boundaries. Delay in the comparator, 
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driver circuits, and switches and non-ideality of the switches is the main reason of this 

difference. In order to minimize the effect of this non-ideality on the current waveform, same-

shape hardware reset for positive and negative half cycle is desired. Therefore, the lower limit is 

set as the hardware reset for positive half cycle and for the negative half cycle the upper limit is 

the hardware reset. Figure 2-13 shows the hardware reset of the inductor current. The comparator 

value is changed between lower limit and upper limit according to the positive and negative half 

cycle of the reference current. 
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Figure 2-13: Practical hardware reset of hybrid BCM current control 

 

2.5 Predictive Control: Dead-time and Duty Cycle Calculation 

In order to achieve zero voltage switching for the proposed current control method some required 

design consideration should be applied. One of which is the dead-time duration. The dead-time 

should be long enough for the reverse current to discharge the output capacitor of the MOSFETs. 

The time to fully discharge the energy stored in the MOSFET output capacitor can be calculated 
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according to equation (2-9) and for zero voltage switching operation, dead-time should be set 

more than the time duration td. 

 02 /d dct CV B  (2-9) 

Since dead-time duration is very short compared to the duty cycle duration and switching period, 

the voltage-second balance across the inductor La can be used to derive the expression of turn-

on/off time and switching frequency of the inverter. Turn-on time is defined as the time required 

to keep the upper switch on and to make the inductor current reach from the lower limit to the 

upper limit. T-on is calculated according to equation (2-10).  

 1

2

i iupper lower
T Lon

V Vodc

 
(2-10) 

     

Turn-off time is defined as the required time which lower switch should stay on to make the 

inductor current reach from the upper limit to the lower limit. T-off is calculated according to 

equation (2-11). 

 1

2

i iupper lower
T L
off

V Vodc

 (2-11) 

      

BCM ZVS current control has a variable switching frequency. It is derived using the T-on and T-

off expressions according to equation (2-12). 
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Predictive control unit of hybrid BCM current control calculates the duty cycle for each 

switching cycle using equation (2-10) for positive half cycle and (2-11) for negative one. 

 

2.6 Three-phase Micro-inverter Design Consideration 

Inductor value: 

Inductor value selection of output LC filter is typically an important step in the inverter design 

procedure. It generally has significant effects on the efficiency, control stability, and operation 

mode of the inverters. However, for the hybrid current control three-phase micro-inverter this 

process is very simple. Since the upper and lower limit of inductor current is controlled by the 

controller; the only consideration for inductor value selection is maximizing the efficiency. In 

order to maximize the efficiency, the lowest possible switching frequency is desired since it 

decreases the inductor core losses, turn-off switching losses and AC conduction losses. The 

lowest switching frequency considered in three-phase micro-inverter design is 20KHz which is 

the maximum audible frequency.  

For hybrid current control inverter the minimum switching frequency happens at full load and at 

the peak of the inductor current. Using equation (2-12) and considering the lowest switching 

frequency as 20KHz the value of the inductor can be calculated as 270 uH.  
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Capacitor value: 

Since in the previous step the inductor value was chosen based on the efficiency optimization, 

the capacitor value selection should meet the filter design and closed loop stability requirements. 

The primary goal in our design is decreasing the component cost of the micro-inverter; therefore, 

the lowest possible capacitor value is desired. Considering the lowest switching frequency 

component in the inductor current as 20KHz and a 270 µH inductor value, the capacitor value of 

1 µF (10KHz cut-off frequency of the LC filter) is chosen. The designed LC filter can remove 

the high frequency components of the injected current to the grid.  

B0 value: 

The value of B0 should be large enough to ensure that the reverse current is sufficient to 

discharge the output capacitor of the MOSFETs. B0 selection can be considered a trade-off 

between the current distortion and conduction losses. Figure 2-14 shows conduction loss and 

required dead-time for the rated power of the three-phase micro-inverter versus the value of B0. 

According to this figure by increasing the value of B0, lower dead-time can be chosen. Although 

lower dead-time decreases the current distortion but larger B0 increases the conduction losses. 

The value of B0 is chosen as 1A and the dead-time is 800nSec for the 400W micro-inverter. In 

order to have a theoretical optimization of B0 accurate modeling of the parasitic capacitor of the 

MOSFETs is required and is outside the scope of this dissertation. 
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 Figure 2-14: Dead-time and conduction loss for a 400W hybrid control three-phase micro- 

inverter versus different value of reverse current-B0  

 

 

EMI filter: 

It is a general assumption that designing an EMI filter for a fixed switching frequency converter 

is easier than designing one for a variable switching frequency converter, while the opposite is 

actually true. All soft switching converter schemes using a variable switching frequency spread 

the conducted and radiated emissions over a broader range of frequency. As a result, the average 

spectral power density (SPD) of the broadband noise can thus be significantly reduced; such that 

it reduces the average EMI and allows the average noise to fall below the legal electromagnetic 

compatibility (EMC) standards [52],[53]. 

Magnetics cores: 

Physical size of an inductor magnetic core is a function of the energy that has to be stored in it. 

The higher the energy to be stored, the larger the size of the core will be. Even though the peak 

of inductor current in BCM soft switching control is higher than the CCM micro-inverters, the 
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required stored energy in the inductor is much lower than CCM due to the much smaller 

inductance. 

The following comparison between two micro-inverters with CCM and BCM ZVS current 

control can be useful. 

A typical CCM 230W 230V single phase micro-inverter might have up to a 14mH inductor. 

Considering the RMS current as 1A, the stored energy inside the core can be calculated using 

equation (2-13) as 0.01391j. 

 
21

2L
E LiE  (2-13) 

 

For the three-phase BCM soft switching micro-inverter the designed inductor value is 270µH. 

Considering the RMS current as 1A, the peak current using equation (2-8) can be calculated as 

3.82A. Using equation (2-13) the stored energy inside the core is 0.001969J. The results of this 

comparison confirm that BCM soft switching current control decreases the size of the inductor 

core considerably.  

Nominal Power: 

BCM soft switching current control is suitable for low power applications where switching 

losses are dominant. Switching and conduction losses of a three-phase micro-inverter for 

different rated powers with ZVS BCM current control is shown in Figure 2-15. One 

characteristic that should be noted is that for a three-phase micro-inverter with rated power more 

than 750W, the conduction losses are more than switching losses and implementing the BCM 
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soft switching current control might not be able to achieve high efficiency. In Figure 2-15 the 

modeled source of conduction losses are the MOSFET on-resistance and inductor winding 

resistance. 

 

Figure 2-15: Switching and conduction losses of hybrid BCM current control versus different 

rated power  

 

2.7 Experimental Results 

To prove the viability and merits of the proposed three-phase micro-inverter with hybrid BCM 

current control, a 400W, 208VAC half-bridge inverter system in standalone and grid tied 

operations was designed and tested. The power circuit structure of the prototype is the same as in 

Figure 2-1, and the current control scheme applied is shown in Figure 2-12. The system 

controller and PWM generation are conducted by Microchip floating point DSP 

dsPIC33FJ6GS504.  
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The MOSFET is selected as FCB20N60 with on-resistance 150mΩ. Parameters of the circuit 

system are set as below: Input: 400Vdc, Output: 208VAC, 60Hz, Rated power: 400W; Switching 

frequency: 20kHz~180kHz; La=Lb=Lc=270µH, RLa=RLb=RLc=0.2 , Ca=Cb=Cc=1µF. The current 

of PWM hardware reset is set for B0=1A.  

Output and inductor current waveforms for the phase A of three-phase micro-inverter are shown 

in Figure 2-16. Figure 2-17 depicts the current of the inductor La, the main switch S2 driver 

signal and its drain to source voltage. It can be clearly seen in this figure that the drain to source 

voltage across the corresponding MOSFET has already reached zero before the arrival of the 

turn-on driver signal. These waveforms verify that the proposed controller can realize ZVS 

during turn-on transitions.  

 

Figure 2-16: Output and inductor current of phase A of three-phase micro-inverter with hybrid 

BCM current control  
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Figure 2-17: Zero voltage switching of hybrid BCM current control, Inductor current, Drain to 

source voltage and gate signal of switch S2 

 

Figure 2-18 and Figure 2-19 demonstrate the switching loss for switch S2 close to the peak and 

zero crossing point of the inductor current. Switching loss has been calculated using the product 

of MOSFET drain current and drain to source voltage. These figures confirm that the turn-on 

loss over the full range of switching frequency is zero. 
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Figure 2-18: Current, voltage and switching loss waveforms of switch S2 at the peak of the 

inductor current  

 

Figure 2-19: Current, voltage and switching loss waveforms of switch S2, close to the zero 

crossing point of inductor current 

Figure 2-20 shows the three-phase inductor current and Figure 2-21depicts the output current of 

the three-phase micro-inverter. Although the inductor current in Figure 2-20 has high frequency 

ripple, the THD of the output current is less than 2.5% and meets the IEEE 1547 and UL 1741 

5% THD requirements. 
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Figure 2-20: Three-phase inductor current for hybrid BCM current control micro-inverter 

 

Figure 2-21: Three-phase output current of hybrid BCM current control micro-inverter 

 

In order to study the robustness and performance of the hybrid BCM current control micro- 

inverter in case of grid disturbances, a step change of the grid voltage is considered. Figure 2-22 

shows the dynamic response of the micro-inverter output current to the step change in the grid 
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voltage from 120Vrms to 80Vrms. Dynamic response to the 100% increase in the current 

injected to the grid is also shown in Figure 2-23. 

 

(a) 

 

(b) 

Figure 2-22: Dynamic response to the step change in the grid voltage from 120V to 80V 
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 Figure 2-23: Dynamic response to 100% increase in the injected current to the grid 

 

A simple current closed loop was implemented for the three-phase micro-inverter to verify its 

performance under closed loop operation. The closed loop control performs active and reactive 

power control and corrects the error of injected current to the grid. Figure 2-24 shows one phase 

of the three-phase micro-inverter under open and closed loop operations. In this figure the 

reference of active and reactive power are set for P= 340W and Q=0Var. 
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Figure 2-24: Closed loop control of hybrid BCM current control 

 

Figure 2-25 shows the converter efficiency versus output power. The power MOSFETs used in 

the prototype for efficiency measurement are FCB20N60. The efficiency measurement was 

performed through light load until full load condition. It can be seen that the peak efficiency of 

98.4% is achieved with the hybrid BCM current control with no additional cost. All the 

efficiency measurements were performed using a Yokogawa PZ4000 power analyzer. The 

measured efficiency does not include driving power losses. 



43 

 

 

Figure 2-25: Efficiency of three-phase micro-inverter with hybrid BCM current control 

 

2.8 Power Device Selection 

Hybrid BCM current control scheme eliminates the turn-on switching losses; therefore, turn-off 

loss and conduction loss remain as the main source of power dissipation in the power devices. 

MOSFET selection for the proposed control method is a compromise between conduction loss 

and turn-off switching loss. Conduction loss of a MOSFET can be evaluated by its on resistance 

while its turn-off switching loss depends on the parasitic input (Ciss) and output capacitors 

(Coss). Lower Ciss makes the switch turn off voltage and current waveforms sharper and by 

decreasing the overlap between them it reduces the switching loss. Higher Coss acts as a snubber 

capacitor parallel with the MOSFET and it also reduces the turn off loss.  
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Different MOSFETs were tested in the prototype and their body temperature was measured. The 

one that has the lowest temperature has the lowest power dissipation and can give us the best 

efficiency. Table 2-1 shows the body temperature of different MOSFETs after running the 

prototype for half an hour. For the results in Table 2-1 only internal ground plane of the PCB 

board has served as a heat sink for the MOSFETs. It can be found from this table that FCB20N60 

has the lowest body temperature and therefore lowest power dissipation. This is due to the fact 

that its on-resistance and input parasitic capacitor (Ciss) are acceptable compared to the other 

MOSFETs but its large output parasitic capacitor (Coss) acts as a snubber and decreases the turn-

off loss significantly.  

STB42N65M5 has half the on resistance as the FCB20N60, and it was expected to have the 

lowest temperature and power dissipation, but since its Coss is low and Ciss is high, switching 

losses increased significantly. The temperature of this power device is comparable to the 

FCB20N60 which confirms that switching losses has a significant impact on the power 

dissipation. 

In order to decrease the power dissipation further, it might be an interesting idea to attach an 

external capacitor in parallel with STB42N65M5 as a snubber and measure its temperature, but 

since the price of this MOSFET is almost double compared to the FCB20N60, it is not a cost-

effective choice for micro-inverter production. 
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Table 2-1: Power Switch Selection for the Hybrid BCM Current Control  

Manufacturer 

Part Number 

Vdds 

(V) 

Id 

(A) 

Rds-ON 

( ) 

Ciss 

(pF) 

Coss 

(pF) 

Crss (pF) Rg ( ) Temp 

(°C) 

STB42N65M5 650 33 0.070 4650 110 3.2 1.1 66.6 

STB30N65M5 650 22 0.125 2880 68 5 1.6 67 

STB21N65M5 650 17 0.150 1950 46 3 2.5 65.7 

STB16N65M5 650 12 0.230 1250 30 3 2 67 

STD12N65M5 650 8.5 0.390 900 22 2 2.5 72.6 

STB11NM60FD 600 11 0.400 900 350 35 3 70 

FCB20N60 600 20 0.150 2370 1280 95 NA 65 

IPD65R600C6 650 18 0.540 440 30 NA 17.5 82.6 

IPW65R280C6 650 13 0.250 950 60 NA 12.5 69.7 

 

 

2.9 Summary 

A new zero voltage switching method and its digital implementation have been proposed for the 

three-phase micro-inverter application. The new hybrid control method is a combination of peak 

current control and predictive control and has the merits of low cost, high reliability, and high 

efficiency. Hybrid current control was implemented for the standard half bridge topology and it 

does not add to the component count of the micro-inverter or complexity of the control circuit. 
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Design consideration of a three-phase micro-inverter with hybrid current control is presented in 

this chapter. It was observed that the proposed current control method is suitable for low power 

inverter application where switching losses are dominant.  

To prove the effectiveness of the proposed hybrid current control scheme, a three-phase micro- 

inverter with 400W, 208Vac output capability has been designed and tested. By presenting 

experimental results, the viability and advantages of the proposed soft switching micro-inverter 

was validated. The peak efficiency of 98.4% for the three-phase micro-inverter was achieved.  
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CHAPTER 3. DEAD-TIME COMPENSATION FOR ZVS BCM CURRENT 

CONTROL 

 

3.1 Introduction 

Hybrid boundary conduction mode current control soft switching micro-inverter features high 

efficiency and high power density. Due to easy digital implementation and no requirement of 

additional components this control method is very promising for low power applications such as 

three-phase micro-inverters. However some practical aspects of its implementation such as dead-

time insertion can degrade the performance of the micro-inverter. This chapter presents a dead-

time compensation method that improves the performance of hybrid BCM current control by 

decreasing the output current THD and reducing zero crossing distortion [54].  

It is a requirement to insert a switching delay time between the turn off and turn on of the power 

devices in each leg of the voltage source inverters [55]. This delay is to avoid the shoot through 

due to the conduction overlap of the devices and it causes serious output current and voltage 

distortions [56], [57]. Significant research has been conducted on the control of inverters to 

compensate the dead-time effects [58], [59]. Dead-time compensation methods are 

conventionally based on altering either the reference voltage or switching instructions [60],[61]. 

However, one can see that conventional methods cannot be applied for BCM current control. The 

first reason is that BCM current control has a variable switching frequency. Most of the 

conventional methods are for the fixed switching frequency. The second reason is MOSFETs 

parasitic capacitance has been ignored for all the conventional dead-time analysis methods. In 
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case of BCM ZVS current control the MOSFETs parasitic capacitor has a significant effect on 

the current waveform during the dead-time duration.  

 

3.2 Dead-time Effect Analysis  

Non-ideal practical implementation factors such as dead-time effect has negative influence on 

the hybrid BCM current control performance. In this part the transition from switch S2 to switch 

S1 of one phase leg of the inverter will be studied with considering the dead-time and parasitic 

output capacitance of the MOSFETs. Figure 3-1 shows the current and voltage waveforms 

during the dead-time interval for the switch S2 and S1. It can be seen in this figure that the 

inductor current ia goes beyond the desired limit B0 due to the dead-time application and it 

causes massive distortion in the output current. The detailed analysis is given as follows.  

Stage 1: 

(t1-t3) Switch S2 is on and switch S1 is off. As shown in Figure 3-1 the inductor current is 

linearly decreasing until it crosses the zero point (at t2) and after that it increases in the opposite 

direction. Current increases in value until it reaches the lower limit B0 and PWM is reset using 

the internal comparator of the DSP.  
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0
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t1 t3 t4 t5 t6 t8t2 t7  

Figure 3-1: Current and voltage waveforms for dead-time interval of switch S2 and S1 
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Figure 3-2: Stage one of dead-time analysis for switch S2 and S1 
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Stage 2:  

This stage is divided into two time intervals: 

A. (t3-t4) As the switch S2 is turned off the parasitic capacitor of the MOSFET S1 is being 

discharged and parasitic capacitor of the MOSFET S2 is being charged by the inductor current 

La. Leg voltage Van starts rising from –Vdc/2. The current of inductor keeps increasing until the 

voltage across the inductor is zero, meaning the voltage Van reaches the same value of the output 

voltage Vac. 

S1

S2

Cs1

Cs2

Vdc/2

Vdc/2
Vac

ila

- Vla+- Van+

(t3-t5)
 

Figure 3-3: Stage two of dead-time analysis for switch S2 and S1 

For the proposed dead-time compensation method, the equivalent parasitic capacitance of the 

MOSFETs is assumed to be Ce. Capacitor Ce is equal to the MOSFETs output capacitance value 

that can be extracted from the datasheet. The value of Ce is assumed to be constant for the sake 

of the analysis, which means it is not a function of the voltage across the MOSFETs. Considering 

this assumption voltage across the capacitors of switch S1 and S2 changes in a linear fashion 

[62]. The time duration of this stage can be approximated using equation (3-1) and inductor 

voltage during this time can be calculated using equation (3-2).  
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 Using equation (3-2) inductor current can be found as equation (3-3). 

 
1

( ) ( )
0

i t v t dt i
la lala

 (3-3) 

  

B. (t4-t5) During this time interval as it is shown in Figure 3-1 inductor current starts slightly 

decreasing in value as the leg voltage Van rises above the value of the output voltage Vac.  

Stage 3: 

(t5-t6) The body diode of the switch S1 is forward biased and the inductor current starts ramping 

up. Power circuit of this stage is shown in Figure 3-4.  

S1

S2

Cs1

Cs2

Vdc/2

Vdc/2 Vac

(b)

ila

- Vla+- Van+

(t3-t5)

(t5-t6)
 

 Figure 3-4: Stage three of dead-time analysis for switch S2 and S1 
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Stage 4: 

(t6-t8) Beginning at this stage switch S1 turns on at zero voltage. Inductor current keeps 

decreasing linearly until it reaches a zero value. After crossing the zero point, it increases in the 

opposite direction. Figure 3-5 shows the power circuit of this stage.  

S1

S2

Cs1

Cs2

Vdc/2

Vdc/2 Vac

(c)

ila

- Vla+- Van+

(t5-t6)

(t6-t8)

 

Figure 3-5: Stage four of dead-time analysis for switch S2 and S1  

 

3.3 Dead-time Compensation 

There is a dead-time in the switch control method of hybrid BCM micro-inverter to avoid shoot-

through of the power source. The analysis of the dead-time effect in the previous part shows that 

the current of the inductor goes beyond the desired limit. Figure 3-6 shows the inductor current 

waveform before implementing the dead-time compensation method. This shape of inductor 

current causes output current to have high THD and zero crossing distortion. In order to solve 

this problem some modifications in the hardware reset process are performed. The value of extra 
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current that goes beyond the desired current limit and should be compensated is referred to as 

Δicomp in this chapter.  

Δicomp is calculated as equation (3-4) which results from substituting equations (3-1) and (3-2) in 

equation (3-3).  

 

0

2
( / 2 )

2

V VC ace dci
Comp la B

 (3-4) 

     

For the dead-time compensation method the lower limit that is set for the comparator value is 

considered to be B0 minus the compensated value Δicomp. Current waveform using this dead-time 

compensation method is shown in Figure 3-7.   

 

Comparator value 

Comparator value 

 

Figure 3-6: Dead-time effect on the inductor current before implementing the dead-time 

compensation scheme  



54 

 

Comparator value 

Comparator value 

B0 

ΔiComp 

 

Figure 3-7: Inductor current after implementing dead-time compensation 

 

3.4 Simulation Results 

In order to verify the proposed hybrid current control with dead-time compensation technique, 

the simulation was carried out using LTspice simulation software. The key circuit parameters for 

this simulation are: DC Voltage-480V, AC grid voltage-208V, power rating-400W, switching 

frequency range-50-100kHz, filter inductor-200uH, filter capacitor-2uF, dead-time-800ns and 

Ce-500pf. Figure 3-8 shows the output and inductor current of the inverter with hybrid BCM 

current control without using any dead-time compensation techniques. The inductor current does 

not have the desired shape (hardware reset part of the inductor current is not flat and it goes 

beyond the boundaries) and output current THD is 4.1%.  Output and inductor current of hybrid 

BCM current control with the proposed dead-time compensation method is shown in Figure 3-9. 

The output current THD with the proposed method decreases to 1.8%. 
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Figure 3-8: Output and inductor current waveforms of hybrid BCM current control without dead-

time compensation, Output current THD is 4.1% 

 

Figure 3-9: Output and inductor current waveforms of hybrid BCM current control with the 

proposed dead-time compensation method, Output current THD is 1.8% 
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3.5 Experimental Results 

The proposed dead-time compensation technique is designed and implemented for a 400W three-

phase micro-inverter with dsPIC33F from Microchip being used to execute the Hybrid BCM and 

dead-time compensation algorithms. The power MOSFET is FCB20N60. Parameters of the 

circuit system are set as below: Input: 480Vdc, Output: 208VAC RMS, Rated power: 400W, 

60Hz; La=Lb=Lc=200µH, RLa=RLb=RLc=0.2 , Ca=Cb=Cc=2µF. The current of PWM hardware 

reset and dead-time are set for B0=1A and 800n seconds respectively.  

Figure 3-10 shows the output and inductor current waveforms without dead-time compensation 

for one phase of the three-phase micro-inverter with hybrid BCM current control. Current 

waveforms for different loads are shown in this figure. It can clearly be seen that the output 

current has significant zero crossing distortion.    

Output and inductor current of the three-phase micro-inverter with dead-time compensation and 

for different loads is shown in Figure 3-11. Current waveforms in this figure have desired shape 

and the distortion has been reduced significantly compared to the state without implementing any 

dead-time compensation method. The output three-phase current is shown in Figure 3-12 and its 

THD is less than 2.5%. 
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(a) 

 

(b) 

Figure 3-10: Output and inductor current of hybrid BCM current control without dead-time 

compensation, (a) 700mA output current, (b) 250mA output current  
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(a) 

 

(b) 

Figure 3-11: Output and inductor current of hybrid BCM current control with dead-time 

compensation, (a) 700mA output current, (b) 250mA output current 
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Figure 3-12: Output current of three-phase micro-inverter with hybrid BCM current control and 

dead-time compensation 

 

3.6 Summary 

This chapter proposed a dead-time compensation technique for hybrid BCM current control 

three-phase inverter to compensate for the zero crossing distortion and improve output current 

THD. Hybrid BCM current control performance was analyzed in details considering the effects 

of dead-time and output parasitic capacitance of the MOSFETs.   

To prove the feasibility and effectiveness of the proposed dead-time compensation technique, the 

algorithm was implemented for a 400W three-phase micro-inverter with hybrid BCM current 

control. Experimental results indicate that using the proposed dead-time compensation method 

reduces zero crossing distortion to a great extent at different loads. THD measurement of the 
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output current shows an average 2% improvement by using the dead-time compensation 

algorithm.  

The high efficiency of hybrid BCM control and low output current THD makes this current 

control method suitable for micro-inverter applications. 
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CHAPTER 4. CURRENT MODULATION SCHEMES FOR HYBRID BCM 

CURRENT CONTROL 

 

4.1 Introduction 

ZVS BCM current control is a promising soft switching technique for micro-inverter applications 

due to its high reliability, low cost, high power density, and high efficiency. The digital 

implementation of this soft switching approach has been verified in Chapter Two of this 

dissertation. In this chapter three different current modulation schemes will be introduced for this 

current control approach. They are referred to as Fixed Reverse Current Modulation (FRCM), 

Variable Reverse Current Modulation (VRCM), and Constant Bandwidth Current Modulation 

(CBCM). Break-down power loss analysis of these three current modulation schemes is 

presented and used in order to optimize the efficiency of the micro-inverter. This chapter also 

provides a detailed comparison of these three current modulation schemes with respect to the 

switching frequency range and output current quality. 

Compared to continuous conduction mode (CCM) current control, BCM ZVS current control 

decreases MOSFET switching losses and filter inductor conduction losses but increases 

MOSFET conduction losses and inductor core losses. Based on the loss analysis of BCM ZVS 

current control a dual-mode current modulation scheme is proposed in the final part of this 

chapter to improve the efficiency of the micro-inverter. The proposed current modulation reduces 

the conduction loss and the current stress on the components with combining ZVS and zero 

current switching (ZCS) schemes. The experimental results verify that by implementing this 
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proposed current modulation scheme 0.5 percent higher efficiency can be achieved with no 

additional cost for a 400W three-phase micro-inverter [63].   

 

4.2 Fixed Reverse Current Modulation Scheme  

Implementation of the ZVS BCM current control requires setting the upper and lower boundaries 

(limits) of the inductor current. Depending on the boundary shape of the current limits, different 

current modulation schemes for achieving ZVS operation can be derived. They can have some 

advantages over each other, but designing a current modulation scheme for hybrid BCM current 

control can be considered as a multi objective optimization. The main goal of designing a current 

modulation scheme for the micro-inverter is efficiency optimization, but other characteristics 

such as the output current quality, switching frequency and current stress on the components are 

also important.  

Boundary of fixed reverse current modulation for one cycle of the reference current is shown in 

Figure 4-1. For the positive half cycle the upper limit is set to ensure that the average current 

during each switching cycle is equal to the reference current whereas the lower boundary is set to 

ensure that the reverse current is sufficient to discharge the output capacitor of the MOSFETs 

and achieve ZVS operation. During the negative half cycle the situation is opposite and the upper 

boundary ensures the soft switching and the lower boundary is calculated from the reference 

current. 
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Upper and lower limits of fixed reverse current modulation are calculated from equation (4-1). In 

this equation B0 is the reverse current required to achieve zero voltage switching and iref sin(ωt) 

is the reference current.  

 

2 sin( ) 0
sin( ) 0

0

0
sin( ) 0

2 sin( ) 0

i i t Bupper ref
if i wtrefi Blower

i Bupper
if i wtrefi i t Blower ref

 (4-1) 

             

Upper Limit

Lower Limit Averaged Current

Inductor Current

B0

 

Figure 4-1: Fixed reverse current modulation 

 

Switching Frequency 

Figure 4-2 shows the switching frequency and load range variation for fixed reverse current 

modulation. Wide switching frequency range and high change in the switching frequency versus 

load are the characteristic of this current modulation. Figure 4-2 illustrates that switching 

frequency changes from 20KHz to 180KHz during a half cycle of output current for the full load 

condition. Maximum switching frequency is always fixed and does not change with load 
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variations, while minimum switching frequency increases from 20KHz to 40KHz from full load 

to light load conditions. 

Since the micro-inverter output LC filter and the EMI filter are designed for full load condition, 

changing the switching frequency range slightly will not be an issue due to broadband 

performance of these filters.   

 

Figure 4-2: Switching frequency and load range variation of fixed reverse current modulation for 

the half cycle of output current 

 

Power loss break-down 

In order to have a comparative power loss analysis of different current modulations presented in 

this chapter, all the design parameters are considered to be the same. The maximum difference 

between upper and lower limits in all the current modulations is considered to be 5A and the full 
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load reference current is defined as 1.1A. The lowest reverse current over the half cycle of 

inductor current is considered to be 1A, since this is the ZVS condition desired. 

Figure 4-3 shows the calculated loss distribution of a 400W three-phase micro-inverter with 

fixed reverse current modulation scheme. This figure depicts the power losses under 100%, 50% 

and 10% rated output power of the micro-inverter. The break-down power losses consist of the 

conduction and turn-off switching losses of the MOSFETs, core and copper losses of the 

inductors, and anti-parallel diode losses. Increase in the micro-inverter output power does not 

make any significant change in the turn-off switching losses and core losses for this current 

modulation scheme, while MOSFETs and inductors conduction losses and anti-parallel diode 

losses are directly a function of load and by increasing micro-inverter output power they increase 

significantly.   

 

Figure 4-3: Power losses break-down for ZVS BCM current control with fixed reverse current 

modulation scheme at 10%, 50% and 100% of micro-inverter rated power 
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4.3 Variable Reverse Current Modulation Scheme 

Upper and lower boundaries of variable reverse current modulation for one cycle of the reference 

current is shown in Figure 4-4. As can be seen in this figure the current reaches variable values in 

each switching cycle. The upper and lower limits for positive and negative half cycles can be 

expressed by equation (4-2). In this equation, B0 is the maximum of reverse current and iref 

sin(ωt) is the reference current. 

 

3
sin( )

0
2 sin( ) 0
1

sin( )
02

1
sin( )

0
2 sin( ) 0
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sin( )
02
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Figure 4-4: Variable reverse current modulation 
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Switching Frequency 

The switching frequency and load range variation for variable reverse current modulation is 

shown in Figure 4-5. Switching frequency range is decreased compared to the fixed reverse 

current modulation. Switching frequency of this current modulation changes from 20KHz to 

103KHz during a half cycle of output current for the full load condition. Change in the switching 

frequency versus load is also smaller compared to the fixed reverse current modulation. 

Maximum switching frequency is always fixed and does not change with load variations, while 

minimum switching frequency increases from 20KHz to 27KHz from full load to light load 

conditions. 

 

Figure 4-5: Switching frequency and load range variation of variable reverse current modulation 

for the half cycle of output current 
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Power loss break-down 

Figure 4-6 shows the calculated loss distribution of a 400W three-phase micro-inverter with 

variable reverse current modulation scheme. This figure depicts the power losses under 100%, 

50% and 10% rated power of the micro-inverter. The break-down power losses consist of the 

conduction and turn-off switching losses of the MOSFETs, core and copper losses of the 

inductors, and anti-parallel diode losses. Compared to the fixed reverse current modulation 

scheme, power losses increase on average by 15% for variable reverse current modulation. For 

this current modulation as shown in Figure 4-6 by increase in the load all four sources of power 

dissipation show higher values. 

 

Figure 4-6: Power losses break-down for ZVS BCM current control with variable reverse current 

modulation scheme at 10%, 50% and 100% of micro-inverter rated power 
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4.4 Fixed Bandwidth Current Modulation Scheme 

Upper and lower boundaries can be found from equation (4-3) for the fixed bandwidth current 

modulation scheme. In this equation, B0 is the maximum of the reverse current and iref sin(ωt) is 

the reference current. Boundaries of this current modulation are shown in Figure 4-7 for one 

cycle of the reference current. 

 
sin( )

0

sin( )
0

i i t Bupper ref

i i t B
lower ref

 (4-3) 
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Figure 4-7: Fixed bandwidth current modulation 

 

Switching Frequency 

The switching frequency and load range variation for fixed bandwidth current modulation is 

shown in Figure 4-8. BCM with fixed bandwidth current modulation has the narrowest switching 

frequency range compared to the fixed reverse and variable reverse current modulation schemes. 

Switching frequency of this current modulation changes from 20KHz to 72KHz during a half 
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cycle of output current. This current modulation scheme also exhibits no change in the switching 

frequency versus load.   

 

Figure 4-8: Switching frequency and load range variation of fixed bandwidth current modulation 

scheme for the half cycle of output current 

 

Power loss break-down 

The calculated loss distribution of a 400W three-phase micro-inverter with fixed bandwidth 

current modulation scheme is shown in Figure 4-9. This figure demonstrates the power losses 

under 100%, 50% and 10% rated power of the micro-inverter. The break-down power losses 

consist of the conduction and turn-off switching losses of the MOSFETs, core and copper losses 

of the inductors, and anti-parallel diode losses. Compared to the fixed reverse current modulation 

scheme, power losses increase on average by 40% for light load and 20% for full load. 
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Compared to the reverse current modulation scheme, power losses increase on average by 25% 

for light load and 8% for full load. Fixed bandwidth current modulation has higher power losses 

compared to the other modulation schemes extensively under light load conditions.    

 

Figure 4-9: Power losses break-down for ZVS BCM current control with fixed bandwidth 

current modulation scheme at 10%, 50% and 100% of micro-inverter rated power 

 

4.5 Dual Mode ZVS ZCS Current Modulation Scheme  

In order to further improve the efficiency and reduce the current stress on the power components, 

a dual-mode ZVS ZCS current modulation scheme is proposed. In this current modulation 
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ZVS around the line zero crossing point reduces the switching frequency and switching losses. 
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current thus reducing conduction losses. The proposed current modulation scheme is shown in 
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Figure 4-10. The idea here is to combine the ZVS and ZCS BCM current modulation schemes 

alternatively according to the different value of the current during each line half cycle so that the 

dominant losses can be optimized and higher efficiency is achieved.  
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Figure 4-10: Dual mode ZVS ZCS current modulation scheme 

The upper and lower boundaries of the dual mode ZVS ZCS current modulation scheme are 

calculated using equation (4-4). 
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Where iref sin(ωt) is the reference current and B0 is the reverse current required to achieve ZVS. 

In equation (4-4) the boundary point between the ZVS and ZCS operation modes is defined 

based on the sin(ωt) and IB. More details about IB selection is given in the next part of this 

chapter.  

 

4.6 Variable Boundary Dual Mode Current Modulation Scheme 

In equation (4-4) the boundary point between the ZVS and ZCS operation has been defined 

based on the sin(ωt) and IB. Sin(ωt) is generated using the PLL algorithm inside the three-phase 

micro-inverter program. IB is considered to be a function of the reference current. The basic idea 

here is to have a variable boundary between the ZVS and ZCS operations to further improve the 

efficiency of BCM ZVS current control. As shown in Figure 4-11 decreasing the reference 

current (iref) will move this boundary point toward the peak of the current during a line half cycle 

and it will reduce the maximum of the switching frequency range and therefore switching losses 

at light loads. Increasing the reference current (iref) will move this boundary point toward the 

zero crossing of the reference current and it will reduce the conduction losses further at heavier 

loads [64].  Figure 4-12 shows the boundary point between ZVS and ZCS operations at heavy 

load.  
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Figure 4-11: Lower reference current moves the ZVS and ZCS boundary point toward the peak 

of the reference current 
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Figure 4-12: Higher reference current moves the ZVS and ZCS boundary point toward the zero 

crossing of the reference current  

 

IB is defined using equation (4-5). A simple optimization was conducted to determine the value 

of α and β in order to minimize the RMS value of the inductor current while maximum switching 

frequency is considered as a design constraint.  

 B refI I  (4-5) 
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Figure 4-13 shows the variable boundary dual mode current modulation scheme implementation. 

B0

Sin(ωt)
IB

 

Figure 4-13: Variable boundary point between ZVS and ZCS operations   

 

Switching Frequency and RMS Value of Inductor Current  

Figure 4-14 shows the switching frequency and load range variation for dual mode current 

modulation with fixed boundary point between ZVS and ZCS operations. In order to keep the 

maximum of switching frequency range less than 200KHz under different load conditions, the 

boundary point is considered to be close to the peak of the reference current during a line half 

cycle. The RMS value (High frequency and 60 Hz) of inductor current for this current 

modulation scheme versus output current variation is shown in Figure 4-16. As seen in this figure 

this current modulation compared to the fixed reverse current modulation scheme can reduce the 

RMS value of inductor current and therefore the conduction and core losses.  

Switching frequency and load range variation for dual mode current modulation with variable 

boundary point between the ZVS and ZCS operations is shown in Figure 4-15. As shown in 
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Figure 4-16 the RMS value of inductor current can be reduced considerably using the variable 

boundary point dual mode current modulation scheme. 

 

Figure 4-14: Switching frequency and load range variation of dual mode current modulation 

scheme for the half cycle of output current, fixed ZVS ZCS boundary point, load variation from 

100% to 10% 

 

Figure 4-15: Switching frequency and load range variation of dual mode current modulation 

scheme for the half cycle of output current, variable ZVS ZCS boundary point, load variation 

from 100% to 10% 
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Figure 4-16: RMS value of inductor current (RMS value of high frequency and 60 Hz) versus 

RMS value of output current 

 

Power loss break-down 

Figure 4-17 shows the calculated loss distribution of a 400W three-phase micro-inverter with 

dual mode ZVS ZCS current modulation scheme. This figure demonstrates the power losses 

under 100%, 50% and 10% rated power of the three-phase micro-inverter. The break-down 

power losses consist of the conduction and turn-off switching losses of the MOSFETs, core and 

copper losses of the inductors, and anti-parallel diode losses. Compared to the three previously 

studied current modulation schemes power losses decrease significantly over full range of load 

variations.    
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Figure 4-17: Power losses break-down for ZVS BCM current control with dual mode current 

modulation scheme at 10%, 50% and 100% of micro-inverter rated power 

 

4.7 BCM ZVS Current Modulation Schemes Comparison  

In order to fairly compare the four different current modulation methods in this part, all of the 

micro-inverter parameters are considered to be the same. The lowest reverse current over a line 

half cycle is set to 1A in ZVS BCM operation, since this is the desired ZVS condition.  

The switching frequency range comparison of different current modulation schemes at micro-

inverter rated power is shown in Figure 4-18. This figure depicts the switching frequency 

variation during each half cycle of line frequency. Constant Bandwidth current modulation 

scheme exhibits the narrowest switching frequency range. The proposed dual mode current 

modulation scheme reduces the switching frequency range compared to that in the fixed reverse 

current modulation. 
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Power loss comparison of different current modulation schemes for a 400W three-phase micro-

inverter is given in Figure 4-19. This figure presents the comparison for 10%, 50% and 100% 

load. The three-phase micro-inverter power losses can be reduced significantly under different 

load conditions using the proposed dual mode ZVS ZCS current modulation scheme.  

 

Figure 4-18: Switching frequency variation of four different current modulation schemes for half 

cycle of line frequency at rated power of micro-inverter 
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Figure 4-19: Power losses comparison of different ZVS BCM current modulation schemes at 

10%, 50% and 100% of micro-inverter rated power 
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4.8 Comparative Experimental Results 

To experimentally compare different current modulation schemes and to prove the merits of the 

proposed dual mode current modulation method a 400W three-phase micro-inverter prototype 

was designed and built. The inverter specifications are as follows: input voltage: Vdc=400V; 

Grid voltage: Vac=208V; Grid frequency: F=60Hz; and the major components used in the power 

stage are as follows: inductor filter: La=270uH; capacitor filter: 1uF. The MOSFET is selected as 

FCB20N60. The BCM ZVS controller and different current modulation methods are conducted 

by a microchip DSP dsPIC33F.  

Experimental results of three-phase micro-inverter with different current modulation schemes are 

shown in Figure 4-20 to Figure 4-23. Figure 4-20 shows the three-phase inductor current of dual 

mode ZVS ZCS current modulation scheme. Inductor current of fixed reverse current modulation 

scheme is shown in Figure 4-21. Figure 4-22 depicts the variable reverse current modulation 

scheme. Three-phase inductor current of fixed bandwidth current modulation scheme is shown in 

Figure 4-23.  
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Figure 4-20: Dual mode ZVS ZCS current modulation scheme, inductor current  

 

Figure 4-21: Fixed reverse current modulation scheme, inductor current  

 

Figure 4-22: Variable reverse current modulation scheme, inductor current 
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Figure 4-23: Fixed bandwidth current modulation scheme, inductor current  

Inductor current and output current of one phase of a three-phase micro-inverter with dual mode 

current modulation method is shown in Figure 4-24. The output current THD is less than 2.5% 

and meets the IEEE 1547 and UL 1741, 5% THD requirements. Three-phase output current of 

the micro-inverter with dual mode current modulation method is shown in Figure 4-25. 

 

Figure 4-24: Inductor current and output current of one phase of three-phase micro-inverter with 

dual mode current modulation scheme 
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Figure 4-25: Three-phase output current of micro-inverter with dual mode current modulation 

scheme 

Comparison of the inductor current RMS value and output current THD of different current 

modulation schemes is given in Table 4-1. The RMS value in this table includes both high 

frequency and 60 Hz current components. Please notice that the inductor current RMS value of 

dual mode ZVS ZCS current modulation scheme is considerably less than the other three current 

modulation schemes. This leads to reduction in conduction losses and thus, higher efficiency of 

micro- inverter can be achieved.  

Table 4-1: Inductor Current RMS Value and Output Current THD Comparison of Different 

Current Modulation Schemes 

 

dual mode Current 

Modulation 

Fixed Reverse Current 

Modulation 

Variable Reverse Current 

Modulation 

Fixed Bandwidth Current 

Modulation 

THD (%) 2.5% 2.5% 1.6% 0.7% 

Inductor Current  (RMS 

value) 

1.33A 1.52A 1.68A 1.81A 
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Efficiency of a 400W three-phase micro-inverter with different current modulation schemes was 

measured experimentally and is shown in Figure 4-26. Using dual mode current modulation 

scheme, higher efficiency can be achieved without any additional cost. All the efficiency 

measurements have been conducted using a Yokogawa PZ4000 power analyzer. The efficiency 

curves in Figure 4-26 do not include auxiliary circuit power consumption. 

 

 

Figure 4-26: Three-phase micro-inverter efficiency versus output power for different current 

modulation schemes  
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4.9 Summary 

Three different current modulation schemes of BCM ZVS current control three-phase micro-

inverter were studied analytically. A comparative analysis of power loss distribution, efficiency, 

switching frequency, and output current THD was presented in this chapter. It was observed that 

BCM with fixed reverse current modulation scheme has the highest efficiency and output current 

THD. BCM with fixed bandwidth current modulation scheme has the lowest efficiency and 

output current THD and it also has the narrowest switching frequency range.  

In order to further improve the efficiency of fixed reverse current modulation scheme and reduce 

the current stress on the components a new dual mode ZVS ZCS current modulation scheme was 

proposed. This current modulation scheme improves the efficiency of the micro-inverter by 

reducing the RMS value of the inductor current resulting in reduction of conduction and core 

losses.  

To prove the efficiency improvement using dual mode current modulation scheme, a 400W 

three-phase micro-inverter was designed and tested. The comparative experimental results for all 

different current modulation schemes were presented in this chapter and the advantages of the 

dual mode current modulation scheme were validated. It was observed that using this current 

modulation scheme, higher efficiency of 0.5 percentage point for a 400W three-phase micro-

inverter can be achieved with no additional cost.       
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CHAPTER 5. THREE-PHASE MICRO-INVERTER LIGHT LOAD 

EFFICIENCY ENHANCEMENT: PHASE SKIPPING CONTROL  

 

5.1 Introduction  

Efficiency improvement of micro-inverters plays a significant role in gaining economical 

benefits, higher power density, and reliability [65],[66]. Due to the intermittent feature of the PV 

generation, it is impossible for micro-inverter to always operate at its rated power. It usually 

operates at light or half load conditions [67], [68]. Therefore, European and CEC weighted-

efficiency are mostly used to evaluate overall efficiency of these devices [69], [70]. 

Soft switching techniques can be employed to maintain a high conversion efficiency and low 

EMI. ZVS BCM current control proposed in Chapter Two is an interesting soft switching 

candidate for micro-inverter applications due to its low cost, high power density, and high 

efficiency. Different current modulation schemes of this control approach and their loss analysis 

were presented in Chapter Four. Although they can enhance the efficiency of the three-phase 

micro-inverter, they still suffer from light load efficiency drop.   

This chapter presents a method of maintaining high power-conversion efficiency across the 

entire load range of a three-phase micro-inverter. The proposed method guarantees a flatter 

conversion efficiency curve at light load for the PV system [71]. 
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5.2 Three-phase Micro-Inverter Light Load Efficiency Drop 

Typically, a power converter has higher efficiency at heavier loads and poorer efficiency at 

lighter loads [72]. The power losses in a converter can be broken down into two main 

components; load dependent losses which vary directly as a function of load current and load 

independent losses which remain constant regardless of the value of load current [73],[74]. 

Losses like conduction losses in power semiconductor devices, conduction losses in body diode 

and inductor copper losses fall under the category of load dependent losses whereas losses like 

switching losses and gate drive losses fall under the category of load independent losses 

[75],[76]. 

Figure 5-1 shows the calculated loss distribution of the 400W three-phase micro-inverter with 

fixed reverse current modulation scheme. This figure illustrates the power losses under different 

load conditions. The power losses break-down includes the conduction and turn-off switching 

loss of the MOSFETs, core and copper loss of the inductors, and anti-parallel diode losses.   

It can be clearly seen in Figure 5-1 that turn-off switching losses and core losses of magnetic 

components are almost independent of the load. These fixed sources of power losses as shown in 

Figure 5-2 cause micro-inverter efficiency curve as a function of the load to exhibit a steep fall 

off at light loads.  

In this chapter a new control method of reducing the variation of power conversion efficiency 

with fluctuations of the PV module’s output power is presented. 
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Figure 5-1: Power losses break-down for ZVS BCM current control three-phase micro-inverter at 

10%, 50% and 100% of micro-inverter rated power  

 

Figure 5-2: Light load efficiency drop of three-phase micro-inverter 
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5.3 Light Load Efficiency Enhancement: Phase Skipping Control 

The proposed method of light-load efficiency optimization is based on a simple observation that 

the maximum efficiency occurs when each phase of the three-phase micro-inverter is operated 

close to full load.  

Due to independent operation of each phase in the hybrid BCM current control micro-inverter, it 

is capable of disabling two phases at light loads thereby improving light load efficiency. Through 

a MPPT algorithm, available PV module’s power can be determined. Once the available power 

falls below the preset light load point, two phases are turned off. Similarly, when available power 

increases above the light load point, the disabled phases will be enabled. Figure 5-3(a) shows a 

two-stage micro-inverter under normal operation and Figure 5-3(b) shows the two-stage micro-

inverter under phase skipping control mode.  

DC

DC

C

DC

AC

 

(a) 

DC

DC

C

DC

AC

 

(b) 

Figure 5-3:  Light load efficiency enhancement for a two-stage three-phase micro-inverter, (a) 

normal operation, (b) phase skipping mode operation  
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The DC/AC stage part of the three-phase micro-inverter under normal and phase skipping 

control is shown in Figure 5-4. 
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Figure 5-4: DC/AC stage of three-phase micro-inverter, (a) normal operation, (b) phase skipping 

mode  

The idea here is to combine the advantages of three-phase systems and single-phase systems by 

employing phase skipping technology in order to optimize efficiency over a wide load range. 
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5.4 Size Calculation of DC-link Capacitor under Phase Skipping Control 

The transition from three-phase to single-phase happens in power levels less than 30% of the 

rated power of the micro-inverter. At these low power levels the voltage transient response and 

steady state ripples of the DC link capacitor do not cause any over or under voltage problems. 

For a single phase micro-inverter the size of the decoupling capacitor can be determined using 

equation (5-1) knowing that the power into the DC link is constant and that the power drawn 

from the DC link follows a sin
2
(ωt) waveform.  

 
ˆ2

DC
DC

DC DC

P
C

U u
 (5-1) 

                 

Where PDC is the average DC link power, ω is the grid frequency, UDC is the average DC link 

voltage and  is the amplitude of the ripple voltage. The grid current cannot be controlled if 

the DC link voltage is lower than the peak grid voltage plus the voltage drop across the power 

semiconductor devices and output filter. Therefore, the minimum DC link voltage at 10% over-

voltage in the grid for the micro-inverter is calculated as 375V. Considering that UDC is 400V, 

DC link capacitor is calculated by equation (5-1) as 17µF at 130W.  

Size calculation of the decoupling capacitor for the three-phase micro-inverter has been carried 

on in [77]. Considering grid voltage dips and surges, and disturbance response time it is 

determined as 35.3µF which meets the requirements of phase skipping operation mode.  
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5.5 DC/DC Stage of the Micro-Inverter  

LLC topology has been chosen for the front-end DC/DC stage of the three-phase micro-inverter. 

This topology features both high efficiency and power density due to its natural zero voltage 

switching operation [78]. Considerable research has been done at Florida Power Electronics 

Center on the LLC topology, its modeling and optimization to accommodate the wide input 

voltage range of PV applications (The DC output voltage of the PV panels) while maintaining a 

high efficiency [79],[80], [81]. LLC resonant converter topology is shown in Figure 5-5.   
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  Figure 5-5: Front-end DC/DC stage of the three-phase micro-inverter; LLC resonant 

topology  

 

5.6 Solar Farm Architecture based on Three-phase Micro-Inverter 

The PV solar farm architecture based on three-phase micro-inverters is shown in Figure 5-6. In 

this architecture the outputs of each micro-inverter are directly connected to a low voltage three-

phase grid and then through a medium voltage transformer to the high voltage at power 
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transmission line. Each micro-inverter operates independently regardless of failure of the other 

micro-inverters and carries out communication and MPPT functions. 

Each micro-inverter comprises a node on a communication network and can exchange 

information with other micro-inverters on the network as well as a system level controller. This 

communication is an integral part of system maintenance and monitoring. ZigBee devices are 

often used in mesh network form to transmit data over longer distances, passing data through 

intermediate devices to reach more distant ones.  

Each micro-inverter operates in normal control mode. Under light load conditions, it attempts to 

change its operating mode to phase skipping control but it is not allowed to until it finds two 

other micro-inverters in a similar state. After discovering each other, they build a three member 

cluster and then change their operating mode to phase skipping control simultaneously. Once 

they are in phase skipping mode, each one of them selects a unique phase. The idea here is to 

combine three different three-phase systems and create a new three-phase system out of three 

micro-inverters operating in single phase mode.  

When one micro-inverter exits single phase operating mode, it commands the other two micro-

inverters in its cluster to exit single phase mode regardless of their power output. It is important 

to remember that the default operating mode of each micro-inverter is three-phase at all power 

levels and that phase skipping is strictly a method of improving the efficiency at low power. 

It should be noted that each micro-inverter of a cluster operates below 30% of its rated power. At 

this low power any difference at their output power causes negligible imbalance in the grid.  

http://en.wikipedia.org/wiki/Mesh_network
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Figure 5-6: Solar farm architecture based on three-phase micro-inverter, three micro-inverters are 

operating in phase skipping mode    
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5.7 Experimental Results 

To verify the light load efficiency enhancement using the proposed phase skipping control 

method a 400W three-phase micro-inverter prototype was built. The specifications are as 

follows: input voltage: Vdc=400V; Grid voltage: Vac=208V; Grid frequency: F=60Hz; and the 

major components used in the power stage are as follows: inductor filter: La=270uH; capacitor 

filter: 1uF; MOSFETs: FCB20N60. The controller was implemented using a microchip DSP 

dsPIC33F.  

Figure 5-7 illustrates the three-phase output current of the micro-inverter under normal 

operation. The output power of the micro-inverter is 130W.  Figure 5-8 shows the output of the 

three-phase micro-inverter with the same power under the phase skipping control. The output 

current THD is less than 2.5% and meets the industrial requirements. 

 

 Figure 5-7: Output current of the three-phase micro-inverter under normal operation with 130W 

output power 
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Figure 5-8: Output current of the three-phase micro-inverter under phase skipping mode with 

130W output power 

Transition from normal operation mode to phase skipping mode is given in Figure 5-9. Notice 

that the transition is very smooth and voltage ripple in the DC link capacitor meets the design 

requirements.  

DC-Lick Capacitor Voltage

Three Phase Output Current

Normal Operation Phase Skipping Operation

 

Figure 5-9: Transition from normal control mode to phase skipping control  
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Figure 5-10 shows a comparison of the three-phase micro-inverter DC/AC stage measured 

efficiency for original hybrid BCM current control and the one with phase skipping control. 

Figure 5-11 depicts the same comparison for total system (DC/DC and DC/AC stages) 

efficiency. Owing to phase skipping control, higher efficiency can be achieved at light load 

without additional cost. All the efficiency measurements were performed using a Yokogawa 

PZ4000 power analyzer. The measured efficiency does not include auxiliary circuit power 

consumption. 

 

Figure 5-10: DC/AC stage efficiency versus output power 
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Figure 5-11: Total system efficiency versus output power 

 

5.8 Summary   

In this chapter, a new control strategy for efficiency enhancement of solar farms based on three-

phase micro-inverter was proposed. Three-phase micro-inverters with the proposed control 

method have flat efficiency curve throughout all load range which contribute in increasing the 

CEC weighted efficiency. In phase skipping control, switching and driving losses of 

semiconductor devices, as well as core losses of magnetic components are minimized by turning 

off two phases of the three-phase micro-inverter.   

To reduce the effect of phase skipping control on the utility grid, three three-phase micro-

inverters under light load conditions create a new three-phase system with each micro-inverter 

feeding a different phase.  
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To prove the light load efficiency improvement using phase skipping control, a 400W three-

phase micro-inverter was designed and tested. The comparative experimental results for normal 

and phase skipping operations were presented in this chapter and the advantages of the new 

control method were validated. The experimental results verified that with the phase skipping 

control method the efficiency is improved more than 2% under light-load condition. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusion 

With energy demand constantly increasing, along with the need for clean energy sources, solar 

energy will certainly be an essential part of the future energy mix. In the field of solar energy the 

grid-tied PV micro-inverter structure has become more interesting due to its advantages such as 

enhanced reliability, safety, and energy production. Micro-inverters are small, compact, low-

power modules with power level ranging from 150 to 400W directly attached to the back of the 

solar panels. Increasing the switching frequency may be the best way to reduce cost of the micro-

inverter by shrinking the size of reactive components and heat-sinks. However, this approach 

could cause conversion efficiency to drop dramatically. To maintain high efficiency while 

increasing the switching frequency a new zero voltage switching method and its digital 

implementation have been proposed for the three-phase micro-inverter applications. The new 

hybrid control method is a combination of peak current control and predictive control and has the 

merits of low cost, high reliability, and high efficiency. Hybrid current control was implemented 

for the standard half bridge topology and it does not add to the component counts of the micro-

inverter or complexity of the control circuit. The proposed current control method is suitable for 

low power inverter application where switching losses are dominant. By presenting experimental 

results the viability and advantages of the proposed soft switching micro-inverter was validated.  
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The performance of the proposed hybrid BCM current control was analyzed in detail considering 

the effects of dead-time and output parasitic capacitance of the MOSFETs. A dead-time 

compensation technique for the hybrid current controlled three-phase micro-inverter was 

presented in Chapter Three. The proposed method compensates for zero crossing distortion and 

improves the output current THD. Experimental results indicate that using the proposed dead-

time compensation method reduces the zero-crossing distortion to a great extent at different 

loads. THD measurement of the three-phase micro-inverter output current shows an average 2% 

improvement by using the dead-time compensation algorithm. The high efficiency of hybrid 

BCM current control and low output current THD makes this current control method suitable for 

micro-inverter applications. 

In Chapter Four three different current modulation schemes of BCM ZVS current controlled 

three-phase micro-inverter were studied analytically. A comparative analysis of power loss 

distribution, efficiency, switching frequency, and output current THD was presented in this 

chapter. It was observed that BCM with fixed reverse current modulation scheme has the highest 

efficiency and output current THD. BCM with fixed bandwidth current modulation scheme has 

the lowest efficiency and output current THD and it also has the narrowest switching frequency 

range. In order to further improve the efficiency of the fixed reverse current modulation scheme 

and reduce the current stress on the components a new dual mode ZVS ZCS current modulation 

scheme was proposed. This current modulation scheme improves the efficiency of the micro-

inverter by reducing the RMS value of the inductor current resulting in reduction of conduction 

and core losses. The comparative experimental results for all different current modulation 

schemes were presented in Chapter Four.  
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It is impossible for a micro-inverter to always operate at its rated power due to the intermittent 

feature of the PV generation. Usually, it operates at light or half load conditions. Considerable 

research has been conducted on soft switching control method and different current modulation 

schemes to improve the efficiency of the micro-inverter in Chapters Two and Four. Although 

they can enhance the efficiency of the micro-inverter, they still suffer from poor light load 

efficiency. In Chapter Five a new control method of reducing the variation of power conversion 

efficiency with fluctuations of the PV module’s output power was presented. A three-phase 

micro-inverter employing the proposed control method has a flat efficiency curve throughout its 

entire load range which improves its CEC weighted efficiency. In phase skipping control, 

switching losses of semiconductor devices, as well as core losses of magnetic components are 

minimized by disabling two of the three phases. To reduce the effect of phase skipping control 

on the utility grid, three three-phase micro-inverters under light load conditions are combined to 

create a new three-phase system with each micro-inverter feeding a different phase.  

 

6.2 Future Works 

Four different current modulation schemes of BCM ZVS current controlled three-phase micro-

inverter were studied analytically in this dissertation. More research can be done in order to 

propose other current modulation schemes with lower maximum switching frequency and higher 

efficiency. To further improve the performance of the micro-inverter, switching between different 

current modulation schemes can be considered as another research topic. At heavy loads dual 

mode current modulation scheme can reduce the conduction losses and improve the inverter 
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efficiency while at lighter loads, fixed reverse current modulation scheme can be used to reduce 

the maximum switching frequency.   

For the proposed dead-time compensation method in Chapter Three, the equivalent parasitic 

capacitance of the MOSFETs is assumed to be constant for the sake of the analysis, which means 

it is not a function of the voltage across the MOSFETs. More research can be done in order to 

obtain a model for the parasitic capacitance of the MOSFETs based on its voltage.  

It would be advantageous to do more research about the power rating of the three-phase micro-

inverter. By increasing the power level of the micro-inverter from 400W to 750W and use it as 

an AC module for three 250W panels in series, it would be possible to improve reliability by 

effectively reducing the number of components per watt and reduce in dollars per watt since one 

inverter (albeit more expensive) is now amortized over three panels as opposed to one.  

 

6.3 Publications 

 A. Amirahmadi, U. Somani, L. Chen, N. Kutkut, I. Batarseh “Light Load Efficiency 

Enhancement of Three-phase ZVS Micro-Inverter” Submitted to IEEE Transactions on 

Power Electronics, 2014 

 A. Amirahmadi, L. Chen, U. Somani, N. Kutkut, I. Batarseh  “High Efficiency Dual 

Mode Current Modulation Method for Low Power DC/AC Inverters” IEEE Transactions 

on Power Electronics, vol. 29, no. 6, pp. 2638-2642, June 2014. 
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 A. Amirahmadi, H. Hu, A. Grishina, Q. Zhang, L. Chen, U. Somani, I. Batarseh  

“Hybrid ZVS BCM Current Controlled Three-Phase Micro-inverter” IEEE Transactions 

on Power Electronics, vol. 29, no. 4, pp. 2124-2134, 2014. 

 L. Chen, A. Amirahmadi, Q. Zhang, N. Kutkut, I. Batarseh “Design and Implementation 

of Three-phase Two-stage Grid-connected Module Integrated Converter” Published in 

IEEE Transactions on Power Electronics, 2014 

 L. Chen, H. Hu, Q. Zhang, A. Amirahmadi, I. Batarseh “Boundary Mode Forward-

Flyback Converter with Efficient Active LC Snubber Circuit” IEEE Transactions on 

Power Electronics, vol. 29, no. 6, pp. 2944-2958,  June 2014 

 Q. Zhang, C. Hu, L. Chen, A. Amirahmadi, N. Kutkut, I. Batarseh “A Center Point 

Iteration MPPT Method With Application on the Frequency-Modulated LLC 

Microinverter” IEEE Transactions on Power Electronics, vol. 29, no. 3, pp. 1262-1274, 

2014 

 A. Amirahmadi , H. Hu, A. Grishina, L. Chen, J. Shen, I. Batarseh, “ Improving Output 

Current Distortion in Hybrid BCM Current Controlled Three-phase Micro-inverter” IEEE 

Energy Conversion Congress and Exposition (ECCE 2013), pp.1319-1323, 2013 

 A. Amirahmadi, H. Hu, A. Grishina, L. Chen, J. Shen, I. Batarseh  “Hybrid Control of 

BCM Soft-switching Three Phase Micro-inverter” IEEE Energy Conversion Congress 

and Exposition (ECCE 2012)  pp. 4690-4695, 2012 

 X. Fang, H. Hu, L. Chen, A. Amirahmadi, J. Shen, I. Batarseh “Operation Analysis and 

Numerical Approximation for the LLC DC-DC Converter”, IEEE Applied Power 

Electronics Conference and Exposition  (APEC2012), pp. 870-876, 2012 
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 D. Zhang, Q. Zhang , A. Grishina,  A. Amirahmadi , J. Shen, I. Batarseh “A Comparison 

of Soft and Hard-switching Losses in Three Phase Micro-inverters” ECCE 2011, pp 

1076-1082, Arizona, US, 2011 

 A. Grishina,  H. Hu, D. Zhang, A. Amirahmadi , J. Shen, I. Batarseh “ A New Quasi 

Resonant DC Link for Single Phase Micro-inverter” IEEE Energy Conversion Congress 

and Exposition (ECCE 2012), pp 3221-3225, 2012 

 F. Chen, Q. Zhang, A. Amirahmadi, I. Batarseh, “Design and implementation of three-

phase gridconnedted two-stage module integrated converter” IEEE 14th  Workshop on 

Control and Modeling for Power Electronics (COMPEL), pp. 1-8, 2013  

 C. Hu, L. Chen, Q. Zhang, J. Shen, A. Amirahmadi, I. Batarseh, D. Xu “Current Dual-

loop control for RPI with LCL filter in Micro-inverter” IEEE Applied Power Electronics 

Conf.(APEC), pp. 2907-2912, 2013 

 A. Amirahmadi, U. somani, L. Chen, N. Kutkut, I. Batarseh“Variable Boundary Dual 

Mode Current Modulation Scheme for Three-phase Micro-inverter”, Accepted at  IEEE 

Applied Power Electronics Conference and Exposition 2014 

  L. Chen, Q. Zhang,  A. Amirahmadi, I. Batarseh“Modeling and Analysis of DC-Link 

voltage for Three-phase Four-Wire Two-Stage Micro-inverter”, Accepted at  IEEE 

Applied Power Electronics Conference and Exposition 2014 

  U. somani, C. Jourdan, A. Amirahmadi, A. Grishina, H. Hu, I. Batarseh“Phase Skipping 

Control to Improve Light Load Efficiency of Three Phase Micro-Inverters”, Accepted at  

IEEE Applied Power Electronics Conference and Exposition 2014 
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6.4 Patents Pending  

 A. Amirahmadi, H. Hu, I. Batarseh, Soft Switching Current Control for High Efficiency 

Power Inverters  

 U. Somani, A. Amirahmadi, C. Jourdan, I. Batarseh,  Phase Skipping Control to 

Improve Light Load Efficiency of Three-phase Grid tied Micro-inverter  

 H. Hu, I. Batarseh, A. Amirahmadi, A New PV System Architecture Based on Three-

phase Micro Inverter for PV Solar Farm and Commercial Applications  
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