
ABSTRACT 

KHAN, MOHAMMAD SAMEER. Analysis of Flyback-PV Inverter to Enable Low Voltage Ride-Through 
(LVRT) Operation During Grid Fault. (Under the direction of Dr. Subhashish Bhattacharya). 

 
Flyback based PV micro-inverter is a very popular low-cost solution for integrating the 

photovoltaic (PV) module to an AC grid. As the penetration level of these inverters in the grid is 

increasing, it may cause problems in the highly integrated PV distribution systems. In a conventional 

inverter system during low voltage sags on the grid the anti-islanding protection may trigger grid 

disturbances. The future grid connected systems are expected to perform like a conventional power 

plant and provide services like Low Voltage Ride-Through (LVRT) during grid faults. In this thesis, the 

flyback based PV inverters were analyzed for LVRT capability during the three known modes of their 

operation i.e. Discontinuous Conduction Mode (DCM), Continuous Conduction Mode (CCM) and 

Boundary Conduction Mode (BCM). Also a simulation model of flyback based h- bridge inverter 

model was developed to provide LVRT service during low voltage sags on the grid.  

The analysis was carried out by modeling the flyback-based PV inverter using PLECS 

standalone and MATLAB. 
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1. INTRODUCTION 

Solar Energy is increasingly becoming more competitive with respect to conventional sources of 

energy most notably fossil fuels as the cost of Photovoltaic (PV) panel have reduced significantly 

[1]. It has been reported that cumulative installed PV capacity worldwide is about to reach 200 GW, 

with up to 22 GW being added in the first half of 2015 [2]. The growth is scheduled to be more 

aggressive in the near future as the solar PV technology is maturing and change in approach of 

major economies shifting towards cleaner form of energy, especially solar. 

Thus, the ever increasing penetration of the PV system into the electric grid imposes new 

challenges for the Distributed System Operator (DSO) as well as the end consumers. In order to 

deal with these challenges the grid codes have been modified so as to ensure high power quality, 

efficiency and reliability of the grid [3]. The PV systems are mainly connected to low-voltage and 

/or medium voltage distributed networks. At present the grid standards for PV system are mainly 

focused on power quality issues, frequency stability and voltage stability. Currently, it is required 

from the PV system that they should perform ant-islanding protection i.e. they should stop 

energizing local loads during grid faults such as voltage sag or a frequency disturbance [3-4]. 

With rapidly declining cost of PV panel, improvement in power electronics and government 

incentives towards solar energy, it is imperative that penetration of solar-PV systems on the grid 

would increase further especially on low and medium voltage grids. These systems would have a 

strong impact on the grid during anti-islanding protection such that the low voltage sags would lead 

to more severe grid problems i.e. power outages, voltage flickers and system instability. To 

overcome this potential bottleneck towards wider adoption of solar-PV in the grid, the grid codes 

for low- or medium voltage system needs to be modified [4]. The next generation PV systems 

should provide a full range of services that a conventional power plant would be providing. These 
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low and medium voltage systems should be able to have a Low Voltage Ride-Through (LVRT) ability 

during the grid faults. 

 

 

Figure 1.1: Low Voltage ride-through (LVRT) requirement of Wind Power System in different countries [3]. 

 
According to figure 1.1, the distributed generating (DG’s) should stay connected to the grid in some 

countries like Germany for 0.15 seconds even when the voltage drops to zero. Simultaneously, these 

DG’s should inject some reactive power into the grid to support the recovery of the voltage as it is 

prevalent for the case of wind-turbines under grid fault as shown in the figure 1.2. 

 

   

  Figure  1.2: Voltage support requirement for wind turbines under grid fault [5]. 
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It can be inferred that grid codes similar to wind power system would be placed on the solar-PV 

system in the near future. In case of wind turbines, the reactive current required to be injected into 

the grid during Low Voltage Ride through (LVRT) is: 

𝐼𝑄 =  {
𝑘 ∗ (𝑉 − 𝑉𝑜) ∗ 𝐼𝑁 + 𝐼𝑄0 , 𝑉 ≥ 0.5 𝑝𝑢, 𝑘 ≥ 2 

−𝐼𝑁 + 𝐼𝑄0 , 𝑉 < 0.5𝑝𝑢
  (1.1)  

     

In equation 1.1:   V is instantaneous per unit Voltage during grid voltage.  

    Vo is initial per unit voltage before the grid fault. 

    In is the nominal inverter current before grid fault. 

    IQ0 is the reactive current before a grid fault. 

    IQ is the reactive current injected by the inverter during grid fault.  

Also, additional grid requirement related to injected current is defined in IEC 61727 for PV power 
systems (less than 10 kW). According to these requirements, the Total Harmonic Distortion (THD) in 
the injected grid current should be less 5% [6].  

 

    

 Figure 1.3: Current harmonic requirement according to IEC 61727 for low power PV systems [6]. 
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2. GRID SYNCHRONIZATION 

Synchronization with the grid is a very critical parameter for the operation of the grid connected 

inverters. It is of paramount importance to detect the phase angle, amplitude and frequency of the 

utility grid voltage both quickly and accurately. 

Phase-Locked-Loop (PLL) topologies are attractive solution for grid synchronization and have been 

widely reported in the literature [7-10]. PLL helps in providing a unity power factor operation, which 

means the inverter output current is in phase with grid voltage.  PLL is also very useful during the 

LVRT conditions as it helps in determining the fault conditions and generating the correct current 

references depending on the instantaneous voltage conditions on the grid.  

However, implementing the PLL structure in a single phase system is a bit of challenge as these PLL 

structures require an orthogonal voltage system. It is easier to implement this system in a three 

phase system as orthogonal voltage system can be much easily created in the three phase system 

[7-10]. 

The general structure of a single phase system is given in the figure 2.1.  

  

 

Figure 2.1: General structure of a single phase PLL [11]. 
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All the PLL structures are similar; usually, the main difference is in orthogonal signal generation for 

single phase system. There have been reported different methods of generating the orthogonal 

voltage system in the literature. Most notably, using a transport delay block, this being essentially a 

FIFO buffer. Another related method for orthogonal signal generation is through Hilbert 

transformation [8]. Both the transport block delay as well as the Hilbert Transformation is similar 

methods as they introduce a phase shift of 90 degree with respect to the fundamental frequency. 

However, for Hilbert’s transform all the harmonics are shifted by 90 degrees. All these methods 

have shortcomings in terms of frequency dependency, high complexity, non-linearity, poor or no 

filtering [11]. 

Ciobotaru et al. presented a new method of single-phase PLL based on second order Generalized 

Integrator (SOGI) [12] as shown in figure 2.2. 

   

 

Figure 2.2: General structure of Second Order Generalized Integrator [11].  

 

The second generalized integrator (SOGI) is defined mathematically as: 

      

𝑆𝑂𝐺𝐼 =
𝜔𝑠

 𝑠2+𝜔2      (2.1) 

In eq. (2.1), ω is the resonance frequency of SOGI.  
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The closed-loop transfer functions (𝐻𝑑 =  𝑉’/ 𝑉 𝑎𝑛𝑑 𝐻𝑞 =  𝑞𝑉’/𝑉) of the structure in the figure2.2 

is: 

𝐻𝑑(𝑠) =
𝑣′(𝑠)

𝑣(𝑠)
=

𝑘𝜔𝑠

𝑠2+𝑘𝜔𝑠 + 𝜔2     (2.2) 

𝐻𝑞(𝑠) =
𝑞𝑣′(𝑠)

𝑣(𝑠)
=

𝑘𝜔2

𝑠2 +𝑘𝜔𝑠+ 𝜔2     (2.3) 

In eq. (2.2) and (2.3), k is a tuning constant that affects the bandwidth of the system.  

To avoid problems during the grid frequency fluctuations, adaptive tuning of the structure is done 

with respect to its resonance frequency. Thus the resonance frequency of the SOGI is adjusted 

according to the provided frequency of the PLL structure [11].  

By tuning the value of k, the level of filtering can be set. By decreasing the value of k, the bandpass 

of the filter becomes narrower resulting in better filtering as shown by the bode plot in Figure 2.3. 

However, the dynamic response of the system becomes slower as evident from the step response of 

the transfer function in the figure 2.4. 

As evident from the bode plot in figure 2.3 there is no attenuation at the resonant frequency.  

 

Figure 2.3: Bode response of Hd(s) for different values of k. 
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Figure 2.4: Step response of Hd(s) for different values of k. 
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3.  GRID CONNECTED SINGLE PHASE PV INVERTERS 
 
Single phase PV inverter systems are increasingly becoming popular due to the inherit ability to 

monitor each PV panel individually at the same time having a small size. These inverters are also 

termed as micro-inverters due to their small size factor. The micro-inverters offer efficiency 

advantages compared to larger inverters which monitor a string of connected PV panels due to 

modular mismatches caused by varying panel orientation and partial shading in the case of string 

inverters [13]. 

The micro inverters also help in easy plug and play operation, as these inverters are attached to the 

PV panel and only AC wiring is required for connecting to the grid [14].  

The important parameter while evaluating the effectiveness of grid tied micro-inverters is based on 

its efficiency, cost effectiveness, and reliability. In literature [13], three types of micro-inverter are 

quite popular, namely: 

 
Table 3-1: Micro-Inverter types 

 

 

Inverter type 
Transformer-less 
Inverter 

Two stage converter: 
DC-DC converter 
cascaded with PWM 
Inverter                                                     

Flyback based 
unfolding Inverter 

Advantages I. Reduced Size 
II. Higher 

Efficiency as 
transformer is 
absent 

I. Wider voltage 
operation 
range. 

II. Lower 
Decoupling 
capacitor can 
be used 

I. Reduced Size. 
II. Lower 

Component 
Count. 

III. Wider voltage 
operation 
range. 

IV. Inbuilt 
Galvanic 
Isolation 

Disadvantages I. Limited 
voltage 
operation 
range. 

II. Large 
Decoupling 
Capacitor 

I. Increased 
component 
count, hence 
expensive 

I. Lower 
Efficiency due 
to 
transformer. 
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The flyback based PV inverters have been very popular for low power application in both industry 

and academia for its simplicity, low cost as well as inbuilt galvanic isolation. A number of variations 

with similar flyback stage have been widely reported in literature [15-20]. One of the most popular 

variations of this topology is with an unfolding bridge as shown in the Figure 3.1. This topology is 

single stage converter with the lowest component count. 

 

 

 Figure 3.1: Flyback inverter with two output winding and unfolding switches [15]. 

 

The flyback-unfolding inverter can operated in different modes of operation i.e.  Discontinuous 

Conduction Mode (DCM), Boundary Condition Mode (BCM) and Continuous Conduction Mode 

(CCM) as a grid-tied inverter under unity power factor operation [15-20]. 

In this report, the flyback- unfolding inverter would be investigated for its ability to supply reactive 

current to enable Low Voltage Ride through (LVRT) during grid faults.  
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4.  FLYBACK UNFOLDING PV INVERTER  

The unfolding inverter (UFI)shown in figure 3.1 is usually a low frequency power electronic 

converter that unfolds a unidirectional current into bidirectional alternating current using low 

frequency switches S1 and S2. The input current at the input end is usually a rectified sinusoid. This 

topology is cost effective and simple to implement using low cost digital controllers.  

The advantage of the above configuration is that only two switches are required at the output  end 

of the flyback converter. The output ends of the flyback converter are popularly referred as the 

unfolding bridge of the inverter. The unfolding bridge of the converter consists of two identical 

secondary windings connected to the grid termed as the leg of the inverter. Each leg would perform 

current shaping of the inverter current depending on the polarity of the grid voltage. Thus the 

switches S1 and S2 are switched alternatively. For the configuration showed in the figure 3.1 .Switch 

S1 is switched on when the grid voltage is positive, while the switch S2 is off. Similarly during the 

negative half cycle Switch S2 is on, while switch S1 is off. 

 As shown in the figure 4.1, the input stage of the flyback inverter consists of a PV panel, an input 

capacitor Cpv , a flyback transformer with two secondary side winding and magnetizing inductance Lm 

connected to the grid using an LC output filter. Thus effectively the converter works as a DC-DC 

flyback converter, producing a rectified sinusoid current at the input. 

 For the purpose of analysis, simulation model of the inverter was developed in PLECS®. The 

different possible modes of operation of the inverter were analyzed with regards to supplying 

reactive power when the grid voltage dipped below a specified limit. 
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Figure 4.1: Flyback-Unfolding Inverter PLECS model. 
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4.1 Design of Flyback Inverter 

To begin with the feasibility analysis of flyback-PV inverter as shown in figure 4.2 for LVRT operation, 

it can be assumed that the grid voltage to be constant as it changes very slowly during the switching 

interval of the inverter’s main switch M1. The grid voltage can be considered as a constant DC value 

over a switching cycle as the switching frequency of M1 is in the order of kHz while the grid voltage 

frequency is 60 Hz. Thus the inverter is assumed to be operating in a quasi-steady state as the 

dynamics due to grid voltage are ignored. The inverter in this work was analyzed for a quasi-steady 

state operation over an AC cycle under normal condition at maximum power level. Also, the input 

capacitor Cpv is assumed to be large enough such that input PV voltage is constant over an AC cycle.  

Ignoring the losses of the inverter, the average power and the instantaneous power at the input and 

output of the inverter can be defined as under: 

 

Average Power:               VPV ∗ 𝐼𝑃𝑉 = 𝑉𝑟𝑚𝑠 ∗ 𝐼𝑟𝑚𝑠 = 𝑃𝑃𝑉                       (4.1) 

Instantaneous Power:  𝑉𝑃𝑉 ∗ 𝐼𝑝𝑟𝑖 = 𝑉𝑔 ∗ 𝐼𝑔 = 2 ∗ 𝑉𝑟𝑚𝑠 ∗ 𝐼𝑟𝑚𝑠 ∗ sin2  (𝜔𝑡)       (4.2) 

 

 

Figure 4.2: Flyback-DCM Inverter. 
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In the figure 4.2,  VPV is the input DC voltage at the PV panel. 

IPV is the input DC current drawn from PV panel. 

Vrms is the rms grid voltage. 

Irms is the rms grid current. 

Vg is the instantaneous grid voltage. 

Ig is the instantaneous grid current. 

Ppv is the PV panel input DC power. 

As evident from equation 4.1, 4.2 and the plots in the figure 4.3 there is a mismatch between the 

instantaneous power at the PV source which is fixed and the grid power which is pulsating over an 

AC voltage cycle. This mismatch of the instantaneous power at the input and the grid end is handled 

by the decoupling capacitor Cpv. 

 

 

Figure 4.3: P_grid[W] is the instantaneous grid power, Ppv[W] is input PV power.  
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4.2 Maximum Power Point Tracking (MPPT) Requirement 

To evaluate the DC current and voltage characteristics of a PV panel, it can be estimated by a 

current source with series connected anti-parallel diode. This model has been found to be very 

accurate with the actual DC characteristic curve of PV panel [15].  

 

Figure 4.4: Simple electrical model of (a) a PV cell and (b) PV panel made up of m cells in series [15]. 

 

A single PV cell can be represented electrically as shown in the figure 4.4(a).PV panel current can be 

then easily estimated using the model in figure 4.4 (b) once the PV panel voltage is known.  

𝐼𝑝𝑣 = 𝐼𝑠𝑐 − 𝐶1[ exp(
𝑉𝑝𝑣

𝐶2
) − 1 ]       (4.3) 

Where, 𝐼𝑠𝑐  represents the short circuit current of PV panel (corresponds to I L in figure 4.4). 

𝐶1 and 𝐶2 are curve fitting parameters which depend on the PV panel.  

Usually, the standard test conditions operating points are given by the PV panel manufacturer. V mp 

(MPP voltage), Imp (MPP current), Voc (panel open circuit voltage), Isc (panel short circuit current) are 

provided in the manufacturer datasheet. 

𝐶2 =
𝑉𝑜𝑐  −𝑉𝑚𝑝

ln (
𝐼𝑠𝑐

𝐼𝑠𝑐  −𝐼𝑚𝑝
)
      (4.4) 
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 𝐶1 = 
𝐼𝑠𝑐

𝑒𝑥𝑝(
𝑉𝑜𝑐
𝐶2

)−1
     (4.5) 

 Table 4-1: Manufacturer Data Sheet Parameter for studied PV panel BP 365.  

Rated Power (25o C, 1000 W/m2) Pmpp  = 65 W 

Voltage at the maximum power point Vmpp = 17.6 V 

Current at the maximum power point Impp = 3.69 A 

Open Circuit Voltage Voc = 21.7 V  

Short Circuit Current  Isc = 3.99 A 

 
 
 

Table 4-1 shows the manufacturer date sheet parameters for three series connected BP-365 solar 

panels used in this study.  

The constants 𝐶1 and 𝐶2 for the solar PV panel were found to be: 

𝐶1  =  1.2067× 10−5    𝑎𝑛𝑑  𝐶2 = 5.2169 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦. 

 

 

(a)                                                                             (b) 

Figure 4.5: BP-365 PV panel characteristics based on eq. 4.3, 4.4 and 4.5. (a)PV panel output power as a 
function of panel Voltage. (b) PV panel output power as a function of panel current. 
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Figure 4.6: PV panel BP-365, current (Ipv) and voltage (Vpv) relationship. 

 
 
The power produced at the input PV panel is variable and a function of solar irradiance as well as 

temperature [21-22]. One of the essential features for a solar inverter is to extract maximum power 

from the PV module. Thus the input capacitor of the flyback-PV inverter has to be large such that 

input voltage ripple is very small and the inverter module should be operating close to the maximum 

power point of the PV panel. 

Initially assuming that input PV voltage is filtered by the decoupling capacitor CPV and the inverter is 

operating at the MPP (Maximum Power Point) condition i.e. Vmp and Imp.  Here, Vmp and Imp are the 

voltage and current value at MPP condition. So, at MPP condition Vpv and Ipv are defined as Vmp and 

Imp respectively. 

Again assuming lossless inverter operation and applying instantaneous power balance at the input 

and output end of the inverter. 

                𝐼𝑚𝑝 = (𝑉𝑟𝑚𝑠 ∗ 𝐼𝑟𝑚𝑠)/𝑉𝑚𝑝     (4.6) 

The input current to the flyback transformer will be pulsating at twice the line frequency which will 

show up as a voltage ripple on the input capacitor. 
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    𝐼𝑝𝑟𝑖  =
 2∗𝑉𝑟𝑚𝑠∗𝐼𝑟𝑚𝑠∗sin2  (𝜔𝑡)

𝑉𝑚𝑝
 =  2 ∗ 𝐼𝑚𝑝 ∗ sin2  (𝜔𝑡)    (4.7) 

The input capacitor current can be calculated as: 

               𝐼𝐶   =  𝐼𝑚𝑝 – 𝐼𝑖𝑛  =  𝐼𝑚𝑝  ∗ 𝑐𝑜𝑠 (2𝜔𝑡)   (4.8) 

 𝑉𝑝𝑣 = 𝑉𝑐 = 𝑉𝑚𝑝 +  ∫
𝐼𝑐

𝐶𝑝𝑣
𝑑𝑡 = 𝑉𝑚𝑝(1 +

1

2
𝑘𝑟𝑓sin (2𝜔𝑡))  (4.9) 

  𝑘𝑟𝑓 =
𝐼𝑚𝑝

𝑉𝑚𝑝𝐶𝑝𝑣𝜔
      (4.10) 

Where, 𝑘𝑟𝑓 is defined as the ratio of the peak- to - peak voltage ripple to MPP voltage. This is shown 

in figure 4.7.   

    

Figure 4.7: The influence of PV voltage ripple to actual PV power [15]. 

 

Small value of 𝑘𝑟𝑓  results in a lower voltage ripple on the input end of the PV inverter and higher 

power utilization from the PV panel as the system always operate in the vicinity of MPP. 
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4.3 MPPT Algorithm 

In this work, Perturb and observe MPPT algorithm was used as shown in the figure 4.8.Where I, V, 

P=VI are instantaneous current, voltage and power sensed of the PV panel. Vstep is the difference 

between sensed voltage at two consecutive instance i.e. (Vstep = V (k) - V (k-1)). 

 

 

Figure 4.8: P & O MPPT algorithm flowchart.  
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5. CONTROL STRATEGY FOR FLYBACK PV INVERTER 

5.1 Discontinuous Conduction Mode (DCM) Operation over an AC Cycle 

In the discontinuous mode of operation, the magnetizing winding of the flyback transformer is 

completely demagnetized in each switching cycle. The current in the magnetizing winding of the 

flyback transformer is shown in the figure 5.1.1. for DCM operation. 

 

 

 Figure 5.1.1: Current in the magnetizing winding of flyback transformer.  

 

Here:    Dd is the duty cycle of the primary side switch 

     Ts is the switching period of the primary side switch 

     ΔI is the current ripple in primary side winding. 

     ipri is the current in primary side winding 

     isec is the current induced in the secondary side winding 

     Ipri is the average primary winding current 

     ILm is the average magnetizing current in the transformer.  
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In DCM operation, the primary side current (𝐼𝑝𝑟𝑖) can be calculated as under: 

  𝛥𝐼 =  (
𝑉𝑝𝑣

𝐿𝑚𝑓𝑠
) ∗ 𝐷𝑑     (5.1) 

𝐼𝑝𝑟𝑖  =  (0.5) ∗ 𝐷𝑑 ∗ 𝑇𝑠 ∗ 𝛥𝐼 =
𝑉𝑝𝑣

2𝐿𝑚𝑓𝑠
∗ 𝐷𝑑

2  (5.2) 

By substituting the average power (eq. 4.1) and instantaneous power (eq. 4.2) equations in the 

primary current ripple equation (eq. 5.1). 

   𝐷𝑑  =  √(2∗𝐼𝑝𝑣∗𝐿𝑚∗𝑓𝑠

𝑉𝑝𝑣
) ∗ 𝑠𝑖𝑛 (𝜔𝑡)    (5.3) 

The above equation shows that the duty cycle (Dd) of the PV inverter main switch varies according to 

the rectified grid voltage while its amplitude is determined by the ratio of PV module voltage to the 

PV module current.  

Thus in the DCM mode of operation, the flyback inverter could be controlled in an open loop 

manner as the duty cycle of the main switch as in eq. 5.3, is varying according to the polarity of the 

grid voltage and the ratio of the PV’s input current and voltage. The PV panel current and voltage 

can be controlled so that it can be operated under MPPT operation. 

Figure 5.1.2 shows a commonly used open-loop control scheme widely reported in literature [15, 

19] where the duty cycle tracks the rectified grid voltage and its amplitude is decided through MPPT 

reference current. This scheme is however prone to the disturbances in the input voltage as there is 

no feedback mechanism. The disturbances in the input voltage will directly affect the THD of the 

output current. However, for the purpose of this analysis the input voltage disturbances are 

neglected. 
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              Figure 5.1.2: An open loop controller for flyback PV inverter[20]. 

 

The flyback inverter under DCM scheme has four modes of operation which are depicted in the 

figures 5.1.3, 5.1.4 and 5.1.5. 

 

 

Figure 5.1.3: Equivalent circuit of the flyback PV inverter. 

 

 

Figure 5.1.4: Equivalent circuit when the main switch M1 is on. 
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                   Figure 5.1.5: Equivalent circuit when the main switch M1 is off.  

 

Mode 1:  Main Switch S1 is on, while all the other switches are off as shown in figure 5.1.4. The 

stored energy in the filter capacitor Cf is discharged to AC utility grid with the polarity of Cf is 

synchronized with that of grid voltage. 

Mode 2: The Unfolding leg switch S2 is at on state while all other switches are in off state as shown 

in figure 5.1.5. The energy stored in the magnetizing winding of the transformer is released to the 

grid during the interval. 

Mode 3, Mode 4 are similar to Mode 1 and Mode 2 respectively .Just that Mode 3 and 4 are for 

negative half cycle polarity of the grid voltage.  

Figure 5.1.6 shows the switching cycles for power semiconductor switching devices M1, S1 and S2.It 

can also be seen that the inverter is operating between mode 1 and mode 2 when the grid voltage is 

positive .When the grid voltage has a negative polarity the inverter operates between mode 3 and 

mode 4 as described before. Figure 5.1.7 shows the magnified view of switching cycles for duration 

of 500 µseconds when the grid voltage is positive and the inverter is operating in mode 1 and mode 

2 
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Figure 5.1.6: Switching scheme of flyback-PV inverter over an AC Cycle during DCM operation. 

 

  

Figure 5.1.7: Switching scheme of flyback-PV inverter over a period of 500 µsec during DCM operation. 
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  Figure 5.1.8: Flyback-PV unfolding inverter with current annotations [20]. 

 

The primary side current (𝑖𝑝𝑟𝑖) as shown in figure 5.1.8 can be defined as under: 

         

 𝑉𝑝𝑣 = 𝐿𝑚

𝑑𝑖𝑝𝑟𝑖(𝑡)

𝑑𝑡
          (5.4) 

 

The peak primary current (𝐼𝑝𝑟𝑖 ,𝑝) value for a switching cycle is: 

    𝐼𝑝𝑟𝑖 ,𝑝 =
𝑉𝑝𝑣

𝐿𝑚𝑓𝑠
∗ 𝐷𝑑               (5.5) 

Where, 𝐷𝑑is the peak duty ratio for the main switch M1 and fs is the switching frequency.  

For unity power factor operation, the inverter current should track the grid voltage. So the primary 

current should be a rectified sinusoid in an unfolding PV inverter. 

                                                             𝐼𝑝𝑟𝑖 (𝑡) =  𝐼𝑝𝑟𝑖 ,𝑝∗ 𝑠𝑖𝑛(𝜔𝑡),    𝜔𝑡  ∈ [0, 𝜋] …….      (5.6) 

It can be also be inferred from equation 5.6 that the duty cycle of the main switch should also be 

sinusoidal in nature in order to inject a unity power factor sinusoidal current into the grid.  

                                                            𝑑(𝑡) =  𝑑𝑝 ∗  𝑠𝑖𝑛(𝜔𝑡)    ……….      (5.7) 

Where, 𝑑𝑝is the peak duty cycle value referring to switching instant that occurs at time ωt = π/2. 
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To ensure proper DCM operation, transformer turns ratio have to be properly selected so as to 

make sure the current in the magnetizing winding becomes zero during every switching cycle. 

So, 𝑡𝑜𝑓𝑓 interval must be smaller than the time interval between the switching period and the 𝑡𝑜𝑛 

time for the maximum power level. 

 𝑡𝑜𝑓𝑓 ≤ 𝑇𝑠 − 𝑡𝑜𝑛𝑝                                                          (5.8) 

𝑡𝑜𝑓𝑓 can be calculated using the equivalent circuit of figure 5.1.5 when the main switch is off while 

the secondary switch S2 is on. Also, since the switching frequency is much higher than the grid 

frequency. The grid voltage can be considered to be a constant during a switching cycle. 

So, the grid voltage Vg(t) can be expressed as : 

    𝑉𝑔 (𝑡) =  
𝑑[𝑛𝑖𝑝𝑟𝑖(𝑡)]

𝑑𝑡
∗ 𝐿1/𝑛2     (5.9.a) 

 𝑡𝑜𝑓𝑓 = 𝑛𝑖𝑝𝑟𝑖 ,𝑝 (𝑡) ∗
𝐿1

𝑉𝑔(𝑡)∗𝑛2             (5.9.b) 

 𝑡𝑜𝑓𝑓 = (𝐼𝑝𝑟𝑖 ,𝑝 sin(𝑤𝑡) ∗ 𝐿1)/(𝑉𝑔,𝑝 sin(𝑤𝑡) ∗ 𝑛)  (5.9.c) 

 𝑡𝑜𝑓𝑓 =
𝐼𝑝𝑟𝑖,𝑝∗ 𝐿1

𝑉𝑔,𝑝∗ 𝑛
      (5.9.d) 

As long as the 𝑡𝑜𝑓𝑓 time satisfies equation 5.8, the inverter remains in discontinuous conduction 

mode. 

Figure 5.1.9 to figure 5.1.14 show the operating characteristics of the flyback unfolding inverter in 

discontinuous conduction mode during normal grid operation. Figure 5.1.9 shows the injected grid 

current and figure shows 5.1.10 shows the power injected into the grid by the inverter. Figure 5.1.11 

shows the input PV panel current, voltage and power characteristics. Figure5.1.12 is a snapshot of 

maximum power point tracking by the inverter controller. Figure 5.1.13 and figure 5.1.14 show the 

current and the voltage across the magnetizing winding of the flyback transformer.  
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               Figure 5.1.9: Grid current [A] and grid voltage [V] during normal operation. 

 

 

Figure 5.1.10: Output power [W] supplied to the grid. 
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Figure 5.1.11: PV panel input current [A], voltage [V] and power [W]. 

 

 

  Figure 5.1.12: MPPT operation of the input PV panel. 
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Figure 5.1.13: Current[A] and voltage[V] in the magnetizing winding of transformer winding during a full ac 
cycle.  

 

Figure 5.1.14: Current[A] and Voltage[V] in the magnetizing winding of the flyback transformer  
during few switching cycle period. 
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5.2 LVRT Operation 

Whenever a grid fault is detected by the PLL of the PV system, the inverter should enter into the 

LVRT operation mode. It is required by the grid codes as shown in figure 1.1, that the inverter should 

withstand the voltage drop for a short period of time. Also, according to figure 1.2 the inverter 

should inject a reactive power (current) in order to support voltage recovery. 

The specification for controlled reactive power has been adopted from German E.ON grid codes [25] 

specified for medium and high voltage wind turbine power system. According to these codes the 

average reference reactive power is a function of grid voltage level in the LVRT mode. 

By considering the over- current protection of the PV inverters and the reactive current injection 

requirement under grid faults. Yongheng et al. presented following possibilities for reactive power 

injection by single phase inverters [26]: 

a) Constant Peak Current Strategy. 

b) Constant Active Current Strategy. 

c) Constant Average Active Power Strategy. 

Of the three possible reactive power injection strategies , the constant Peak Current strategy is 

preferred to be implemented for this work as there is no risk of inverter shutdown due to over 

current protection [26] .Thus the PV- system could support the grid towards recovery over wider 

fault ranges. 

 

Constant Peak Current Strategy: In this strategy the injected grid current (Iq) can be calculated as 

under: 

             {
𝐼𝑔𝑚𝑎𝑥 =      𝐼𝑁

  𝐼𝑞 =    𝑘(1 − 𝑣𝑔 )𝐼𝑁
     (5.10) 

                              𝐼𝑔𝑚𝑎𝑥 is peak grid current. 
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               𝐼𝑁 is the rated current of the PV system. 

               𝐼𝑞 is the injected reactive current level. 

               𝑉𝑔 is the p.u. grid voltage, such that 0.5 ≤ 𝑉𝑔 ≤  0.9. 

                𝑘 >= 2 p.u. 

According to figure 1.2, the inverter should produce full reactive power i.e.𝐼𝑞 = 𝐼𝑛  , when the grid 

voltage drops below 0.5 of it p.u. value.  

The phasor diagram for the inverter operating under Constant Peak Current Strategy is shown in 

figure 5.2.1. It can also be inferred from the figure 5.2.1 the output active power drops during LVRT 

mode. 

 

Figure 5.2.1:  Phasor diagram for PV inverter operation during  
(a) unity power factor operation (b) during LVRT mode [26]. 
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(a) Stationary Reference Frame                               (b) Reference Grid Current 

Figure 5.2.2: The graphs represent the reference grid current required during LVRT operation  
when grid voltage drops to 0.7 of its p.u. value. The current are represented here  

on the actual scale with nominal current of the inverter being 1.24 Amps. 

 

  

(a) Stationary Reference Frame                          (b) Reference Grid Current 

Figure 5.2.3: The graphs represent the reference grid currents during LVRT operation  
when voltage drops to 0.4 of its p.u. value. 

 

Figure 5.2.2 (b) and 5.2.3 (b) represents the required reference current when the grid voltage drops 

to 0.7 and 0.4 of their respective p.u. values. 

It can also be inferred from the figures 5.2.2 and 5.2.3 that the grid current (Ig) would be now 

lagging the grid voltage (Vg). 
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So, if the grid voltage is represented as  𝑉𝑔  =  𝑉𝑝 ∗  𝑐𝑜𝑠 (𝜔𝑡). 

Then the reference grid current could be represented as 𝐼𝑔
∗  =  𝐼𝑝 ∗ 𝑐𝑜𝑠 (𝜔𝑡 − 𝛷), where 

𝛷 =  𝜋/2 when the grid voltage drops below 0.49 of its p.u. value. The value of 𝛷 varies between 

(0, π/2) when the grid voltage varies between 0.9 to 0.5 value.  

Here, Vp and Ip represent the peak value of grid voltage and grid current respectively.  

For the flyback-PV unfolding inverter to support LVRT operation in DCM mode the off time 𝑡𝑜𝑓𝑓 

should be smaller than Ts- ton for the main switch S1 as shown in eq. 5.9. 
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5.2.1 Analysis for Enabling Low Voltage Ride Through during DCM Operation Mode  

During Low Voltage Ride through (LVRT) operation mode in the flyback PV inverter the injected grid 

current should lag the grid voltage to supply the reactive power to the grid. In this mode of 

operation the grid current would be similar to that shown in the figures 5.2.2 (b) and 5.2.3 (b).  

The injected grid current can be expresses as  𝐼𝑔  =  𝐼𝑝 ∗ 𝑐𝑜𝑠 (𝜔𝑡 − 𝛷), when the grid voltage is 

expressed as  𝑉𝑔  =  𝑉𝑝 ∗ 𝑐𝑜𝑠(𝜔𝑡). 

From Eq. 5.9 (c), the turn off time of the main switch M1 of the flyback converter shown in figure 

4.1. 

                                𝑡𝑜𝑓𝑓 = (𝐼𝑝 cos(𝜔𝑡 − 𝛷) ∗ 𝐿1)/(𝑉𝑝,cos(𝜔𝑡) ∗ 𝑛)          

                               𝑡𝑜𝑓𝑓 = (𝐼𝑝 ∗ (cos(𝜔𝑡)cos(𝛷) + sin (𝛷)sin (𝜔𝑡)))∗ 𝐿1/(𝑉𝑝,cos(𝜔𝑡) ∗ 𝑛) 

                               𝑡𝑜𝑓𝑓 = (
𝐼𝑝∗𝐿1

𝑉𝑝∗𝑛
) ∗ (cos(𝜔𝑡) cos(𝛷) + sin (𝛷)sin (𝜔𝑡))/cos(𝜔𝑡) 

              𝑡𝑜𝑓𝑓 = (
𝐼𝑝∗𝐿1

𝑉𝑝∗𝑛
) ∗  (cos (Φ) + sin (Φ)tan (ωt))    (5.11) 

As evident from eq. (5.11) that 𝑡𝑜𝑓𝑓 would be a very large value close to infinity when wt = π/2.A 

very large turn off period which is greater than the switching period of a mosfet/igbt is impossible 

both theoretically and practically As a result this would lead to flux build up inside the magnetizing 

winding of flyback transformer as the winding is not completely demagnetized in each switching 

cycle. This eventually leads to flux saturation and ultimately inverter failure as shown in figure 5.2.4 

when LVRT operation was turned on due to low voltage sag on the grid between the time 1.0 second 

and 1.5 second.  



 

34 
 

 

 

Figure 5.2.4 Flyback transformer saturation during grid fault 
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5.3 Continuous Conduction Mode (CCM) Operation 

Flyback unfolding PV inverter is unable to supply the reactive power during the LVRT operation in 

DCM. So, the flyback inverter was investigated in the continuous conduction mode operation to see 

if the transformer saturation could be avoided in this mode. The current in the magnetizing winding 

of the flyback transformer is shown in the figure 5.3.1. for CCM operation 

 

Figure 5.3.1: Current waveforms of magnetizing inductance of flyback transformer. 

 

Here:    Dc is the duty cycle of the primary side switch 

     fs is the switching frequency of the primary side switch 

     Ts is the switching period of the primary side switch. 

     ΔI is the current ripple in primary side winding.  

     ipri is the current in primary side winding 

     isec is the current induced in the secondary side winding 
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     Ipri is the average primary winding current 

     ILm is the average magnetizing current in the transformer. 

                                                            ∆𝐼 =
𝑉𝑝𝑣

𝐿𝑚𝑓𝑠
∗ 𝐷𝑐      (5.12) 

Assuming a quasi-steady state operation and using inductor volt-seconds balance over a switching 

cycle. 

The Duty ratio Dc can be calculated as under. 

                          𝐷𝑐 =
|𝑉𝑔|

𝑛𝑉𝑝𝑣 +|𝑉𝑔|
     (5.13) 

                             Where: 𝐷𝑐  is the duty cycle of the main switch M1 during CCM mode. 

                             𝑉𝑔  is the instantaneous grid voltage. 

                             𝑛 is the turns ratio of the transformer. 

It can be inferred from equation (5.13) that the duty cycle in CCM mode is not directly dependent on 

the current but it is influenced by the design of the transformer i.e. turns ratio and the input and 

output voltage of the flyback inverter. 

To ensure that the flyback PV inverter is operating in CCM mode, the magnetizing inductance (Lm) of 

the flyback transformer should be greater than critical inductance (Lmc) [20].  

                                            𝐿𝑚𝑐 =
𝑉𝑝𝑣

4𝐼𝑝𝑣 𝑓𝑠[
𝑛𝑉𝑝𝑣

√2 𝑉𝑟𝑚𝑠
+1]

2                   (5.14) 
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5.3.1 Output Current Control during CCM operation 

The two basic control requirements for the flyback PV inverter operation are: 

a) Drawing the maximum power from the PV panel 

b) Output Current should be in sync with grid voltage for unity power factor 

operation. 

 

Figure 5.3.2: Indirect Control of Output Current in Flyback CCM scheme [20]. 

 

The Continuous Conduction Mode (CCM) in flyback PV inverter has few challenges in its control 

design when compared with DCM based flyback inverter. The flyback inverter slips into DCM mode 

of operation around zero crossing of AC voltage or when the system is operating at a lower power 

rating. Moreover, large variation in input solar power can lead to operation of inverter entirely in 

the DCM mode.  

Another challenge associated with the flyback inverter in CCM mode is the presence of a Right-Half 

Plane zero in output current to duty cycle transfer function (GodCCM). The right half plane zero in the 

transfer function is also variable according to the instantaneous power of the inverter which makes 

the design of controller challenging. 

However, this problem can be avoided by sensing and controlling the primary current of the inverter 

rather than the output current [20]. The primary reference current is generated through the MPPT 

controller and the shape is determined by sensing the instantaneous grid voltage and assuming 
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input-output power balance in each switching cycle. As a result, the output current can be 

controlled in an open loop manner as shown in figure 5.3.2.  

Controller Design: 

The PV inverter is a time varying non-linear system, but it can be simplified as a time-invariant linear 

system by treating it to be in quasi steady state during each switching instant. Due to variations in 

output power and instantaneous grid voltage, a set of transfer functions would be obtained to cover 

all possible operating conditions. The controller has to be designed such that it is stable in all the 

possible operating conditions and current tracking performance is good.  
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5.3.2 Small Signal Modelling of Flyback Inverter 

The equivalent circuit of the flyback inverter for small signal modelling is as shown in figure 5.3.3. 

     

 Figure 5.3.3: Equivalent Circuit of flyback Converter in ‘quasi steady state’ [15]. 

 

The inverter is assumed to be operating under ideal condition and the effect of grid filter has been 

ignored for the initial analysis as due to a small output current, the voltage drop on filter inductor 

has been ignored. Thus the output of the converter is a voltage sink load with a fixed value of |Vg|.  

As earlier mentioned, the flyback PV inverter designed for CCM operation keeps on slipping 

between DCM and CCM operation mode depending on the instantaneous voltage.  

The primary current to duty cycle transfer function (Gid_DCM) during DCM operation is as under: 

    𝐺𝑖𝑑𝐷𝐶𝑀 =
|𝑉𝑔|

𝑉𝑟𝑚𝑠
√(2𝑃𝑝𝑣 /𝐿𝑚𝑓𝑠  )     (5.15) 

The transfer function in DCM (𝐺𝑖𝑑𝐷𝐶𝑀) is a simple gain function which tends to zero as the 

instantaneous grid voltage (𝑉𝑔) tends to zero. 𝑉𝑟𝑚𝑠  is the root mean square value of the grid voltage. 

The primary current to duty cycle transfer function (G id_CCM) during CCM operation is as under: 

    𝐺𝑖𝑑𝐶𝐶𝑀 =
|𝑉𝑔|

𝑉𝑟𝑚𝑠
 (1 −

𝑠

𝑠𝑧
)      (5.16) 

    𝑠𝑧 = 𝑉𝑟𝑚𝑠
2 ∗

𝑉𝑝𝑣

𝑃𝑝𝑣 .𝑛𝐿𝑚 .(|𝑉𝑔|+𝑛𝑉𝑝𝑣)
             (5.17) 
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Figure 5.3.4: Bode response of plant transfer function at rated power during CCM. 

 

A controller was designed according to [20] which is essentially a PI controller with a single pole 

filter for filtering out switching harmonics. The controller is designed for stability in CCM 

simultaneously ensures performance in DCM. The open loop bode plot for the designed controller is 

shown in figure 5.3.5. 

    𝐺𝑐 = 7000∗
𝑠 +104

𝑠∗(𝑠+2×104)
    (5.18) 
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Figure 5.3.5: Open loop bode response for the controller designed in eq. (5.18). 

 

Figure 5.3.6 to figure 5.3.11 shows the operating characteristics of the flyback unfolding inverter in 

continuous conduction operation mode. Figure 5.3.6 shows the input PV panel current, voltage and 

power characteristics. Figure 5.3.7 and figure 5.3.8 show the current and the voltage across the 

magnetizing winding of the flyback transformer. Figure 5.3.9 shows the injected current and voltage 

of the grid. Figure 5.3.10 show the harmonic spectrum of the injected grid current. 
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Figure 5.3.6: PV panel input voltage[V], current[A] and power[W] during CCM. 

 

Figure 5.3.7: Current[A] in magnetizing and primary winding  
of flyback transformer during CCM over an AC cycle. 
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Figure 5.3.8: Current [A] in magnetizing and primary winding of flyback transformer during CCM over few 
switching cycles. 

 

Figure 5.3.9: Grid current [A] and grid voltage [V] during normal operation in CCM. 

 

 Vg 
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Figure  5.3.10: Grid current harmonics during normal operation in CCM. 

 

Table. 5.3-1: Harmonic Content in the grid current. The harmonics are represented with respect to fundamental 

of grid current 

Frequency/Har

monic 

0/DC 60/Fun

d. 

120/2 180/3 240/4 300/5 360/6 420/7 480/8 540

/9 
Magnitude 

relative to 
fundamental 

1.04e-05 1 6.27e-06 0.1339 8.2e-

06 

0.0421 6.87e-06 0.0182 5.03e-

06 

0.00

9 

 

 

Figure 5.3.11: Current [A] in the magnetizing winding and voltage [V] across primary winding of the flyback 
transformer during CCM. 
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In, the CCM operation mode the grid current was found to have a very high THD (total harmonic 

distortion) as shown in Table 5.3-1 about 14.22% thereby not meeting the requirements of 

IEC61727[23] in this regard. The inverter when designed for CCM operation does also operate in 

DCM when the instantaneous voltage is low. The CCM-DCM operation of the inverter is also evident 

in figure 5.3.7 where the inverter is effectively operating in DCM around the zero crossing of the grid 

voltage. 

To look further into this issue, the small signal model of the flyback inverter incorporating the 

output LC filter in CCM was derived  based on [24] and as shown in figure 5.3.12.  

 

 

Figure  5.3.12: Equivalent circuit of flyback inverter in CCM operation [15, 24]. 

 

The small-signal model in figure 5.3.1.2 was used to calculate the duty cycle to current transfer 

function (𝐺𝑖𝑑𝐶𝐶𝑀) with the assumptions disturbances from the input voltage (Vpv) and grid voltage 

(Vg)  𝑣𝑝𝑣
~  and 𝑣𝑔

~
 are zero. 

𝑖𝐿𝑚~

𝑑~ =
((𝑉𝑝𝑣 +

𝑉𝑔

𝑛
)+

(1−𝐷)𝐼𝐿𝑚𝑍𝑓

𝑛2 )

(𝑠𝐿𝑚+(1−𝐷)2𝑍𝑓/𝑛2)
    (5.19) 

Where       𝐼𝐿𝑚  =  𝐼𝑝𝑟𝑖  +  𝑛𝐼𝑔    (5.20) 

                                     = 𝑃𝑎𝑐/𝑉𝑝𝑣  +  𝑛 ∗ (𝑃𝑎𝑐/𝑉𝑔 ) 
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 𝑍𝑓 = (𝑠𝐿𝑓)/(𝑠2𝐶𝑓𝐿𝑓 + 1)     (5.21) 

The primary current to duty cycle transfer function (𝐺𝑖𝑑 ) can be calculated as under: 

                          𝐺𝑖𝑑𝑐𝑐𝑚
=

(𝑖𝑝𝑟𝑖 
~ )

𝑑~
= 𝐷 ∗

(𝑖𝑙𝑚
~ )

𝑑~
+ 𝐼𝐿𝑚                  (5.22) 

Substituting, eq. (5.19) and eq. (5.20) into eq. (5.22), the following expression is obtained. 

                                               𝐺𝑖𝑑𝑐𝑐𝑚 =
𝑠3 𝐿𝑓𝐶𝑓𝐼𝐿𝑚+

𝑠2𝐿𝑓 𝐶𝑓 𝑉𝑔

𝑛
+𝑠𝐼𝐿𝑚(

𝐿𝑓
(1−𝐷)

𝑛2 +𝐿𝑚)+
𝑉𝑔

𝑛

 𝑠3𝐿𝑓𝐶𝑓𝐿𝑚+𝑠(𝐿𝑓∗
(1− 𝐷)2

𝑛2  +𝐿𝑚)
  (5.23) 

The flyback PV inverter was also investigated for pushing reactive power into the grid during LVRT 

operation. Unidirectional current switches at the unfolding end of the converter were found to be a 

constraint with the present switching scheme. Since the switches S1 and S2 in the figure 4.1 are 

voltage bidirectional switches which only conduct a positive current [24]. One of the solutions 

identified for the above problem was to have H- bridge type topology at the output end which has 

bi-directional current switches at the output as shown in the figure 5.3.13. 

 

 

Figure 5.3.13: Flyback Unfolding H-bridge inverter [15]. 
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5.4 Boundary Conduction Mode (BCM) Operation over an AC cycle 

 
Another known operation mode for unfolding flyback PV inverter is known as boundary conduction 

mode (BCM) [19]. In this operation mode, the main switch M1 of the flyback inverter is switched at 

variable switching frequency. During normal operation, a new switching cycle starts as soon as the 

transformer magnetizing current becomes zero. Figure 5.4-1 shows an illustrative description of the 

current in magnetizing winding of the transformer during Boundary Conduction Mode (BCM) 

operation. 

 

 

Figure  5.4.1  Transformer magnetizing current in BCM operation [19]. 

 

There is no zero conduction mode in the BCM operation. So, each switching interval (T s) can be 

defined as in eq. (5.24). 

                          𝑇𝑠(𝑡) = 𝑡𝑜𝑛(𝑡) + 𝑡𝑜𝑓𝑓(𝑡)     (5.24) 

 

As evident from analysis during the DCM operation mode, the peak transformer current should be a 

sinusoidal following the grid voltage for unity power factor operation during normal operation 

mode. 
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                           𝑡𝑜𝑛(𝑡) = 𝑡𝑜𝑛,𝑝. sin (𝜔𝑡)     (5.25) 

        𝑡𝑜𝑛,𝑝  is the peak on-time of the main switch M1 when  ωt = π/2. 

From eq (5.9. (a) - (d)),          𝑡𝑜𝑓𝑓 = (𝐼𝑑𝑐 ,𝑝∗ 𝐿𝑚) /(𝑉𝑔 𝑝
∗ 𝑛)     (5.26) 

                            𝐼𝑑𝑐 ,𝑝 = (𝑉𝑑𝑐 ∗ 𝑡𝑜𝑛,𝑝 )/𝐿𝑚      (5.27) 

Substituting eq. (5.27) into eq. (5.26). 

                            𝑡𝑜𝑓𝑓 =
 𝜆∗𝑡𝑜𝑛,𝑝

𝑛
  ,      𝜆 = 𝑉𝑑𝑐/𝑉𝑎𝑐    (5.28) 

Thus the switching period over a half line cycle can be defined as under: 

                𝑇𝑠 (𝑡) =  𝑡𝑜𝑛(𝑡) +  𝑡𝑜𝑓𝑓 = (
𝜆

𝑛
+ sin(𝑤𝑡)) ∗ 𝑡𝑜𝑛 ,𝑝

   (5.29) 

According to eq. (5.29) the maximum and minimum switching frequency varies as: 

    𝑓𝑠, 𝑚𝑎𝑥 =
1

𝑇𝑠,𝑚𝑖𝑛
 =

1

𝑇𝑠
|
𝜔𝑡 =0

= (𝑛)/(𝜆 ∗ 𝑡𝑜𝑛,𝑝)  (5.30) 

    𝑓𝑠, 𝑚𝑖𝑛 =
1

𝑇𝑠,𝑚𝑎𝑥
 =

1

𝑇𝑠
|

𝜔𝑡=𝜋/2

= (1)/(
𝜆

𝑛
+ 1) ∗ 𝑡𝑜𝑛,𝑝  (5.31) 

Figure 5.4.2 shows the control block diagram for the flyback unfolding inverter during discontinuous 

conduction mode operation. The controller ensures that as the current in the secondary winding of 

flyback transformer goes to zero, the main switch of the flyback converter is turned on. Therefore 

there is no zero current time period in this mode unlike discontinuous conduction mode.  

Figure 5.4.3 to figure 5.5.5 shows the operating characteristics of the flyback unfolding inverter in 

boundary conduction operation mode. Figure 5.4.4 shows the input PV panel current, voltage and 

power characteristics. Figure 5.4.3 shows the current and the voltage across the magnetizing 

winding of the flyback transformer. Figure 5.4.5 shows the injected current and voltage of the grid. 
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Figure 5.4.2: Block diagram for control circuit during BCM operation mode.Ipri_1, I_sec1, I_sec2 are the current 
sensed in the primary and the two secondary windings of the transformer respectively. 

 

 

 

Figure 5.4.3: Plot shows the primary winding current [A] and the magnetizing winding current [A] of flyback-PV 
inverter. 
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Figure 5.4.4: Plot shows the input voltage[V], current[A] and power[W] of the PV inverter. 

 

Figure 5.4.5: Plot shows the grid current[A] and voltage[V] during BCM operation mode. 
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5.5 Alternative Approach to enable Low Voltage Ride through (LVRT) during BCM operation 

The Boundary Conduction Mode (BCM) operation looks a suitable candidate for enabling reactive 

power injection during LVRT mode in the flyback PV inverter. The major limitation of the flyback 

transformer saturation could be overcome by addition of an extra reset winding like in a forward 

converter [28] as shown in figure 5.5.1. The reset winding balances the volt-seconds across the 

magnetizing winding during LVRT operation.   

 

 

Figure 5.5.1: Modified flyback inverter with reset windings. 

 

The turn’s ratio of the additional reset winding is kept low (one –fourth of the main primary 

winding) such that it does not affect the normal operation mode of the flyback inverter and comes 

into picture only during the LVRT mode. The polarity of reset winding is opposite to that of the main 

primary winding. As during the normal operation diode Dm attached with the primary winding is 

always reverse biased.  
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Figure 5.5.2: LVRT operation mode. 

 

As shown in the figure 5.5.2, the LVRT operation can be analyzed as a four mode operation with 

respect to the grid current and the grid voltage as shown in table 5.5-1. 

 

Table 5.5-1: Operating Modes of Modified flyback PV unfolding inverter 
 

Mode Grid Voltage Grid  Current Main Switch 

1 + + Sm 
2 - + S2 

3 - - Sm 
4 + - S3 

 

 

Mode 1-4 can easily be calculated real-time using SOGI-based PLL by sensing the grid voltage and 

evaluating the reference current. The mode of operation can be determined by the polarity of the 

grid voltage and the grid current during LVRT operation. As per table 5.5-1, if the grid voltage is 

negative and the intended grid current is positive during low voltage fault, then the PV- inverter 

should operate in Mode 2.According to the mode calculated, the particular semiconductor device 

(Sm, S2 or S3) can be switched using BCM control loop where the on-time is dependent on the 
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generated current reference. The magnetizing current in the transformer is sensed and until the 

magnetizing current does not reaches to zero a new switching cycle is not started.  

The operation of the flyback-PV inverter could also be further understood through figures 5.5.3 and 

5.5.4 which show the equivalent circuit for the operation of flyback-PV inverter during Mode 2 of 

the switching scheme. For example, when the grid voltage is negative and the intended grid current 

is positive, Mode 2 is sensed by the controller and the switch S2 in figure 5.5.3 is turned on until the 

inverter output current matches the reference current as per the LVRT conditions described in figure 

5.5.2. When the switch S3 is turned off, diode Dm in the reset winding on the flyback transformer 

becomes forward biased (shown in figure 5.5.4) and resets the flux initially set–up by switch S2 in 

the magnetizing winding of the transformer. 

 

 

Figure 5.5.3: Equivalent inverter circuit in Mode 2 when S2 is on while other devices are off. 
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Figure 5.5.4: Equivalent inverter circuit in Mode 2 when S2 is off while diode D2 is forward biased. 

 

However, during the simulation of the modified topology as shown in figure 5.5.1 certain limitations 

were encountered during the zero crossing of the grid voltage. As the flux in the flyback transformer 

is set-up either by the AC voltage of the filter capacitor or DC voltage of the input capacitor 

depending on the mode of operation. The flux is also reset by two voltage sources depending upon 

the operation mode. However, when the grid voltage is near zero, to set or reset the flux due to 

reference current a significantly large time duration is required which in turn sets the least switching 

frequency of the converter very low and comparable to the grid frequency.  

Hence to avoid the switching harmonics in the output grid current, the capacitor in the grid side 

filter has to be increased to filter out the switching harmonics. However, increasing the grid 

capacitor value adversely impacts the power factor of the inverter during normal operation mode. 

This is also highlighted in figure 5.5.5 and through equations 5.32 and 5.33. 
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Figure 5.5.5: Equivalent circuit of flyback inverter and phasor diagram of injected current with respect to 
increase in capacitance [27]. 

 

The flyback inverter can be modeled as a current source (iac) as shown in the figure 5.5.5 which feed 

the grid current (iin) and ic is filter capacitor current. 

 𝑖𝑖𝑛 =
𝑖𝑎𝑐−𝑠𝐶𝑣𝑎𝑐

𝑠2𝐿𝐶+𝑠𝑅𝐶+1
      (5.32.) 

 

 𝑖𝐶 =
(𝑠2𝐿𝐶+𝑠𝑅𝐶)𝑖𝑎𝑐+𝑠𝐶𝑣𝑎𝑐

𝑠2 𝐿𝐶+𝑠𝑅𝐶+1
         (5.33 ) 

As evident from the phasor diagram, to filter low frequency switching harmonics from the grid, the 

filter capacitance has to appreciably increase from the operation during normal operation mode. 

This larger capacitance draws appreciably large current during the normal operation mode which 

makes the injected grid current out of phase with grid voltage. 

Thus, the BCM mode of operation also becomes unsuitable for pushing reactive current into the grid 

as it requires a high filter capacitance value which in turn disturbs the normal operation mode of the 

flyback PV inverter. Figure 5.5.6 shows high harmonic content in the injected grid current during 

LVRT operation of the PV inverter 
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Figure 5.5.6 Grid current[A] when the grid voltage[V] falls to 0.3 of p.u. value. 

  



 

57 
 

6. FLYBACK BASED H-BRIDGE PV INVERTER 

The unfolding type flyback PV inverter has been analyzed in all possible mode of operation (i.e. 

DCM, BCM and CCM) in an attempt to enable Low Voltage Ride through (LVRT) feature in this 

particular inverter topology. The flyback transformer that makes this inverter very attractive in the 

normal operation mode due to high energy density and reduced size creates hindrance in enabling 

LVRT operation due to magnetic flux saturation. The flux saturation in the flyback transformer is 

observed near zero crossing of the grid voltage. 

Essentially, the flyback based unfolding PV inverter is a current source inverter which makes the 

implementation of LVRT mode difficult. One of the possible solution could be introducing the H-

bridge topology as unfolding inverter at the grid end (shown in figure 6.1) while the input flyback 

converter could act as DC-DC converter to boost the input voltage. The H-bridge version of the 

flyback inverter seems as a viable alternative for low power PV inverter topologies to enable LVRT 

operation in the future. In this inverter system, the flyback transformer has an input DC source (CPV) 

as well as output DC source (Co) thus avoiding transformer reset problem due to zero crossing of ac 

voltage source (grid) in the earlier topology.  

 

 

Figure 6.1: H-bridge based flyback PV inverter [27] 
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A simulation model of flyback based h-bridge single phase PV inverter was developed using PLECS 

standalone. This model was analyzed both for normal operation mode as well as during a low 

voltage fault. In this configuration, the converter can be analyzed as a two stage cascaded converter 

where the first stage is a dc-dc stage and the second is dc-ac inverter stage. 

In the first DC-DC stage, the flyback converter boosts the input dc voltage of the PV-panel from 52.8 

V to 400 V and ensures that the PV-panel is operating at its maximum power point during normal 

operation mode while at reduced active power in case of a grid fault.  In the simulation model, dc-dc 

converter was controlled in an open loop manner as the dynamics due to change in the shading  of 

the PV array were ignored. The converter was mainly analyzed for its operation during the low 

voltage fault ride through mode. 

The second stage of this converter configuration is a DC-AC H- bridge inverter connected to the grid 

using an LCL filter. The H -bridge inverter controls here are similar to a normal H-bridge converter 

where a dual control loop strategy is used. The outer voltage loop regulates the dc bus voltage of 

the H-bridge inverter system and generates the reference current to be injected into the grid. The 

voltage controller is a PI (Proportional Integral) based controller followed by a pole to filter out high 

frequency disturbance at the DC bus voltage. The inner current loop consists of a PR (Proportional 

Resonant) controller which generates the modulation index for the h-bridge inverter switches such 

that the desired reference current is fed into the grid. The PR controllers are tuned to a resonant 

frequency of 60 Hz, so that no tracking error is present as the current controller is tuned in the 

stationary reference frame. 
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Figure 6.2: H-bridge based flyback PV inverter 

 

 

Figure 6.3: Dual control loop for H-bridge inverter stage 

 

Figure 6.4: Open loop Control for DC-DC Converter 
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SOGI based PLL system is used for phase angle calculation as well as for voltage sag detection at the 

grid tied end as shown in figure 6.3 .Figure 6.3 also shows the dual control loop for the H-bridge 

inverter. The reactive current reference in the simulation model was generated as per the German 

grid code [3] and the peak current control strategy [26]. 

Fault was introduced in the simulation model for a time period of 1.0 second where the peak 

voltage drops to 0.7 of its p.u. value. The fault in the grid can be easily detected using SOGI-PLL.as it 

calculates the instantaneous voltage value in synchronous reference frame. Figure 6.4 shows the 

open loop control of the flyback dc-dc converter, where the duty cycle required for both MPP and 

fault mode operation is selected based on fault detection by PLL. Table 6.1 shows both the system 

and the control parameter for the flyback based H-bridge inverter. 
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Table 6-1: System Parameter for flyback-based H-bridge inverter 

Parameters Symbol Value Unit 

Maximum Power MPP 195 W 

Grid Voltage(RMS) 𝑉𝑔  225 V 

Grid Frequency 𝑓𝑔 60 Hz 

Flyback Transformer 

Magnetizing Inductance 

Turns Ratio 

 

Lm 

n 

 

40 

4 

 

mH 

- 

Input Capacitance C_pv 220 µF 

DC Bus Capacitance C_dc 2 mF 

DC Bus Voltage V_dc 400 V 

Grid Impedance Lg 

Rg 

4 

0.04 

mH 

Ω 

LC filter 

 

Damping Resistance 

Li 

Cf 

Rf 

2 

5.4 

5 

mH 

µF 

Ω 

Switching Frequency fsw 20 kHz 

Fault mode grid voltage V_f 0.7 p.u. 

Flyback Converter duty cycle 

MPP 

Fault 

d  

0.6544 

0.7852 

 

- 

- 

Voltage Controller 

[𝑘1𝑠 + 𝑘0]/[𝑘3𝑠2 + 𝑘2𝑠] 

𝑘0 

𝑘1 

𝑘2 

𝑘3 

10.0 

0.25 

1.1875 

0.0125 

- 
- 
 
- 
 
- 

Current Controller 

PR Controller 

𝑘𝑝 

𝑘𝑖 

20 

2400 

 
- 
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Figure 6.5 to 6.13 show the major operating parameters for the PV-inverter system under both 

normal condition and also during low voltage fault when the voltage drops to 0.7 of its nominal 

value. It can be seen in figure 6.5 that a low voltage fault occurs in the grid at t = 5 sec, at this point 

the fault is detected by the PLL of the inverter system and starts injecting reactive current into the 

grid for voltage support. 

 

 

Figure 6.5: Plot shows grid side voltage[V],current[A] and injected grid power[W]. 

 
 

Figure 6.6 shows the voltage and current characteristics of the input PV panel. It can be observed 

that a large voltage ripple is introduced on the PV panel, when the inverter supplies reactive current 

into the grid during the fault. This phenomenon on the PV panel can be due to non-linearity in the 

PV panel, output voltage and output current. When the PV panel is not operating near the maximum 

power point, a small change in the current of the panel could produce a large variation in the 

voltage of the panel. It is an interesting phenomenon which can be further investigated with respect 

to reactive power injection. 
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Figure 6.6: Plot shows the input PV panel, voltage [V], current [A] and output power [W]. 

 

The DC- bus voltage is controlled by the outer voltage loop controller of the H-bridge inverter which 

in turns sets the reference current injected into the grid for active power transfer. Figure 6.7 

illustrates the dc- bus voltage during the normal operation of PV- inverter system under normal 

operation and during Low-Voltage Ride Through operation. 

 

 

Figure 6.7: Plot shows the DC bus voltage [V] 
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Figure 6.8: Plot shows the input voltage [V] and current [A] in primary winding of flyback transformer and the 
output DC bus voltage [V]. 

 

 

Figure 6.9: Plot shows the current [A] in the primary winding and the current [A] in magnetizing winding of 
flyback transformer. 

 

Figure 6.8 and 6.9 shows the flyback transformer voltage and current characteristics during normal 

operation as well as when there is a low voltage fault in the grid. The flyback converter works as a 

DC-DC converter operating in continuous conduction mode as evident from the current in the 

magnetizing winding of the transformer in figure 6.9(Plot I_mag). 
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Figure 6.10: Plot shows the grid voltage [V], grid current [A] and grid power [P] during fault. 

 

 

Figure 6.11: First plot shows per unit (p.u.) grid voltage (in green, overlapped with grid current) and grid 
current (in red) during normal operation. Second plot shows active power (in green) and reactive power (in red) 

injected into the grid during normal operation. 
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Figure 6.12: First plot shows per unit (p.u.) grid voltage (in green, overlapped with grid current)  
and grid current (in red) during low voltage grid fault. Second plot shows active power (in green)  

and reactive power (in red) injected into the grid during low voltage grid fault. 

 

Figure 6.10 shows the injected grid current is lagging with respect to the voltage of the grid during 

the low voltage sag on the grid in the first plot. The power injected into the grid is combination of 

both active and reactive power in order to support the voltage recovery of the grid. It can also be 

seen from the figure 6.12, where the grid voltage (in green) and the grid current (in red) are shown 

as per unit (p.u.) quantities in the first plot. Also in second plot of figure 6.12, the injected power 

into the grid is a combination of both active power (shown in green) and reactive power (shown in 

red).Similarly, the first plot of figure 6.11 shows the injected grid current and voltage during normal 

operation .Due to unity power operation the per unit injected grid current (shown in red) is 

superimposed on the per unit grid voltage. Also, from the second plot of figure 6.12, it can be seen 

that only active power (shown in green) is injected into the grid as the inverter is operating in the 

unity power factor mode. The active and reactive power is shown in the synchronously rotating 

reference frame in the second plot of figure 6.11 and figure 6.12.  
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7. CONCLUSION 

This chapter is a summary of the previous chapters and the work presented in this thesis. The 

chapter also discuss about the possible research area related to flyback based PV inverters. 

In chapter 1, an introduction to the present state of penetration of Solar-PV sources in the utility 

grid is presented. Projections related to further increase in the concentration of PV sources on the 

grid have also been reported in this chapter. As such for stable grid operation in future, the PV 

systems would be required to have the responsibilities of conventional power system. Currently, the 

PV system during a voltage sag or frequency disturbance perform anti-islanding function but in the 

future they would be required to perform full range of service of a conventional power plant like 

voltage support through reactive power injection into the grid. 

Chapter 2 discusses about the importance of grid synchronization for grid tied inverters to ensure a 

unity power factor operation. Phase locked loop (PLL) topologies have been reported in literature as 

an attractive solution for grid synchronization. Second order Generalized Integrator (SOGI) based 

PLL structure was discussed in this chapter for grid synchronization. The SOGI based PLL systems are 

an attractive solution for generating an orthogonal system accurately in the single phase system. 

In chapter 3, advantages of single phase inverters for PV panels are discussed for grid tied 

applications. Different types of single phase PV topologies reported in academic and industrial 

literature have been discussed and compared in terms of their relative merits and demerits.  

Chapter 4 discusses about flyback unfolding PV inverter and explains its operation. An analysis 

regarding the design criterion of the flyback unfolding inverter in terms of maximum power tracking 

is also done in this chapter. 

In this chapter Low Voltage ride through requirements for grid tied solar PV microinverter are 

reviewed Different reactive power injection strategies are reported, and peak current control 

strategy is discussed in particular. Also, control strategies of flyback PV micro inverters in different 
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operation mode namely Discontinuous Conduction Mode (DCM), Continuous Conduction Mode 

(CCM) and Boundary Conduction Mode (BCM) are reviewed with respect to simulation model of 

flyback PV unfolding inverter. Limitations to implement LVRT mainly due to unidirectional current 

switches and transformer saturation were introduced in this chapter and are supported through 

simulation results. An alternative approach to implement during BCM operation by introducing a 

forward converter type reset winding is also explored but it requires different capacitor sizing during 

normal and LVRT operation. This requirement for differential filter capacitor sizing renders this 

control strategy impractical. 

A flyback based H- bridge PV inverter simulation model was analyzed for reactive power injection 

into the grid in chapter 6. The H-bridge inverter model was found to suitable for LVRT operation, 

after exhausting all possible control strategies in the flyback based unfolding inverter. The h-bridge 

inverter model was simulated when the grid voltage slips to 0.7 p.u. value and was found to be 

working as expected.  
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7.1 Future Work 

The flyback based unfolding PV inverters have been extensively discussed in literature and has been 

analyzed for all possible operation mode to enable LVRT function in this work. However, the flyback 

based H-bridge converter has been found to be a suitable topology to enable LVRT and it also has 

the inherent advantage of galvanic isolation of the flyback transformer.  

It would be an interesting exercise to build a hardware model of the flyback based H-b ride 

converter and compare the results with the simulation model presented in this thesis. 

Another open area of research would to see how the active clamp flyback converter or other ZVS 

based DC-DC converter behave during LVRT Operation .This would be also beneficial in improving 

the overall efficiency of the flyback based H-bridge converter. 

Wide Band gap devices based implementation of the flyback based H- Bridge PV inverter could also 

be looked in to implement LVRT during the grid faults. 
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