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Abstract: Flyback inverter has the advantages such as compactconformation, simple control loop, electric 

isolation, high step-up ratio, high efficiency, etc., therefore is an attractive solution for photovoltaic ac module 

applications. In this topology, BCM is more preferred compared to DCM and CCM, because of its higher power 

level, higher efficiency and wider switching frequency bandwidth. However, the control of BCM is more 

complicated due to its vari-able switching frequency. This also leads to the difficulty to get the accurate 

mathematical model between the output current io u t and the reference current ir e f , which has a great influence 

on the THD  
This paper analyzes and proposes a mathematical model between io u t and ir e f in BCM through theoretical 

derivation, and proposes a novel control strategy to generate the reference current that can decrease THD of 

output current. Meanwhile the realiza-tion of MPPT based on the mathematical model is also investigated. 

Finally, simulation and experiment results based on an improved flyback-inverter prototype are presented, 

which validates the pro-posed mathematical model and the control strategy. 

Index Terms: AC module, energy conversion, photovoltaicpower systems, system analysis and design. 

 

NOMENCLATURE  
ACM: Photovoltaic ac module. 

BCM: Boundary conduction mode.  
Input capacitance of ACM. Filter capacitance.  
: Equivalent capacitance across the MOSFET.  
CCM: Continues conduction mode.  
DCM: Discontinues conduction mode. 

fo: Frequency of grid voltage. 

fs: Switching frequency. 
IA: Amplitude of io u t . 
ic: Input capacitance current.  
: Output current of interleaved flyback converter. Current of PV panel.  
Iin: RMS value of iin . 
io u t: Output current of PV ACM. 
: RMS value of io u t . 
Primary current of transformer. Peak value of ip .  

i
re f 

:
 Reference current. 

is: Secondary current of transformer. 

Is: Peak value of is . 

Lf: Filter inductance. 

Lp: Primary inductance of transformer. 

Ls: Secondary inductance of transformer. 

Le p: Leakage inductance of Lp . 
L
e s 

:
 Leakage inductance of Ls . 

Lm p: Magnetizing inductance of Lp . 

Lm s: Magnetizing inductance of Ls . 

n: Turns-ratio of transformer. 

pd c: Instantaneous input power of PV panel. 

Pin: Average input power of ACM. 
P
o u t 

:
 Average output power of ACM. 

PR: Rated output power. 
PV: Photovoltaic. 

THD: Total harmonic distortion. 

To n: Turn-on time of switching cycle. 
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Toff: Turn-off time of switching cycle. 

ud c: Voltage of PV panel. 

ud s: Drain–source voltage of MOSFET. 

ug: Grid voltage. 

Vg: RMS value of ug . 

Vp: Amplitude of ug . 
ZCS: Zero-current switching. 
 

I. INTRODUCTION 
 

HOTOVOLTAIC ac module (PV ACM), also named as P micro-inverter [1], is a compact and modular 
structure forsmall power PV generation system applications [2]. This con-cept was conceived 30 years ago at Caltech’s Jet 
Propulsion Lab-oratory [3]. However, it is only recently reaching commercial realization. Nowadays, it’s recognized as an 
attractive solution for the residential utility-interactive PV systems [4]–[6].  

PV ACM is defined as the integration of a single PV panel and a single-phase grid-tied (GT) inverter [6]. 

The GT inverter is the direct interface between the PV panel and the residential utility, which converts the low dc 

voltage from the PV panel to the higher ac voltage of the grid. Compared to the conventional single- or multistring 

inverters in PV applications, advantages of PV ACM include more flexibility and less installation cost in system 

expansion as a ―plug and play‖ device, lower manu-facturing cost through mass production, lack of the power mis-

match between PV modules, and higher system-level energy harvesting ability under shaded conditions [7]. 

However, the PV ACM must meet a series of harsh require-ments, such as THD and islanding protection 

demanded by standards of GT devices, maximum power point track (MPPT) and minimum power fluctuation 

demanded by PV panels, high efficiency, high reliability, long lifetime, low cost, and easy in-stallation 

demanded by users [6], [8]. 
 

For satisfying these harsh requirements, many topologies and control methods have been reported in 

references [6], [9], [10]. Nowadays, a single stage flyback-type utility interactive in-verter, which combined a voltage-

controlled current-source fly-back and a GT inverter as one single stage [11], is regarded as an attractive solution in 

PV ACM applications. Its major advantages include electric isolation, high power density, high efficiency, and high 

step-up ratio, which are based on the sim-ple control loop and compact structure [12]–[14]. But its large input capacity 

and loss of leakage inductance energy are still the challenges for designers. At present, more and more works have 

been done on the improvement for the flyback inverter, such as control loop [15]–[21], power decoupling [22]–[25], 

soft-switching [26]–[28], and MPPT control [29], [30]. 
 

In [15]–[20], three operation modes (CCM, DCM, and BCM) of the flyback inverter are investigated in the 

PV ACM applica-tions. CCM can be realized with average-current control [15]. However, the peak-current control of 

the secondary current is not appropriate for CCM, since the transformer is incompletely demagnetized during each 

switching cycle, and the system will behave as a load-independent voltage source with peak-current control [19]. 

Moreover, the flyback inverter at light load will slip into DCM operation around the zero crossing of grid voltage, 

which increases the difficulty of control system design [15]. 
 

DCM and BCM can be easily realized with peak-current con-trol [17], which has no phase delay 

compared to the average-current control. Meanwhile, DCM and BCM have the ZCS fea-ture naturally, so can 

have higher efficiency in comparison with CCM operation. Furthermore, the power density of BCM is usually 

higher than DCM [19]. Hence, BCM is more preferred for PV ACM applications considering all the earlier 

research works. 
 

In the BCM with peak-current control, the output current io u t is directly controlled by the reference current 

ire f during each every switching cycle. Since the flyback inverter operates as an ac current source, a variable 

switching frequency (VSF) control strategy must be applied [17]. However, the VSF fs leads to the difficulty to get the 

accurate mathematical model between io u t and ire f . As the THD of io u t must comply with the standards of GT 

devices, the mathematical model is extremely important in the design of ire f .  

The purpose of this paper is to analyze and propose an ac-curate mathematical model between io u t and ire f 

through theo-retical derivation. Based on the proposed mathematical model, the relationship between fs and ire f is 

also analyzed. Then, a novel control strategy of ire f is proposed to decrease THD of Moreover, the realization of 
MPPT based on this control strategy is also investigated. Finally, the control strategy is ver-ified based on an 
improved flyback-inverter topology, which is described in [27]. Both simulation and experiment results on this 
topology are shown in this paper. 
 

This paper is organized as follows. In Section II, the residential utility-interactive PV system and the 

improved  
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Fig. 1. Residential utility-interactive PV system. 

 

flyback-inverter topology employed in this paper are described. Section III analyzes and proposes the 

mathematical model be-tween io u t and ire f in BCM by theoretical derivation. Section IV proposes the control 

strategy of ire f and fs for the improved flyback inverter in BCM operation. Section V analyzes the re-alization of 

MPPT based on the proposed mathematical model. Simulation and experiment results are then presented in 

Sections VI and VII, respectively, which validates the performance of the proposed mathematical model. In 

Section VIII, the conclusions of this paper are given. 

 

II. IMPROVED FLYBACK-INVERTER TOPOLOGY 
 
A. Residential Utility-Interactive PV System 

The residential PV system has great potential of being a sig-nificant market, due to following 

advantages [31], [32]: 1) trans-lating the utility value into an allowable system cost using the homeowner 

economic parameters and 2) the PV system is able to utilize the roof for support structure, eliminating the land 

and direct structure expenses.  
Fig. 1 shows the diagram of the residential utility-interactive PV system based on ACM device [4], [5]. 

In this system, the PV array is mounted on the customer’s roof, the consumer’s load is connected at the ac line 

terminal, and the ACM can be mounted on each individual PV panel as a modular device [22]. The available dc 

power from the PV panel varies with the solar irradiation and ambient temperature [33], is converted to the 

single-phase 50/60 Hz ac power and fed to the utility line through ACM. In the daytime, the solar power 

supplies to the consumer and the surplus is fed to the utility line, while in cloudy weather or after dusk, the 

utility line feeds the load. 

 

B. Flyback Inverter 

Fig. 2 shows the topology of the flyback inverter, which con-sists of three MOSFETs, two diodes, and 

a flyback transformer with center-tapped secondary winding. The two outputs from the transformer are 

connected to the grid, through a common filter circuit, which can switch reciprocally and synchronously with 

the polarity of the grid voltage. Hence, the flyback-inverter  

 
Fig. 2. Fundamental flyback-inverter topology. 

 



International Journal of Latest Engineering and Management Research (IJLEMR) 

ISSN: 2455-4847 

www.ijlemr.com || REETA-2K16 ǁ PP. 90-116 

www.ijlemr.com                                                            93 | Page 

 
Fig. 3. Improved flyback-inverter topology. 

 

 
Fig. 4. Principle of interleaved-flyback converter 

 

 
Fig. 5. Equivalent diagram of a single flyback inverter 

 

III. MATHEMATICAL MODEL OF THE BCM OPERATING FLYBACK INVERTER 
This section analyzes and proposes the mathematical model between io u t and ire f in a BCM operating 

flyback inverter. Be-cause the operation of the improved topology is the same as the fundamental topology, the 
following analysis is mainly based on the fundamental flyback inverter for simplification. 

 

A. BCM Operation 
Due to the polarity switching circuit, the operations of the flyback inverter are the same during both the 

positive and neg-ative half cycle of the grid voltage. Therefore, the equivalent diagram for a single flyback 
inverter can be shown as Fig. 5. According to this figure, the output current io u t is obtained by filtering 
secondary current is . 

In BCM operation, the peak value Ip of the primary current ipis forced to follow the reference current ire 

f. During eachswitching cycle, when is decreases to zero, SM conducts, and this process can be realized by quasi-
resonant (QR) control. When SM switches on, ip increases gradually in a linear relation with ud c . Once ip equals 
to ire f, SM is off and is decreases linearly with ug . Therefore, the relationship between io u t and in BCM during 
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half one cycle is shown in Fig. 6. In this figure, the envelope of ip equals to ire f and io u t can be regarded as the 
average current of is during each switching cycle.  
According to Fig. 6, the switching frequency varies with ire f in BCM operation, which is more complicated than 

in DCM operation. The VSF fs leads to the difficulty to get the accurate mathematical model between io u t and ire 

f . Meanwhile, due to the requirements of the GT devices, io u t should be a perfect  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Relationship between io u t  and ir e f  in BCM. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Primary and secondary currents 

 

sinusoidal waveform, while have the same frequency and phase with the utility. That means the accurate 

mathematical model is extremely important. 

 

B. Proposed Mathematical Model Between io u t  andire f  
The proposed mathematical model between io u t and ire f in BCM operation will be analyzed through 

theoretical derivation with two fundamental assumptions as:  
1) since the flyback inverter operates at high switching fre-quency, ud c, ug , and ire f can be assumed as constants 

during each switching cycle;  
2) all the components in the circuit are ideal, therefore the leakage inductance of transformer, switching loss and 

other parasitic parameters of the circuit (such as Co ss ) are not taken into account.  
Fig. 7 shows the primary and secondary currents in the switch-ing cycles. According to the volt-second balance 

of inductance, the turn-on and turn-off times can be expressed as (1). And the relationship of Ip and Is can be 

shown as (2) 
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Since io u t   is obtained by filtering the secondary current is ,io u tapproximately equals to the average value of 

isdur-ing each switching cycle. So, the area S1 and S2 can be thought as equal, as shown in Fig. 7. Therefore, io u t 

can be expressed as (3) 

 

 
Substituting (1) and (2) into (3), (4) can be obtained. After simplification, the ideal mathematical model between 

io u t and ire fcan be obtained as (5). This is the proposed mathematicalmodel, which can be applied in the 

single flyback inverter. Ac-cording to this expression, ire f is determined by the grid voltage ug, the input 

voltage ud cand the turns ratio n of transformer. Inthe PV ACM application, the input voltage is decided by the 

PV panel and input capacitor Cin , and there is usually a large input capacitor that is used to obtain steady input 

voltage. So, ud c can be regarded as constant in the steady state. Therefore, the proportion of ire f and io u t 

varies with ug in the line-frequency cycle according to the following equation: 

 

ire f  = 2io u 

t 

 ug 

+ 

Ls 

. (5) 

 

  

Lp 

 

 ud c    

 

C. Analysis of the Output Current’s THD 
According to the proposed mathematical model, the output current io u t can be controlled by the 

reference current ire f , and ire fcan be obtained by substituting the expression of io u tinto (5). Since PV ACM 
is a GT device, io u t should comply with the THD requirement. If the mathematical model is inaccurate, io u t 
will be distorted. Therefore, the accurate mathematical model is the key to guarantee the THD of io u t meet the 
standard require-ments.  
References [17]–[19] treated the envelope of peak primary current ip as a sinusoidal waveform in BCM 
operation, which is similar to the expression of ip in DCM operation as shown in 
(6) [34] 

 

ire f= 2 

Po 

· sinωt. (6) 

 

Lp· fs  

Reference [17] and [19] adopted (7) as the control law of io u t . According to these references, To n·p is the To n 

interval value referring to the switching cycle that occurs at the time area of ωt= π/2, and is a constant. The 

expression of ire fin [18] is notclearly presented, but it is similar to (7), which can be proved by the fifth figure of 

reference [18] 

 

i
re f  

=
 

u
d 

c 

To n,psin ωt. (7) 

 

  

 
L
p   

 



International Journal of Latest Engineering and Management Research (IJLEMR) 

ISSN: 2455-4847 

www.ijlemr.com || REETA-2K16 ǁ PP. 90-116 

www.ijlemr.com                                                            96 | Page 

 

 

 

 

 

 

 

 

 

Fig. 8. Modified transformer model. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Waveforms of the QR control. 
 

If these equations are used to calculate the ire f in BCM op-eration, it has little influence on the system 

efficiency, but io u t will be distorted and THD will increase. It is verified by the simulation results in Section 
VI-C. 

 

D. Further Discussions on the Proposed Mathematical Model 

As mentioned earlier, some practical aspects are not consid-ered in the ideal mathematical model. As 

an instance, the trans-former’s leakage inductance is an important factor considering the system power loss [12], 

while the QR control is a preferred approach for BCM operation to realize soft-switching [20]. Both of them 

have a measure of influence on the accuracy of the pro-posed mathematical model.  
Fig. 8 is a more realistic model of the transformer, which includes the influnce of the leakage inductances. The 

leakage inductances can be described in (8). Therefore, the relationship of Ip and Is should be modified as (9) 

 

 
 Fig. 9 shows the waveforms of the QR control, and its princi-ple is elaborated in [20]. In this figure, ud s 

is the drain–source voltage of MOSFET SM . Compared to the ideal case shown in Fig. 7, there are an additional 

period designated as the QR time TQ Rin Fig. 9. Therefore, Equation (3) should be changed intothe following 

expression:  
 

 
According to [20], TQ R can be described as (11). Co ss is the equivalent capacitance across the MOSFET, 

as shown in Fig. 5. It is clear as in (11) that TQ R is determined by the hardware parameters. Therefore, it can be 

regarded as a fixed dead-band time in (10). Considering the VSF control technique in BCM operation, TQ R should be 
designed as small as possible 

T
Q R  

=πL
p

C
o ss

.
 (11)  
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After substituting (1) and (9) into (10), the modified math-ematical model can be obtained as (12). 

However, this is too complicated and hard to be simplified into a linear function as (5), which is fatal to the 

realization of reference current calcu-lation in practical application 

i
o u t  

=
 
1  ire f·(Lp− Le p)/(Ls− Lm s)  

. 
 

       

2 π· (ug/ire f ) ·Co ss/Ls  + (ug/ud c ) ·Lp/Ls  + 1  

  
 

(12) Moreover, the leakage inductance and the QR time are not dominant in the system, and they can be 

minimized through the hardware optimization. Therefore, this paper employs the ideal mathematical model, as 

shown in (5), in flyback-inverter application after taking all factors as a whole. The performance of the ideal 

mathematical model is verified by the simulation and experiment results, which are presented in the following  
sections. 

 

IV. CONTROL STRATEGY FOR THE IMPROVED TOPOLOGY 
In this section, the control strategy of the reference current ire fand the switching frequency fsfor the 

improved topologyin BCM operation is analyzed and designed, which is based on the proposed mathematical 
model in Section III. 

 

A. Reference Current Analysis 

Equation (5) shows the mathematical model between io u t and ire f , thus ire f can be obtained by substituting the expression of io u t 

to (5). Because PV ACM is a GT device, io u t should comply with the THD requirement, and the ideal condition 

is to guarantee io u t as a perfect sinusoidal waveform. Moreover, io u t should have the same frequency and phase 

with the grid voltage ugto make sure ACM supply the maximum active power to thegrid. So, io u t and ug can be 

described as follows: 

 

 
Substituting (13) into (5), the reference current ire f in BCM for a single flyback inverter can be 

obtained as follows: 

ire f= 2IA  Vp sin
2
 (ωt) + 

L
s sin(ωt)   . (14)  

    Lp    

 
u

d c     

In the improved topology, the two flybacks will share the output power of ACM equally when they work in the 
interleaved mode. Therefore, the reference current of each flyback should 
 

be half of ire f , which can be shown as follows: 

i
re f1  

=i
re f 2  

=I
A Vp 

sin
2
 (ωt) + 

Ls sin(ωt)   .(15)  

 

Lp 

 

 
u

d c  
  

B. Switching Frequency Analysis  
Since the switching frequency varies with ire f in BCM op-eration, the variation range of fs should be considered in 

the flyback-inverter design. As mentioned in Section III-D, the in-fluence of TQ R is ignored in the calculation of ire f 
in order to get a simplified linear mathematical model. This is important for the realization of the reference current 

calculation in digital control. However, in the analysis of fs, TQ R should be consid-ered to get more precise 

mathematical model after that ire f has been defined. Therefore, fs can be described as follows: 

fs= 

1 

. (16) 

 

T
o n  

+T
o ff

+T
Q R 

 

After substituting (1), (2) and (11) into (16), formula (17) can be obtained, which appears that fs is inversely proportional to ire fwhen 

ugis stable. However, ire falso varies with ugdue to(14), so formula (17) is not yet simplified 

fs=      1   
.            

  

 1 
     

 

i
re f  

·
 Lp· + Ls· Lp /Ls·(1/ug)   + π   Lp Co ss 

 

u
 d c 

 

(17) Therefore, the final formula (18) can be obtained by substi-tuting (13) and (14) into (17). Equation (18), as 
shown at the  
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bottom of the page.  
According to (14) and (18), one conclusion is that ire f is proportional to IA and fs can be approximately regarded as 

inversely proportional to IA . Moreover, the maximum and min-imum of fs also can be calculated, as shown in (19). In these 

equations, ud c is assumed as a constant during each switching cycle 

f
s . m a x

=
                  

 

    1       ,   t = 0, π 
 

                

 2IALs /Vp  + π   LpCo ss      ω 
 

f
s . m in

=
 

              . 
 

                 
 

         1     
,   t = 

 π    
 

             

 

 

 

 

     

2
√
 

       

2ω 
 

 

2IA 
V  L  

+ 
L p L s 

+
L

s 
  

 

 p 
+ π   LpCo ss 

 

 p            
 

 

u 2  u
 d c        

 

  d c      V p         
 

                     

(19) Due to (15), ire f1  and ire f2  of the improved topology are both half of ire f , when two flybacks work in the 
interleaved mode. So, the switching frequency of each phase flyback can be obtained  
 

fs= 
     1    

(18)               

 

(VpLp 

sin
2
 (ωt)/ud

2
 

         

          

2IA 

c ) + (2   LpLs sin(ωt)/ud c ) + (Ls/Vp )  + π   

LpCo ss 
 

              
 

fs1= fs2= 
    1     

(20)          

 

 

IA(Vp Lpsin
2
 

(ωt)/ud
2
 

     

          

  

c ) + (2   LpLs sin(ωt)/ud c ) + (Ls/Vp )  + π   

LpCo ss 
 

 

TABLE I 
VALUES OF CIRCUIT PARAMETERS 

 
 
 
 
 
 
 
 

by substituting (13) and (15) into (17), shown as (20), at the bottom of the page 

 

C. Parameters Design 
 

A 200 W PV ACM prototype at 220 V/50 Hz utility condition is designed in this paper. Table I lists the 
values of the circuit parameters in the improved topology. The PV panel voltage ud c is 40 V when PV panel 
outputs the maximum power, while its acceptable input range is 30 V-50 V in the design.  

The value of IA is related to Po u t , shown as (21). When Po u t equals to the rated power PR (200 W), IA is 1.286 
A. IA will be adjusted by MPPT control method to track the maximum power point, which will be shown in 
Section V 

IA= 

2P
o u 

t 

. (21) 

 

  

 Vp   
The relationship of Po u t and Pin is shown in (22). The max-imum output power Po u t of ACM is 200 W, and 

the required efficiency η is above 90% when Po u t is 200 W. So, Pin should be less than 222 W at full load  

Po u t= Pin· η. (22) 
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The switching frequency variation range of the transformer for each phase flyback is chosen at first. Because 

of the vol-ume and weight requirements, the optimal range is between 300–400 kHz. Meanwhile the minimum 

should be more than 200 kHz, and the maximum should be less than 600 kHz.  
1) Transformer Design: In the improved topology, the inter-leaved flyback comprises two current-source 

flybacks. So, the turns ratio n should be determined by the inverse ratio of the in-put current and output current, 
which can be calculated by (23). In this equation, Iin and Io u t are the root-mean-square (rms) value of iin and io u t 
, respectively 

Iin= 
P
 i n    

 u
 d c 

. (23) 

 
I
o u t  

=
 

P
 o 

u t 

 

   

 V g    
Therefore, the turns ratio n is designed according to (24). The required value is 1:6.11 when ud c is 40 V, 1:4.44 
when ud c is 
 

50 V, and 1:8.15 when ud c is 30 V, 
respectively. Finally, n is selected as 1:6 

n = 
I
o u t = η · ud c . (24)  
I

in 

  

  Vg  
 

In the improved topology, the reference current of each fly- back should be half of ire f , shown as (15), when the 
two flybacks work in the interleaved mode. This equation can be rewritten as (25), and the maximum primary 
current Ip .m a x can be calculated shown as (26)  
 
 
 
 
 
 
 
 
 
 
 

Then, the primary inductance Lp can be obtained from (27) according to reference [35]. In the equation, δm a x is the max-

imum duty cycle, which is usually 0.5 in the design of the traditional flyback converter. According to (19), when ip equals to 

Ip .m a x , the switching frequency fs is the minimum, which is 200 kHz 

Lp= 
u

d c. m in  
·δ

m a x . (27) 

 I
p . m a x

·f
s  

Therefore, the required Lp is 3.564 μH. Then, the secondary inductance Ls can be calculated by (28), which is 128.3 
μH. Subsequently, the primary and secondary inductances are ad-justed according to the experiment results, and 
finally the mea-sured value is 3.7 and 133.6 μH, respectively 

Ls= Lp 
. (28)  

 
 

 n
2  

 

2) Input Capacitance Design: This topology needs a verylarge dc input capacitance Cin to decouple the power 

pulsation caused by single-phase power generation to the utility line [22]. The value of Cin can be calculated 

according to (29) in [34]. In this formula, ud c is 2 V. So, the required capacitance is 8.83 mF. In this paper, Cin is 
comprised of four 2.2 mF electrolytic capacitors in parallel 

Cin= 

P
in 

. (29) 

 

ωu
d c

u
d c 

 

However, the electrolytic capacitor with large capacitance has a large volume and a relatively short lifespan. 
Especially under a very high atmospheric temperature, the lifetime of the electrolytic capacitor is shortened 
dramatically [22]. In order to solve this problem, some power decoupling circuits and control methods are 
proposed in [22]–[25]. In these references, the power decoupling capacitance is about 20–50 μF, which can be 
replaced by the film capacitors. And this will be the future work of this topology.  
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3) Output Filter Design: Fig. 10 shows the equivalent dia-gram of CL filter in the topology, and the 
relationship of is, io u t and ug can be shown as (30). Thus, the expression of the CL filter can be obtained as 
shown in (31) 

Io u t(s) = 

1 

Is(s)− 

 sCf 

Ug(s)(30) 

 

 1 + s
2
LfCf  1 + s

2
LfCf 

 

 
 
 
 
 
 
 
 

Fig. 10. Equivalent diagram of CL filter. 
 

TABLE II 
DESIGNED VALUES OF CIRCUIT PARAMETERS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. ir e fand fsof single flyback inverter. 
 

Io u 

t(s) 

U g(s)= 0

=
 

1    
 

Is(s)  1 + s
2
LfCf  

(31) 
 

Io u t(s) 
 . 

 

= 
 sCf  

 

Ug(s) 1 + s
2
LfCf   
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This is a second-order low-pass filter with a resonant fre-quency fr , which can be expressed as (32). In this 

design, fr should comply with (33) [20]. Therefore, the range is from 500 Hz to 20 kHz. Finally, Lf and Cf are 
selected as 510 μH and 280 nF, respectively, considering the requirement of volume and cost. And the 
resonance frequency is 13.3 kHz  
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D. Design of the Reference Current for Improved Topology 
 
Table II lists the designed values of circuit parameters. Ac-cording to the values of Tables I and II, ire f and fs of 
single flyback inverter can be shown as in Fig. 11. In this figure, ire f (ωt, IA ) is the reference current for single 
flyback inverter, and fs(ωt, IA) is its switching frequency, ire f(ωt, IA/2) is the reference current for each flyback 
converter in the interleaved mode, and fs (ωt, IA /2) is its switching frequency.  

This figure illustrates that ire f is very small at the zero cross-ing, which causes fs extremely high at this time. 
However, the acceptable range of fs is expected as 200–600 kHz. Therefore, the principle of the improved 
topology is designed as follows to comply with the requirement, which is also used in refer-ence [27], [34]:  

1) when ire f is smaller than a value defined as I1 , both two flybacks stop working. This period can be called 
as dead band;  

2) when ire f is larger than I1 and smaller than I2 , the first flyback works in stand-alone mode;  
when ire f is larger than I2 , both two flybacks work in the interleaved mode 

 
  
 
 
The expression of I1 and I2 can be described as (34). There-fore, ire f1 and ire f2 of the two flyback are designed 
as (35) and (36). Then, fs1 and fs2 of two flyback can be expressed as (39) and (40), as shown at the bottom of 
the next page, which are corresponding to (35) and (36) 
 

  0 (0 ≤ire f (ωt) < I1 )   
 

i
re f 1 (ωt) =ire f(ωt) (I1 ≤ ire f(ωt)< I2) (35) 

 

  ire f(ωt)/2   (I2 ≤ ire f(ωt))   
 

i
re f2 (ωt) = 

0 (0 ≤ire f (ωt) < I2 ) 

. (36) 
 

ire f(ωt)/2   (I2≤ ire f(ωt))  

    
 

The value of I1 is related to the dead band time and fs .m a x . The larger the I1 is, the smaller the fs .m a x is. But if 
I1 is too large, the dead band time will be increase, which will also increase the THD of io u t . Therefore, the 
value of I1 should be carefully selected to guarantee that fs .m a x complies with the design requirement and the 
dead band time is the minimum. According to equation (18) and (19), fs .m a x can be expressed as (37) shown at 
the bottom of the next page.  

Therefore, the value of t1 can be obtained by solving equation (37), and the value of I1 can be obtained by 
(34). According to the values in Tables I and II, ωt1 is 0.077 rad when fs .m a x is 600 kHz, and the required value 
of I1 is 1.306 A.  
The selection of I2 is different from that of I1 because the variation of I2 won’t cause a dramatic change of fs·m in . 
Mean-while, its influence on the THD of io u t is weak. Thus its allow-able range is not so limited. Moreover, the 
time of interleaved mode is controlled by I2 . If Po u t is small and the peak of ire f is smaller than I2 , the 
interleaved mode will be disabled, and only one flyback works during the whole period. In this design, the 
boundary is selected as half of the rated output power, which is 100 W. Therefore, I2 can be obtained by (38). In 
this equation, IAis 1.286 A. So, the required value of I2is 17.729 A, which  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 12. Reference current of flyback 1 
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Fig. 13. Reference current of flyback 2. 
 

is half of peak primary current, and ωt2  is 0.683 rad 
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L
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u
d c    

After substituting the values of parameters in Table II,  
ire f1 , ire f2 , fs1, and fs2can be shown as Figs. 12–14, respec-tively. In these figures, fs is limited in between 250 
and 600 kHz. Meanwhile, when I1 and I2 use different values, the influence on THD is shown in Section VI-D 

 

V. REALIZATION OF MPPT CONTROL IN THE IMPROVED TOPOLOGY 
 
Most of the traditional MPPT control methods are applied to the voltage-source converter, and are usually 
implemented by adjusting input voltage ud c [36]–[40]. However, PV ACM is a current-source system, and input 
voltage can’t be directly controlled, which depends on PV panel characteristics. So, these MPPT methods 
should be modified and realized by adjusting input current iin to apply to the PV ACM application.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14. Switching frequencies of two flybacks 
 

In the flyback inverter, the reference current ire f is used to control the output current io u t directly. If the input 
voltage and grid voltage is stable in line-frequency cycle, the input current iincan be directly controlled by ire f. 
And the relationship of ire fand iin will be investigated as follows.  
According to Fig. 5, the input current iin is the sum of ip and ic, so the input power Pincan be described as 
follows: 
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Because ud c is also the voltage across the input capacitor, the 

relationship of ic  and ud c  can be shown in (42). Therefore, (43) 

can be obtained from (41) and (42)                

     
dud c 

                        

                                                                 
 

i
c 

=C
  dt 

                     

(42)                       
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T 

               

       

u
2
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= C 

 

+ u 

 

i dt. (43) 

 

in in 

     

       

  2     d c 0     0    d c P    

As mentioned earlier, the input voltage ud c  can be regarded 
as a constant in the steady state. So, (41) can be simplified as 

                     

shown in (44). Therefore, iin  can be regarded as the average of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15. Primary current and secondary current. 
 

ipduring each switching cycle, which is shown in Fig. 15 
 

Pin= 
T  

 

ud c iP dt. (44) 
 

 0  
 

As shown in Fig. 15, iin can be calculated according to the same assumption as io u t in the foregoing analysis, 
which is that the area S3 (blue) and S4 (green) are approximately equal. So, the primary current iin can be 
expressed as (45), which is similar to (3) 
 

1     · To n  · 1      (45) 
i
in  

=
2

·I
p  Ton+ Toff

.
  

     

After substituting (1) and (2) into (45), (46) can be obtained, 
 

which shows the relationship between iin  and ire f . When ACM 

works at steady state, ug  and ud c  can be regarded as stable in 
line-frequency cycle. Therefore, the input current can be directly  
 

controlled by ire f . This formula also applies to the improved 
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topology, because in the interleaved mode, iin  equals to the sum 
 

 

                         
of two primary currents of each flyback, but their references are 
half of ire f                       
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Fig. 16. Diagram of MPPT control 
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Meanwhile, equation (5) shows that ire f is a function of io u t . After substituting (5) into (46), the relationship of iin and io 

u t can be expressed as (47). The equation also proves that, the in-stantaneous input power ud c·iin equals to instantaneous 
output 
 

in the ideal state  
 

i
in  

=i
o u t  

·
 

ug  

(47) 

 

u
d c 

 

iin= 

 V
p 

· IAsin
2
(ωt). (48) 

 

u
d c 

 

According to the expression of io u t and ug as shown in (13), iincan be obtained as (48), which shows that the input 

cur-rent iin can be adjusted by changing IA proportionally in the flyback inverter. Therefore, the traditional MPPT 

methods can be modified and realized by adjusting IA to apply to the PV ACM application. For example, Fig. 16 
shows the conventional ―Incremental conductance‖ algorithm using fixed step-length, which is realized by adjusting 
IA . This method is verified by the simulation results in the following section. 

 

VI. SIMULATION RESULTS 
A simulation platform based on MATLAB integrated with PLECS is established, in order to verify the 

mathematical model and the proposed control strategy of BCM operation on the improved flyback-inverter 

topology. Moreover, MPPT control is implemented by adjusting IA is also verified. The simulation result is 

shown as follows. 

 

A. Control Block Diagram of Improved Topology 
Fig. 17 shows the control block diagram of simulation plat-form, which is based on the analysis in Section IV. 

Phase-locked loop (PLL) is used to detect the phase angle, amplitude and fre-quency of grid voltage accurately 
and quickly. Islanding protec-tion guarantees the ACM works under normal utility condition. The output of 

MPPT control is IA ,which is used to adjust the reference current ire f . The whole diagram of Fig. 17 is estab-
lished in MATLAB. And the power circuit, as shown in Fig. 3, is established in PLECS. 
Fig. 17. Control block diagram of ACM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18. Primary currents of flyback 1 and 2. 
 

powerug·io u t 
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The parameters’ value on the simulation platform has been shown in Tables I and II. The amplitude IA of 
output current ire fis designed as 1.414 A. Only after that simulation resultsmeet the design requirement, the 
mathematical model and the control strategy can be verified. 
 

B. Simulation Result of Reference Current Design 
Fig. 18(a) and (b) illustrates the primary currents ip1 and ip2 of flyback 1 and 2 in interleaved mode, 

respectively. The envelopes of primary currents are equal to the reference currents ire f1 and ire f2 , respectively. 
Fig. 19(a) and (b) shows the secondary currents is1 and is2 of flyback 1 and 2, respectively. Fig. 19(c) shows the 
output current ic o n of the interleaved flyback, which equals to the sum of two secondary currents.  

Fig. 20(a) and (b) shows the details of ip1 and ip2 , respectively. Fig. 21(a) and (b) shows the details of is1 and 
is2 , respectively. Fig. 21(c) shows the details of ic o n .  

Fig. 22, shows the output current io u t of the improved topol-ogy and the sampling voltage of grid for the 
comparison of io u t and ug . The amplitude of io u t meets the design requirements, which is designed as 1.286 A. 
The THD of io u t is 2.286%, cal-culated by MATLAB. Fig. 23 is the peak magnitude spectrum of  

, which proves the harmonic components are in the accepted range. 

 
Fig. 19. Secondary currents of flyback 1 and 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20. Details of primary currents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21. Details of secondary currents. 
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C. Comparision With Other Models 
According to [17]–[19], the reference current can be ex-pressed as (49). Another reference current is shown as (50) for the 

comparison. Fig. 24 shows the waveforms of ire f, ire f.a and ire f.b. In these equations, the values of A and B equal to the 

peak   

 
Fig. 22. Output current of ACM and sampling of grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23. Spectrum of ACM’s output current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 24.
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primary current (35.458 A), which guarantees the amplitude of io u tis close to IA(1.286 A)  

ire f.a= A ·sin(ωt) (49) 

ire f.b= B ·sin
2
(ωt). (50) 

 

 
Fig. 25. Output current of ACM using (49). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26. Spectrum of output current using (49). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 27. Output current of ACM using (50). 
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Fig. 25 shows the output current using (49) as the reference current, Fig. 26 illustrates the spectrum of output 

current, and the measured THD is 14.84%. Fig. 27 shows the output cur-rent using (50) as the reference current, 

Fig. 28 illustrates the spectrum of output current, and the measured THD is 13%. 

 
Fig. 28. Spectrum of output current using (50). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Relationship of I1, I2  and THD. 

 

According to the earlier results, when (49) or (50) are adopted as the reference current, THD is much larger 

than that of the pro-posed mathematical model in this paper. Therefore, the accuracy of the proposed 

mathematical model is verified. 

 

D. Simulation Result for I1  andI2  
According to Section IV-D, the values of I1 and I2 will affect the THD of io u t . Fig. 29 shows the relationship of 

I1, I2 and THD. According to this figure, the increase of I1 will cause THD deteriorate dramatically. Thus, the value 

of I1 should be the min-imum when fs .m a x complies with the requirement. Meanwhile, the influence on THD is 

weak when I2 varies in a large range. Therefore, the allowable range of I2 is wide. 

 

E. Simulation Result of MPPT Control 
Fig. 30 shows the V–I curve of PV panel, of which the max-imum power is set as 200 W. Fig. 31 illustrates the 

simulation result of MPPT control. The steady state starts form 0.18 s, and MPPT control is enabled in 0.24 s. Fig. 

31(a) shows the value of IA, Fig. 31(b) and (c) shows the output voltage ud cand current iinof PV panel, respectively, 

and Fig. 31(d) show the aver-age output power of PV panel. From Fig. 31, the conventional  
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Fig. 30. V–I curve of PV panel. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 31. Simulation result of MPPT control. 

 

―Incremental conductance‖ algorithm using fixed step-length is realized by adjusting IA . 

 

VII. EXPERIMENT RESULTS 
A 200 W PV ACM prototype at 220 V/50 Hz utility condition was implemented to validate the proposed 

mathematical model and the control strategy. The control algorithm is the same as Fig. 17, in which the light-color 

blocks are implemented on the FPGA EP3C10E144 from ALTERA and the dark-color ones are implemented by 

hardware. The power circuit is still the im-proved flyback-inverter topology. Then, the experimental results are shown 

as follows. 

 

A. Experiment Result of Reference Current Design 
In the experiment, the input voltage of ACM is 36 V, which is supplied by a dc voltage source. The 

amplitude IA of output current is designed as 1 A, so the output power should be around 156 W. The values of 

other parameters are same as Tables I and II.  

Fig. 32 shows the primary currents ip1 and ip2 of flyback 1 and 2 in the interleaved flyback. These currents are 

measured by two current transformers, respectively, of which the ratio is 

 
Fig. 32. Primary currents of flyback 1 and 2. 
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Fig. 33. Secondary currents of flyback 1 and 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 34. Output current of interleaved flyback. 

 
40 A:1 V. The envelopes of primary currents are equal to the reference currents. Fig. 33 shows the secondary 

currents is1 and is2of flyback 1 and 2, measured by the current probe. Fig. 34shows the output current ic o n of the 
interleaved flyback, which is equal to the sum of is1 and is2 .  
Fig. 35 shows the output current io u t of PV ACM and the grid voltage ug . The output current is a good 

sinusoidal waveform, but has a little distortion at zero crossing. That is because both  

 

 
Fig. 35. Output current of ACM and grid voltage. 
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Fig. 36. Harmonic components of ACM output current. 

 

of the two flybacks do not work in this period and the current is discontinuous. Moreover, the amplitude of 

current is 1.06 A, which is close to the theoretical value 1 A.  
Fig. 36 shows experimental data about the harmonic compo-nents of io u t , measured by WT3000 of 

Yokogawa. Fig. 37 shows the percentage spectrum of io u t , which is based on the data of Fig. 36. From these 
figures, there are some high-frequency har-monics (3rd, 11th, 13th, and 15th) in output current, but their 

magnitudes are very small. And the THD of io u t is 2.459% shown by Fig. 36, which can also prove the good 

quality of the output current.  
According to the experiment results, the proposed mathemat-ical model of BCM operation is validated. Using 

the proposed control strategy in the experiment, the output current of ACM exhibits good sinusoidal waveform 

and is very close to the the-oretical value. Moreover, THD and harmonics of io u t are in the satisfying range, 

which meet IEC61727 [41] and IEEE1547 [42] standards quite well, verifying the excellent performance of the 

control strategy. 

 

 
Fig. 37. Percentage spectrum of harmonics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Measured efficiency versus output power of ACM. 
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B. Experiment Result of Efficiency 
In this experiment, the input voltage of ACM is 36 V, which is supplied by a dc voltage source. Fig. 38 

shows the measured efficiency versus output power of the ACM, which is measured by WT230 of Yokogawa. When 

the load is between 60 and 140 W, the efficiency is above 93%, and when the load is between 140 and 200 W the 

efficiency is above 94%. The experiment result shows the proposed control strategy in BCM operation guarantees 

high efficiency at different load condition.   
Moreover, according to the principle of interleaved flyback, only one flyback converter of the ACM 

works when Po u t is less than 100 W, and two flyback converters of the ACM work in the interleaved mode 

when Po u t is more than 100 W. Since the output power is shared equally by the two flybacks in the interleaved 

mode, the efficiency between 100 and 130 W is smaller than that between 70 and 100 W. 
 

C. Experiment Result of MPPT Control 

In this experiment, the input power of ACM is supplied by a PV panel, of which the maximum power 

is around 140 W. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 39. Voltage, current and power of PV panel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 40. Output current of ACM and grid voltage. 

 

The MPPT control strategy is based on the proposed method in Section V.  
Figs. 39 and 40 illustrate the dynamic response of the ACM when the illumination condition changes 

form partial occlusion to no occlusion. In these figures, the changing of illumination condition happened at the 

instant of the dash line.  
Fig. 39 shows the voltage ud c and current iin of the PV panel. In this figure, the product of ud c and iin , 

which is the instanta-neous power pd c of PV panel. Fig. 40 shows the output current io u tof ACM and the grid 

voltage ug. The dynamic responselasts for about 2 seconds. Finally, the output power is stabilized around 138 W 
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according to Fig. 39, which is close to the max-imum power point of the PV panel. Thus, the proposed MPPT 

control method is implemented by changing IA is validated. 

 

VIII. CONCLUSION 
Flyback inverter is an attractive solution for photovoltaic ac module application. As a grid-connected 

device, flyback inverter should work as a current source and provides the sinusoidal output current that is 

synchronous with the grid voltage. Mean- while, the flyback inverter should have high efficiency to satisfy 

user’s demand.  
In this topology, BCM is more preferred compared to DCM and CCM, because of its higher power 

level, higher efficiency, and wider switching frequency bandwidth. However, the control of BCM is more 

complicated, due to its VSF. This also leads to the difficulty to get the accurate mathematical model between 
output current io u t and reference current ire f , which has a great influence on THD of io u t .  

In this paper, the relationship between ACM output current io u tand reference current ire fof flyback 

inverter in BCM isinvestigated, and an accurate mathematical model is proposed through theoretical derivation. 

Then, a novel control strategy of ire fis proposed to decrease THD of io u t. Moreover, the real-ization of MPPT 

based on this control strategy is also investi-gated. Finally, simulation and experiment results of an improved 

flyback-inverter topology are presented, which verifies the pro-posed control strategy.  
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