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Abstract 

 

This paper presents a current sensorless maximum power point tracking (MPPT) control method for dual-mode photovoltaic 
(PV) module-type interleaved flyback inverters (ILFIs). This system, called the MIC (Module Integrated Converter), has been 
recently studied in small PV power generation systems. Because the MIC is an inverter connected to one or two PV arrays, the 
power system is not affected by problems with other inverters. However, since the each PV array requires an inverter, there is a 
disadvantage that the initial installation cost is increased. To overcome this disadvantage, this paper uses a flyback inverter 
topology. A flyback inverter topology has an advantage in terms of cost because it uses fewer parts than the other transformer 
inverter topologies. The MPPT control method is essential in PV power generation systems. For the MPPT control method, 
expensive dc voltage and current sensors are used in the MIC system. In this paper, a MPPT control method without current 
sensor where the input current is calculated by a simple equation is proposed. This paper also deals with dual-mode control. 
Simulations and experiments are carried out to verify the performance and effectiveness of the proposed current sensorless 
MPPT control method on a 110 [W] prototype. 
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I. INTRODUCTION 
Recently, alternative and renewable energy has been 

rapidly growing due to the depletion of fossil fuels and 
increasing environmental pollution. Sunlight is clean and 
unlimited. Photovoltaic (PV) technology generates electricity 
by using sunlight. It is easy to maintain, can be automated, 
and has a long life cycle (over 20 years). Therefore, many 
techniques have been researched in the area of PV power 
generation [1]-[4]. 

A PV power converter system (PV-PCS) uses a variety of 
methods to connect PV array modules and the PCS: central 
inverters, multi-string inverters, string inverters, and module 
integrated converters (MICs). A central inverter is connected 
to many PV modules in series and parallel. Although the 

large central inverter method offers more economic 
advantages with increasing size, this approach offers poor 
energy harvesting because there is one centralized maximum 
power point tracking (MPPT) for the whole system. 
Moreover, partial shading and any mismatch between the PV 
modules can reduce efficiency [5]. A string inverter is 
another configuration for PV systems where a string of PV 
modules are connected to a single inverter integrated with 
MPPT. Therefore, the string inverter can avoid most of the 
weaknesses of the central inverter [6]. A multistring inverter 
consists of parallel connected DC/DC converters and a single 
DC/AC inverter. The multistring inverter, which can control 
each PV module independently, combines the advantages of 
string and central inverters [7]. 

The MIC has several advantages over conventional central 
inverters. First, small amounts of shading, debris or snow on 
any one solar panel cannot reduce the output of the entire 
array. Second, the MIC is easy to install because a dc line is 
not required. Third, it provides maximum efficiency at the  
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maximum power point (MPP) and can reduce the price of the 
inverters because they can be produced on a large scale. 
Therefore, many studies on the MIC have been reported 
recently [8], [9]. 

A MIC is a type of controller where one or two PV arrays 
connect to inverters. Currently, many studies on MIC control 
methods represent two reference methods: the discontinuous 
conduction mode (DCM) and the boundary conduction mode 
(BCM). The dominant losses of MICs under light loads 
include the switch turn-off losses of the switch and the 
transformer core loss. Meanwhile, the dominant losses of 
MICs under heavy loads include the conduction losses of the 
switch and diode, and the core and copper losses of the 
transformer. Therefore, the system losses can be considerably 
reduced if the system operates in the DCM under light loads 
and in the BCM under heavy loads. The method used in this 
paper is a dual-mode control method [10]-[12]. 

A PV-PCS is affected by temperature and solar radiation as 
well as its available time is limited. Moreover, PV arrays 
have nonlinear power versus voltage characteristics. 
Therefore, the MPPT control method of a PV array is an 
essential part of a PV system. There are numerous studies on 
different types of MPPT control methods such as perturbation 
and observation (P&O) [13], [14], incremental conductance 
(INC) [15], incremental resistance (INR) [16], open-circuit 
voltage [17], short-circuit current [18], hill climbing [19], 
neural network [20], fuzzy logic control [21] and b method 
[22]. 

The conventional MPPT control method for the MIC 
requires input or output voltage and current. After obtaining 
data from the sensors, the system is controlled using the P&O 
MPPT control method. In this case, expensive dc voltage and 
current sensor are used [23], [24]. In a small PV power 
generation system with the MIC, the cost and size are 
important factors of the system. By reducing the number of 
parts, for example the input current sensor, the system 
advantage is a smaller size and a lower cost. Therefore, a 
current sensorless MPPT control method for the interleaved 
flyback inverter (ILFI) with dual-mode control is proposed in 
this paper. 

 

II. DUAL-MODE CONTROL FOR THE ILFI 
Fig. 1 shows a PV ILFI with a grid-connection. A current 
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Fig. 2. DCM operation. 
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source inverter (CSI) flyback topology is used in this paper. 
The system consists of interleaved flyback inverters (with 
primary-side switches S1 and S2, transformers TR1 and TR2, 
and secondary-side diodes D1 and D2), an H-bridge inverter, 
and an output C-L filter. For reducing current ripple, 
interleaved control is used in this system. The interleaved 
control is a method where the current is divided into the 
single-phase and two-phase flyback inverters, which are 
shifted by 180°. Furthermore, by using the interleaved 
operation, the losses of each switch can be reduced [25]. The 
H-bridge inverter is built with four switches (Sinv1–Sinv4). 
When switches Sinv1 and Sinv4 are on (Sinv2 and Sinv3 are off), a 
positive voltage will be applied across the grid. When 
switches Sinv1 and Sinv4 are off (Sinv2 and Sinv3 are on), the 
voltage is reversed. 

Fig. 2 shows the DCM operation. If the secondary current 
is allowed to discharge completely to zero, the system works 
in the DCM operation. Generally, the DCM operation is used 
to control ILFIs because it is very simple. Furthermore, this 
mode can reduce the frequency-dependent, turn-off, and 
transformer core losses at light loads [8]. 

Fig. 3 shows the BCM operation. If the secondary current  
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Fig. 4. Operations waveform of the ILFI (a) Single-phase DCM operation, (b) Dual-mode operation. 

 
is allowed to discharge completely to zero, the primary 
current increases immediately. As a result, the switching 
frequency is always changed. Therefore, the BCM operation 
is more complicated than the DCM operation. However, 
when the load is heavy, the BCM operation is more suitable 
than the DCM operation because the transformer loss and 
size can both be reduced [8]. The system used in this paper 
operates in the dual mode by taking advantage of both modes. 
The dual mode indicates that the single-phase DCM operation 
is applied at a flyback inverter during the light load interval, 
and the interleaved BCM operation is applied at two flyback 
inverters during the heavy load interval.  

Fig. 4 shows the dual-mode operation. The boundary 
condition of the dual-mode control is important for the design 
of the system. However, the optimal reference power between 
the BCM and DCM operations is not clarified in terms of the 
ILFI [26]. Therefore, in this paper, the boundary point design 
refers to [9]. As a result, the reference power is selected at 
50% of the output power.  

A. Modeling of the Single-phase DCM Operation 
If the output power is lower than the reference power, the 

single-phase DCM operation is applied. Therefore, the duty 
ratio is a variable value, but the switching frequency is fixed. 
To calculate the duty ratio, the output voltage, which is the 
grid voltage (Vo), of the flyback inverter is determined as: 

 

1o pv
DV n V

D
= × ×

-
     (1) 

where n is the turn ratio of the transformer. Here, Vpv is the 
input voltage, and D is the duty ratio.  

The maximum duty ratio for the DCM operation is given 
by: 

,
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,
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+
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Vo,peak is the peak value of the output voltage. The duty 
ratio for the DCM operation is always less than Dmax and it 
can be given by: 

,

,

o peak
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V
D

nV V
<

+
.    (3) 

In the DCM operation, the duty ratio is varied while the 
switching frequency is constant. 

B. Modeling of the Interleaved BCM Operation 
The BCM operation has some advantages in terms of a 

higher power transfer and a smaller THD than the DCM 
operation because the BCM operation uses a maximum duty 
ratio. Therefore, the BCM operation takes a higher 
modulation than the DCM operation. 

If the output power is greater than the reference power, the 
interleaved BCM operation is applied at the ILFI. The BCM 
operation must change the duty ratio and the switching 
frequency when the secondary current drops to zero. 

First, the peak value of the primary current (ILm, peak) of the 
flyback inverter is given as: 

,
i i

Lm peak on
m m

V VI t DT
L L = =         (4) 

where ton is the switch-on time, and T is the switching period. 
The primary current (iLm) has a sinusoidal waveform and is 
expressed as: 

,( ) sin , 2Lm Lm peaki t I t tw w p =   0 £  £ .      (5) 

The duty cycle has to be modified and can be given as: 

max( ) sin , 2d t D t tw w p=   0 £  £       (6) 

where Dmax is the duty cycle value of the switching cycle at  

(b) 
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Fig. 5. Operation principle of the DCM and BCM operations. 
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Fig. 6. Operation principle of the BCM operation. 
 
wt = p/2. 

By combining (1), (4), and (6), the switching period for the 
BCM operation is calculated as: 

 
,( )

m
Lm peak

i

LT I
V d t   =

×
.   (7) 

From (7), the variable switching time for the BCM 
operation can be calculated. In the BCM operation, the square 
root of ILm,peak is taken because the interleaved BCM 
operation is applied. 

Fig. 5 shows the transformer current during one switching 
cycle in the DCM and BCM operations. IDCM,peak shows the 
primary peak current of the transformer in the DCM 
operation. TDCM shows the switching period in the DCM 
operation. TDCM_on(off) shows the switch-on(off) time in the 
DCM operation. IBCM,peak shows the primary peak current of 
the transformer in the BCM operation. TBCM shows the 
switching period in the BCM operation. TBCM_on(off) shows the 
switch-on(off) time in the BCM operation. Equations (8) and 
(9) represent average primary current during the DCM and 
BCM operations, respectively, for one switching cycle.  
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For the same output power between the DCM and BCM 
operations, the primary average currents during one switching 
cycle of each mode are the same. Hence, by combining (4), 
(8), and (9), the BCM operation duty ratio (DBCM) is 
expressed as: 

DCM
BCM DCM

BCM

TD D
T

= × .     (10) 

As shown in Fig. 6, in the BCM operation, the new duty 
ratio is used by (8)–(10). Therefore, the system can operate in 
dual modes by using (1), (7), and (10). 

MPPT

Sensing Vpv and Sensing Ipv
Power calculation P = VI

Pnew > Pold

Vpv, new > Vpv, old

Ipv,ref = Ipv,ref  - DMIpv,ref = Ipv,ref  + DM Ipv,ref = Ipv,ref  + DMIpv,ref = Ipv,ref  - DM

Current Control

Vpv, new > Vpv, old

YES NO

YES NO YES NO

 
Fig. 7. Flowchart of the conventional MPPT control method. 

 
To use the dual mode, the power (Pout) is calculated 

instantaneously, and the reference power (Pref) decides the 
operation mode. From Vpv and the primary average current 
(Iavg) of (8) and (9), Pout is given as: 

out pv avgP V I= × .   (11) 

If Pout is less than Pref (a light load), the single-phase DCM 
operation is applied at one flyback inverter. On the other 
hand, if Pout is greater than Pref (a heavy load), the interleaved 
BCM operation is applied at two flyback inverters. 

 

III. CURRENT SENSORLESS MPPT CONTROL 
METHOD FOR THE PV MODULE-TYPE 

DUAL-MODE ILFI 
The P&O MPPT control method is generally used in 

maximum power transfer systems because of its simple 
feedback structure and ease of control. 

The input current, which used in the conventional 
sensorless control, is calculated by the electric charge [23]. In 
this case, the equation for the input current is more 
complicated. However, in this paper, the input current is 
calculated more simply by using the average current in the 
DCM operation by (8) and in the BCM operation by (9). The 
MPPT control method uses the calculated average current 
which is divided by a half-grid period. Therefore, the 
proposed method is more simplified than the conventional 
sensorless control. 

Fig. 7 shows a flowchart of the P&O MPPT control 
method and Fig. 8 shows the P-V-I (power, voltage, current) 
curve of the P&O MPPT control method. By using the PV 
voltage and PV current through the voltage and current 
sensors, Pout can be expressed as (11). After calculating the 
PV power variation and PV voltage variation from (11) and 
the PV voltage, the output power can reach the MPP by 
varying the perturbation (DM). For example, in Fig. 8, the 
new state is point B and the previous state is point A. Then 
the PV power variation will be a positive state and the PV 
voltage variation will be a negative state. In this case, the PV 
current must be increased up to the MPP. Therefore, it is  
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Fig. 9. Average current per half-grid frequency for MPPT control 
method. 

 
necessary to increase the reference current. 

In the conventional P&O MPPT control method, the PV 
output power, which is given by the product of the PV 
voltage and PV current, must be calculated. Usually, current 
sensors are expensive and bulky. As a result, they have an 
effect on the cost of the whole system. Therefore, an 
alternative method is required to reduce both the cost and 
system size. In this paper, the proposed method calculates the 
PV current from the average value of the current. Therefore, 
the maximum power is calculated with the PV voltage and 
calculated current. 

For the MPPT control method, initially, the PV output 
current is calculated using the switching frequency and duty 
cycle, as given in (8) and (9). The average value of the 
primary current (Ipv,avg) for half of a grid period is calculated 
as: 

0
,

half of gridT

avg
pv avg

half of grid

I dt
I

T

  

 
  

= ò    (12) 

where Thalf of grid denotes half a period of the grid and Ipv,avg is 
the dc value in (12), as shown in Fig. 9. 

Fig. 10 shows the operation of the current sensorless 
MPPT control method. First, the PV output power (Ppv), 
given by (13), is calculated from the product of the measured 
PV voltage and the calculated PV current as: 

,pv pv pv avgP V I  = × .          (13) 
After the microcontroller unit (MCU) has memorized the 
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Fig. 10. Flowchart of the current sensorless MPPT control 
method. 
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Fig. 11. Block diagram of the proposed method. 
 

previous PV output power (Pold) and PV voltage (Vpv,old), the 
reference current (Ipv,ref) is calculated by comparing them with 
the present PV output power (Pnew) and PV voltage (Vpv,new) 
for the MPPT control method. 

Fig. 11 shows a block diagram of the proposed dual-mode 
current sensorless MPPT control method for the ILFI. By 
using the measured PV voltage and the calculated PV current, 
the duty ratio of each mode is obtained by Ipv,ref through the PI 
current controller. Finally, by using the duty ratio of each 
mode and the constant or calculated frequency, the system 
operates in the proposed algorithm. 

 

IV. SIMULATION 
Simulations are performed using PSIM tool in this paper. 

The PV module-type ILFI with a dual mode topology, shown 
in Fig. 1, is used in the simulation. The simulation parameters 
are listed in Table I. Cin shows the input capacitor, Cf shows 
the capacitor of the CL filter, Lf shows the inductor of the CL 
filter. Lm and Llk are the transformer parameters, Lm is the 
magnetic inductance, and Llk is the leakage inductance. 

Fig. 12 shows the operation of the ILFI with dual mode 
control. Vgrid and Igrid are the grid voltage and grid current, 
respectively. Ip,s1 is the primary current of the single-phase 
transformer, and Is,s1 is its secondary current. Ip,s2 and Is,s2 are 
the primary current and secondary current of the two-phase 
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Fig. 12. Waveforms of the dual-mode ILFI. 

 

TABLE I 
PARAMETERS FOR THE SIMULATIONS AND EXPERIMENT 

Vgrid 
110 Vac 
(60Hz) Po 110 W 

Vpv(dc) 20~33Vdc 
Transformer 

turn ratio 1 : 2 

Cin 10.1 mF  Lm 13.99 mH 

Cf 0.22 mF  Llk 0.01 mH 

Lf 1 mH fDCM 50 kHz 

 
transformer, respectively. Pout is the output power calculated 
from (11), and Pref is the boundary value to separate the 
operation modes. In this paper, Pref is set to 55 [W]. Therefore, 
the single-phase DCM operation is applied below Pref 
whereas the two-phase interleaved BCM operation is applied 
above Pref, as shown in Fig. 12. Once the system enters the 
two-phase interleaved BCM operation, the frequency and 
duty ratio are changed by (7) and (10). Using (7), the 
maximum frequency, fmax, is about 200 [kHz] and the 
minimum frequency, fmin, is about 120 [kHz]. 

Fig. 13 shows closed waveforms of the ILFI with dual 
mode control when the mode is changed. Vgate,s1 and Vgate,s2 
are the switching signals for S1 and S2, respectively. Fig. 
13(a) shows that the operation mode is changed from the 
single-phase DCM operation to the interleaved BCM 
operation. If the mode enters the interleaved BCM operation, 
ILm,peak and the frequency for the BCM operation are 
calculated. Consequently, a new gate signal is sent to the 
switches. On the other hand, as shown in Fig. 13(b), when the 
mode changes from the interleaved BCM operation to the 
single-phase DCM operation, the two-phase flyback inverter 
switch, S2, turns off. 

Vgate,s1 [V]

Ip,s1 [A] Is,s1 [A]

Ip,s2 [A] Is,s2 [A]

Vgate,s2 [V]

 
(a) 

Vgate,s1 [V]

Ip,s1 [A] Is,s1 [A]

Ip,s2 [A] Is,s2 [A]

Vgate,s2 [V]

 
(b) 

Fig. 13. Closed waveforms of the dual-mode ILFI. (a) Change 
from single-phase DCM to interleaved BCM. (b) Change from 
interleaved BCM to single-phase DCM. 

 
Fig. 14 shows the key waveform of the system operation. 

ILm,peak is the calculated value from (4). Using this value, Ipv,avg 
is calculated by (12). Further, Ipv,avg is the dc value that is 
applied to the current sensorless MPPT control method. 

Fig. 15 shows the performance of a MATLAB PV module 
simulation. In this simulation, the MPP voltage is 25 [V], and 
the MPP current is 4.503 [A]. Fig. 16 shows the proposed 
MPPT control method. The duty ratio is calculated with Iref, 
which is generated by the MPPT, and Ipv,avg from (12). As 
shown in Fig. 16, it is confirmed that Ipv,avg follows Iref. It can  
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Fig. 14. Key waveform of the dual-mode ILFI. 
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Fig. 15. MATLAB PV module simulation results of the proposed 
MPPT control method. 

 

 
Fig. 16. Waveform of the proposed current sensorless MPPT 
control method in the dual-mode ILFI. 

 
also be seen that Igrid increases when the system power 
increases. Moreover, the phase of the grid voltage is the same 
as that of the grid current. 

 
 

Fig. 17. Experimental equipment. 
 

 
Fig. 18. Experimental waveforms of the single-phase DCM 
operation. (a) Whole operation waveform. (b) Closed waveform. 

 

V. EXPERIMENTAL RESULTS 
Experiments are performed to verify the proposed current 

sensorless MPPT control scheme. Fig. 17 shows the 
experimental system configuration. The experimental system 
consists of an interleaved flyback converter board, an 
H-bridge inverter board, and a controller module. An ARM 
cortex-M4 STM32F407VGT from ST Microelectronics is 
used as the controller module. The parameters for the 
experimental setup are the same as those used in the 
simulations. Usually, the power capacity of the MIC, which is 
connected to one or two PV arrays, is decided according to 
the PV output power capacity. Therefore, in this paper, the 
experiment is verified under the 110 [W] of the prototype. 

Fig. 18(a) shows the experimental whole waveforms of the 
ILFI with dual mode in the DCM operation, and Fig. 18(b)   
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Fig. 19. Grid voltage and grid current waveforms of the 
single-phase DCM operation. 
 

 
Fig. 20. Experimental waveforms of the dual-mode ILFI. (a) 
Whole operation waveform. (b) Change from single-phase DCM 
to interleaved BCM. (c) Change from interleaved BCM to 
single-phase BCM. 

 
shows experimental closed waveforms of the same operation. 
Fig. 19 shows the experimental grid voltage and grid current 
waveforms in the DCM operation. As can be seen, Pout, which 
is the product of the grid voltage and the grid current, does 
not exceed Pref. Therefore, the system operates in the DCM 
operation. When the system operates in the DCM operation, 
it is operated as a single-phase flyback inverter. 

Fig. 20(a) shows experimental waveforms of the ILFI with 
dual mode. In this figure, the drain-source voltages of the 
main switches (VS1,ds and VS2,ds) and the primary current of the 
single-phase transformer (ILm,S1) are represented. In the BCM 
operation, the peak value of ILm,S1 is reduced because the 
switching time is shorter than that of the DCM operation. Fig. 
20(b) shows the experimental closed waveforms when the 
mode changes from the DCM operation to the BCM 
operation. Fig. 20(c) shows experimental closed waveforms 
when the mode changes from the BCM operation to the DCM 
operation. When the system enters the BCM operation, the 
main switch turns on when the main switch-off time ends.  

 
Fig. 21. Grid voltage and grid current waveforms of the 
dual-mode ILFI. 
 

 
Fig. 22. Experimental waveforms of the proposed current 
sensorless MPPT control method for the dual-mode ILFI. (a) 
Operating in the single-phase DCM operation. (b) Entering the 
dual-mode. (c) Operating in the MPP. 

 
Hence, as shown in Figs. 20(b) and (c), in the interleaved 

BCM operation, the switching period is shorter than that of 
the single-phase DCM operation. 

Fig. 21 shows experimental waveforms of the grid voltage 
and grid current. The output current of the ILFI is a  
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Fig. 23. Grid waveforms of the proposed MPPT control method 
for the dual-mode ILFI. (a) Operating in the single-phase DCM 
operation. (b) Entering the dual-mode. (c) Operating in the MPP. 

 
sinusoidal wave. The phase of the grid voltage is shown to be 
the same as that of the grid current. 

Fig. 22 shows the waveforms of the proposed current 
sensorless MPPT control method for the ILFI with dual mode. 
From (12), Ipv,avg, which is a DC value, is compared with Ipv,ref 
for the current control. Therefore, the duty ratio is generated 
by the current control. Fig. 22(a) shows a closed waveform 
for the single-phase DCM operation. If the system enters this 
operation mode, the two-phase flyback inverter does not 
operate because the system power is less than Pref. Fig. 22(b) 
shows a closed waveform when the system power is greater 
than Pref. If the system enters this operation mode, the 
dual-mode operation starts. Fig. 20(c) shows a closed 
waveform when Ipv,ref reaches the MPP. 

Fig. 23 shows the grid voltage and grid current waveforms 
of the proposed current sensorless MPPT control method for 
the ILFI with dual mode. Since Ipv,ref is increased by the 
control, the grid current increases. Fig. 23(a) shows a closed 

 
Fig. 24. Efficiency graph of the proposed MPPT control method 
for the dual-mode ILFI. 

 

waveform for the single-phase DCM operation, and Fig. 
23(b) shows a closed waveform when the system power is 
greater than Pref. Fig. 23(c) shows a closed waveform when 
Ipv,ref reaches the MPP. As seen in Figs. 22 and 23, the 
primary current increases by Ipv,ref. Therefore, the proposed 
current sensorless MPPT control method is confirmed with 
the grid current waveform. 

Fig. 24 shows the efficiency of the proposed MPPT control 
method for dual-mode ILFIs. The efficiency measurement 
result shows that the maximum efficiency is 92.1%. As 
shown in Fig. 24, because the conduction loss is decreased by 
reducing the primary peak current in the interleaved BCM 
operation, the efficiency rapidly increases in the interleaved 
BCM operation.  

VI. CONCLUSION 

In the PV-PCS market, many studies on the MIC have 
been conducted recently because of its benefits such as 
independent control for reducing the damage caused by solar 
radiation. Among many the MIC topologies, the dual-mode 
interleaved flyback topology is the most commonly used 
topology because of its ease in installation and higher 
efficiency. 

This paper presents a current sensorless MPPT control 
method for the dual-mode PV module-type ILFI. The 
conventional MPPT control method for the MIC requires 
voltage and current sensors. This increases the system cost 
because of the large size and high price of the sensors. 
Currently, the price of an interleaved MIC is about $150 and 
an IC type current sensor is about $8. The conventional 
interleaved MIC requires two current sensors for acquiring 
the current of each phase. In this case, the current sensors 
account for about 10% of the total price. When the MIC is 
used in large PV generation systems, the price of the current 
sensors cannot be ignored. Therefore, a system has an 
advantage in price by using the proposed sensorless MPPT 
control method. Although the proposed control scheme is 
more complicated, the system size and cost are smaller and 
cheaper than the conventional method.  
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Simulation and experimental results show similar 
performances and validate the proposed current sensorless 
MPPT control method for ILFIs. 
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