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Abstract— In PV strings based on series-connected PV 
modules, mismatches among the modules due to partial shading, 
will cause in power loss either due to series connection 
constraint or due to bypass diodes. This paper proposes a new 
distributed MPPT (DMPPT) scheme using multi-winding forward-
based converter, acts as a current balancing differential power 
processing (DPP) converter. The converter is configured in the 
way that each converter port is connected in parallel with 
individual PV module to enable module-level maximum power 
extraction. The proposed architecture operates in two modes: 
local MPPT mode and current balancing mode. The new MPPs at 
module-level are tracked in local MPPT mode and then dispatched 

to start current balancing mode of operation. In the current 
balancing mode, this paper proposes a simple control approach 
to maximize output power from partially shaded PV string by 
maintaining an effective MPPT at module-levels and directly 
transferring the compensation currents toward the shaded 
modules from modules under normal conditions without any 
intermediary. The proposed DMPPT scheme is validated by 
simulation and experimental results. The results show that using 
the proposed scheme, the system efficiency is significantly 
improved compared to other existing topologies.  
 

Index Terms— photovoltaic (PV), partial shading (PS), 
differential power processing (DPP), distributed maximum power 
point tracking (DMPPT). 

I. INTRODUCTION 

n recent years, the use of small-scale photovoltaic (PV) 

systems has grown in urban areas. One of the challenges in 

maximizing the use of PV systems is related to increase the 

energy efficiency during partial shadings and other 

mismatches. In urban areas, various shapes and depths of 

shading can be unavoidably occurred by nearby tree, power 

line poles, building, chimney, remains of birds, dust and etc.  

A PV system usually consists of several string of series 

connected PV modules. Under partial shading (PS) conditions, 

the current of a PV string is limited to the current through the 
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most shaded module of PV cells which will reduce the overall 

string power. In presence of bypass diodes the shaded modules 

are bypassed to preserve current string, eliminating the 

available power of shaded modules [1]-[3]. Recently, for 

small-scale PV systems a variety of differential power 

processing (DPP) architectures have been presented [3]-[5], 

which are often derived from active balancing methods in 

battery systems [6], to capture the extractable power from 

partially shaded strings. DPP structure introduces the parallel 

connection of PV substring and corresponding DC-DC 

converter. In this regard, power electronic circuits capable of 

injecting compensation current from dc Bus (Bus-to-PV 

architecture) and/or PV (PV-to-PV architecture) are used to 

balance the modules [7]-[14]. With DPP architecture, a 

conventional central converter can be used without suffering 

from mismatch issues to increase total system efficiency and 

decrease system cost and complexity compared with full 

power processing (FPP) architecture requiring multiple 

module-level converters [4].  

The effectiveness of a DPP scheme depends on the accuracy 

of determining the optimal compensation currents, which is 

accomplished by minimizing total power processed by the 

DPP converter and providing MPP condition for each PV 

module individually, which in this case, this is called 

distributed MPPT (DMPPT) technique at module-level. In 

research conducted for DPP architecture, generation control 

circuits (GCC) [7], energy recovery circuit [8], ladder 

structures [9] and [15]-[19], equalizers [20]-[22] and 

technologies based on buck-boost converters [11]-[14], [23] 

and [24] have been suggested. Most presented DPP converters 

such as multi-stage back-boost converters [7], multi-winding 

flyback converters [10], buck-boost converters [12]-[14],  

[23], switched capacitor equalizers [16], [17] and switched 

inductance equalizers [18]-[21] enforce equal voltage across 

each substring (module) which may not result in MPP 

operation for each PV substring. The MPP voltage typically 

decreases with reduction of irradiance on the PV module and 

voltage balancing technique (VB) is not a precise approach to 

generate compensating current and thus does not provide exact 

MPPT at module-levels. In this way, the presented 

architectures are comparable to each other in terms of 

processed power, conversion efficiency, installed rating 

capacity, cost, number of switches and elements, size, 

complexity in design and control and etc. [20].  In the 
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meantime, [15] and [24] present approaches to make operating 

at module-level MPPs possible, by determining MPP voltages 

of modules locally. These architectures implement exact-

DMPPT at module-level by balancing the string current in the 

cost of higher power processed by the DPP converters, 

increasing the number of switches and passive elements, high 

required converter rating, causes reduced system efficiency. In 

literature [11] and [25], the combination of series and parallel 

converters is proposed in order to reduce the processing 

power. Series converter try to adjust the string current in level 

that least power can be processed by parallel converters such 

as isolated buck-boost converters. In addition for precise 

operation of converters, to perform exact-DMPPT they must 

be cautiously and simultaneously controlled, resulting in 

complexity of the control system. In parallel connection, Bus-

to-PV DPP architecture is used to manage the differential 

power among mismatched modules. In spite of the 

effectiveness of the series converter function, connections in 

this architecture inherently needs more processing power 

(even with optimal string current), resulting in more 

conversion losses.  

This paper uses a multi-winding forward-based converter as 

a current balancing DPP converter (CBC) to implement 

DMPPT technology at module-level and maximize the output 

power of the PV string during partial shading conditions. The 

converter consists of a multi-winding transformer which each 

of main windings with identical number of turns through one 

dedicated switch and a small inductor is connected in parallel 

to a PV module. In the case of partial shadings, the proposed 

converter operates in two modes, fast local MPP tracking 

mode and balancing current mode. The new MPP for each PV 

module is determined by sweeping the power characteristic 

with the dominated switch in a separate time frame. In the 

current balancing mode, a control approach is proposed to 

regulate the PV module voltages very close to their MPPs 

compared to the existing VB technologies results in order to 

maintain high MPPT efficiency. In the proposed scheme, 

power is directly transmitted between mismatched modules 

(PV-to-PV) through a magnetic coupling without any 

intermediary, which reduces required amount of the power 

processing through DPP converter. The least processed power 

through the CBC converter and maintaining an effective 

MPPT at module-levels will improve the system efficiency 

without imposing any complexity on the circuit and control 

system compared to other existing topologies such [11] and 

[24]-[25]. The proposed CBC-DMPPT scheme is validated by 

simulation and experimental results. Finally, it is compared 

with other existing schemes. 

II. DESCRIPTION OF THE PROPOSED SCHEME 

Without loss of generality, in Fig. 1, the original PV string 

contains three identical modules in series, so a three 

input/output forward converter is used as the string current 

balancing DPP converter. The PV string releases power into 

central converter through the power switch Sm. The forward 

converter consists of a four-winding transformer which the 

main windings 1, 2 and 3 with identical number of turns 

through one dedicated switch SWj and a small inductor Ll are 

connected in parallel to each PV module and the reset winding 

is connected in parallel across the output of the PV string. The 

converter transformer is modeled with a magnetizing 

inductance, Lm. The proposed architecture operates in two 

modes: current balancing (CB) mode and local MPPT 

(LMPPT) mode, which are described next. 

A. Current Balancing Mode 

During PS conditions, each converter port will operate at 

lower input/output voltage when it is involved with more 

intensive shading than the other ports. The current can flow 

from non-shaded modules (or even less-shaded modules) to 

more shaded modules via transformer when the switches of 

the ports connected to the non-shaded modules are closed and 

simultaneously the anti-parallel diodes of the switches from 

the ports connected to the more shaded modules are forward 

biased. All module voltages can be regulated at their MPP 

voltages by adjusting the switching function of the switches 

related to the modules with higher voltages and transferring 

appropriate compensation currents. To reduce power 

processing losses and functional modes of the converter, use 

of a same switching function is recommended for all these 

switches. Therefore, these switches will turn on and off 

simultaneously. In general case, for a string including nm 

modules, when the switches are closed, the sum of the 

compensation currents through the series inductances will be 

equal to the current through magnetizing inductance.  

1 2 ...
mlm ni i i i                  (1) 

Differentiating (1) and substituting the charging rates of 

inductor currents, the voltage across magnetizing inductance, 

vm1 can be computed as follows 

1
1

1

mn
pvj lj

m
m m l

v L
v

L n L







               (2) 

The current direction will be determined as follows: If Vpvj 

for jth module is greater than vm1, the SWj will conduct and the 

corresponding module is called as an “input-side module”. If 

Vpvj is lower than vm1, the corresponding antiparallel diode is 

forward biased and the complementary current is directed 

toward jth PV module as an “output-side module”. 

B. LMPPT Mode 

When desired MPPs are needed, the converter is activated 

in LMPPT mode to detect new MPPs at module-level. In this 

mode, the PV string will be disconnected from the central 

converter by Sm for a very short time. Tracking MPP for each 

module is done by sweeping the power characteristic with the 

dominated transistor switch in a same time period separately 

as shown in Fig. 2. During MPPT for a module, other modules 

should be placed in the open circuit condition. The switch SWj 
 

   Fig. 1. Proposed current balancing DPP architecture 
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is turned on for a specific time (say tr) to provide short-circuit 

condition for the corresponding PV module. During this time, 

the PV module supplies energy to the corresponding port of 

the converter which acts as a resonant tank. Due to resonance 

and providing a path for the current of the inductors, the 

module voltage tends to be negative, which causes antiparallel 

diode of the PV module to become forward biased to avoid the 

large negative voltage across PV module and then any local 

hot spot. The energy transferred to the magnetizing inductor 

due to resonance is dissipated by Ron during delay time td. The 

current path is shown in Fig. 2(a) by bold lines. During td, 

current ipvj remains on short-circuit value and ij can be 

calculated by 

1
( )j pvj on j

m l

i v R i dt
L L

 


             (3) 

where, Ron is on-resistance of SWj. During td, vpvj is equal to 

minus voltage forward drop of diode Dj (vpvj = -VD). 

The switch SWj is opened when the current through the 

switch reaches close to zero for reducing the switching stress. 

In this period, the transformer core can reset by Dr and the PV 

module charges its parallel capacitor (as shown in Fig. 2(b)). 

j

pvj
pvj c j

dv
i i C

dt
                 (4) 

Therefore, output power characteristic of the jth PV module 

is swept from short circuit to open-circuit during a short time 

interval. The MPP is found and stored by a simple search 

algorithm. The MPPT process for all PV modules is done in a 

similar manner during separate periods of time. For simplicity, 

this period is considered to be same for all modules, which is 

determined with respect to the maximum time required during 

dark-shadings. For example, Fig. 2(c) shows the voltage, 

current and power waveforms during this mode for a partially 

shaded PV string including three modules. In this case, the 

modules are arranged based on their shading factors (SF) (it 

determines the dimness of the shadow which is evaluated 

according to the nominal condition (G = 1000 W/m2), varying 

from zero to one [20]), SF1 < SF2 < SF3. When the new MPPs 

(marked ●) are tracked and latched, a trigger signal is 

dispatched to enable CB mode and then regulate the same. 

As shown in Fig. 2(c) it is possible that current is leaked 

through other windings at the beginning of the sweeping 

process due to difference between the PV module open-circuit 

voltages during PS. This case will not interfere in LMPPT 

process by considering tr in one hand and starting LMPPT 

process for a module with higher voltage drop due to partial 

shading (like PV3), on the other hand. Meanwhile, the 

equations (3)-(4) can be used to estimate the switch current 

and the module current according to the module voltage. 

Therefore, in LMPPT mode only one voltage sensor per 

module is sufficient. 

III. CBC-DMPPT IMPLEMENTATION 

A. Control Strategy 

The overall control diagram to implement proposed CBC-

DMPPT scheme is shown in Fig. 3. At PS conditions, the 

voltage across shaded module decreases. If a certain reduction 

is satisfied, the transfer power to the external MPPT converter 

will be cut by Sm and the circuit is activated in LMPPT mode. 

Following that, during CB mode, the CBC converter manages 

the mismatch caused by partial shading and controls the 

switching function of the input-side switches to allow each 

module to operate at its MPP. Meanwhile, the external MPPT 

converter tries to provide the MPP condition for entire PV 

string, independently from CBC. Increasing duty cycle of the 

input-sides switches will reduce the input voltages (across 

non-shaded or even less-shaded PV modules), and increase the 

output voltages across more shaded PV modules of the output 

ports. Therefore, the input and output voltages of the CBC 

converter will have different responses to the duty cycle 

changes of the switches. In addition, the number of input and 

output ports may vary in different shading condition, affecting 

number of the input-side switches.  

In this paper, the weighted voltage-mode regulation is 

considered to close the feedback loop and regulate the module 

voltages at MPPs determined from LMPPT mode. As shown 

in Fig. 3, during CB mode two control loops are assigned for 

the entire string. One loop controls the weighted input-side 

voltages (across input-side PV modules) at desired value and 

another one regulates the weighted output-side voltages 

(across output-side PV modules) at its desired value by 

adjusting a switching function q(t) which is dispatched for all 

input-side switches. In this way, the reference voltages are 

constructed as follows,  

1

1

i
m

m

n i
ref vj mpjj

no o
ref vj mpjj

V K V

V K V












              (5) 

where Vi
ref and Vo

ref are the reference voltage for the input-side 

and the output-side voltage regulation loops, respectively. Vmpj 

is jth module MPP voltage which is identified during LMPPT 

mode. Ki
vj and Ko

vj are weight coefficients of jth module for 

the input-side and the output-side control loops, respectively. 

In the input-side control loop, the actual and MPP voltages of 

the output-side modules are weighted by zero (i.e. Ki
v for these 

modules is set to be zero), and contrariwise, for the output-

side control loop, the actual and MPP voltages of the input-

side modules are weighted by zero (i.e. Ko
v for these modules 

is set to be zero). In this way, the control inputs di
1 and do

1 (the 

duty cycles of input-side switches) drive the PWM generator 

to construct the input-side switching function. 

Fig. 4 illustrates the switching function q(t) and piecewise - 

linear representation of the voltage and current waveforms of 

the converter for a partially shaded PV string including three 

 (a) 

(b) 
 

Fig. 2. LMPPT mode of operation, (a) when SWj is closed, (b) when 
SWj is open. (c) Voltage, current and power waveforms of PV 
modules during local MPPT mode. 
 

 
(c) 
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modules. In this case, the currents i1 and i2 are cyclically 

extracted from input-side modules PV1 and PV2 to inject the 

current i3 toward the output-side module PV3 to balance the 

string current. Over one complete switching cycle the average 

values of compensation currents can be found by 

1 1
0

1

4 4

s
i o

T pj pji o
j j

s

i i
I i dt d d

T
             (6) 

The peak values of the current waveforms are  

1, ,
1pj

pvj mi o i o
s

l

v v
i d T

L


                (7) 

During each half-switching cycle, Dr allows to conduct and 

provide a path for magnetizing current which must go back to 

the output bus before the next half-switching cycle. 
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where, di
2 and do

2 are the duty cycle of Dr over first and 

second half-switching cycle, respectively. n is turn ratio of the 

transformer.  

In the steady state condition, for a partially shaded PV 

string with ni input-side modules, the proposed control 

approach results in that the total power processed by the CBC 

converter will be computed by 

1
( )

in

proc pvj jj mp
P V I


                (12) 

The CBC converter only needs to process Pproc, which is 

often just a small fraction of the PV string power. Pproc has a 

key role in conversion losses which affects the amount of 

output power from the string. In CB mode, the proposed 

scheme balances the string current approximately in an 

intermediate level of the current produced by the modules. For 

a PV string including nm PV modules, maximum power 

processed by CBC is always less than (nm-1)/nm of the nominal 

PV module. This is achieved in the worst mismatched case, in 

which all PV modules except one are under severe shading.  

Although, definite achievement of MPP for each module 

may not individually occur in the proposed topology, 

providing an effective MPPT at module-level can be obtained 

by proper design of series inductance and adjusting the weight 

coefficients which will be explained in the next. 

B. Series Inductance Design 

The module MPP voltage typically decreases with 

decreasing irradiance on the PV module. As can be observed 

in Fig. 5(b), a 80% reduction in irradiance results in around 

15% decrease in the module MPP voltage. So, only use of a 

multi-winding transformer and implementation voltage 

balancing between modules is not a precise approach to 

generate compensating current and thus does not provide 

accurate MPPT at module-levels. A series inductance is 

employed in each converter port to allow voltage deviations 

between the converter terminals for tracking PS effects.  

Fig. 5(a) shows a partially shaded PV string including two 

modules. PV1 is the input-side module and PV2 is the output-

side module. When the input-side voltage control loop is 

considered, in the steady state condition, the feedback try to 

match vpv1 with the reference voltage defined by (5), that is 

Vmp1. The unregulated voltage vpv2 is assumed to deviate from 

vpv1 by a difference ΔV2, 

2 1 2

1 1

  
 

pv pv

pv mp

V V V

V V
               (13) 

 The control loops tend to balance current in all modules. 

1 1 2 2  pv pvI I I I                (14) 

The analysis is done in MPP region, so, for simplicity, a 

linear model of PV module is considered which it can be 

found by linearization of the nonlinear current-voltage curve 

at MPP region. As shown, the resulted equivalent circuit of a 

 
Fig. 4. Switching function and voltage and current 
waveforms in current balancing strategy. 

 
Fig. 3. Overall control diagram of the proposed CBC-DMPPT 
approach, LPF: low pass filter. C1 and C2 are the PWM controllers.  

 (a) 

 

 
(b) 

Fig. 5. Investigating the effect of series inductance in voltage 
deviations, (a) a PV string with CBC converter, (b) P-V curves of the 
mismatched modules. 
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PV module consists of a current source igj, and a parallel 

resistance Rshj. Replacing Vpv1 and Vpv2 with (13) in (14), 

voltage deviation ΔV2 can be expressed in terms of inductance 

Ll.  

2 1 1 1 2
2 2

2 1

(1 1 )

1 4

g g mp sh sh

i
sh s l

I I V R R
V

R d T L

  
 


        (15) 

Fig. 6 shows the voltage deviations versus shading factors 

of PV2 for different inductances. PV1 is irradiated at 1000 

W/m2
.
 The duty cycle of the switch SW1 is set to be equal 0.5 

(maximum value). In this figure, the desired voltage deviations 

is also marked where each module operates at its MPP in 

different shading conditions. In this way, an inductance is 

effective that allows to achieve the desired voltage deviations 

by changing the duty cycle of the switch with respect to (15). 

Analysis shows that use of a 6 μH inductance can be effective. 

In large SF conditions, the duty cycle can decrease to provide 

desired ΔV2 based on (15) and then MPP condition for PV2. It 

should be noted that if the output-side control loop is to be 

considered, the same analysis can be done for the voltage 

deviation of the module PV1 and the results will be the same.  

C. Weighting Coefficients Adjustment 

Generally, when a string consists of several modules, 

weighted voltage-mode regulation technique is considered for 

both control loops. The analysis shows that the weight 

coefficients Ki
vj and Ko

vj can affect the operating point of the 

system. The steady-state operation point of the system (i.e. 

Vpvj) in MPP region may be obtained by dc analysis. This 

results in the following set of nonlinear algebraic equations:  

2 2
1 12

2 2
1 12
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where, Is and Imppt are the average-values of the string current 

and the extracted current by external MPPT converter, 

respectively. Substituting 1
iD  and 1

oD with  

1 1 1 1

1 1 1 1

( )

( )

m m m

m m m

n n ni i i i i i
c vj mpj vj pvj c vj pvjj j j

n n no o o o o o
c vj mpj vj pvj c vj pvjj j j

D K K V K V K K V

D K K V K V K K V

  

  

   

   

  

  
(17) 

The set of equations may be solved numerically using, for 

example, the Newton-Raphson method. The controllers C1 and 

C2 defined in Fig. 3, have finite dc gains i
cK and o

cK , 

respectively, based on their transfer functions (in Laplace 

domain). Here, voltage errors are viewed as   pvj mpj pvjV V V . 

Sum of the weighting coefficients is considered equal to one 

in each loop,
1 1mn i

vjj K  ,
1 1mn o

vjj K  . Weight coefficients 

can distribute voltage error among the input/output voltages. 

Using a larger weighting factor, the corresponding voltage 

error can be reduced at the cost of degrading the others.  

As an example, Fig. 7 shows the power-voltage 

characteristics of the three modules in series with shading 

factors; SF1 = 0, SF2 = 0.3 and SF3 = 0.7. The system available 

power is 28.96 W if all maximum power points are tracked 

perfectly. The modules PV1 and PV2 are as the input-side 

modules and the module PV3 is the output-side module. As 

shown in Fig. 7, the slope of the power vs. voltage curve near 

MPP (in the MPP region) increases with decreasing SF. Here, 

the slope sj is defined as follows: 

pvj mpj

pvj
j

pvj V V

P
s

V






               (18) 

where, ΔPpvj = Pmpj –Ppvj, is the power loss caused by MPP 

tracking at the module-level. Therefore, a specific error in the 

voltage of the module with lower SF can lead to a higher drop 

in output power. The figure shows that the operating points of 

modules (○, Δ and ◊ marks) depend on the weighting 

coefficients. In this case, Ki
v1 + Ki

v2 = 1 (Ki
v3 is set to be zero) 

and Ko
v3 = 1 (Ko

v1 and Ko
v2 are set to be zero). When weighting 

coefficients are Ki
v1 = 0.5, Ki

v2 = 0.5 and Ko
v3 = 1, the module 

voltages are close to the MPP voltages (■ marks) with the 

output power Pout = 28.94 W and overall MPPT efficiency 

ηMPPT = 99.96%, neglecting conversion losses; The MPPT 

efficiency refers to capability of the DPP converter in 

providing MPP condition at all substring (here, module) – 

level.  If Ki
v1 = 0.85 and Ki

v2 = 0.15, called optimal weighting 

coefficients, the module voltages are regulated at points (○ 

marks) where minimize the overall MPPT losses to reach 

ηMPPT = 99.98%; finally, Ki
v1 = 0.1 and Ki

v2 = 0.9 results in a 

reduction of 0.35% with respect to the ideal available power 

(Pout = 28.86 W) and module voltages are relatively far from 

the MPPs.  

As a result, the PV modules operate close to their MPP 

values by employing the same weight coefficients. However, 

the minor difference with MPPs can be reduced by using the 

optimal coefficients determined by considering the P-V curves 

of the specific PV system in MPP region. In each shading 

condition, the optimal weight coefficients can be found by 

 
Fig. 6. A small inductance Ll in each converter port allows 
voltage deviations between modules caused by partial shading. 

 
Fig. 7. Effect of weight coefficients on operating 
points of the system at MPP region. 
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minimizing the power loss with respect to the ideal available 

power using a nonlinear programming problem as follows: 
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where the module voltages are substituted in terms of errors 

and the desired values. 

jpvj mp pvjV V V                 (20) 

IV. SIMULATION STUDY  

In this section, a PV string including three modules (nm = 3) 

is considered which the electrical parameters of each module 

are as follow: Vmp = 13.5 V, Imp = 1.105 A and Pmp = 14.92 W. 

Table I presents the electrical parameters of the forward 

converter. The proposed scheme has been simulated using 

PSIM software. In this way, four SFs are chosen arbitrarily: 

0.0, 0.3, 0.5, and 0.7. Table II shows the actual MPP voltage, 

current and power, open-circuit voltage and short-circuit 

current of a PV module for different SFs. The range of the key 

parameter for the linear model at the MPP region is, Rshj = [11, 

58.83] Ω.  

To analyze the steady state performance of CBC-DMPPT, 

four shading scenarios are considered as defined in Table III. 

This table presents the optimal weighting coefficients in each 

scenario and shows the amount of MPPT efficiency for two 

cases, one using optimal coefficients (ηmppt1) and the other 

using the same weighting coefficients (ηmpp2). The results 

show that the proposed scheme has an acceptable ability to 

implement DMPPT at the module-level for various PS 

conditions in both cases.  

 To justify the performance of the proposed scheme two 

studies are carried out. In the first study, the scheme's 

performance in tracking and controlling the new operating 

points after a change in radiation condition is examined. In 

second study, an irradiance step is applied for the previously 

mismatched modules. Fig. 8 shows the simulation results for 

an irradiance change according to scenario 1 of Table III in the 

first study. As shown, in presence of bypass diodes, PV3 goes 

to near short-circuit condition and limits the string current to 

0.38 A (as can be observed in Fig. 8(b)). During LMPPT 

mode, the MPP voltages (● marks) are tracked/determined 

which their values are reported in Table II. In this case, PV1 

and PV2 are known as the input-side modules and module 

PV3 is known as the output-side module, according to (2).  

Using optimal weight coefficients, as shown in Fig. 8(a), the 

proposed scheme properly controls the modules voltages very 

close to their MPPs. As shown in Fig. 8(b), there is a limited 

current spike during the transition from LMPPT mode to CB 

mode of operation. This is due to voltage drop across Cs 

during LMPPT mode (as shown in Fig 8(c)) which allows this 

transient edge at the beginning of the CB mode. Fig. 8(d) 

illustrates the switching waveforms of the compensating 

currents with their average values which are extracted from 

PV1 and PV2, and injected to PV3 in order to balance the 

string current at 0.582 A. In this case, the power processed by 

CBC converter is approximately 5.05 W (i.e. about 21% of 

maximum available power).  

Fig. 9 shows simulation results for second study. In this 

case, the modules are initially under a mismatch condition 

imposed by PS condition over the string according to scenario 

1 (SF1,2 = 0.3, SF3 = 0.7). An irradiance step on PV2 is 

occurred at 0.04 s, changing SF2 to 0.5 (scenario 3). All three 

modules operate initially at their MPPs during CB mode 1. 

After the irradiance step, Sm is immediately opened and the 

converter works in the LMPPT mode. The new MPPs at 

module-levels are tracked/determined according to the 

obtained results in Table II. PV1 and PV2 are retained as the 

 
 

(c) 

(a) 

 

(b) 

 

(d) 
 Fig. 8. Simulation results for partial shaded string (scenario 1): (a) 

Voltages and currents of non-shaded (PV1, PV2) and shaded (PV3) 
module. (b) String current. (c) String output voltage. (d) Compensation 
current waveforms processed by CBC form input-side modules (PV1 
and PV2) to output-side module (PV3) during CB mode.  

TABLE III 
WEIGHTING COEFFICIENTS IN SELECTED SHADING SCENARIOS 

AND THE MPPT EFFICIENCY AT MODULE-LEVEL 

scenario (SF1, SF2, SF3) 
(Ki

v1, K
i
v2, K

i
v3) 

(Ko
v1, K

o
v2, K

o
v3) 

ηmppt1 (%) ηmppt2 (%) 

1 (0.3,0.3,0.7) 
(0.5,0.5,0) 

(0,0,1) 
99.99 99.99 

2 (0.3,0.5,0.5) 
(1,0,0) 

(0,0.5,0.5) 
99.99 99.99 

3 (0.3,0.5,0.7) 
(0.58,0.42,0) 

(0,0,1) 
99.98 99.97 

4 (0,0.5,0.7) 
(1,0,0) 

(0,0.53,0.47) 
99.98 99.97 

 

TABLE I 
CIRCUIT PARAMETERS OF THE FORWARD CONVERTER 

parameter Vpvj (V) Lm (μH) Ll (μH) Cj (μF) Cdc (μF) n fs (kHz) 

Nominal range 13.5 267 6 100 1500 nm 15 

 TABLE II 
MAXIMUM POINT OF PV MODULE FOR DIFFERENT SFS 

SF Voc (V) Isc(A) Vmp (V) Imp (A) Pmp (W) 

0 17.5 1.27 13.5 1.105 14.92 

0.3 16.95 0.88 13 0.778 10.11 

0.5 16.3 0.63 12.5 0.555 6.94 

0.7 15.5 0.38 11.9 0.33 3.93 
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input-side modules and then, module PV3 is the output-side 

module. As shown, the proposed scheme provides again an 

effective MPPT at module-levels. Fig. 9(d) shows the 

switching waveforms of the compensating currents during the 

irradiance change. The extracted current from PV2 is reduced 

and PV1 should deliver more current to balance the string 

current at 0.513 A. In a same switching function for the input-

side switches SW1 and SW2, this is achievable due to 

magnetizing voltage reduction caused by decreasing the 

voltage across PV2 (with respect to (2)). In this case, the 

power processed by CBC converter is about 3.93 W (i.e. about 

18.7% of maximum available power). 

 The simulation results shows that the proposed CBC-

DMPPT operates well with a very low power processed by the 

CBC converter during partial shadings. In the following 

section, the same studies was also conducted through 

experimentation to allow comparison between simulation and 

experimental results. 

V. EXPERIMENTAL VALIDATION 

A. Experimental Setup 

In this paper, a laboratory-scale of the proposed scheme for 

a PV module including three modules (nm = 3) is built which 

its electrical parameters are reported in Table I. An in-house 

solar simulator is designed and built based on the equivalent 

electrical circuit of a PV cell [26]. This circuit provides output 

characteristics that have already been introduced for PV 

module with a rated power of approximate 15 W. The 

measured MPP voltage and current, and open-circuit voltage 

and short-circuit current of the PV module under different 

shading factors are the same as detailed in Table II. The CBC 

converter is designed for 30 W power capacity, while the 

power stress on each input/output converter port is less than 

10 W. In the transformer-design, an EE type ferrite core with 

suitable size and no air-gap is used. A power MOSFET 

IRF540n is used as the converter switch with VDS(max) = 100 V, 

RDS(ON) = 0.044 Ω. Three BYV32 ultrafast diodes are placed 

in anti-parallel with the MOSFETs. The string voltage is 

regulated by an electronic load consists of a DC-DC boost 

converter as the external MPPT converter connected to a 

resistive load. The voltage is sensed with a compensated 

resistor divider network with respect to the common ground 

and module-level current used for LMPPT mode computations 

can be obtained with the help of voltage across PV module 

with respect to (4), while the possible capacitance tolerances 

are included in computations, or by using Hall Effect current 

sensor ACS712. In this way, the voltage and current signals 

are filtered by lowpass filters (LPF) to remove high-frequency 

noises. Fig. 10 shows hardware setup in which the control 

scheme is implemented on an ARM Cortex-M3. Based on the 

limited computation and ADC capabilities of the 

microcontroller, a minimum sampling time equal to 33.33 μs 

was used.  

B. Experimental Results 

Fig. 11 shows the experimental results in the first study 

with the same test conditions. The PV string is initially under 

irradiance G = 700 W/m2 with a partial shading on PV3 (SF3 = 

0.7), and operates around Vpv1,2 = 15V, Vpv3 = 2.5V and Is = 

0.38 A in the presence of the bypass diodes with no current 

processed by CBC converter. During LMPPT mode which is 

taken approximately 16.5 ms for all PV modules (i.e. ≈ 5.5 ms 

for each module), the new MPP voltages is found. This time 

duration is imposed by sampling time and considering 

electrical time constant of PV modules connected with the 

converter in this mode. At the end of LMPPT process, the new 

MPP voltage of PV3 is approximately set with 1.1 V reduction 

(Vmp3 = 11.9 V). As can be seen in Figs. 11(a)-(b) the module 

voltages and then currents are acceptably regulated at their 

MPPs to balance the string current at 0.572 A. In this case, the 

MPPT efficiency is close to 99.96%. As previously noted, the 

voltages are sensed with a compensated resistor divider 

network with respect to the string ground. So, in Fig. 11(a), 

Ch1 depicts Vpv1 + Vpv2 + Vpv3, Ch2 refers to Vpv2+Vpv3 and Ch3 

shows only the voltage across PV3 (Vpv3). Fig. 11(c) shows the 

waveforms of the compensation currents through the converter 

windings from input-side modules (PV1 and PV2) to output-

side module PV3. As can be seen the average values are 

around to that obtained in the simulation results. Differences 

between current waveforms are due to non‐ideality 

components and mismatching in actual component values 

between simulation and hardware prototype. In addition, large 

inductor ripple and the high-frequency oscillations refer to 

switching edge transients, ringings and reverse recovery 

 
Fig. 10. Hardware setup: (a) PV module simulator, (b) three-
windings forward converter, (c) Sensor boards (d) ARM board 
(e) central converter (DC-DC boost converter), (f) power 
supplies, (g) laptop, (h) oscilloscope. 

 
 

(c) 

(a) 
 

(b) 

 

(d) 
 Fig. 9. Simulation results for second study in partial shading (PS) 

conditions: (a) module voltage and current waveforms. (b) String 
current. (c) Total string output voltage. (d) Compensation current 
waveforms processed by CBC form input-side modules (PV1 and 
PV2) to output-side module (PV3) during CB mode.   
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effects of diodes, which are sinusoidal with averages of zero, 

and damped due to parasitic resistances of the circuit. In this 

case, the efficiency of the CBC converter was also measured 

which is around 87.4%. The power processed by CBC 

converter is approximately 5.13 W and the system efficiency 

is around 97.28% which is known as ratio of the actual output 

power of the string (before the external MPPT converter) 

equipped with CBC to the ideal output power (maximum 

available power). 

Fig. 12 shows the measured waveforms for an irradiance 

step by imposing PS conditions in the string as per the second 

simulation study. Before the irradiance step on PV2, the CBC 

converter has regulated the module voltages around their 

MPPs in steady state. When the irradiance step occurs, the 

converter operates in LMPPT mode to detect new MPP 

voltages of all modules. The MPP voltage of PV2 are 

decreased to around 12.5 V. During second current balancing 

mode, as shown in Fig. 12(a), the voltage across module PV2 

decreases to operate at the new its MPP, around 12.5 V. In this 

case, a MPPT efficiency of 99.96% is achieved. After the 

irradiance step the string current is reduced to around 0.503 A 

in steady state. Fig. 12(b) shows the compensation current 

waveforms during the irradiance change. Average values are 

approximately equal to that obtained by simulation results. In 

steady state, the power processed by CBC converter is around 

4.03 W (i.e. 19.2% of the maximum available power) and the 

system efficiency is around 97.46%. Simulation and 

experimental results confirm the claims made with respect to 

the proposed scheme. 

The level of irradiance received by a PV module may 

frequently change over a day due to partial shadings, and 

irradiance changes can sometimes occur very quickly. As 

shown, after the LMPPT mode, the module voltages are 

regulated at MPP voltages with settling time approximately 

equal to 100 ms. If a second irradiance step is occurred during 

this time or even during LMPPT mode, the desired operating 

points may not be identified and achieved. In order not to 

ignore continuously second mismatch until the next tracking 

required, maximum power points can be further tracked in 

predetermined periods, for example every 10 minutes. 

C. Efficiency Results 

Steady state measurements showing the efficiencies and the 

processed power for the proposed DPP architecture are 

presented in Fig. 13. As previously mentioned, the power 

stress on each input/output converter port is less than 10 W. 

As shown in Fig. 13(a), the CBC converter presents 

efficiencies from about 85.7% to 90.5% over a power range of 

2 W to 10 W with considering nominal voltage (13.5 V) at 

input-sides. It should be noted that efficiencies and amount of 

power processed by CBC converter are dependent on 

operating point, so they are different in various shading 

conditions. Figs. 13(b)-(d) show the power processed by CBC 

converter, MPPT efficiency and system efficiency in string 

level for a set of shading condition in detail. PV1 and PV2 are 

under irradiance 1000 W/m2, while PV3 is shaded by different 

SFs. As shading factor increases, the amount of the power 

processed by CBC converter increases. As shown, the 

proposed converter presents system efficiencies from about 

96.5% to 98.6% over a SF range of 0.2 to 0.9. The results 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 Fig. 13. Experimental steady state results of the proposed CBC-
DMPPT scheme. (a) CBC converter efficiency. (b) Processed 
power by the CBC converter in different SFs. (c) MPPT efficiency 
under various SFs. (d) overall system efficiency before the external 
MPPT converter in different SFs. 

 

 
 

(b) 
 

(a) 

 

 
(c) 

 Fig. 11. Experimental time-domain response with CBC for mismatch 
disturbance in solar irradiance on PV3 (SF3 ~ 0.3 to 0.7). (a) Voltages 
and filtered currents of the PV modules. (b) Filtered current of the PV 
string. (c) Compensation currents processed by the CBC converter 
form input-side modules (PV1 and PV2) to output-side modules (PV3).  

 

 
 

 
(b) 

 

 
 

 
(a) 

 Fig. 12. Experimental time-domain response with CBC for a second 
irradiance step on PV2 (SF2 ~ 0.3 to 0.5). (a) Voltages and filtered 
currents of the PV modules and filtered current of the PV string. (b) 
Compensation currents processed by the CBC converter form PV1 
and PV2 to PV3. 
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confirm that the proposed scheme is able to maintain high 

system efficiency by minimizing the processed power and 

providing high MPPT efficiencies at module-levels. 

VI. COMPARISON WITH OTHER EXISTING TOPOLOGIES 

 All DPP topologies are comparable with each other in the 

following parameters.  

Processed power and MPPT efficiency: Fig. 14 shows 

comparison between existing topologies, GCC [7] and [10], 

VBC [12]-[14] and [23], CBC-DMPPT [24] and the proposed 

CBC-DMPPT in terms of the MPPT efficiency and the 

processed power for a PV string including three modules, only 

one of them is shaded by SF and the others are under 

irradiance G = 1000 W/m2. Fig. 14(a) shows that the proposed 

scheme has an acceptable ability to implement DMPPT at the 

module-level with MPPT efficiency above 99.95% for various 

shading conditions. The scheme (c) implements exact-DMPPT 

in the cost of higher power processed by the converter (see 

Fig. 14(b)). In the proposed scheme, power is directly 

transmitted between modules through one magnetic coupling 

without any intermediary to balance the string current in an 

average-level of currents produced by all PV modules, 

resulting in least processed power compared to other existing 

topologies [7], [10], [12]-[14] and [24] regardless of the 

number of modules in a string. As shown, the scheme (c) 

processes power 9.76% (with respect to the maximum 

available power) more than processed by the proposed scheme 

in dark-shading condition (SF = 0.7). In another study, with 

the assumption of the same conversion efficiency, the 

proposed CBC-DMPPT can be compared with the existing 

topologies in overall system efficiency. Fig. 14(c) illustrates 

the system efficiency in which the DPP converters with 90% 

conversion efficiency for all operating points are considered. 

As proven by the results of Fig. 14(c), all DPP topologies are 

effective to harvest significant amount of power compared to 

use bypass diodes during partial shading. As shown, the 

efficiency improvement with the proposed scheme over all 

existing topologies is significant for all shading conditions. 

Although, Fig. 14 confirms this fact for a partially shaded PV 

string including three modules, the improvement is accessible 

for a PV string including any number of modules. 

Converter rating: which is determined in accordance with 

the worst case power processed by the DPP converter. Similar 

to [12]-[14], the proposed scheme has another important 

advantage against [10] and [24], that it allows CBC converter 

with lower power rating with respect to the PV string, since 

power is directly processed between PV modules. The stress 

power on each CBC converter port is limited to (nm −1)/nm of 

a module power rating, significantly reducing the size and 

cost. In [24], required power rating for each DPP converter is 

equal to 100% of module power rating. Of course, other 

parameters will also be effective on cost, such number of 

components. [12]-[14] and [24] use a bidirectional dc-dc 

flyback converter per module, including one separate 

transformer and two switches. The proposed scheme employs 

a multi-winding forward converter and only one switch per 

module. Since in forward topology the transformer does not 

store energy and is only a medium for transferring energy, the 

size of transformer core and then windings reduce 

considerably. Therefore, cost and size lower are the 

advantages of the proposed scheme in order to be competitive 

in the PV system market. 

Scalability: as mentioned, DPP architectures are generally 

intended for small-scale photovoltaic systems (i.e. including 

short strings) in urban areas that are involved with numerous 

shading resources, such as nearby tree, power line poles, 

building, chimney, remains of birds, dust and etc. However, 

when using these architectures on a larger array is of interest, 

the design of the DPP converter is usually challenged due to 

the limitations of hardware setup and controller capabilities. 

The architectures presented in previous work [7], [8], [11], 

[15], [20] and [24] are also effective on small-scale PV 

system, and when the number of series modules in a string is 

high, the scalability of these architectures becomes challenge. 

In the proposed scheme, for a large PV string, several CBC 

converters with separate controllers can be used without any 

signal communication between them. The CBC converters can 

separately and simultaneously act during LMPPT and current 

balancing modes. In this case, the LMPPT time duration is 

limited to what is needed for one group and will not change 

with the increase in the number of modules. 

Complexity of the control strategy: the proposed control 

strategy employs a central control approach including two 

simple control loops to provide module-level MPPT for whole 

PV string (unlike [12]-[14] and [24]). During LMPPT mode, 

the switch Sm is open (similar to [15] and [24]). This is 

acceptable for small-scale building integrated PV systems 

which their generation capacity are much smaller than the grid 

capacity in on-grid-type. For stand-alone systems, this is not a 

significant challenge because they are normally integrated 

with some backup source, such as battery bank. But this may 

be a challenge for large-scale systems, In this case it is 

possible to run the LMPPT mode in discrete time frame for 

              (c)  
 

 (b) 
 

    (a)  
Fig. 14. Comparison between existing topologies and the proposed scheme in terms of (a) MPPT efficiency (ηmppt), (b) percentage of 
differential power processed by the converter(s) with respect to the maximum available power, (c)  the system efficiency. 
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each module, in such a way that the switch Sm between the 

frames is closed. In this case, the maximum off-time of the 

switch Sm is limited to the time required in order to determine 

the MPP for one module.   

Although the use of same weighting coefficients ensures 

that every module operates close to its MPP (As confirmed in 

Section III.C and Table III), another issue is the use of optimal 

coefficients provided by (19). To simplify and avoid 

increasing the online processing time of the control algorithm, 

one approach is to use a decision algorithm for choosing 

optimal weighting coefficients based on measured SFs, which 

is resulted from a quasi-exhaustive set of simulations on a 

variety of shading scenarios. SF of each module can be easily 

obtained by the use of measured short–circuit current during 

LMPPT mode, since the effect of radiation on current is 

considered as linear. Work is ongoing on these issues, and 

approaches and results will be presented in a future work. 

VII. CONCLUSION 

This paper proposes application of multi-winding forward 

converters as current balancing DPP converters (CBC) to 

implement DMPPT technology at module-level and maximize 

the output power of the PV string during PS conditions. This 

converter can be easily added to an existing PV string and will 

not impose any modifications to the central converter. In the 

proposed scheme, power is directly transmitted between 

modules without any intermediary, resulting in least processed 

power and hence the system efficiency increases. For a string 

including nm modules, maximum power processed by the 

converter is limited to (nm – 1)/nm of a module power rating, 

thus significantly reducing the converter rating, size and cost. 

Simulation and experimental results show that the proposed 

scheme has an acceptable ability to provide MPP condition 

(very close to MPPs) at the module-level. In addition, the 

results show that using the proposed DPP topology, the 

processed power can be decreased up to 23.5% (with respect 

to the maximum available power) compared to one of the 

existing DPP topologies, resulting in 3.5% improvement in 

system efficiency. Consequently, the proposed scheme is able 

to maximize the output power of the PV string by minimizing 

the power processed through the CBC converter, and 

maintaining effective MPPT at module-levels. 
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