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Abstract

Differential power processing (DPP) architectures employ distributed, low power processing, submodule integrated

converters to mitigate mismatches in photovoltaic (PV) power systems, while introducing no insertion losses. This

paper evaluates the effects of the simple voltage balancing DPP control approach on the submodule-level maximum

power point (MPP) efficiency. It is shown that the submodule MPP efficiency of voltage balancing DPP converters

exceeds 98% in the presence of worst-case MPP voltage variations due to irradiance or temperature mismatches.

Furthermore, the effects of reduced converter power rating in the isolated-port DPP architecture are investigated by

long-term, high-granularity simulations of five representative PV system scenarios. For partially shaded systems, it

is shown that the isolated-port DPP architecture offers about two times larger energy yield improvements compared

to full power processing (FPP) module-level converters, and that it outperforms module-level FPP approaches even

when the power rating of DPP converters is only 20-30% of the PV system peak power. In the cases of aging related

mismatches, more than 90% of the energy yield improvements are obtained with DPP converters rated at only 10%

of the PV peak power.
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Figure 1. PV system architectures: a) conventional system with a string or central inverter, b) system with module-level DC-AC inverters or

microinverters, c) system with cascaded DC-DC converters or dc optimizers followed by a central inverter.
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I. INTRODUCTION

In photovoltaic (PV) power systems, partial shading, manufacturing tolerances, or soiling, among others, cause

differences in the power generated by PV cells. This results in a dispersion between each cell maximum power

point (MPP). As a result, a portion of the available power is lost either within PV cells or due to bypass diodes.

The losses can be significant, especially in the conventional string or central inverter based architectures, such as

the system shown in Fig. 1(a) [1], [2].

Several methods have been proposed to reduce these mismatch-related losses by employing full power processing

(FPP) distributed power electronics, including microinverters (Fig. 1(b)) [3], or dc optimizers (Fig. 1(c)) [4]–[7],

which perform maximum power point tracking (MPPT) at the PV module level [4], [5] or even submodule level

[6], [7].

More recently, several differential power processing (DPP) architectures have been proposed [8]–[11]. These DPP

architectures can be classified into two groups: PV-to-PV DPP architectures where converters interface adjacent

sections of the PV string [9], [10], as shown in Fig. 2(a), and those where converters interface with a bus (PV-

to-bus), which can be the PV output port [8], or an isolated port [11], as shown in Fig. 2(b). The basics of

these DPP architectures are similar: converters connected across groups of cells of the same size, here referred to as

submodules, operate to balance the current through the series connected string of submodules. The DPP architectures

present several advantages with respect to FPP approaches. While FPP converters process the full power of attached

modules, DPP converters only process the power difference between them. This allows the reduction of the power

rating of DPP converters to a fraction of the submodule peak power, thus reducing the size and cost of power

electronics. In consequence, there are more opportunities to implement DPP architectures at higher granularity, i.e.

at submodule level, effectively replacing bypass diodes [11], or even at the cell level. Since cells operate closer

to their individual MPP, energy capture in the presence of mismatches is improved [12], [13]. Furthermore, it is

expected that DPP architectures can lead to reliability improvements related to mitigation of hot spots in PV systems
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Figure 2. Differential power processing (DPP) architectures: a) PV-to-PV shuffling converters, and b) isolated-port PV-to-bus architecture.

[14], [15].

The objectives of this paper are to address the performance of DPP architectures in relation to the MPP efficiency

at the submodule level, conversion efficiency of submodule level DPP converters, and their power rating relative

to the PV submodule peak power rating. The paper is organized as follows. Section II defines PV system available

power and efficiency for three PV system architectures: the conventional architecture of Fig. 1(a), the architecture

shown in Fig. 1(c) with module-level FPP dc optimizers, i.e. module integrated converters (MICs), and the DPP

architecture with submodule-integrated converters (subMICs). The performance of DPP architectures depends on the

amount of mismatch in the system, the submodule-level MPP efficiency, the subMIC power conversion efficiency,

and the subMIC power rating. Focusing on the case when subMICs are operated to simply balance the submodule

voltages [9]–[11], Section III examines the effects of mismatch in submodule MPP voltage, the consequent MPP

efficiency losses and the influence of the steady-state regulation error. In Section IV, the combined effects of

submodule-level MPP efficiency, subMIC power conversion efficiency, as well as the effects of limiting subMIC

power rating to a fraction of the submodule peak power, are examined for the isolated-port DPP architecture in

five representative PV systems, including mismatches due to partial shading and aging effects. The results are

summarized and conclusions are discussed in Section V.

II. PHOTOVOTAIC POWER SYSTEM AVAILABLE POWER AND EFFICIENCY

Consider a PV power system having a string of nmod PV modules in series, each module consisting of nsub

submodules in series, and each submodule comprising nc series-connected PV cells. Given solar irradiation and
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temperature for each of the ncell cells in the string, ncell = nmod × nsub × nc, the total available system power Pav

can be found as

Pav =

ncell
∑

i=1

P cell
mpp,i , (1)

where P cell
mpp,i is the MPP power for the ith cell. From the energy capture perspective, the overall system efficiency

can be defined as

ηsys =
Pac

Pav

, (2)

where Pac is the power delivered to the grid. It is of interest to examine the factors contributing to ηsys in different

PV system architectures. In the conventional system shown in Fig. 1(a), a string inverter operates the string of PV

modules at the string MPP, and delivers Pac to the grid. For a given operating point, the system efficiency can

therefore be written as

ηsys,string = ηcell-string × (ηmpp,string × ηinv) , (3)

where ηmpp,string is the MPP tracking efficiency of the inverter, and ηinv is the inverter dc-to-ac power conversion

efficiency. Factor ηcell-string models the effects of mismatches among the cells in the string. If all cells are perfectly

matched, Pav = ncellP
cell
mpp and ηcell-string = 1. In practical systems, ηcell-string can be as low as 70− 80% in residential

installations with partial shading [16]. Even in large commercial or utility-scale installations without any significant

irradiance mismatches, ηcell-string is often below 95−98% due to temperature gradients, uneven soiling, and tolerances

that increase with ageing [17]. The relatively large impact of mismatches on the energy yield has motivated research

in distributed power electronics architectures. For example, in an FPP system with module-level dc optimizers, as

shown in Fig. 1(c), the system efficiency can be expressed as

ηsys,FPP = ηcell-module × (ηmpp,mod × ηc)× ηinv , (4)

where ηmpp,mod is the MPP tracking efficiency of the dc optimizer or MIC, ηc is the MIC power conversion efficiency,

and factor ηcell-module models the cell mismatch effects at the module level. Since ηcell-module > ηcell-string [16], and

because MIC conversion efficiencies can be very high, a dc optimizer system can outperform conventional systems in

terms of system efficiency and energy capture [12], [16]. Note, however, that the inclusion of dc optimizers brings in

an additional conversion efficiency term ηc, which represents the insertion loss of this architecture. FPP systems can

perform worse than conventional approaches when the effects of mismatch are not significant (ηcell-module ≈ ηcell-string

or ηcell-submod ≈ ηcell-string). An example case of this possibility can be found in [18].

Consider now a DPP architecture with submodule integrated converters or subMICs. It is important to note that

MPP tracking is performed at the submodule level using subMICs that process only a mismatch portion αsub of

power. At the PV string dc output, as in a conventional system, a string or central inverter performs MPP tracking

at the string level, and delivers power to the ac grid. The system efficiency for the DPP architecture can be written

as:

ηsys,DPP = ηcell-submod × (ηmpp,sub × ηsub)× (ηmpp,string × ηinv) , (5)



5

where ηmpp,sub is the MPP tracking efficiency of the DPP converters at the submodule level, and

ηsub = 1− αsub × (1− ηc) (6)

represents the impact of the subMIC power processing efficiency ηc. Several DPP advantages can be deduced by

comparing (5) to (4) and (3): first, since power processing is performed at finer granularity, ηcell-submod > ηcell-module >

ηcell-string [16]; second, subMICs process only a mismatch portion of power, αsub < 1. As a result, the effect of

subMIC power conversion efficiency on system efficiency is reduced. For example, assuming αsub = 20%, the

impact of a ηc = 90% efficient subMIC on the system efficiency is ηsub = 98%. Importantly, in the case when

there are no mismatches, αsub = 0, and subMICs can be shut down, presenting no insertion losses, ηsub = 100%.

This is in contrast to series connected FPP converters, which always process full power and result in insertion

losses. Finally, it should also be noted that DPP operation results in a convex string level power characteristic with

a narrow range of string-level MPP voltages [11]. This, in turn, can result in improved MPP tracking and power

processing efficiency of the downstream string (or central) inverter.

Given the brief summary of PV system efficiencies, the next section focuses on the impact of distributed voltage

balancing on the submodule-level MPP efficiency ηmpp,sub in DPP architectures.

III. EFFECTS OF MISMATCH AND CONTROL GAIN IN VOLTAGE BALANCED DPP SYSTEMS

Ideally, DPP converters are controlled to operate each submodule at its maximum power point. An approach

to accomplishing a fine-granularity MPP control has been described for a PV-to-PV architecture in [19]. As an

alternative to true submodule-level MPP tracking, subMICs can be controlled to simply balance the submodule

voltages [9]–[11]. An advantage of the voltage-balancing control is that it can be implemented in a completely

distributed manner, with no need for communication of sensing or control signals among the subMICs.

Relatively low sensitivity of the MPP voltage Vmppi
of each submodule i with respect to operating conditions

has been discussed in [10]. This provides the basis for the simple voltage-balancing control of converters in DPP

architectures. However, each Vmppi
does depend on several factors, including irradiance, temperature gradients, or

shading uniformity, for example. The impact of these factors on the submodule-level MPP efficiency ηmpp,sub in a

DPP-based PV system is analyzed in Subsection III-A. A simplified model that provides an upper bound on power

loss and experimental data validating the outcome are shown. The model, which applies to any DPP architecture,

considers perfect voltage balancing, i.e., all submodules share the same voltage Vsubi = Vstring/ns, where Vstring is

given by a downstream string-level MPPT system and ns is the number of submodules in the string. In practice,

perfect balancing may not be feasible, and a steady-state error between the voltage reference and the submodule

voltage exists, depending on the effective DC gain in the control of these voltages. Subsection III-B elaborates on

this aspect, considering the isolated-port subMIC architecture, showing that there exists an ideal voltage control

gain, which maximizes ηmpp,sub.
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A. Effects of MPP Voltage Sensitivity

As stated above, several factors impact the MPP voltage of each submodule. Typically, the MPP voltage decreases

with increasing temperature and decreasing irradiance. In order to study the impact of any factor that modifies the

MPP voltage of a submodule from its nominal value, the following simple model is proposed: assume that DPP

converters present no conversion losses and regulate each submodule to a certain target voltage, Vtarget = Vstring/ns,

such that the relative error can be expressed as:

ǫi =
Vmppi

− Vtarget

Vmppi

, (7)

Vmppi
being the true MPP voltage of submodule i. Defining S as the slope of the power vs. voltage curve near the

target voltage:

S =
dP

dV









V≈Vtarget

, (8)

the relative power loss caused by each submodule i being regulated to Vtarget instead of Vmppi
can be approximated

as
∆P

Pav

= 1− ηmpp,sub ≈
|S|Vmpp∗

∑

|ǫi|

Pav

, (9)

Vmpp∗ being the highest submodule MPP voltage and Pav the system available power if all MPP points are tracked

perfectly. If a conservative slope S is used here, the model (9) gives an upper bound on the power loss due to

different Vmppi
values across the PV string. The proposed model is used next to predict the power loss under the

influence of the three main factors modifying the MPP voltage: irradiance mismatch, temperature gradient, and

submodule irradiance uniformity. The results are validated by experiments.

1) Irradiance mismatch: Figure 3 shows experimental power vs. voltage curves measured, at the same temper-

ature, for three 24-cell submodules, in a 72-cell (180 W) monocrystalline silicon PV module (Conergy S175MU).

Each submodule is separately biased using current sources, emulating different irradiance levels. It can be observed

that a 75% decrease in irradiance yields around 10% decrease in the submodule MPP voltage.

If two submodules are irradiated at 800 W/m2 and the third one is irradiated at 200 W/m2, then from the

experimental data, Vmpp
1

= Vmpp
2

= 12.75 V, Vmpp
3

= 11.83 V, and Vtarget = 12.5 V. Note that the change in Vmpp
3

represents a reduction of approximately 7% with respect to Vmpp
1

and Vmpp
2
. The available power is Pav = 107 W

and the maximum power vs. voltage slope is |S| ≤ 1.5 W/V. Also note that the areas of validity of the bound in

|S| are denoted as the hatched areas in Fig. 3. In this case, model (9) yields:

∆P

Pav

≤
1.5 W

V
12.75 V(0.02 + 0.02 + 0.05)

107 W
≤ 1.6%. (10)

The same conditions are reproduced in an experimental setup with 3 flyback subMIC prototypes described in

[11], arranged as shown in Fig. 2(b). The measurements, which are adjusted to account for known conversion

losses, indicate an output power of 106 W and thus a 0.93% loss due to different Vmppi
. Thus, both experiments

and calculations indicate that the impact of the irradiance mismatch on submodule-level MPP tracking is relatively

small, less than 2%.
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Figure 4. Survey of PV modules in the Sandia Array Performance Model database [20]. Given a reduction in irradiance from 1000 W/m2 to

250 W/m2, module Vmppi
drops by 4% on average.

To investigate the sensitivity of Vmppi
with respect to irradiance change more generally, a test of PV performance

has been conducted for over 400 silicon PV modules [20]. Using experimentally derived empirical coefficients

available in [21], the impact of irradiance on Vmppi
is determined, assuming constant temperature. The histogram

of the results given in Fig. 4 indicates that, on average, Vmppi
is reduced by only 4%, given a 75% reduction in

irradiance, less than the 7% reduction considered in the experiment described above. It can therefore be concluded

that the effects of uniform irradiance mismatches on Vmppi
are in general smaller than the particular case considered

in the experiments.

As a final remark, it should be noted that thin-film modules in the database have been excluded from the analysis

in Fig. 4. These modules can present high series resistances, which in extreme cases result in higher Vmppi
with
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(a) (b)

Figure 5. Experimental setup used to examine PV characteristics at different temperatures. a) PV module; b) thermal image of the PV module

after the temperature of one of the submodules is artificial reduced.

decreasing irradiance. Nevertheless, such a high series resistance is an undesired characteristic, and modules typically

present a reduction of Vmppi
with decreasing irradiance.

2) Temperature gradient: In PV systems, temperature gradients are usually caused by nonuniform irradiance. The

experiments described in this section are carried out to isolate the effects of temperature variation from irradiance

variation. Figure 5 shows the experimental setup used to measure the effect of temperature differences between

balanced submodules. One submodule is artificially cooled to 30o C, while the complete module is getting full sun

irradiation so that the remaining two submodules are at approximately 55oC. The power vs. voltage characteristic

of each submodule is measured under these conditions, yielding a temperature coefficient for Vmppi
of -0.38%/oC,

which is in agreement with the manufacturer data.

The measured power curves for these two different temperatures can be seen in Fig. 6. Assuming that one

submodule is at 30oC and the other two are at 55oC, then Vmpp
1

= Vmpp
2

= 9.95 V, Vmpp
3

= 11 V, and Vtarget =

10.3 V. The ideal available power is Pav = 124 W, and the derivative of power with respect to voltage is found to

be |S| ≤ 2.4 W/V. Power loss due to different MPP voltages arising from the 25oC temperature difference is then:

∆P

Pav

≈
2.4 W

V
11 V(0.06 + 0.03 + 0.03)

124 W
≈ 2.4%. (11)

Experimental data with the flyback subMIC prototypes [11] exhibit an output power of 121.9 W, yielding ∆P/Pav =

1.7%. Such a power loss can be considered relatively small given the large 25oC temperature difference. Furthermore,

it should also be noted that the two opposing effects of reduced irradiance and reduced temperature tend to be

coupled: to some extent, these two effects would cancel out the variation of the MPP voltage, since lower temperature

increases Vmppi
while lower irradiance reduces it. Therefore, in practical PV systems, the effective power loss under

these circumstances would typically be even smaller.

3) Submodule Irradiance Uniformity: The shape of the power-voltage characteristic of each submodule also

changes with nonuniform shading. Figure 7 shows experimental measurements from two submodules: one with

uniform irradiance (450 W/m2) and another one with a single cell heavily shaded by 75% to irradiance of 100 W/m2.
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Figure 6. Experimental power-voltage characteristic against temperature: a) 30oC, 800 W/m2; b) 55oC, 800 W/m2. × marks: Target voltage,

Vtarget. △ marks: MPP voltage, Vmppi
. The hatched area in each curve delimits the region where |S| ≤ 2.4 W/V holds.
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Figure 7. Experimental power-voltage characteristic against mismatch uniformity: a) uniform irradiance, 450 W/m2; b) single-cell shaded to

100 W/m2. × marks: Target voltage, Vtarget. △ marks: MPP voltage, Vmppi
. The hatched area in each curve delimits the region where |S| ≤

1.6 W/V holds.

It can be observed that this heavy, isolated shading not only reduces the maximum available power, but also

modifies the shape of the power-voltage curve of the non-uniformly shaded submodule. As a consequence, the MPP

voltage of the submodule increases by around 25%. From the experimental data, Vtarget = 10.6 V, Vmpp
1

= Vmpp
2

=

10.35 V, Vmpp
3

= 11.15 V, S ≤ 1.6 W/V, Pav = 105.6 W. Substitution of these values into (9) yields:

∆P

Pav

≈
11.15 V (0.02 + 0.02 + 0.05) 1.6 W

V

105.6 W
≈ 1.5%. (12)

Experimental data with the flyback subMIC prototypes [11] resulted in an output power of 104.9 W, yielding

∆P/Pav = 0.9%. Again, the impact of the variation of the power-voltage characteristic on the voltage balance of

PV submodules is less than 1%.

In summary, the effect of MPP variation for the different mismatch sources shown here can be considered small,
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Figure 8. Linear control of DPP converter current with DC gain K.

in the case when each submodule voltage tracks the target voltage perfectly, i.e. the case when submodule voltages

are perfectly balanced. A finite-gain controller results in differences between submodule voltages and the target

voltages. The next section demonstrates that an optimal DC gain of the controller can be found that results in the

submodule voltages closer to the true MPP values, thus further increasing ηmpp,sub.

B. Effects of Voltage Balancing Controller Gain

In order to achieve voltage balancing, DPP converters inject or subtract a current Idppi
from submodules depending

on the error between the target voltage and each submodule individual voltage:

Idppi
= fdpp(Vsubi − Vtarget). (13)

Several voltage balancing controllers fdpp have been reported. In [11] a linear fdpp is described. Other current-

voltage characteristics may simplify controller implementation, such as the controllers described in [9], [22], which

employ the converter duty-cycle as the control input. In [22], the current-voltage error function is nonlinear, while

the DC gain of the voltage control is ideally infinite in [9], and its effective value depends on the power loss of

the DC-DC converters.

In the isolated-port subMIC architecture of [11], a linear controller is employed, such that (13) can be rewritten

in steady-state as:

Idppi
= K(Vsubi − Vtarget). (14)

The current-voltage characteristic of subMICs can then be easily described, as depicted in Fig. 8. Given that the

difference between submodule voltages and the target voltage is proportional to subMIC currents, each particular PV

system can easily be analyzed to determine an optimal gain K which maximizes the power output. Note, however,

that K must be positive for the correct balancing of subMICs, hence this approach can only improve the efficiency

in the typical case of decreasing values of Vmppi
with decreasing MPP current, as shown in the previous subsection.

As an example, Fig. 9 shows the current-voltage characteristics of the three submodules in the 180 W module

used above, under mismatched conditions. The module Vmpp is approximately 37.5 V, hence Vtarget = 12.5 V. The

figure shows that the equilibrium voltages of submodules (◦ marks) depend on the controller gain. When the gain
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is K=50 V/A, the submodule voltages are very close to the target voltage and relatively close to the MPP voltages

(△ marks); if the gain K equals 5 V/A, the submodule voltages do not track Vtarget perfectly, but very closely match

the MPP values; finally, a low gain value of K=0.5 V/A results in poor voltage balancing and submodule voltages

are far from the MPP and target voltages.

Thanks to the linear voltage-current characteristic of the controller, for any Vtarget set by the external MPPT

system, the distance from each submodule current Igi to the string current Istr is proportional to the distance from

Vsubi to Vtarget:
(ns − 1) Igi −

∑ns

j=1

j 6=i

Igj

(ns − 1)Vsubi −
∑ns

j=1

j 6=i

Vsubj

= K, ∀i = 1, . . . , ns. (15)

As a consequence, the optimal value of this linear gain K can be selected by considering the current-voltage

characteristic of the specific PV system. Assuming that temperature gradients can be neglected across the system,

and that the mismatch distribution is approximately uniform across submodules, a possible solution is to compute

the slope of a weighted best-fit line between the MPPs for different irradiance levels. One may further note that a

choice of K amounts to shaping the loadline characteristic of the converter at the primary port.

Figure 10 shows the MPPT efficiency ηmpp,sub depending on the value of K, for the example of Fig. 9, neglecting

conversion losses. It can be observed that a minimum gain should be chosen in order to avoid poor regulation, but

high values of K also achieve high efficiency without significant degradation of performance.

This result is particularly important for other control approaches, such as the simple, nonlinear controller of [22].

Such a controller does not satisfy the proportional relationship of (15), and the effective gain increases with the

difference between submodule voltages. In [22], it is shown that the maximum difference between two submodule
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voltages is bounded by some constant C and the controller gain Kp as:

|Vsubi − Vsubj | ≤
C

Kp

, ∀i, j = 1, . . . , ns, i 6= j. (16)

Since this bound holds for any submodule current difference, a minimum effective gain can be imposed using this

formula, while higher effective gains are not a concern because they do not degrade performance significantly.

IV. EFFECTS OF SUBMIC POWER PROCESSING LIMITS

The results of the previous section assume that DPP converters are rated at sufficiently high power, such that

they can balance the submodules in the PV system string even under 100% mismatch. In the isolated-port DPP

architecture [11], the worst case maximum required subMIC power Pmax equals Pmax = Pmpp(ns − 1)/ns, which

means that subMICs can be rated below 100%. Furthermore, such extreme mismatch conditions occur very rarely

or never. It is therefore of interest to investigate the effects of limiting the converter power rating to a fraction of

the PV submodule peak power, in order to reduce the size and cost. The results in [23] indicate that the processed

power ratio is likely to be the lowest in the PV-to-bus architectures, and this section is focused on the isolated-port

PV-to-bus architecture.

SubMICs with power limits below the bound required to support the extreme 100% mismatch may not be able

to process the current required in order to balance the mismatched submodules. In such case, the main problem is

that the distances between MPP and submodule voltages and currents are no longer known. Shifts of the error and

even of the target voltages may occur. Effects in long term energy performance are a priori unpredictable. In order

to evaluate the impact of this limitation, long time-span and Monte Carlo simulations of representative PV systems

have been carried out and are described in this section. The simulation scenarios are the same as the scenarios

reported in [13]: 3 cases of PV systems affected by partial shading, and 2 cases of PV systems affected by aging:

• Scenario I: A large utility-scale system affected by partial shading.

• Scenario II: A residential system shaded by nearby trees.

• Scenario III: A residential system shaded by a chimney.
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Figure 11. Nonlinear function of subMIC primary currents with respect to subMIC primary-port voltages: A) shut-down and bypass region;

B) negative saturation; C) linear balancing control; D) positive saturation.

Figure 12. Scenario I: utility-scale system. Top image shows detail of partial shading from nearby light poles.

• Scenario IV: An aging mismatch simulation applied to the utility-scale system in Scenario I.

• Scenario V: An aging mismatch simulation applied to the residential system of Scenario II.

As in [13], system-level MPPT with a central inverter is considered the conventional operation. Previous data on

string-level inverters can be found in [12], thus this case has not been considered here. Whenever module and

submodule-level dc optimizer simulations are shown, FPP converters are considered to have ηc = 97.5% conversion

efficiency, corresponding to the measured weighted efficiency for a commercial DC-DC converter device [24]. Note

that this can yield optimistic results, especially in the case of FPP submodule converters, where it may be difficult to

achieve high efficiencies at low power levels. For DPP subMIC simulations, the devices are either assumed to have

ideal ηc = 100%, or to be nonideal subMICs with a conversion efficiency of ηc = 90%, such as the experimental

prototypes described in [11]. Furthermore, nonideal 90% efficient subMICs can be rated at full power (100% of

the submodule peak power rating Pmpp), or at a fraction of the submodule peak power. In the system efficiency

comparisons, the string inverter efficiencies are disregarded, i.e., it is assumed that ηinv = 100%, and that ηmpp,string

= ηmpp,mod = 100%. Further improvements that the DPP architecture offers in ηinv by presenting a narrow range of

MPP voltages at the inverter input are not taken into account.
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A. Cell Level Simulation Tool

The simulations shown in this section have been carried out by employing the cell-level tool presented in [25].

This tool adopts a cell-level model which can be solved very efficiently using standard numerical methods, and it is

therefore well suited for predicting the energy capture of large PV systems over long periods of time. Descriptions

of the models for partial shading and aging mismatch can be found in [13] and [25], where the tool was used

to demonstrate performance improvements by DPP approaches compared to FPP approaches, but the effects of

subMIC power limits have not been investigated.

In this section, the effects of power limits are taken into account as follows. SubMIC primary and secondary

voltages are unrelated to the number of submodules in series ns, hence devices with low voltage rating can be used.

As a consequence, the current handling capabilities of the subMICs are the main limitation when reduced power

rating is considered. Figure 11 shows how the submodule voltage-to-current function, shown previously in Fig. 8,

becomes highly nonlinear when the maximum current that subMICs can handle is limited to Isat. In the figure,

Vsubmin
stands for the minimum primary port voltage required for the subMICs to remain active, colorred given that

they are powered by the primary side. If the primary voltage is lower than Vsubmin
, the subMIC shuts down and acts

as a bypass diode, i.e., for negative voltages Vsubi , it transfers a current -Ibyi
as defined in [25]. The model of [25]

was updated to consider these hard nonlinearities while keeping numerical efficiency, by following a branch and

bound method described and experimentally verified in [26].

B. Scenario I: Partial Shading in a Utility-Scale System

The first scenario, shown in Fig. 12, considers an existing utility-scale system (8 MW) that consists of strings of

16 modules. Each module includes 3 20-cell submodules in series, with a submodule peak power rated at 81 W.

Lighting poles cause partial shading on some strings, one of which being the subject of analysis in this subsection.

Because of the large parallel configuration of strings, MPP voltage at the central inverter remains unchanged, leading

to a daily mismatch loss of approximately 11% with respect to unshaded cases.

Table I shows the energy improvement obtained by FPP and DPP approaches in one day of operation. The ideal

available energy Eav is the energy obtained assuming ideal cell-level MPP tracking, as noted in Section II. The

recoverable mismatch-related energy loss is (Eav −Eac)/Eav ≈ 11%, where Eac is the conventional energy system

output. The conventional system efficiency, neglecting any string inverter losses, is ηsys,string = 89.0%. While the

module-level FPP architecture can improve the energy yield by 4%, the energy yield offered by the isolated-port

PV-to-bus DPP architecture is more than two times higher and closer to the ideal recoverable: 9.1% for ideal

subMICs, and 8.2% for nonideal ηc = 90% efficient subMICs. A histogram of the currents being processed by

nonideal subMICs is shown in Fig. 13, where it can be noted that subMICs process low current most of the

time. It is important to note, however, that in a typical mismatch situation, if one submodule is shaded, it may

require a large amount of current to be balanced. While that large current is shared by the remaining subMICs,

the full amount of the current injected to the shaded submodule must be processed by the corresponding subMIC.

Nevertheless, excellent behavior of the DPP architecture under the effects of current limiting can be seen in Fig. 14
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Figure 13. Scenario I: histogram of absolute value of current processed by subMICs throughout one day of simulation.
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Figure 14. Scenario I: daily energy yield improvement with power limited subMICs (ηc = 90%) with respect to conventional operation. ×

marks: Simulation results. Solid line: Fit. 99% of the energy yield with fully rated subMICs can be achieved with subMICs rated at 32.5%

(26 W) of the submodule peak power.

where the energy yield improvement relative to the conventional approach is plotted as a function of subMIC power

rating normalized to the submodule peak power. Despite the large number of submodules in the string (48) and

the concentration of shading on just a few of them, it can be seen that for a subMIC power rating greater than

55% of submodule peak power, daily energy yield is reduced by only 0.1%, compared to subMICs with full power

rating. At the corner of the fitting line, subMICs rated at less than one third of the peak power (32.5%, 26 W)

produce more than 99% of the daily energy production that would be obtained with fully rated subMICs, and result

in much improved ηsys,DPP = 95.5% system efficiency. Finally, the result in Fig. 14 shows that the DPP approach

outperforms module-level FPP converters as long as the DPP subMIC power rating is greater than about 20% of

the submodule peak power.

C. Scenario II: Residential System with Tree Shading

The second installation is a residential system for which experimental measurements have been collected since

2011. The system, rated at 2.9 kW, consists of 2 series strings of 7 modules. Each module, rated at 210 W peak

power, consists of 3 36-cell submodules rated at 70 W peak power. Figure 15 gives an indication of the system
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Figure 15. Scenario II: conditions in a residential PV system with shading caused by nearby trees. Annual shading calculated by ray-tracing

simulation.
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Figure 16. Scenario II: annual energy yield improvement with nonideal power limited subMICs (ηc = 90%) with respect to conventional

operation. × marks: Simulation results. Solid line: Fit. 99% of the energy yield with fully rated subMICs can be achieved with subMICs rated

at 37.5% (26 W) of the submodule power.

configuration, along with nearby trees, mostly providing shade in the morning and in winter. In contrast to Scenario

I, shading affects a large fraction of the array, resulting in an estimated annual irradiance loss of about 20%.

The performance of the FPP and DPP approaches during one year of operation is summarized in Table II. In

comparison with Scenario I, here a larger area is affected by shading, and the energy loss due to shading is about

20%, while 11% loss is recoverable. The DPP architecture outperforms module-level approaches by close to 50%,

and achieves energy improvements of 6.5% and 5.5% in the ideal and nonideal cases, respectively. The yearly

energy yield improvement as a function of subMIC power rating is shown in Fig. 16. The curve exhibits a flat

characteristic for power ratings above 40%, and the fitting curve presents a corner at about 37.5% (26 W) where

subMICs have annual energy production within 1% of fully rated subMICs. The DPP approach with subMICs rated

at about 30% or above outperforms the FPP approach.

The differences between limited and unlimited power processing can be further inspected in the histogram of

Fig. 17. Despite the significant reduction of 62.5% in the current handling capability of subMICs, the benefits of

this DPP architecture are reduced by only 19%.
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Figure 17. Scenario II: histograms of the absolute value of primary current processed by subMICs throughout one year of simulation (o: Top

string, x: Bottom string): (a) conversion efficiency ηc = 90% and no current limit. (b) conversion efficiency ηc = 90% and current limit Isat =

2.76 A corresponding to 37.5% of the submodule power.

Table I

SCENARIO I: ENERGY IMPROVEMENT SIMULATION RESULTS. DAILY IDEAL RECOVERABLE ENERGY: Eav = 19731 Wh

DAILY PRODUCTION WITH CONVENTIONAL SYSTEM LEVEL MPPT: Eac = 17563 Wh, ηsys,string = 89.0%

Daily Improvement ∆Eaci (Wh) ∆Eaci/Eac (%) Efficiency (%)

Module-Level FPP (ηc = 97.5%) ∆Eac1= 705 Wh 4.01% ηsys,FPP = 92.6%

Submodule-Level FPP (ηc = 97.5%) ∆Eac2= 1236 Wh 7.04% ηsys,FPP = 95.3%

SubMIC DPP (ηc = 100%) ∆Eac3= 1604 Wh 9.13% ηsys,DPP = 97.1%

SubMIC DPP (ηc = 90%, Pmax = 100% Pmpp ) ∆Eac4= 1449 Wh 8.25% ηsys,DPP = 96.4%

SubMIC DPP (ηc = 90%, Pmax = 32.5% Pmpp ) ∆Eac5= 1282 Wh 7.30% ηsys,DPP = 95.5%

Table II

SCENARIO II: ENERGY IMPROVEMENT SIMULATION RESULTS. YEARLY IDEAL RECOVERABLE ENERGY: Eav = 4536 kWh

YEARLY PRODUCTION WITH CONVENTIONAL SYSTEM LEVEL MPPT: Eac = 4041 kWh, ηsys,string = 89.0%

Yearly Improvement ∆Eaci (kWh) ∆Eaci/Eac (%) Efficiency (%)

Module-Level FPP (ηc = 97.5%) ∆Eac1= 152 kWh 3.76% ηsys,FPP = 92.4%

Submodule-Level FPP (ηc = 97.5%) ∆Eac2= 192 kWh 4.75% ηsys,FPP = 93.3%

SubMIC DPP (ηc = 100%) ∆Eac3= 264 kWh 6.53% ηsys,DPP = 94.9%

SubMIC DPP (ηc = 90%, Pmax = 100% Pmpp ) ∆Eac4= 223 kWh 5.52% ηsys,DPP = 94.0%

SubMIC DPP (ηc = 90%, Pmax = 37.5% Pmpp ) ∆Eac5= 180 kWh 4.45% ηsys,DPP = 93.1%

D. Scenario III: Residential System with Chimney Shading

A residential installation affected by a rooftop chimney shade has been considered as the third scenario. This

system is similar to the one considered in [27]. It consists of 2 strings of 4 modules rated at 210 W, each module
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Table III

SCENARIO III: ENERGY IMPROVEMENT SIMULATION RESULTS. YEARLY IDEAL RECOVERABLE ENERGY: Eav = 2872 kWh

YEARLY PRODUCTION WITH CONVENTIONAL SYSTEM LEVEL MPPT: Eac = 2576 kWh, ηsys,string = 89.7%

Yearly Improvement ∆Eaci (kWh) ∆Eaci/Eac (%) Efficiency (%)

Module-Level FPP (ηc = 97.5%) ∆Eac1= 53 kWh 2.17% ηsys,FPP = 91.5%

Submodule-Level FPP (ηc = 97.5%) ∆Eac2= 93 kWh 3.61% ηsys,FPP = 92.9%

SubMIC DPP (ηc = 100%) ∆Eac2= 143 kWh 5.55% ηsys,DPP = 94.7%

SubMIC DPP (ηc = 90%, Pmax = 100% Pmpp ) ∆Eac3= 118 kWh 4.58% ηsys,DPP = 93.8%

SubMIC DPP (ηc = 90%, Pmax = 40% Pmpp ) ∆Eac4= 89 kWh 3.45% ηsys,DPP = 92.8%

having 3 submodules rated at 70 W peak power each. Shading only affects the array during the winter months with

essentially no shading-induced mismatch during summer, resulting in yearly energy loss of approximately 13%.

Given the orientation of the array and the chimney, the top string is less shaded than the bottom string.

Simulation results given in Table III indicate that the annual performance improvement of DMPPT approaches

is relatively small. This can be attributed to the absence of mismatch during the summer months, when energy

production is larger. Indeed this aspect limits the improvement of FPP approaches, given that they process the full

power of the modules during these mismatch-free periods.

In contrast, ideal subMICs would be able to recover approximately three times the energy recovered by module-

level dc optimizers, producing an improvement of 5.6%. Nonideal subMICs rated at full power would perform

slightly worse, improving the energy yield by 4.6%. Their annual improvement, which is shown in Fig. 19, exhibits

a low dependence on the converter power processing limit for ratings above 50% of the submodule peak power. As

in the previous cases, nonideal subMICs rated at 40% of the submodule peak power would allow annual energy

yield within 1% of the energy produced with fully rated converters. The histogram of Fig. 20, which shows the

current processed by subMICs rated at 100% and 40% of Pmpp, illustrates that this last result is achieved despite

the fact that the processed current is reduced by more than a factor of 2 in some cases. One may also note that

subMICs process no power during summer months.

E. Scenario IV: Ageing Mismatch in Utility-Scale System

In order to evaluate the energy loss due to aging effects and the possible gains with power limited subMICs,

Monte Carlo simulations have been carried out for Scenarios IV and V. These two PV systems have the same

configuration shown in Scenarios I and II, respectively, but they only consider mismatch derived from aging.

For the Monte Carlo simulations, random values of Isc and Impp are chosen for each submodule of the installation

from a normal distribution ranging from σ/µ = 1% to σ/µ = 10%, σ being the standard deviation and µ the mean.

This coefficient of variation matches the aging of a PV module over its lifetime [28], hence the expected value at

submodule-level can be considered equal or higher. Note that Isc and Impp are considered constant across each

submodule, i.e. all cells are equal in a particular submodule. A total of 1250 cases have been evaluated for the
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Figure 18. Scenario III: example shading conditions assumed for the residential chimney shading.
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Figure 19. Scenario III: Annual energy yield improvement with power limited subMICs (ηc = 90%) with respect to conventional operation.

× marks: Simulation results. Solid line: Fit. 99% of the energy yield with 100% power rated subMICs can be achieved with subMICs rated at

40% of the submodule power (28 W).
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Figure 20. Scenario III: histograms of the absolute value of primary current processed by subMICs throughout one year of simulation (o: Top

string, x: Bottom string): (a) Efficiency ηc = 90% and no current limit. (b) Efficiency ηc = 90% and current limit Isat = 2.9 A corresponding

to 40% of the submodule peak power.

conventional system, and for the DPP architecture with nonideal 90% efficient subMICs rated at 100%, 20%, 10%

or 5% of the submodule peak power.
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Figure 21. Scenario V: Performance (ratio between actual and ideal power) for a coefficient of variation between 1% and 10%. Conventional

system-level MPPT (circles) and its best-fit curve (dash-dotted line). Nonideal subMICs rated at 5% (dots) and its best-fit curve (dotted line).

Nonideal subMICs rated at 10% (squares) and its best-fit curve (dashed line). Nonideal SubMICs rated at 20% (triangles) and its best-fit curve

(solid line).

The results of this simulation, considering the large utility scale string of Scenario I, are depicted in Fig. 21.

Fitting lines describing the average behavior of the PV system are used to estimate the average energy yield loss

over time. Table IV shows that, due to aging mismatch, there is an annual loss of 4.5% after 20 years and 7%

after 25 years, when a conventional system level inverter is used. Most of this energy can be recovered, since it

is lost only because of the different MPP currents in each submodule. Nonideal DPP subMICs rated at only 20%

power allow the loss to be reduced to less than 0.6% annually after 20 years and to less than 0.8% after 25 years.

The energy yield is improved by a lifetime total of 2.3%, which is the same as the yield obtained by fully rated

subMICs.

Mitigation of aging effects is reduced if DPP subMICs are rated at less than 20%. Nevertheless, 2.1%, or more

than 90% of the energy yield improvement, is obtained with subMICs rated at just 10% of the submodule peak

power. Since mismatch power levels are low, the 10% rated converters behave as fully rated converters up until the

coefficient of variation becomes larger than 6%, in year 15. Even lower power rating of 5% still results in lifetime

energy improvement by 1.4%.

F. Scenario V: Aging Mismatch in Residential System

A similar Monte Carlo simulation has been carried out for the residential system of Scenario II. The results of

this simulation, summarized in Fig. 22 and Table V, predict a mismatch loss of 5.5% after 20 years and 8% after

25 years in the conventional system. Despite having fewer modules in series, this system has more PV cells per

submodule, hence the more adverse effects of mismatch. DPP subMICs allow the loss to be reduced to 0.8% after

20 years and 1% after 25 years. The simulation also provides the average energy gains thanks to subMICs: a 2.9%

energy improvement can be achieved with subMICs rated at just 20% of the submodule peak power, and almost
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Figure 22. Scenario V: Performance (ratio between actual and ideal power) for a coefficient of variation between 1% and 10%. Conventional

system-level MPPT (circles) and its best-fit curve (dash-dotted line). Nonideal subMICs rated at 5% (dots) and its best-fit curve (dotted line).

Nonideal subMICs rated at 10% (squares) and its best-fit curve (dashed line). Nonideal subMICs rated at 20% (triangles) and its best-fit curve

(solid line).

Table IV

SCENARIO IV: SIMULATION RESULTS

End of Lifetime

Yearly Loss (%)

Average Yearly Loss

(%)

Lifetime Energy

Improvement (%)

System-Level MPPT 7.10% 2.74% -

SubMIC DPP

(ηc = 90%)

Pmax = 100% Pmpp 0.80% 0.46% 2.35%

Pmax = 20% Pmpp 0.80% 0.46% 2.35%

Pmax = 10% Pmpp 1.90% 0.66% 2.14%

Pmax = 5% Pmpp 4.30% 1.35% 1.43%

Table V

SCENARIO V: SIMULATION RESULTS

End of Lifetime

Yearly Loss (%)

Average Yearly Loss

(%)

Lifetime Energy

Improvement (%)

System-Level MPPT 8.17% 3.26% -

SubMIC DPP

(ηc = 90%)

Pmax = 100% Pmpp 1.03% 0.50% 2.86%

Pmax = 20% Pmpp 1.03% 0.50% 2.86%

Pmax = 10% Pmpp 2.35% 0.73% 2.61%

Pmax = 5% Pmpp 5.62% 1.68% 1.64%

the same gain is obtained with 10% power rated subMICs: 2.6%. SubMICs rated at just 5% power still yield a

1.64% improvement.
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Table VI

SUMMARY OF RESULTS

Conventional

System Power Loss

Energy Improvement with

nonideal subMICs (ηc = 90%)

Energy Improvement with nonideal

power limited subMICs (ηc = 90%)

Scenario I: Light Poles 10.92% 8.25% 7.30% (32.5% Pmpp = 26W )

Scenario II: Tree Shading 22.30% 5.52% 4.45% (37.5% Pmpp = 26W )

Scenario III: Chimney Shading 13.21% 4.58% 3.45% (40% Pmpp = 28W )

Scenario IV: Utility-Scale Ageing 2.61% 2.35% 2.35% (20% Pmpp = 16W )

Scenario V: Residential-System Ageing 3.17% 2.86% 2.86% (20% Pmpp = 14W )

V. SUMMARY OF RESULTS AND CONCLUSIONS

Differential power processing (DPP) architectures employ distributed, low power processing, submodule integrated

converters to mitigate mismatches in photovoltaic (PV) power systems, while introducing no insertion losses. The

DPP architectures present several advantages with respect to full power processing (FPP) approaches, such as

dc optimizers. While FPP converters process the full power of attached modules or submodules, DPP subMICs

only process the mismatch-related power difference between them. This allows a reduction of the power rating of

DPP converters to a fraction of the peak power, thus reducing the size and cost of distributed power electronics.

Opportunities are enhanced to implement DPP architectures at very high granularity, i.e. at submodule level,

effectively replacing bypass diodes, or even at the cell level. Since cells operate closer to their individual MPP,

energy capture in the presence of mismatches is improved. System efficiency expressions are summarized to point

to the advantages of DPP architectures and the importance of the factors that affect DPP performance: mismatch

power levels, submodule-level maximum power point tracking efficiency, as well as subMIC power conversion

efficiency and power rating.

DPP architectures often employ voltage balancing of PV submodules in series for simple and distributed control,

enabling operation of the PV system close to fine-granularity MPPT. The analysis and the experiments described in

this paper demonstrate that the sensitivities of the MPP voltage with respect to irradiance, temperature and mismatch

uniformity are relatively small. Even in exaggerated, worst-case examples, the experimentally verified energy yield

is less than 2% below the true distributed maximum power point tracking. Differences can, in practice, be much

smaller for at least two reasons: i) considering compensating effects of, for example, irradiance and temperature

changes; ii) there exists an optimum control gain in the converter voltage regulation loop such that the submodules

operate even closer to MPP values in the cases irradiance mismatches are the main sources of MPP variations.

DPP subMIC power limits affect mismatch mitigation more intensely in partial shading scenarios, where mis-

matched power (or currents) can reach almost 100% of the submodule peak power. For the scenarios considered

in this paper, DPP subMICs rated between 30 and 40% of the submodule peak power allow energy production

within 1% of fully rated subMICs. Another significant advantage of differential power processing is the lack of

insertion loss. As a consequence, this approach can be used effectively even in systems where mismatch is relatively
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small. Aging effects considered in this paper are assumed to increase the coefficient of variation of PV submodules

linearly up to 10% at the end of life. Hence, mismatched power is in this case much smaller than in partial shading

scenarios. It is shown that DPP converters rated at only 20% of the submodule peak power can deliver full mismatch

mitigation in this case, achieving much better energy yield than module-level FPP approaches, while using power

converters with lower power rating.

PV modules can be enhanced with DPP submodule integrated converters (subMICs) serving as backplane diode

replacements to yield significant system efficiency improvements, while being rated at a fraction of the submodule

peak power. As summarized in Table VI, considering typical 210-240 W PV models having 3 submodules rated

between 70 and 80 W each, the DPP subMICs can be rated at approximately 30 W in residential PV systems

affected by partial shading, and at approximately 15 W or even less in commercial or utility scale systems affected

by aging and other inherent parameter dispersion.
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