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Abstract 

 
Photovoltaics (PV) have shown a constant growth rate for several years and have the 
potential to be a major energy source in the world power production. For making the 
investment on the source more reliable, improvements on the technologies applied and 
operational techniques are a must, and the increment and addition of different 
capacities are making the PV systems smarter and more flexible.  

Together with new materials and supervision systems, new strategies to amplify the 
stability of the entire system, especially the power converters. One of the main 
challenges on the reliability improvements are the thermal cycles faced by the Insulated 
Gate Bipolar Transistors (IGBTs), that cause a decrement on their lifetime thus also 
depleting the entire system reliability. Therefore, this thesis studies the different impact 
of different strategies applied to minimize this impact at an Inverter level, through the 
application of Constant Power Generation (CPG) strategies. These options are realized 
by limiting the power generated by the system according to different reference 
parameters. 

Despite the difference between hardware demands required for the implementation of 
each strategy, each one presents apparent advantages that may or may not be 
translated on significant Lifetime Consumption (LC). Their attractiveness may also 
demand a high cost in energy production, bringing negative aspects capable of overpass 
any reliability improvement. After all comparisons, a simplified general parameter to 
rank different scenarios and different control strategies is applied to all the simulated 
results in order to make explicit the different impact that can be achieved with each 
control selected. 

vi
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Figure 4.5: The operation of the Smart derating Control 

 
Using 2 main temperature parameters (Ambient or room Temperature 
and Maximum Operational Temperature), this strategy presents a flexible 
approach to the CPG. 
 

 
Figure 4.6: Smart derating triggered by the ambient temperature increment 

derating from 100% till the shut-down temperature 
 

This flexibility brings the possibility of imposing a higher limit for the PV 
Inverter while on the CPG state if the ambient temperature is low 
compared to the critic levels, therefore producing more energy while 
under a small temperature uprising. 
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Regarding Lifetime consumption, the capacity to adapt the power 
limitation to possible heavy variations on the room temperature promises 
good results, due to a tight connection between that one and the Junction 
Temperature.  
Therefore, while accepting more flexibility on the room temperature, the 
junction temperature becomes more dependent on the heatsink thermal 
dissipation capacity and speed. If this parameter is known and fierce 
enough, a smart arrangement promises profitable results. 
 

 
Figure 4.7: A simplified scheme for the process to define the configure 

references for the Smart derating control 
 

For a fine tune, this process demands previous clear information about 
the scenarios when the Ambient temperature will be higher (thus 
increasing the Junction temperature) simultaneously with high irradiation 
periods. On those scenarios, the cumulative heat of the ambient would be 
incremented by the extra power generated at the IGBT, accelerating the 
accumulated damage and leading the PV Inverter to eventual failure. 
One final observation exposes that the Smart derating control operates an 
Ambient dependent version of the locally predefined Flexible MPPT, and 
by that an even more flexible solution. 
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4.3.3 Active Junction Temperature Control  
Despite the many problems in the existing methods for real applications, 
smoothing the junction temperature fluctuation can significantly improve 
the life expectancy of an IGBT [45]. While different techniques can be 
applied to implement this control, it always demands some level data 
processing and sometimes precise measuring for online implementation 
[45]. 
Regarding the mission profile expected for the PV Inverter, the extreme 
limits can be relevant for the feasibility of this control. At this strategy, a 
careful adoption of parameters should consider that in order to implement 
it, not too low or impracticable Junction temperature goals should be set. 
 

 
Figure 4.8: The operation of the Active Junction Temperature Control  

 
Another indirect consequence is that on this strategy the time demanded 
by the thermal dissipation circuit of the heatsink plays a relevant role, 
limiting the speed for the control response while tracking its target. 
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Figure 4.9: A simplified scheme for the process to define the reference of 

maximum Junction Temperature 
 
4.4 Strategies Comparison and Analysis  
 

4.4.1 Energy Production perspective 
All the control strategies defined to improve the reliability are realized 
moving the operating point of the PV Inverter to outside the MPP, thus 
the inevitable first conclusion is the inevitable curtailment of the energy 
production. 
Even though the subject pursued is a reliability increment for the 
switches and the inverter, if the energy production is the original 
motivation of the system existence for sure cutting the production 
becomes a negative aspect in any scenario. 
Still analyzing the local inverter reliability aspect, the first strategy 
(Flexible MPPT) studied brings a sense of control of this parameter, 
defining on the calculations a clear and oriented selection for the energy 
flow limitation. 
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Figure 4.10: Energy lost compared to the MPPT production 

 
The 03 scenarios were analyzed referentially to the installed capacity, and 
for sure they show how aggressive can be the power curtailment.  
While the MPPT considered an energy production of 206.615J for the 
simulated period (or 21.45kWh for a proportional 18hour excursion), a 
reduction of 13.57% on the energy production would be very costly for the 
investment balance, increasing significantly the return of the initial 
investments. 
 

 
Figure 4.11: Energy lost compared to the MPPT production 

 
On the opposite direction, the scenarios tested for Smart derating Control 
expressed a less aggressive curtailment despite the significant decrement 
on the Reference Temperature. That is for sure a result of the 
proportional derate that is effective after the Ambient Temperature 
crosses the reference, but still at a very small level. 
But regarding the extraction of the maximum energy available, the 
strategy that shows more flexibility to different profiles of Solar 
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Irradiation is the third strategy studied, the Active Junction Temperature 
Control. 
 

 
Figure 4.12: Energy lost compared to the MPPT production 

 
This strategy expressed a variable capacity to reduce the energy 
production, and a goal for Junction Temperature for reasonable variable 
mission profiles.  
Considering that the mean junction temperature during the thermal 
cycles is a crucial parameter for the following definitions around Lifetime 
Consumption, this strategy can be useful if well-tuned. 
 
4.4.2 Thermal Cycles perspective and performance 
As mentioned before, the accumulated damage to the IGBT is tightly 
related to 03 major parameters exposed in Equation 18 and Equation 19: 
 

 ∆𝑇௃ as each thermal cycle range; 
 𝑇௃_௠௘௔௡ as the mean temperature during each thermal cycle; 
 𝑡ைே as the period of duration relative to each cycle. 

While the 𝑡ைே is related to the modulation technique applied and the 
𝑇௃_௠௘௔௡  is heavily dependent from the ambient temperature, possible 
variations on ∆𝑇௃ can be the target to influence. 
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Figure 4.13: The relation between the higher range cycles and the mean 

temperature on thermal cycles 
 

Additionally, the positive slope of a simple scatter plot of the thermal 
cycles marks the trend on the relation between these two parameters. 
Therefore, for strategies capable of bringing down the mean Junction 
temperature, also the average range of the thermal cycles should decrease 
in a cumulative influence on Lifetime Consumption.  
While observing this parameter, if a cycle counting algorithm is applied 
becomes possible to observe the range of the cycles arranged on values 
grouped from those smaller than 1℃, and then those between 1 and 1.5℃, 
and those between 1.5 and 2℃, and so on.  
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Figure 4.14: The influence of the Flexible MPPT on the thermal cycles 

 
The effectivity observed when Strategy 1 is applied became so justified 
observing this perspective of the cycle’s temperature range. A clear 
impact of the power curtailment is exposed to the limitation observed 
between the MPPT simulation and Scenario 1, while the 8 to 9℃ cycles 
are eliminated. Moreover, when the limitation parameter for this strategy 
is more aggressive, Scenarios 2 and 3 reduce even more the amount of 
higher cycles and eliminate the 8℃ and 7℃ thermal cycles.  
A similar effect of eliminating the higher thermal cycles was observed on 
the Smart derating Control. 
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Figure 4.15: The influence of the Smart derating Control on the thermal 

cycles 
 

The data exposed by the Strategy 2 showed that even its first scenario 
was capable of interfering on the 9℃ range cycles, though the more 
aggressive derating parameters (Scenarios 2 and 3) achieve much better 
performance on absolute values. 



51 
 

 
Figure 4.16: The influence of the Active Junction Temperature Control on the 

thermal cycles 
 

The third strategy studied showed an efficient and strong capacity to 
influence the range of the thermal cycles experienced by the IGBT. While 
the maximum level observed value during MPPT at the Junction 
temperature was around 71℃, the control operating at 65℃ seems to 
marginally perturb the range of the cycles.  
On that case, any changes on the lifetime could probably be a 
consequence of changes on the mean junction temperature during the 
thermal cycles, regardless of the range of them. 
Still regarding the third strategy, is relevant to notice how much can be 
the range of thermal cycles be depleted, as seen on the performance of the 
extreme fourth scenario (𝑇௃_௥௘௙ = 45℃). Despite a possibly expensive cost 
of higher depletion on the produced energy, the capacity of this strategy 
to directly use the thermal junction as a parameter opens possibilities for 
complementary different approaches. 
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4.4.3 Lifetime Consumption perspective 
The simulated data showed a total Lifetime Consumption of 1.4272E-12 
at an absolute value and MPPT control. Is expected from all the 
strategies a capacity decrement this value, representing a reduction on the 
accumulated damage that would be proportional on a real-life daily 
excursion. 
This perspective is observed using the Accumulated Damage reduction, 
expressing it on proportional values for the LC measured in comparison to 
the MPPT scenario. 
 

 
Figure 4.17: LC reduction in comparison with MPPT use 

 
On this aspect, the first strategy studied (Flexible MPPT) performed a 
reduction of close to one order of magnitude on the accumulated damage 
caused to the switches, with an LC no higher than 56% of the MPPT 
performance. That comes in direct consonance with the exposure on figure 
4.14, where a severe depletion on the range of the thermal cycles could be 
observed. 
 

 
Figure 4.18: LC reduction in comparison with MPPT use 
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A relatively similar performance could be observed on the Smart Derating 
control. That is relevant because this strategy brings the Ambient 
Temperature as an online parameter for the derating, and if that is easy 
to implement is possible to actively adapt the energy production to a 
variant site profile. The result is aligned with the exposure of figure 4.15, 
representing a direct increment on the lifetime due to a direct reduction 
of the range of thermal cycles. 
 

 
Figure 4.19: LC reduction in comparison with MPPT use 

 
The same level of reduction on damage is observed while using Junction 
temperature as a parameter, as expressed above by the Active Junction 
Temperature Control strategy.  
Nevertheless, is important to notice that while setting a parameter close 
to the maximum Junction Temperature (Scenario 1) for the tested profile 
(≈ 70℃), the strategy shows a very small reduction on the LC 
proportionally to the other scenarios. This result was expected since the 
figure 4.16 exposed a marginal influence of larger cycles resulting from 
Scenario 1, but also a stronger influence on them caused by the 
parameters of other scenarios.  
 
4.4.4 Overall comparison 
An overall perspective around the control strategies is possible to achieve 
if a global reference composes the analysis of the PV power curtailment. 
That final perspective is relevant because while implementing any 
strategy to increase the lifetime of devices and their components if in one 
hand is desired to minimize the decrement of Energy production, on the 
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other hand, the percentual LC reduction is desired to be higher as 
possible.  
A proportional parameter can be described as: 
 

𝑅𝑎𝑛𝑘 =
% 𝑜𝑓 𝐿𝐶 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

% 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡
 Eq. 20 

  
That relation is, following the description above, desired to be as high as 
possible. Both parameters should be calculated on its unitless percentual 
level related to the reference value (MPPT scenario). On this matter, is 
possible to compare all the strategies under the same lens. 
 

 
Figure 4.20: General LC reduction over Energy Lost 

 
This overall perspective shows a clear difference in the impact of different 
scenarios from different strategies. At the common ground of the ranking, 
is observed that the relatively small reduction on the Lifetime 
Consumption brought by the Scenario 1 (𝑇௃_௥௘௙ = 65℃) of the Strategy 3 
(Active Junction Temperature Control) came at a very low price on 
energy production, making this scenario by far the most attractive. 
Additionally, the Strategy 2 (Smart derating Control) represented an 
important total sum at the ranking, with good positioning on the 2nd, 3rd 
and 6th positions. Nevertheless, disregarded the highest scorer most of the 
other scenarios expressed a similar performance regarding the energy cost 
and the improvements on the Lifetime delivered.  
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4.4.5 The challenge of tunning the Control Strategies 
The undeniable gain observed by the performance presented by the 
Scenario 1 of the third strategy (𝑇௝_௟௜௠ = 65℃) can be credited to a precise 
tune between the cut of the higher range thermal cycles and the small 
amount of energy lost. On that matter, one complementary question 
emerges: “How feasible is to expect from each control strategy to achieve 
such higher attractive results?” 

In order to briefly explore this topic, another simulation was developed 
with a different mission profile and one scenario as reference for each 
strategy, accounting with an attempt to reach the same tune and higher 
profit. Considering a good basis of historical data recorded, the simulation 
set was: 

 For Strategy 1 (Flexible MPPT), a 𝑃௟௜௠ = 1800𝑊 due to a 
historical maximum of 1900𝑊௣ at that site; 

 For Strategy 2 (Smart derating Control), a 𝑇௥௘௙ = 41℃ for starting 
the derating due to a historical maximum of 44℃ at the site; 

 For Strategy 3 (Active Junction Temperature Control) a 
𝑇௝_௟௜௠ = 65℃, for a maximum of 71℃ on the past at his inverter. 

From this excursion resulted: 

 

Figure 4.21: Power generation with previously tuned parameters for a site in 
Fatick, Senegal [41] 
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Scenario %of MPPT Energy Lost %of LC avoided 
ST1 1.02% 29.6% 
ST2 0.17% 14.2% 
ST3 0.11% 11.7% 

Table 8: Power generation and LC performances for the Senegal Mission 
profile and guessed parameters 

Using the same ranking proposed by the equation 20, very different 
performances are seen regarding the overall comparison: 

 

 

Figure 4.22: Overall comparison - General LC reduction over Energy Lost 
 

Is noticeable that Strategies 3 and 2 are capable to achieve the 
excellent balance between energy lost and reliability improvement with 
simple guessed parameters. On the opposite direction, the Flexible 
MPPT strategy expressed a long variation on its parameter (total 
power, from 0W to 1900W), bringing imprecision for any tune on 
power limit even when based in educated guesses. 

Differently, Smart derating Control and Active Junction Ambient 
Temperature Control both expose smaller variation ranges on its 
parameters. While here the ambient temperature varies from 33℃ to 
44℃, a fine tune is more feasible on these strategies and tend to bring 
more operational gains regarding both energy saving and Lifetime 
improvement. 
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Chapter 5 
 

Conclusions 
 
All the three control strategies expressed a significant capacity to 
decrease the lifetime consumption of the IGBT on a reasonable scale, thus 
justifying their use as a method for interfering on the lifetime of PV 
Inverters. While the energy cost of a power curtailment may be undesired 
in any scenario, it was proven that a balanced analysis comparing lifetime 
increments and energy losses is feasible to develop. 
All the analysis around the theme is justified by, as presented on chapter 
1, the fact that PV systems are playing a significant role on the energy 
grow, and are attracting a large portion of the investments on energy 
grow worldwide. As would be expected from any large investment, a 
reliable and predictable production can improve the attractiveness of the 
Solar energy for the energy market. On chapter 2, the reliability of these 
systems is exposed as tightly related to the PV inverter and its power 
switches. 
The thermal degradation mentioned and exposed in chapter 3 is a 
significant share of the causes for reliability depletion, thus justifying the 
search for countermeasures to better manage the lifetime of power 
switches such as IGBTs. While specific parameters such as the investment 
done on the PV system and maintenance details can be brought to the 
scenario for expressing a better opinion about the attractiveness of 
Control Strategies for PV Inverters, the significant effects on lifetime 
caused by the use of the studied strategies become undeniable.  
Despite the possible differences between the simulated results and real 
field results, the strategies listed and presented in chapter 4 were stressed 
through different scenarios under a straight group of variables that should 
represent similar and proportional global parameters. 
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Still on chapter 4, the discussion about different strategies for CPG has 
demonstrated that not just higher power curtailment could bring positive 
effects for the reliability of PV Inverters but also small curtailments could 
bring very cost-effective impacts.  
On that matter, the Flexible MPPT expressed a powerful capacity to 
reduce the energy circulating on the PV system, being able to cut 
immediately the long-range thermal cycles and decrease the accumulated 
damage expected for 1 work day. Nevertheless, its application comes at a 
high price on energy production, making this strategy not fitted when 
considering weather forecast deviations. A final conclusion for this 
strategy is the undoubted dependence between the cost-effectiveness of its 
application and a very well-defined mission profile. In cases where the 
static limit was set too low such as on the third scenario (ST1SC3), the 
cost-effectiveness of the improvements on reliability becomes highly 
unattractive. 
While exploring the performance of the Smart derating Control, on the 
other hand, the expected smartness of the strategy expressed the capacity 
to adapt the Power limit to an increasing Ambient temperature, therefore 
limiting the increasing damage caused by higher range thermal cycles. 
This interactive limitation to the power production obviously ends up 
producing more energy than the static limit of the Flexible MPPT, and if 
allied with a predictable and fierce energy dissipation capacity at the 
heatsink can answer to eventual mission profile deviations at a small cost 
on energy lost. 
Finally, the Active Junction Thermal Control expressed very effective 
results, especially under the balanced perspective between energy lost and 
reliability improvements. Good results were obviously expected 
considering that the Reliability Assessment presented on this study 
considers the information coming directly from the junction temperature, 
thus limiting this parameter directly should have heavy impacts. Among 
others, the major drawback of the application of this strategy is the 
hardware needed for implementing it, but its direct influence on the 
Reliability control could justify the investment in its use. 
Moreover and as a general perspective, a conclusion emerges not from the 
simulated data but from the analysis of the strategies as an operational 
procedure. While the major simulations developed here considered a 
cloudless day in Spain without intermittence on the irradiation, this 
scenario isn’t completely realistic. Even more, the ambient temperature at 
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which a PV inverter is exposed can easily be higher than the ambient 
temperature due to particularities on the installation and the facilities.  
Complementarly, the additional simulation with the data wheater data 
from Senegal showed how hard can be to guess previously the best 
parameter for each strategy, especially for the Flexible MPPT control. In 
any case, small deviations on the expected mission profile can lead to 
heavy losses on the energy production in every control strategy.  
The final direction of this understanding regarding operational 
implementation demands two major qualities from a solution: flexibility 
compatible with the installation and previous good information about the 
Mission profile. On that matter, all the roads lead to a high dependence 
between the cost-effectiveness of a selected strategy and the weather 
forecast used for defining the parameters.  
Therefore, complementary studies can follow this one by including on the 
mission profile a broader range of scenarios as input for the PV system. 
That could bring more reliable measurements simulating the answer of 
the PV system to real life endurance. 
The main contribution of this thesis was presented in chapter 4, where 
the major impact of the control strategies was compared regarding the 
energy cost of each one, and their capacity to impact reliability was 
dismembered. Subsequentially, a common parameter brought one 
perspective to rank different scenarios of the different control strategies. 
This overall comparison can support a field decision and making the 
strategy a more strategic choice regarding the accumulated thermal stress 
and the energy produced. 
In any case, the significant dependence between the weather forecast and 
the mean Junction temperature points to an inevitable trend towards 
flexible strategies and adaptable parameters applied together with well-
tuned knowledge about the Mission profile in a form of site historical 
conditions.  
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