
Performance and Reliability of PV Inverter Component and Systems 
due to Advanced Inverter Functionality

Jack Flicker and Sigifredo Gonzalez

Sandia National Laboratories, Albuquerque, NM 87185, USA

Abstract —  In order to identify reliability issues associated 
with advanced inverter operation and array states (e.g. volt-VAR
control, high DC/AC ratios), we have collected system and 
component-level electro-thermal information in a controlled 
laboratory environment under both nominal and advanced 
functionality operating conditions.  The results of advanced 
functionality operation indicated increased thermal and electrical 
stress on components, which will have a negative effect on 
inverter reliability as these functionalities are exercised more 
frequently in the future.  

Index Terms  —Advanced Inverter Functionality, BOS, PV 
Reliability

I. INTRODUCTION

As of 2013, the installed cost of residential PV systems was 
$4.69/Watt [1]. While most research, both historically and 
currently, focuses on the production costs of PV module 
technology, the cost of the necessary BOS components has 
been largely ignored. As the price of PV modules drops, the 
price of BOS becomes more important. BOS now constitute 8-
12% of the total lifetime PV cost [2]. As of 2010, the inverter 
and associated power conditioning components accounted for 
$0.25/Watt [3], well above the DOE benchmark of $0.12/Watt 
by 2020.  As efforts to lower PV module costs yield 
diminishing returns, the importance of understanding and 
lowering BOS costs become an increasingly critical and cost 
effective investment towards achieving the DOE SunShot 
goals.

One of the key price drivers of power electronics is 
reliability [4, 5]. PV modules have long lifetimes with 
warranties offered up to 20 years. In utility-scale fielded 
systems, the mean time between failure of inverters has been 
shown to be 300 to 500 times shorter than modules [6, 7].  In 
one 27-month study, module failures accounted for only 5% of 
total energy losses, while inverter failures accounted for 36% 
of lost energy over the same period [8]. 

The inverter is a challenging reliability target because it is a 
complicated switching/monitoring system with a number of 
responsibilities. In addition to providing output power meeting 
power quality standards, the inverter may also be required to 
manage power output of the PV module, connect/disconnect 
from the grid, read and report status, or monitor islanding [2].   
Meanwhile, trends in power electronics systems and devices 
over the last decade have placed increasing demands on the 
efficiencies of the thermal management and control systems 
used for MOSFET and IGBT modules. The pressure to 
decrease the size of power electronics systems and inverter 

sub-systems has resulted in an overall 50% foot print area 
reduction of many IGBTs over the last 10 years [9].
This has resulted in higher dissipation requirements for the 
IGBT die and adjacent inverter components (e.g. capacitors, 
inductors) due to an increase in die and inverter -system 
topology densities [10].  In addition, industry increased trends 
in IGBT switching frequencies, voltage ratings and non-unity 
power factor (PF) operations of inverters have also resulted in 
higher heat dissipation levels and temperature-related 
degradation that directly impacts reliability. 

Of special concern are additional inverter functionalities
(Fig.  1) and PV array states (e.g. volt-VAR, high DC/AC 
ratios), which were not envisioned for inverters made as few 
as five years ago.  The new functionalities are pushing the 
operational limits inverters were designed for, increasing
stress on internal components. This is expected to have a 
significant effect on the reliability and lifetime of inverters. 
For example, the average capacity factor of a PV power plant 
have been shown historically to be around 13-20% depending 
on technology and geography [11, 12].  As advanced inverter 
functionality increases, this capacity factor will increase 
towards 100% as power plant operators provide volt-VAR 
support to the grid during all hours of the day in order to 
maximize revenues.  If a plant operator were to increase the 
capacity factor to 100% by providing volt-VAR support 24 
hours a day, the inverter would see a 5-8x increase in 
usage/stress.  This would decrease the lifetime of the inverter 
and historical MTBFs of 1-15 inverter-years [6, 7] could 
theoretically decrease to as low as 0.125-1.875 inverter-years.

Fig.  1: Autonomous advanced inverter functionalities as defined 
by IEC TC 61850-90-7 (with the exception of frequency ride 
through) [13].  
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II. EXPERIMENTAL

A.   Non-unity Power Factor Operation

Future markets will incentivize operators to utilize the 
inverter up to its full power-rating for all daytime hours at 
various PFs, subjecting the inverter to much higher losses over 
its operational life and, inevitably, resulting in shorter 
lifetimes.  Since inverters do not need to be exporting any 
active power, it is also conceivable for an inverter to 
source/sink VARs 24 hours a day.  The newest generation of 
inverters on the market has taken the first steps required to 
make continuous VAR support a possibility [14].

Voltage and current waveforms of MOSFET switches were 
recorded simultaneously along with system-level information during 
unity and non-unity operation in a 3 kW residential inverter.  
MOSFET voltage and current were measured over an entire 16 ms 
AC cycle with temporal resolution of 2-4 ns for power factor 
operations ranging from -0.85 (current lags voltage) to +0.85 (current 
leads voltage).  In order to correlate the losses in the MOSFET to 
losses in the system as a whole, system-level efficiency as well as 
temperatures at eight different positions in the inverter cabinet were 
monitored and logged at one and five second intervals, respectively.

MOSFET voltage was monitored via Tektroniks voltage probes 
with drain-source current measured via a mini Rogowski coil.  To 
minimize variations in the readings, DC power was provided by an 
Ametek PV simulator while AC output was dissipated by an AC 
simulator.  Tests were conducted at PV input powers of 2.81 and 3.29 
kW provided by 14 Sanyo HIT 200 and 44 Astro-Power 75 simulated 
modules, respectively.  Electrical data was collected via an Agilent 
DPO 3014 oscilloscope and analyzed with MATLAB.  Temperature 
data was taken with K-type thermocouples using a Campbell 
Scientific data logger.

During each switch transition, the MOSFET voltage and current 
are both non-zero and overlap, which leads to an increase in power 
dissipation.  If the instantaneous power is averaged over the sampling 
time and summed, the cumulative energy loss as a function of power 
factor can be quantified.  The time duration of the switching 
transient, where the power is non-zero, is dependent on the power 
factor of inverter operation, which leads to changes in energy losses 
and system efficiency.

This procedure was carried out over a number of different power 
factors, and the cumulative energy loss is clearly a function of 
inverter operation conditions (
Fig.  2, top) with switching energy losses per cycle increasing by 
168% from unity to PF=+0.8275.  The losses shown in 
Fig.  2 (top) are only from switching losses, since the conduction and 
diode losses were cancelled out via baselining.  However, the non-
switching loss mechanisms show the same trend with regard to PF 
operation with larger losses occurring at higher leading power 
factors.

It is important to note from 
Fig.  2 that higher input power levels yield higher losses in the 
MOSFETs.  It is also interesting to note that the losses are not 
symmetric around unity power factor operation (even though the 
operational voltages and currents handled by the MOSFET are).  

Leading PF operation has much higher losses than lagging operation.  
This may possibly be due to filtering choices made by the 
manufacturer.

For larger deviations from unity, the changes in system 
efficiency can become quite large. One inverter that operates 
at 96% efficiency at unity PF will drop to 91.3% efficiency at 
0.55 PF.  This doubling of energy loss will have a significant 
effect on component operating temperature and will 
substantially reduce component lifetime.

Fig.  2: Non-unity PF operation can have a significant effect on 
component and system losses.  (Top)  Total energy loss per 16 ms 
cycle per switch for different PFs and input powers. (Middle) 
System-level efficiency (blue) and temperature of MOSFET heat-
sink (red) during PF operation. (Bottom)  System efficiency for high 
PF operation (~0.5).



B.  Low-Voltage Ride-through

The large-scale penetration of variable and intermittent 
distributed resources into the electrical grid can have
significant effects on frequency and voltage stability of the 
grid.  It is predicted that as penetration ratios increase [15, 16], 
the number and severity of grid parameter deviations from 
nominal will also increase (especially far away from 
distribution feeders). 

Historically, distributed generation has had such a low 
penetration ratio that, in low-voltage events, PV inverters have 
been asked to disconnect from the grid in order to prevent an 
islanding situation from occurring (since removing the active 
power of a small numbers of inverters on the grid was not 
sufficient to exacerbate the voltage deviation).  However, as 
the penetration ratio increases and the power generated by 
distributed resources becomes non-negligible, PV inverters 
that disconnect from the grid can exacerbate the voltage 
deviations, decreasing grid reliability issues in the future. 
Therefore, new rules, such as the California Public Utility 
Commission’s (CPUC) Rule 21 interconnect requirements, are 
being implemented which demand that inverters ride-through 
a low (or high) voltage event. In Hawaii, where upwards of 
12% of households have rooftop solar, the ride through
requirements had to be expanded due to the larger voltage 
fluctuations on the island grid (which has significantly less 
inertia than other grids) [17].  

In the future, as the number of distributed resources on the 
grid increases, the frequency of voltage excursion may 
increase.  Thus, the increased losses of a PV inverter during a 
ride-through event may become a non-negligible aspect to the 
unit reliability over its lifetime.

In the new interconnection requirements, the voltage level 
of the ride through event determines the mode of operation of 
the inverter.  For example, for Rule 21, in the event of a 
voltage sag lower than 0.5 PU (Vsag > 0.5 PU), the device 
under test must cease to energize and ride through the voltage 
sag for a duration of 1 second.  If the voltage recovers above 
0.5 PU within 1 second, then the inverter must resume 
energizing the utility up to 90% of pre-event power level 
within 1 second. An example of an inverter riding through in 
this manner is shown below (Fig.  3).

During the ride through event, the ac current has a 36% 
transient spike and the dc voltage experiences a 24.3% voltage 
transient as the DC bus immediately returns to open circuit.  
During the low grid voltage condition, the inverter ceases to 
energize the utility. When the grid voltage returns to nominal,
the dc voltage experiences a ringing transient voltage 
waveform.  This ringing results in an increase in bus voltage 
above open circuit, to 500 V, which applies additional voltage 
stress to the DC-side components.   After this transient, the 
inverter commences to return to its previous operating 
conditions and commences maximum power point tracking 
and power export. 

A residential inverter with EPS support capability was 
evaluated in a laboratory setting to investigate possible 

stresses on the dc and ac components and any adverse effects 
of the performance of the inverter when the inverter goes 
through a grid voltage anomaly. The inverter analyzed has
L/HVRT capabilities, but does not adhere to Rule 21 
requirements due to the lack of a momentary cessation 
function.

Voltage and current waveforms of MOSFET switches were 
recorded simultaneously along with system-level information in a 3 
kW residential inverter during low voltage ride through events 
ranging from 0-1.5 s with Vsag ranging from 0-220 V. MOSFET 
voltage was monitored via Tektroniks voltage probes with drain-
source current measured via a mini Rogowski coil.  To minimize 
variations in the readings, DC power was provided by an Ametek PV 
simulator.  Grid transients were simulated using a California 
instruments RS90 grid simulator.  Tests were conducted at PV input 
powers of 3.29 kW provided by 14 Sanyo HIT 200 and 44 Astro-
Power 75 simulated modules, respectively.  Electrical data was 
collected via an Agilent DPO 3014 oscilloscope and analyzed with 
MATLAB.  

Cumulative MOSFET switching loss during each voltage 
transient event was calculated and then normalized by the 
duration of the event in order to determine the relative severity 
of the LVRT event.  The results of normalized energy loss per 
switch as a function of ride through time and Vsag are shown in 
Fig.  4 and Fig.  5, respectively.

As can be seen from Fig.  4, the rate of energy loss during 
the event is independent of event length with a value of 
approximately 682±40 J/s.  This indicates that for all LVRT 
events the inverter attempts to export energy.  Since the 
inverter in question does not adhere to Rule 21, it never enters 
the “cease to energize” state (0-0.5 PU for tevent < 1 s, shown 
by the dashed blue line) nor does it disconnect when the ride
through event is longer than 1 s.  Such behavior would be 
evident from Fig.  4.  Since, at 0.195 PU, the corresponding 
Rule 21 behaviors are “momentary cessation” and 

Fig.  3: System voltages and current from a LVRT event



“disconnect”, the normalized energy loss of a Rule 21 
compliant inverter would be close to zero.

For the residential inverter studied, the rate of energy loss 
during an LVRT event is linearly related to the value of Vsag

(Fig.  5) with a maximum normalized energy loss equal to 879
J/s for Vsag = 0V.  The energy loss decreases at a rate of 
approximately -3.5 J/V as Vsag increases until the energy loss 
is zero at a PU of unity.  Each of the ride through events 
represented in Fig.  5 has a duration greater than 1 s.  This 
means that to be Rule 21 compliant, the inverter should cease
to export power and for all Vsag< 0.5 PU (120 V), shown as 
the solid blue line.  So a Rule 21 inverter should have a linear 
increase in normalized energy loss until 0.5 PU.  For V sag <
0.5 PU, the normalized energy loss should be nearly zero due 
to the “momentary cessation” operation mode.

Based on the data presented here, it is apparent that an 
inverter that rides through a low voltage event experiences 
increased losses compared to normal operation.  The new 
CPUC Rule 21 interconnection requirements, especially the 
“momentary cessation” operation mode, will tend to decrease 
the LVRT losses of inverters for voltage transients below 0.5 
PU.

CONCLUSIONS

In general, from emergence over the past five to its eventual 
large-scale implementation on the electric grid in the coming 
years, advanced inverter functionalities look to enable even 
higher penetration of renewable energy generation through the 
stabilization of grid voltage and frequency and mitigation of 
renewable energy variability and uncertainty.  However, it 
must be noted that these advanced operational modes increase 
power system losses and will lead to shorter unit lifetimes.  It 
is necessary to consider the balance of added grid stability 
with the shorter lifetimes of the units that will result, 
especially as these functionalities become more monetized in 
the future as grid support markets continue to evolve and 
inverters are asked to exercise these functions on a much more 
regular basis.
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