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Abstract— This paper analyzes the impact of current sensing
inaccuracies due to aging and ambient condition variations on
robust operation of PV inverter systems. A novel index for
analyzing the robustness of grid-tied AC-stacked PV inverter
architectures has been used, which provides an opportunity for
comprehensive robustness evaluation by considering four major
operational characteristics of grid-tied PV inverters as efficiency,
Total Harmonic Distortion (THD), Power Factor (PF) compliance,
and Maximum Power Point Tracking (MPPT) effectiveness. In
addition, a comparative analysis between a single inverter and an
AC-stacked inverter configuration is provided to study the impact
of AC-stacking on robust operation of grid-tied PV inverters. This
paper also proposes a possible state estimation solution for
improving the robustness of the system using Kalman filter
approach.
Keywords—Grid-tied PV Inverter, AC-stacked PV Inverter,
Reliability, Robustness, Karlman Filter, Smart Inverter Robustness
Index, Current Sensing Inaccuracy.

I.

INTRODUCTION

Recent years, the advent of new power electronics
technologies and dramatic cost reduction of Photovoltaic (PV)
modules have led to a significant increase in solar PV system
capacities in both distribution and transmission power system
networks [1, 2]. In power networks with high penetration of PV
systems, efficient and reliable operation of the system depends
on robust operation of the inverter system. Therefore, reliability
and robustness of inverters should be considered and examined
during the design and operation of power system networks [3,
4]. Reliability-based design of grid-tied PV inverters was
initially proposed in 2015 [5]. To provide comprehensive
analysis of grid-tied PV inverter’s robustness, there are multiple
parameters that should to be considered and can be categorized
as: efficiency, Total Harmonic Distortion (THD), power factor
(PF) compliance, Maximum Power Point Tracking (MPPT)
accuracy.
Among all of these factors, conversion efficiency has the
highest impact on reliability and robust operation of PV
inverters, which have been analyzed in [6] from the topology

and control point of view. Efficiency analysis of different PV
inverter topologies and different semiconductor devices have
been presented recently. The impact of control architecture on
efficiency of low switching frequency PV inverter topologies as
well as the impact of physical variations of the main components
of PV inverters on conversion efficiency were studied in [7-9].
The inverter performance metrics such as efficiency not only
depend on topology and control scheme, but they also depend
on the characteristics of employed components such as passive
and sensing elements [10]. Characteristics of sensing
components, particularly current sensors can be varied based on
different parameters such as manufacturing inaccuracies and
ambient condition changes like temperature, humidity, and
aging. The impact of physical variations of these components in
efficiency of PV inverters has been analyzed in the recent
published studies [7, 11, 12].
The second important parameter for robustness evaluation of
inverters is THD. The semiconductors used in the power
electronics’ converters, inject harmonic distortion into power
networks. Therefore, this parameter directly could mitigate
robustness of the system, due to power quality and standard
restrictions. The problem may become sever by increasing the
number of PV inverters in the future grids. In recent years,
several research focused on attenuating the harmonic distortion
of grid connected PV inverters output current [13-16]. The third
parameter is PF compliance. Since a reliable operation of power
networks with high penetrated PV systems is dependent on
ancillary services from distributed generations such as reactive
power support, PF correction plays a crucial role in grid-tied PV
inverters [17-19]. Finally, MPPT accuracy also impacts on the
robust operation of grid-tied PV inverters. MPPT accuracy is
highly dependent on ambient condition changes, and component
inaccuracies that may directly affect the robustness of PV
inverter systems [20, 21].
This paper utilizes the Smart Inverter Robustness Index
(SIRI), which was initially introduced in 2016 [12]. This new
performance metric was proposed to evaluate the robustness of
grid-tied PV inverter systems considering four major
performance characteristics presented above. This paper aims to

analyze the impact of sensing inaccuracies due to aging and
ambient condition changes (temperature) on the robust operation
of grid-tied PV inverters and represent them based on SIRI
index. Section II presents the SIRI in detail and statistical
analysis for obtaining this parameter according to system model.
In section III, two grid-tied PV inverter architectures are
provided and a Kalman filter estimation algorithm is added to
the system to estimate the output current. The outcome of the
estimation can be used to compensate inaccuracies of the
sensing devices, which results in improvement of system
robustness in grid-tied inverters. The impacts of cascading the
inverters on the robust operation of both generic grid tied PV
inverter and an AC-stacked PV inverter will be compared in
section IV. Finally, conclusion and remarking notes are
provided in section V.
II.

SMART INVERTER ROBUSTNESS ANALYSIS

PV inverter operation and lifetime are highly dependent on
performance of electrical components. One of the most
important electrical components in modern PV inverters with
distributed architecture and high frequency switching is a
current sensing device. The performance of different current
sensor technologies such as hall-effect, magneto resistor-based,
and fluxgate current sensors with wide band of operational
characteristics highly rely on manufacturing accuracy,
variations of environmental conditions and changes in
component’s characteristics due to aging. Therefore, reliability
and robustness of PV inverters will be affected respectively.
Since physical variations is a consequence of the inherent
randomness in electrical components, in order to analyze the
impact of these uncertainties on performance of PV inverters,
the system should be statistically analyzed. Different statistical
analysis methods can be used for solving this problem, but as the
most favorite one is Monte Carlo Sampling method. This
method utilizes statistical analysis and random sampling
experiments to provide approximate solutions for unformulated
problems, which are random in nature and it is very difficult to
solve [22]. Monte Carlo statistical analysis was utilized in the
semiconductor industry to prove the feasibility of manufacturing
of systems consisting several semiconductor devices. Similar
approaches are expected to arrive when several components and
devices work cooperatively together in a system such as PV
inverters. Therefore, Monte Carlo method is widely applied for
reliability and robustness analysis of PV inverters [12].
Monte Carlo analysis requires a large number of sampling
points for solving big statistical problems with several uncertain

variables. By using variance reduction techniques, the required
number of sampling points can be reduced and consequently the
simulation time reduced significantly. A commonly used
variance reduction method known as the Latin Hypercube
Sampling (LHS) is a type of stratified Monte Carlo sampling
algorithms, which used in this paper. The LHS method not only
reduces the required number of sampling points, but also
improves the accuracy and confidence in the results. In this
method, cumulative distribution function is divided into few
equally probable sub-sections and the equal number of sampling
points are selected from these sub-sections. Therefore, this
method by spreading sampling points can reduce the required
points significantly [23, 24]. In this paper, Random Latin
Hypercube Sampling (RLHS) algorithm is used to model the
impact of uncertainties of current sensing devices with
minimum sampling points. Current sensor variations is modeled
by a random scaling factor, which multiplied to sensor
measurements and a random offset value is also added to the
measurements. Robustness evaluation depends on an index
named Smart Inverter Robustness Index (SIRI) [12], which
quantifies the robust operation of PV inverters. In this
parameter, conversion efficiency, THD, PF, and MPPT are all
contrived to present the main operational characteristics of grid
connected PV inverters in this index. SIRI consists of these
operation characteristics is shown in (1).
In this index, for each performance characteristic a limitation
factor is defined. For conversion efficiency, PF, MPPT
effectiveness, the limitating factor is the minimum acceptable
value that can be described according to application and
standards. Also, for the THD term, the maximum acceptable
value is defined based on IEEE standard 519-1992, which is 5%.
The minimum acceptable conversion efficiency for this generic
grid-tied PV inverter and AC-stacked PV inverter is 95%, and
this value can be different based on application and
configurations. In this paper, the limit for PF compliance and
MPPT effectiveness is defined as 99%.
By analyzing the system based on selected sampling points,
if all the four terms in the SIRI are positive, this would mean the
inverter is in robust region. On the other hand, if one of the
normalized terms is negative, the inverter operates outside of the
robustness region and the SIRI will be highlighted as -1.
Therefore, a relative index can be developed to comparatively
evaluate the inverter robustness operation in different regions.
In this index, each term is appropriately normalized to the
maximum acceptable error, which means the higher values in
SIRI, the more robust is the PV inverter operation.

 ( PF − k pf ) ( Eff − k Eff ) ((1 − THD) − (1 − kTHD )) ( MPPTEff − k MPPT )
×
×
×
,

(1 − k Eff )
kTHD
(1 − k MPPT )
 (1 − k pf )

SIRI = 
PF > k pf , Eff > k Eff , THD < kTHD orMPPTEff > k MPPT

PF < k pf , Eff < k Eff , THD > kTHD orMPPTEff < k MPPT
− 1,



where:
k pf
k Eff

The minimum acceptable Power Factor compliance
accuracy
The minimum acceptable Conversion Efficiency

(1)

k THD

The maximum acceptable THD

k MPPT

The minimum acceptable MPPT effectiveness

III.

GRID-TIED PV INVERTER

A. Single Inverter
The impact of current sensing inaccuracies on a single
gird-tied PV inverter will be analyzed in the next section.
Control scheme of the single grid-tied PV inverter consists of
two cascaded control loops shown in Fig. 1. As it can be
observed here, different inaccuracies are existed in sensing
elements or passive components that could have an impact on
the operation of the PV inverter. The focus of this paper will
only be on current sensing inaccuracies, which is highlighted
as black in the figure.

B. AC-stacked PV Inverter
By analyzing a single grid-tied inverter system and ACstacked PV inverter system, the impact of cascading inverters
on the robustness of AC-stacked PV inverter system will be
evaluated [24] in the following section. This architecture
consists of three module-level inverters connected to the grid.
The power level of this system is equal to the single inverter
system presented in the previous section. In this system, a
perturb and observe algorithm is used for Maximum Power
Point Tracking (MPPT) of inverters. Each inverter has a DCbus voltage controller that regulates its own voltage based on
the output of MPPT stage. In this architecture, one inverter is
responsible to control the current of the whole PV string
system. This inverter has a current sensor, which might have
inaccuracy due to aging and environmental conditions. These
inaccuracies affect the current measurement output by a scale
factor, offset factor, and phase shift factor as shown in Fig. 2.
C. Modelling and State Estimation
To prescribe the system more accurately, the nonlinear
state space model of AC-stacked inverter system is presented
in (2).

Fig. 1. Single inverter schematic and control block diagram.
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where:

Fig. 2. Grid-tied AC-stacked PV inverter architecture with current sensing
inaccuracies.
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Provided the state space equations of the AC-stacked PV
inverters shown in (2), the Kalman filter algorithm can be
employed to estimate the system parameters with limited
measurements and speed up the response after disturbances.
In this architecture, for the estimation of the current sensor

output, which represents the inductor current, the Kalman
filter is essentially being running an algorithm with the
proposed model and calculated the residual differences. Fig. 3
shows how the parameters for Kalman Filter are being
formulated. While the algorithm is running, the convergence
of developed system should be reached to constant value
provided by measurements and system process. Fig. 3 shows
how these recursive formulas need to be updated to achieve
the proper output estimation [25].

ambient variations such as temperature and humidity can
change current sensor characteristics and it evolves as
inaccuracy. For instance, for most of Hall-Effect based current
sensors zero current offset inaccuracy, sensitivity changes,
and nonlinearity variations of the sensor respect to
temperature have been reported. There are some other
parameter changes such as magnetic nonlinearity, or magnetic
noise spectrum interferences for magneto-resistive-based
current sensors. Lack of internal voltage references for flux
gate sensors, or magnetic sensitivity in Rogowski-based
current sensors are the most important limitations in these
sensors [8], [26].

Fig. 3. Proposed scheme for modeling and system estimation

xˆ k +1| k = Ak +1 xˆ k |k + vk +1

(3)

Pk +1| k = Ak +1 Pk | k AkT+1 + Qk +1

(4)

z k = Ck xˆ + Rk

(5)

As shown in (3), x̂ is the estimation space vector that
represents the state transition of the model. The propagator
matrix Ak shows the estimation of the state in the next time
interval as k + 1 . Furthermore, the covariance matrix of the
state estimation is called Pk . Qk is a normalized covariance
matrix of sensor noise introduced by vk . In equation (4), R k
is a normalized covariance matrix of the measurement error
and state transitions should be updated according to:
xˆ k | k = xˆ k | k −1 + K k ( z k − C k xˆ k | k )

(6)

K k = Pk | k −1CkT (Ck Pk |k −1CkT + RkT ) −1

(7)

Pk |k = (1 − K k Ck ) Pk |k −1

(8)

where K k shows the Kalman filter gain and in (8), the
updated covariance matrix will be assigned to the (4). As it
can be observed, the measurements have been connected to
state transitions linearly. Since the primary purpose of this
estimation is to minimize the effect of observation noise,
therefore the process noise was considered static during
running the algorithm operation.
The current sensor accuracy and its limitation typically has
been discussed in articles as bandwidth limitations,
temperature drift, DC current saturation, hysteresis saturation.
Assuming operating the converter at safe area which will not
be affected by these physical limitations, there are some other
concerns that the sensor characteristics can be engaged. The

Fig. 4. The current sensor response under three different conditions with
different covariance error. Blue: ideal waveform, Green: actual system
reference response, Red: modified system response correction with Kalman
filter estimation. a. 1% covariance error in current sensor response, b. 10%
covariance error in current sensor response. c. 20% covariance error in
current sensor response.

Since in the hardware setup, the Hall-effect current sensor
(ACS714/ACS730 from Allegro) has been used, three
different parameters of zero current offset inaccuracy,
sensitivity changes, and nonlinearity variations of the sensor

(9)

Eabs = Eoffset × Esensitivity × Enon _ linearity

where, Eoffset , Esensitivity and Enon _ linearity are random
zero current offset changes, sensitivity, and nonlinearity
variations respectively, versus temperature based on
manufacturer datasheet. Therefore, the normalized covariance
matrix of measurement error has been established
accordingly. Since the PV inverters are going to be used
during the days where the temperature is higher, this study
focuses on the sensor measurement estimation in the
temperature range of 20-45 . This means the normalized
covariance measurement matrix can be formulated more
accurately in this temperature range. Thus, the system
response error modification depending on the accuracy of
temperature variations of the sensor can be modeled and
normalized, respectively. In the next step, the updated
observable matrix by applying filter gain, can be replaced with
the measurement absolute value.

℃

Fig. 4 shows the current sensor response in three different
scenarios with minor, moderate, and major covariance errors.
The overall system response with respect to current sensor
output can be modified through the Kalman filter algorithm.
As it can be observed in Fig. 4, while the plant observes the
higher covariance sensor noise, the modified estimation has
more error respect to ideal waveform.

SIRI Index for Single Inverter
1
Ideal
0%
1%
5%
7%
8%

0.8
0.6
0.4

RESULTS

0.2

In order to analyze the impact of AC stacking on robust
operation of PV system, two MATALB Simulink models are
built based on schematics and control schemes shown in Fig.
1 and Fig. 2.
TABLE I. performance characteristics and SIRI index values for single
gird-tied PV inverter system with different current sensing inaccuracies
Standard
Deviation

Efficiency

Power
Factor

THD

MPPT

SIRI

0%

98.23%

0.9996

1.3%

99.93%

0.4282

1%

97.13%

0.9997

1.37%

99.65%

0.1211

5%

96.9%

0.9994

1.4%

99.56%

0.096

7%

96.37%

0.9993

1.6%

99.12%

0.0237

8%

96.09%

0.9992

1.6%

98.95%

-1

Since robustness analysis is a statistical analysis and
requires several operating conditions, it is not practical to
perform the analysis on hardware setup. Therefore, simulation
models verified by hardware test-beds in nominal operating
point and statistical analysis is also performed on the verified
simulation model. In an individual PV inverter system, the
input voltage of the inverter is stabilized by a DC capacitor.

-1
Standard Deviation

Fig. 5. SIRI index for a single grid-tied PV inverter system with different
current sensing inaccuracies.
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IV.

The inverter switches at 40kHz and output voltage is filtered
out by an LC filter. TABLE I presents the impact of increasing
current sensing inaccuracies on robust operation of a single
grid-tied PV inverter. As it can be seen in this table, increasing
inaccuracies will reduce MPPT precision, and system
efficiency. This system operates in robust region till 7%
standard deviation, which is the boundary of robustness. For
the inaccuracies more than 7%, the system enters in un-robust
region where SIRI sets on -1. Fig. 5 shows how increasing
current sensing inaccuracies reduces the system robustness,
which is represented by SIRI. Comparing Fig. 5 and Fig. 6, it
can be concluded that by cascading the PV inverters and using
a decentralized control approach, boundary of robustness is
increased to 17% standard deviation. This happens because
the current sensing inaccuracy has a direct impact on the
MPPT accuracy of the PV inverter system. However, in ACstacked architecture, (n-1) have been controlled by DC-bus
voltage control and their MPPT operations are not affected by
current sensing inaccuracies. Therefore, MPPT accuracy of
whole structure could raise up and make the system more
robust.

SIRI

respect to temperature were considered [27, 28]. The absolute
error variations of the sensor is represented as:

0.6
0.4
0.2

-1
Standard Deviation

Fig. 6. SIRI index for an AC-stacked grid-tied PV inverter system with
different current sensing inaccuracies.

V.

CONCLUSION

This paper analyzed and evaluated the impact of current
sensing inaccuracies on the robustness of grid-tied ACstacked PV inverter systems. We utilized a novel comparative
index for evaluating the robustness of modern smart PV
inverters. The index not only determines the robustness

boundary for operation of PV inverters, it also comparatively
evaluates the inverters in robust region that can be used as a
tool for comparing different PV architectures. The focus of
this paper was on comparative analysis between single
inverter and AC-stacked inverter system. The study showed
the AC-stacked inverter configuration due to its distributed
control architecture, and using minimum measurement
element units is more robust specially for current sensing
inaccuracies. Moreover, by applying the Kalman filter
algorithm as an estimation tool and enhancing the sensing
signal accuracy, the robustness of the proposed PV inverters
improved and the corresponding results presented.
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