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ABSTRACT In addition to their main functionality of converting DC input power to AC output power,
today’s photovoltaic inverters are generally required to be capable of providing reactive power. While there
are well-established mathematical models that use the correlation between inverter losses and the transmitted
active power to estimate inverter efficiency for any given active power operating point, the additional losses in
the inverter due to the supply of reactive power are less well studied. In this work, the conversion efficiencies
of three different photovoltaic inverters were measured for various active power and reactive power setpoints.
Based on these measurements, two mathematical models are proposed to represent the conversion losses as
a function of active and reactive output power. One model is of empirical nature and expands preexisting
models to include terms that take the reactive power into consideration. The other model takes the dominant
loss mechanisms in the conversion stage of inverters into account and considers the effect of reactive power
provision on them. Both models were compared with a model variant proposed in literature. They are shown
to perform with high accuracy over the entire operating range, while requiring only a small number of known
efficiency values for parametrization. There are several fields of application for these new models: They
allow photovoltaic park operators to precisely estimate the individual losses of a solar power plant that feeds
reactive power into the grid. For grid operators, they enable a comparative loss analysis for different reactive
power sources.

INDEX TERMS DC-AC power converters, loss measurement, photovoltaic systems, power conversion,
reactive power control.

I. INTRODUCTION

Due to the global energy transition, more and more renewable
energy sources are used to cover the electricity demand.
Over the last years, the development of power electron-
ics has enabled solar and wind power plants to contribute
to the grid voltage stability with reactive power provi-
sion [1], [2]. As a consequence, more and more regula-
tory bodies and system operators require inverters to deliver
reactive power to the grid. Furthermore, recent academic
studies (e.g. [3] and [4]) propose to increase the contribu-
tion of distributed generation plants (including PV invert-
ers) to the reactive power management of electricity grids
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to counterbalance the anticipated decommissioning of ther-
mal power plants. Therefore, the consequences of increased
reactive power infeed from PV inverters are of greater
interest.

PV inverter datasheets generally contain information about
peak efficiency and additionally single-figure efficiency met-
rics like European or CEC efficiency (see for example [5]
and [6]). These indications are useful for a first comparison
between inverters. However, for a detailed yield analysis,
the inverter losses for all relevant operating points need to
be considered. Inverter efficiency models can be used for
this purpose. These models are parametrized with a limited
number of known efficiency values and are designed to cal-
culate inverter efficiencies for any operating point with high
accuracy.
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A well-established model to represent the relationship
between the efficiency of an inverter and the transmitted
active power is the Schmidt-Sauer efficiency model [7], [8].
However, active power output is not the only variable to affect
inverter efficiency. In [9], the Schmidt-Sauer model was
extended to include the influence of DC voltage on efficiency.
Due to the growing role of the provision of auxiliary grid
services with PV inverters, it is desirable to develop similar
models that take the effects of reactive power infeed into
account.

It is common knowledge that the conversion efficiency
decreases with a non-unity power factor, but the extent of the
additional inverter losses due to the supplied reactive power
is less well studied. A few research papers have performed
loss analyses for selected inverter topologies [10], [11], yet
do not suggest a generalization from their results leading to
the formulation of a loss model. In [12] and [13], an approach
for a model linking apparent power output and inverter effi-
ciency that is based on the Schmidt-Sauer model is presented.
This model can be referred to as “Braun’s model”. While it
delivers loss values for any apparent power operating point, it
assumes that there is no further influence of the power factor
on the power dissipation, yet only supports this assumption
with measurement data from two distinct inverters. Never-
theless, Braun’s model was used to quantify inverter losses
in recent power network studies [14], [15].

In an earlier attempt published in [16], the authors of this
study followed a numeric approach and postulated two mod-
els called “Quadratic Approximation Model” and ‘“‘Poten-
tial Approximation Model”’. However, these models need a
large number of known efficiency values for parametriza-
tion, which limits their practical use. Moreover, due to their
numeric nature, the universality of this approach could not be
ensured.

The aim of the present work was to develop a high-
accuracy, yet simple-to-use mathematical model for inverter
losses at reactive and active power operating points that can
be applied to different PV inverter types. Furthermore, the
new model should avoid Braun’s neglection of the power
factor-induced inverter losses.

This manuscript describes the development of the models
as well as instructions for their parametrization and appli-
cation. In Section II, the working principles of the origi-
nal Schmidt-Sauer model and Braun’s model are explained.
As data basis for the development of the new models, one cen-
tral PV inverter and two multi-string inverters were measured
at the Fraunhofer Institute for Solar Energy Systems ISE in
Freiburg, Germany (Section III). The conversion efficiency
of each inverter was evaluated at various operating points
consisting of different active and reactive power setpoints.
This data was used for model development. Since two distinct
approaches were found that have different potential fields
of application, both models are presented in this manuscript
(Sections IV and V). The models represent the power dissipa-
tion of an inverter as a function of both active and reactive out-
put power. They can be parametrized with known conversion
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efficiency values for a limited number of operating points.
Section VI explains how the two new models were evaluated
in terms of their accuracy for the entire operating range by
comparing the measured efficiency values with the values
predicted by the models. The same was done with Braun’s
model, which allowed for a direct comparison of the three
models for each inverter. Finally, Section VII discusses the
different areas of application of the individual models and
points out their advantages and limitations.

Il. SCHMIDT-SAUER MODEL AND BRAUN’S MODEL

The so-called Schmidt-Sauer efficiency model provides a
general representation of an inverter’s efficiency in relation
to the supplied active power.

The efficiency n of any device is defined as the output
power P, divided by the input power Pj,. Since the power
dissipation Pjoss Within the device is the difference between
input and output power, 1 can be expressed as a function of
Pouc and Pjggs, as presented in (1).

_ POU[ _ Pout
Py Pout+Pioss
The physical modeling to describe the efficiency charac-
teristic of an inverter was first developed in 1989 [17] and is

based on the assumption that the inverter losses Pjoss can be
represented with a quadratic equation, as shown in (2).

€]

Pioss = Pself + Vioss * Pout + Toss * Pgut (2)

The so-called Schmidt-Sauer parameters pgeif, Vipss and
Floss defining the quadratic equation can be interpreted as in
the following (see [8]):

Pself: Internal consumption, independent of the load.

Vioss: Voltage losses in diodes and bipolar transistors, lead-
ing to power losses proportional to the active output power.

Toss: Ohmic losses (in coils, cables and connectors). These
losses increase quadratically with the output power.

Consequently, the Schmidt-Sauer model describes the
inverter efficiency curve with the set of parameters (pgeir;
Viosss Hoss)> as shown in (3).

_ Pout _ Pout
Pin Pout+pseit + ViossPout + rloss'Pgut

3)

These parameters can be calculated with three efficiency
measurements. For model accuracy, it is preferable to use
operating points that are spaced out over the operating range.
In [8], efficiency measurements at 10%, 50% and 100% of
the nominal output power are proposed. The calculation of
the parameters is presented in (4), (5) and (6) for these three
power values.
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110, 150, and 1o are the efficiencies of the inverter at 10%,
50% and 100% of the nominal output power.

The curves of efficiency versus active power of all modern
inverters show a similar pattern, regardless of their hard-
ware topology. An individual parameter set (Dself; Vioss; Moss)
defining the shape of the curve can be determined for any
type of inverter. Moreover, it is applicable to single-stage as
well as to multi-stage inverters for a fixed DC voltage to AC
voltage ratio. After set-up, the model can be used to predict
the efficiency for any active power value. When power values
are given in pu and the efficiency values in decimal form,
then the method produces efficiency results also in decimal
form. If the efficiency is desired as a percentage, it must be
multiplied by 100%. Similar relationships can be specified for
three arbitrary points with some adjustments in the equations.

Braun’s model generalizes the Schmidt-Sauer approach
so that it can be used for active as well as reactive power
operating points. Braun assumes that inverter losses in the
case of a non-unity power factor depend on the absolute value
of the current alone. In the case of a constant AC terminal
voltage, this assumption leads to a loss equation similar to (2),
but where active power is replaced with apparent power Sqy
[12]. The resulting quadratic equation modeling the power
dissipation is shown in (7).

Ploss = Pself + Vioss * Sout + Floss * Sgut @)

The three parameters (pself; Vioss; 'oss) defining the equa-
tion are identical as in the original Schmidt-Sauer model
and can be determined with three standard efficiency mea-
surements with unity power factor. Therefore, equations (4),
(5) and (6) state the calculation rules for these parameters
for known efficiency values at 10%, 50% and 100% of the
nominal output power.

lll. EXPERIMENTAL SETUP, MEASUREMENTS AND
INTERPOLATION

As a part of this work, measurements of conversion efficiency
were performed with three PV inverters for a wide range of
operating points. These measurements served as the basis for
model creation and parametrization (Sections IV and V) as
well as for model validation (Section VI). The measurements
took place in the TestLab Power Electronics of the Fraunhofer
Institute for Solar Energy Systems ISE in Freiburg, Germany.
They were based on the procedure defined in the standard
ENS50530 [18]. The devices under test comprised one central
inverter with a nominal power of 1 MVA and two string
inverters of 50 kVA and 36 kVA respectively. Fig. 1 shows the
circuit used for the measurements of the two string inverters.
The input power supply of the inverter was provided by an
equivalent DC source that has integrated the characteristic
curve of a PV generator determining the relation between
current and voltage.

The AC side of the inverter was connected to an AC grid
simulator in order to rule out any negative impact of grid
events on measurement accuracy. The input DC source and
the AC grid simulator were connected to the medium-voltage
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FIGURE 1. Measurement circuit for the two string inverters.

grid via transformers. The DC source was controlled by
software to adjust the active power and input voltage to the
respective measuring points. The reactive power was con-
trolled by the inverters and was adjusted via their control
software.

The 1 MVA central inverter was measured in a comparable
setup, the main differences being a direct AC grid connection
and the presence of an external auxiliary power supply that
was equipped with current and voltage sensors in order to fac-
tor in its consumption. These variations in the measurement
setup were necessary due to the much larger power of this
particular inverter.

In order to get a good data basis for model conception
and validation, efficiency values had to be obtained for a
large number of points of active and reactive power output
(P; Q) over the entire operating range. For all three inverters
included in the study, all software restrictions regarding their
reactive power range were disabled so that the operating range
was limited only by the maximum apparent power on one side
and the turn-off limit for very low DC power on the other side.
Within this operating range, between 93 and 225 different
points were measured for each of the three inverters.

For all measurement points (P; Q), DC input power Pj, and
AC output power P,y were recorded and integrated during
two-minute measurement periods to obtain the input and
output energies from which the conversion efficiency was cal-
culated. In this manner, an average efficiency in integration
time T was obtained, as shown in (8).

T
Pouedt
Hop = Jo Poudt 100% ®)

f OT P, dt

For the further modeling steps, it was advantageous to
know the efficiency of each inverter not only at the measured
points, but also at other power values. Therefore, an inter-
polation of the measured points (P; Q; n) for round power
values was carried out. This interpolation was performed with
the “pchip” and the ““spline” functions of Matlab [19], [20].
These functions interpolate with third degree polynomials.

In Fig. 2, the measurement data of the 50 kVA string
inverter (black dots) are superimposed with the interpolated
data represented by the colored area.
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FIGURE 2. Measurement data and interpolated data, 50 kVA inverter.

IV. EMPIRICAL EFFICIENCY MODEL

A. MODEL DEVELOPMENT

The Empirical Efficiency Model (EEM) is based on the
observation that for each given reactive power value, the
dependence of the losses on the active power output follows
the shape of a parabola and can be modeled with a quadratic
function (see Fig. 3). Thus, for each reactive power value,
an individual set of Schmidt-Sauer parameters (pself; Vioss;
Foss) can be found. Each parameter is considered as a function
of the reactive power Qqy, as defined in (9).

Pioss = Pseif (Qout) + Vioss (Qout) “Pout + noss(Qout)'Pgut
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FIGURE 3. Power losses against active power for different reactive power
lues with comp tion parabola, 36 kVA inverter.

With the available measurement data, the relation between
each of the three parameters and the reactive power output
could be established (Fig. 4). For all three inverters, these
curves also roughly follow parabolic courses.

It is therefore possible to describe these parameters with
good accuracy with second degree polynomials, as described
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FIGURE 4. Parameters pgejf (a), Vioss (b) and riosq (c) against reactive
power, 36 kVA inverter.

in (10), (11) and (12).

Dself (Qout) = Pself,0 + Pself,1-Qout ‘|‘pself,2'Q0ut2 (10)
Vioss (Qout) = Vloss,0 1 Vloss, 1 ‘Qout + Vloss,Z'Qout2 (11)
Toss (Qout) = Toss,0 1 Tloss, | ‘Qout + rloss,2'Qout2 (12)

Incidentally, this approach resembles established models
that describe the dependence of inverter losses on DC voltage
and active power [9], [21].

The EEM is thus defined on the basis of nine independent
parameters. Three of them (Pgeif,05 Vioss,0; Hoss,0) correspond
to the Schmidt-Sauer parameters and describe the losses for
pure active power injection, whereas the loss behavior for
additional reactive power supply is determined by the remain-
ing six parameters (Pself, 15 Vioss, 15 Floss, 1> Pself,2; Vioss,2 Foss,2)-

B. CALCULATION RULES FOR THE MODEL PARAMETERS
To determine these nine parameters, nine independent effi-
ciency measurements for different points (P; Q) in the oper-
ational area have to be performed. The resulting system of
equations can be solved for any combination of points. How-
ever, it is preferable to use points that are spaced out evenly
in order to get good model accuracy in the entire operational
area. Moreover, using some points with zero reactive power
simplifies the ensuing calculations.

Therefore, the authors propose to use measurement points
that comprise the original three Schmidt-Sauer points with
zero reactive power as well as six additional points that cover
a wide part of the reactive power operational area. For the
selection of these six points, it is advantageous to perform
the measurements for inductive and capacitive reactive power
with symmetrical magnitudes, as this simplifies the measure-
ment process considerably. With these boundary conditions, a
set of measurement points was optimized to achieve the low-
est average model error for the 50 kW string inverter. Since
it also provided high accuracy for the other tested inverters,
it is proposed to use these measurement points in general for
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the EEM. The set consists of the Schmidt-Sauer points (11003
1150;05 1190;0) and the additional points (1720705 1720;~705 150;705
150.—705 170:70:70:—70) for both inductive and capacitive
reactive power (see Fig. 5). In this representation, the first
index stands for the active power value and the second for
the reactive power value, both given as a percentage of the
nominal power.

1_

0.5

Active power P_ (pu)

N
Reactive power Q_ . (pu)

FIGURE 5. Proposed measurement points for the empirical efficiency
model.

For this set of measurement points, rules of calculation
for the parameters of the EEM can be found by solving the
corresponding system of equations. The parameters pseif,o;
Vioss,0 and r1egs,0 correspond to the Schmidt-Sauer parameters
and can be calculated as shown in (4), (5) and (6). The calcu-
lation rules for the remaining six parameters are described
in (13). If the use of other measurement points is desired,
it is necessary to adjust the calculation rules by setting up and
solving the system of equations for these respective points.

- 1A
Dself .1 '72(1;70 0
Vioss,1 'lzo;1 —70 0
Tloss, 1 _ 150,70 _ 100 0

= [M]exé - 1 —_—
Pself 2 p— 49 Pself ,0
Vioss,2 1 Vioss,0 + 1
Tloss,2 777(};70 TlossO
L 170,70 _|
(13)
where
1 _1 _3 3 1 _ 17
3 3 6 6 2 2
_8 8 75 - _1 7
7 7 1 14 2 2
20 20 125 125
M| 2 Txm T om 73
- 10 10 25 _ 2 5 5
1 21 1 1 7
_80 80 375 375 5 —5
49 49 49 49
200 200 1250 1250 50 50
L 147 147 147 147 7 7

In summary, when efficiency values for nine operating
points (910,05 1750;05 190;05720;705 120,705 150,705 150;—705
170:705170;—70) are known, the model parameters can be
determined with the calculation rules given in (4), (5), (6),
and (13). Any type of inverter will have an individual set of
parameters (Pself,0; Vloss,05 Moss,05 Pself,15 Vloss, 15 loss, 15 Pself,25
Vioss,2: Toss,2) describing its efficiency plane versus active and
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reactive power. By inserting these parameters in (10), (11),
(12), and finally (9), inverter losses for any value of active
and reactive power can be predicted with the EEM.

V. LOSS-BASED EFFICIENCY MODEL

A. MODEL DEVELOPMENT

In the course of this study, the EEM showed good usabil-
ity and accuracy for all tested inverters. While it can be
assumed that this is true for most inverter types, the general
applicability of empirical models cannot be proven. In an
attempt to avoid purely empirical methods, an entirely differ-
ent approach was used that led to the development of a second
model, the so-called Loss-Based Efficiency Model (LEM).
This model takes the physical effects that cause losses in any
kind of PV inverter into account.

There are multiple different effects in the conversion step
of an inverter that lead to additional losses when reactive
power is supplied. These effects can be categorized in two
groups: First, the higher current value due to reactive power
supply causes increased losses inside several physical com-
ponents of the inverter. This is usually the dominating effect
and is considered in Braun’s model. Second, the altered phase
angle may originate additional losses in some elements that
participate in the conversion step. This effect is neglected in
Braun’s approach. By considering the most important loss
mechanisms of an inverter one by one, the underlying effect
for each mechanism can be determined.

1) LOSS MECHANISMS IN INVERTERS

The power semiconductors (switches and diodes) of an
inverter operate in switching mode. Conduction and switch-
ing losses have the biggest share of the overall semiconductor
losses, while blocking and control losses play a minor role
[22] and will be left out for this evaluation.

The total conduction losses of an inverter are the sum of
the individual conduction losses Pcong Of the internal switches
and diodes. They are determined by the voltage drop vs
across and current flow ig through each semiconductor over
a switching period Ty [23], as given in (14).

Tow

Peond = 7— vs(0)-is(t)dt (14)

sw JO
The forward voltage of a semiconductor vs can be approx-
imated linearly by introducing the threshold voltage Vg and
differential resistance rq [24], as shown in (15).

vs = Vgo + rq-is (15)

Therefore, the average conduction losses Pcopd,ave Of a
semiconductor [25] can be calculated as presented in (16).

. 2
Pcond,avg = VSO‘lS,avg + rd-ls RMS (16)

In this equation, is avg and is rms represent the average
magnitude and the RMS value of the forward current through
the semiconductor. This relation demonstrates that the con-
duction losses depend directly on the magnitude of the cur-
rent. Moreover, the threshold voltage Vs and the differential
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resistance rq of the switches and the diodes are not generally
identical. Since the phase angle of the current decides which
share is conducted by each semiconductor, the total conduc-
tion losses of an inverter also depend on the phase angle of
the injected current.

The switching losses Pop/off are defined as the product
of current and voltage during the switching process [26],
as shown in (17).

ton/off
Ponjott = fs / vs(t)-is(r)dt a7
0

Therefore, alongside the switching frequency f;, they
depend on the magnitude of the current. Since the current
phase angle influences the moment in time when the switch-
ing takes place, it also alters the current and voltage values
during the switching process and thus the switching losses.
Consequently, the switching losses depend on the phase angle
as well.

Besides the semiconductors, the filter coils are the sec-
ond most important elements where losses occur inside an
inverter. The main loss mechanisms of the coils are core
losses Peore and winding losses Pyinding, as shown in (18).

Peoil = Pcore+PWinding (18)

The core losses depend essentially on the magnetic flux
density and therefore increase with the current, but do not
depend on the phase angle [27], [28]. Winding losses com-
prise DC conduction losses Pyinding, DC> Which are dependent
on the absolute value of the current, and AC losses Pyinding, AC
influenced by skin and proximity effects, as given in (19).

Pwinding = Pwinding,DC+PWinding,AC (19)

The AC losses depend on the current frequency and the
winding geometry, not on the reactive power value. In con-
clusion, when an inverter feeds in reactive power, the losses
in the filter coils vary as a function of the increased current
but are not directly influenced by the changing phase angle.

Another important loss mechanism in an inverter is caused
by ohmic losses of the internal conducting paths and electrical
connections. These losses depend on the magnitude of the
current, but not on its phase angle.

Losses in other elements such as capacitors, fuses etc. are
marginal [22] and need not be considered in the modeling.

In summary, the changing losses due to reactive power
injection can be divided into two groups:

o Losses that are a function of the output current alone and
increase due to the larger apparent current
« Losses that are additionally a direct function of the phase
angle
Fig. 6 shows a graphical assignment of the main loss mecha-
nisms into the two groups.

2) MODEL ADAPTATION BASED ON LOSSES
Considering these findings, the Schmidt-Sauer model can be
adapted accordingly. The increased current can be taken into
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FIGURE 6. Classification of different loss mechanisms during reactive
power feed-in of inverters.

account by exchanging the active power P,y with the appar-
ent power Soy. The phase angle dependency of the switching
losses is represented by replacing the voltage loss constant
Vioss With a function viegs (cos ¢). Similarly, the ohmic loss
function rjoss (cos ¢) takes into account that the conduction
losses of the semiconductors may as well vary with the phase
angle. The parameter pgir describes the internal losses and
is considered to be independent from output power or phase
angle and therefore a constant value, just as in the original
Schmidt-Sauer model.

The resulting model equation of the LEM is shown in (20).

Ploss = Dself + Vioss(COS ©)-Sout + Foss(COS <,0)'S§ut (20)

Fig. 7 shows a plot of the power dissipation of the 36 kVA
inverter against the apparent power for different power factor
values cos ¢. This figure confirms the definition of pgr as
a constant that is independent from output power and phase
angle. The other parameters describing each compensation
parabola vary with cos ¢. The figure further confirms that the
assumption taken in [12] that inverter losses only depend on
apparent power output and not on the power factor are not
accurate for this inverter.

x10% . . .
° cos p = 0.97 cap
12+ ° cos ¢ = 0.832 cap 1
o cos ¢ = 0.316 cap
101 ° cos ¢ = 0.447 ind 1
° cos ¢ = 0.97 ind

Power dissipation P, ___ (pu)

o
iy

0.2 0.4 0.6 0.8
Apparent power S_ . (pu)

FIGURE 7. Power loss against apparent power for different power factor
values with compensation parabola, 36 kVA inverter.

The relation between cos ¢ and the parabola coefficients
Vioss and ryogs for this inverter are shown in Fig. 8.
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FIGURE 8. Loss parameters vj,ss (a) and riy¢5 (b) against power factor
cos ¢, 36 kVA inverter.

Simple linear equations were chosen to approximate the
loss parameter functions vigss (cos @) andripss (cos @),
as shown in (21) and (22).

Vioss (COS @) = Vigss,a + Vioss,b* COS @ (21)
Toss (COS ) = Toss,a + Toss,b* COS @ (22)

The LEM is thus defined on the basis of five independent
parameters Pself; Vloss,as Tloss,as Vloss,bs rloss,b)-

The constant parameter pser is interpreted as the self-
consumption of the inverter. The parameters viss,a and Viess.b
describe the voltage losses that increase proportionally to the
output current and thus to the output apparent power. The
voltage losses have one component viegs 5 that is independent
of the power factor and another component vjoss b that defines
the influence of the power factor. Analogously, the parame-
ters oss,a and ross,b define the ohmic losses.

B. CALCULATION RULES FOR THE MODEL PARAMETERS
In order to determine these five parameters, five independent
efficiency measurements for different points (S; cos ¢) in the
operational area have to be performed. The resulting system
of equations can be solved for any combination of points.
However, it is again preferable to use points that are spaced
out in order to achieve good model accuracy in the entire
operational area. Moreover, using some points with a power
factor of one simplifies the ensuing calculations. It is pro-
posed to use the three original Schmidt-Sauer points (11013
15015 M90:1)- In this representation, the first index stands for
the active power value given as a percentage of the nominal
power, while the second index describes the point’s power
factor.

The calculations become simpler when the remaining two
measurement points have the same power factor. It was
found that with these boundary conditions, the lowest average
model error for the 50 kVA string inverter was reached for the
measurement points 1sg.0.6 and 7190.0.6. Since it also showed
high accuracy for the other tested inverters, it is proposed
to use these measurement points in general for the LEM.
Fig. 9 shows the position of the proposed measurement points
in the operational area.

For this set of measurement points, rules of calculation
for the parameters of the LEM can be found by solving the
corresponding system of equations. The parameter pgejs can
be determined as shown in (4). It is also required to calculate
the two other Schmidt-Sauer parameters vioss and rpss as
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FIGURE 9. Proposed measurement points for the loss-based efficiency
model.

described in (5) and (6) as an intermediate step. With this,
Vioss,b and regs b can be calculated with the equations shown
in (23) and (24).

15 + 5 3 1 + 3 1 3
Voce = — D — Voee—) —— . —
loss,b ) Pself ) loss 750:06 > 100:06 >
(23)
5 1 1
Tloss,b = —3Pself + = Tloss+3- -3.
2 150:0.6  11100;0.6
(24)

Since the Schmidt-Sauer parameters vjoss and rioss describe
a situation with pure active power (meaning cos ¢ = 1),
inserting them in (21) and (22) results in the calculation rules
for viess,a and riogs,a that are given in (25) and (26).

Vloss,a = Vloss — Vloss,b (25)
— Toss,b (26)

The LEM is fully characterized with these parameters.
If the use of other measurement points is desired, it is neces-
sary to adjust the calculation rules by setting up and solving
the system of equations for these points.

In summary, when efficiency values for five operating
points (10;15 M50;15 M90;15 150,065 1M100;0.6) are known, the
model parameters can be determined with the calculation
rules given in (4), (5), (6), (23), (24), (25), and (26). Any type
of inverter will have an individual set of parameters (pgeir;
Vioss.as Tloss.a; Vioss,b; Toss,b) describing its efficiency plane
versus apparent power and power factor. By inserting these
parameters in (21), (22), and finally (20), inverter losses for
any value of apparent power and any power factor can be
predicted with the LEM.

Foss,a = Tloss

VI. MODEL PARAMETRIZATION AND VALIDATION

Both models can be parametrized for a specific PV inverter
by applying the calculation rules described in Sections IV
and V. As shown before, the EEM requires nine independent
points where conversion efficiency is measured, whereas five
measurement points are needed to set up the LEM. In order to
apply the calculation rules shown in Sections IV and V, it is
important to perform the efficiency measurements at the spec-
ified exact operating points (P; Q) (see Fig. 5) respectively (S;
cos @) (see Fig. 8). For the present study, this could be ensured
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by using interpolated values as described in Section III. For
other measurement points, different equation systems need to
be set up and solved.

For model validation, the EEM as well as the LEM
were parametrized by using the interpolated efficiency val-
ues obtained for the specified operating points for all three
inverters. Since for these inverters efficiency measurements
at a wide range of measurement points were performed (see
Section III), it is possible to assess the accuracy of the models
by comparing the measured efficiencies with the modeled
values at each point.

Fig. 10 and Fig. 11 show the parametrized efficiency mod-
els EEM and LEM (colored plains) for the 50 kVA inverter.
The black dots represent all points that were taken for the
measurements described in Section III.

100
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= —e&—— Measured values
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Qi (PU)

Active power
Pt (pu)

FIGURE 10. Results of the empirical efficiency model and measured
efficiency values for the 50 kVA inverter.
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FIGURE 11. Results of the loss-based efficiency model and measured
efficiency values for the 50 kVA inverter.

To validate the precision of the models, the average model
error € as well as the standard deviation o of the model error
were calculated by comparing the measured efficiency nmeas
for every measurement point i with the modeled efficiency
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Model for the same working point, as shown in (27) and (28).

= 27:1 MModel,i - 77Meas,i| 7)
n

\/Z?:] (|1Modeti — veas.i| — €)°

n—1

o= (28)

Table 1 lists the resulting average errors and the corre-
sponding standard deviations for EEM and LEM for all three
inverters. For comparison, the same values are shown for
Braun’s model that was parametrized by using the efficiency
values (1710:05 150:0; 1790;0) as suggested in [13]. Since cur-
rent regulations typically require inverters to feed in reactive
power for active power values greater than 0.1 pu only (see
e.g. [29] and [30]), the values are specified separately for this
operating area.

TABLE 1. Average error and standard deviation values for empirical
efficiency model, loss-based efficiency model, and braun’s model for all
three inverters.

EEM LEM Braun’s model

E/G full [P>0.1| full [P>0.1| full |P>0.1
range pu range pu range pu

isrf”‘:fr 0.42% |0.08% =| 0.87% |0.27% | 0.65% |0.25%
3 GVI‘(‘VZ +1.14% | 0.14% |+2.22% | £0.45% | +1.24% | +0.25%
isnti:::%er 0.73% | 0.09% |0.25% |0.05% |0.29% |0.05%
SORva |E1:98% |£0.14% |£0.55% | £0.06% | £0.59% | £0.07%
Sl‘;';trt:lr 0.12% | 0.06% |0.31% |0.21% |0.23% |0.17%
IMVA | £0:20% | £0.07% | £0.58% | £0.36% | +0.28% | £0.17%

Since different measurement points were used for each
inverter, it is not possible to compare model errors between
inverters. However, it is very well possible to compare the
accuracy of the three models for each individual inverter. The
smallest average errors for each inverter are highlighted in
Table 1.

VII. MODEL SELECTION, APPLICABILITY

AND LIMITATIONS

Table 1 shows that all three models result in average errors
smaller than 1% for every inverter that was considered and
for both the full operating range and the P > 0.1 pu area. This
underlines the general applicability of the models, especially
for grid studies where the overall losses of different reactive
power provision methods are to be assessed. For PV park
yield assessments, a high accuracy of the model is even
more important since inverter losses are mirrored directly in a
reduced performance ratio. For this application however, the
errors for P > 0.1 pu are of greater interest, since reactive
power provision is not required outside this operating range
in practice. Average model errors are considerably smaller in
this area, reaching less than 0.1% for all tested inverters with
the EEM that seems particularly suitable for this operating
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range. Moreover, the error distribution is rather narrow here,
as is proven by the considerably smaller standard deviation
of errors in this operating range.

Braun’s model can be set up with known efficiency values
for three measurement points only. All measurement points
are allowed to have unity power factor. Despite this limited
effort in setting up the model, it shows good accuracy for all
three inverters that were considered in this study.

From a mathematical point of view, it can be said that the
LEM is a generalization of Braun’s model, where parameter
functions vogs (COS @) and riogs (COS @) replace the constant
parameter values of Braun’s model. Because of this higher
complexity of the LEM, it may lead to smaller error values
than Braun’s model for inverter types where the influence
of the power factor on the losses is larger (e.g. for invert-
ers where the conductivities of the switches and the diodes
differ considerably, see Section V). For the three considered
inverters, this is not consistently the case: Braun’s model
even results in smaller average errors for the 36 kVA and the
1 MVA inverters. This demonstrates that the choice of the
measurement points that are used for parametrization has a
considerable influence on model accuracy.

One limitation of both Braun’s model and the LEM is that
due to their mathematical structure, the calculated efficiency
values for inductive and capacitive reactive power of the same
magnitude are always identical. This implies a symmetrical
nature of the relationship between reactive power provision
and electrical losses. In reality, the reactive power consump-
tion of the grid-side filter causes a deviation of the maximum
efficiency values from the symmetry axis Q = 0. Among the
devices considered in this study, this effect is greatest for the
36 kVA inverter. This is illustrated in Fig. 12 where three
efficiency curves representing different active power values
of the 36 kVA inverter are shown. It can be observed that
maximum efficiencies are reached for reactive power values
of approximately 0.07 pu for this inverter (green dots).

The EEM can replicate this effect. Therefore, its accuracy
is not limited by the properties of the grid-side filter. For the

99 T . . T .
98.5¢ — ’?ﬁ""‘g”."’”“%f?::::;
981~ 1
S
$97.5 1
)
o
=
i}
96.51 —— P 4=05pu 1
o6l Pout =0.25pu |
POut =0.125 pu
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Reactive power Qout (pu)

FIGURE 12. Efficiency curves of the 36 kVA inverter (interpolated
measurement values) with marked peak efficiencies.
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Minimum effort for model setup o [ )
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loss mechanisms

Best accuracy in the P > 0.1 pu ®
operating range

FIGURE 13. Possible criteria for model selection and description of
distinctive model properties.

three considered inverters, its average error was the lowest
of all models for the 36 kVA string inverter and the 1 MVA
central inverter.

In conclusion, the selection of models can be based on
several criteria depicted in Fig. 13, depending on the use case.

All three models primarily compute inverter losses, which
can subsequently be used to calculate inverter efficiencies.
Therefore, the models can still be employed if the electrical
losses of an inverter are of greater interest than its efficiency.
In particular, they can be used to assess the losses for operat-
ing points with very low active power values or even phase-
shifting, i.e. situations when the concept of inverter efficiency
loses its meaningfulness.

Both the EEM and the LEM were tested with three invert-
ers of different power categories and topologies. The results
were compared with the established model proposed by
Braun. The applicability of the models for all three inverters
and the relatively similar model accuracies hint to the general
suitability of both new approaches for the efficiency modeling
of inverters for active and reactive power provision. More-
over, the generic structure of the EEM and the underlying
physical explanations of the internal loss mechanisms used
in the LEM suggest a general applicability for many different
inverter types.

Obviously, every model has its limitations. Relative
inverter losses for small active power output (P < 0.1 pu) are
generally higher, yet the models have the lowest accuracy for
this area. In practice today, this operating area plays a minor
role for energy yield as well as for reactive power provision,
so this greater inaccuracy is less significant.

All models work under the assumption that the efficiency
plane is continuous and there are no sudden jumps or kinks
in the efficiency curves. While this is true for alle com-
mon stand-alone PV inverters commercially available today,
it may not be the case for devices working with master-
slave concepts or other methods that entail the switching on
and off of hardware components for different load situations.
Moreover, while the models can be used for single-stage
and multi-stage inverters, they only provide accurate results

VOLUME 10, 2022



R. Grab et al.: Modeling of Photovoltaic Inverter Losses for Reactive Power Provision

IEEE Access

for one constant DC voltage level. If the DC voltage level
(or, more accurately, the ratio between DC and AC voltage)
varies, different model parameters must be found for each
voltage level. For multi-stage inverters, the combined effi-
ciency of the entire device can be calculated with the model
for a specific DC voltage level.

Another important limitation is that for a correct
parametrization of the models, it is important to control the
intended operating points for each efficiency measurement
with great accuracy, which is not always easy. If this cannot be
ensured, it is possible to solve the resulting equation systems
for any measurement points. Alternatively, as has been done
in this study, interpolation methods can be used.

VIil. CONCLUSION

The main objective of this work was to investigate the conver-
sion efficiency of PV inverters in different scenarios of active
and reactive power generation. After measuring the efficiency
of three inverters at several operating points, two new repre-
sentation models were proposed. These models, the Empiri-
cal Efficiency Model and the Loss-Based Efficiency Model,
can be used to predict the losses and thus the inverter effi-
ciency over the entire operating range (P; Q). To determine
the model parameters, the exact value of the efficiency must
be known at nine (Empirical Efficiency Model) or five (Loss-
Based Efficiency Model) operating points. In this paper, the
derivation of the models as well as the calculation steps which
are required for their parametrization are described.

For all three inverters, the efficiency values computed with
the models were compared with a large set of measurement
values. Both models achieve good accuracy and applicability
for all three inverters. The average errors between efficiency
values predicted with the models and the measured efficien-
cies were compared between the two new models and a
preexisting one which is referred to as Braun’s model. The
Empirical Efficiency Model gives very low average error
values, especially for active power values greater than 0.1 pu.
The Loss-Based Efficiency Model is even less laborious to
apply and gives high accuracy especially for inverters with
a relatively small influence of the grid-side filter’s reactive
power consumption. It can be argued that it should be possible
to use both models for many different inverter types with good
accuracy: The Empirical Efficiency Model due to its generic
approach, and the Loss-Based Efficiency Model because the
general physical loss mechanisms of inverters were taken
into account for its conception. They exceeded the accuracy
of Braun’s model in several situations and are designed to
provide good accuracy even for inverters where losses are
highly dependent on the power factor or not symmetrical to
the zero reactive power axis.

The models enable a detailed forecast of the inverter losses
for any operating point, allowing the determination of the cost
of reactive power supply from PV inverters. This information
can be used for grid studies where the overall cost of reactive
power supply from different sources is to be compared, or for
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PV park operators who aim to assess the individual cost of
reactive power provision of their assets.

Future works in this field could focus on the applicability
of the proposed models for further PV inverters or for battery
and wind turbine converters. Moreover, generic parameter
sets for different classes of inverters could be identified,
which would be particularly useful for grid studies. Another
possible enhancement of the present efficiency models would
be to integrate the dependency on the DC voltage. While this
would probably cause a higher degree of model complexity,
it would allow for an even more detailed description of the
inverter efficiency in the varying operational conditions that
PV inverters typically face.
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