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estimation of the network losses due to these kind of
generators.
It was pointed out in many papers that the distributed
generation can highly affect the network losses [4], [5]
and [6]. In special cases the losses can even be bigger than
without distributed generation. The actually arising losses
depend on many factors, including the placement of the
generator, the network parameters, the rated power of the
plants, the load rate of the district, etc.
It is also known that the network losses consist of
fundamental and harmonic components [7], [8]. The
studied PV inverters are nonlinear elements as well, so
they can affect the harmonic content of the network and
thereby the harmonic loss components [9], [10]. Many
papers study the possibilities to reduce the harmonic
distortion of these inverters or to use them to reduce the
existing harmonic distortion on the network [11], [12].

Abstract.

The even growing number of small power
(household rate) PV sets and the connecting inverters should
warn utility companies to make a reconsideration on the network
losses. Of course the main portion of the network losses is in
connection with the fundamental current flow along the network.
In our former papers [1], [2] and [3] it was pointed out that the
harmonic network losses caused by non-linear loads generating
harmonic currents actually are paid, because the non-linear loads
receive as additional fundamental power the network losses
originating by their generated harmonic currents.
The PV inverter is a fundamental current power generator, but as
a nonlinear element it generates harmonic currents as well. The
fundamental current network loss cannot be separated into parts
caused by consumption and generation; therefore the utility pays
for the total energy supplied by the PV installation including the
network loss. And what is the situation regarding the harmonic
network loss?
The paper gives a theoretical overview of the problem,
furthermore – based on laboratory measurements – a proper
computer simulation model was developed. Using computer
simulations different practical scenarios are discussed.

2. Harmonic powers and losses

Key words

Let us consider a battery based energy storage system,
connected to the supply network by a front end PWM
inverter, and the inverter can work in battery charger
mode- like a non-linear load- or in generator mode –like a
non-linear generator discharging the battery. At a given
moment the fundamental power network loss can not be
separated from the active power supplied into the network,
the power measured at the PCC of the non-linear
generator consists of the network loss as well as the power
consumed by the loads. Regarding a battery storage
system the fundamental power network loss could be
estimated from the voltage changes measured in charging
and discharging mode. The load rate of the district has a
significant impact on the actual fundamental network loss
in discharging mode. This question will be discussed in a
later paper.
The harmonic network loss is a more complicated
question, because of the interaction of the harmonic
currents and voltage distortions. This interaction means a
network reaction (current-voltage) and a PWM control
interaction (voltage-current). Formally the harmonic
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1. Introduction
The non-linear loads generate harmonic currents. These
harmonic currents are injected into the supply network.
The harmonic losses depend on the resistive part of the
harmonic driving point impedance measured at the PCC
of the nonlinear load. The fundamental harmonic network
loss can not be measured at the consumer revenue meter.
However the harmonic network loss will be measured,
because the received fundamental frequency energy
increases with the actual harmonic network loss caused by
the non-linear load in question. But what about with nonlinear generators? The PWM inverters connected to the
supply network as the network-side energy converters of a
wind farm or a PV farm are non-linear element as well,
however they are generators. The question is the
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network loss is calculated as the real part of the Vh·Ih
phase by phase. Therefore a non-dominant non-linear
element (load or generator) can cause positive or negative
harmonic network loss at its PCC. However a dominant
non-linear generator will cause harmonic losses in the
network connected thereto and the supplied fundamental
energy will be less according to the actual harmonic
losses, because the total energy is covered by the primary
energy like wind or sun. In this paper the problem of the
harmonic losses is discussed based on computer model
and site measurements.

and where the electrical line is connected to the supply
network (S). The installed meters measure the active
power at all important frequencies.

4. Calculation results
Using the above described simple computer simulation
model different practical scenarios were studied. The
results of these calculations are described in this section.
Table I. shows the calculated results for all scenarios.
The coupling inductor which connects the inverter to the
network has a small resistive component as well.
Accordingly, the current flowing through this resistance
causes loss. We considered it as the inner loss of the
converter, and therefore the published DC power values
are decreased with this loss value.

3. The developed computer model
In order to study the harmonic network losses a simple
computer model was built in MATLAB environment. The
developed model is intended to simulate the operation of a
PWM inverter connected to a low voltage network. Fig. 1.
shows the schematics of the applied model, which consists
of three main components:
• The inverter
• The low voltage supply network
• An electrical line connecting the previous two
components

Table I. – Calculated active power in different scenarios

A.

DC

PCC

S

1

2400 2400

0

0 2300

0

0

2

2422 2401

4

17 2301

0

1

3

2436 2401

9

26 2301

5

10

4

2408 2400

0

7 2300

-4

-9

5

2360 2401

-10

-31 2301

-14

-47

50Hz 150Hz 250Hz 50Hz 150Hz 250Hz

Case 1

This case can be considered as ideal, because the supply
network is undistorted and the adjusted current of the
inverter does not contain any harmonics. For the sake of
completeness it should be mentioned that the actually
injected current is not clearly fundamental because of the
working principle of the PWM inverter. Nevertheless, this
distortion is much less than the adjusted distortions in the
following scenarios. The total harmonic distortion of the
injected current is only 1.04% therefore the losses caused
by these harmonics are negligible in comparison with the
fundamental losses. The inverter injects 10 ARMS current
into the network.

Fig. 1. Schematic of the applied MATLAB model

The low voltage supply network is represented by its
Thévenin equivalent whose nominal fundamental (50 Hz)
line to ground voltage is 230 VRMS. The ratio of the
resistive and reactive components of the source impedance
was chosen to be unity, just like the same parameter of the
above mentioned electrical line. This value is considered
as a reasonable assumption in case of a low voltage
network. The impedance of the electrical line was chosen
to be (1+j1) Ω at the fundamental frequency. It is vital for
our studies to be able to simulate a harmonically distorted
supply network as well. According to this requirement the
harmonic content of the voltage source can be freely
changed.
The applied inverter is a single phase full bridge inverter
with PWM controlled current control. The converter
consists of ideal switching devices since this paper does
not aim to study the losses arising inside the inverter. The
applied switching frequency is 10 kHz. There is a voltage
source on the DC side which is ideal as well. The inverter
is connected to the grid through a coupling inductor that is
needed by the current control. Due to this solution the
injected current of our nonlinear generator can be set in a
wide range. At the fundamental frequency our generator
operates with a unity power factor according to the actual
regulations.
Measurements are taken at three special points: at the
point of common coupling (PCC) where the converter
connects to the grid, at the output of the DC source (DC)
https://doi.org/10.24084/repqj11.534

Case

Calculated active power [W]

Fig. 2. (Case 1) Undistorted voltage source and fundamental
current source.

As can be seen in Fig. 2., the calculated DC power is
equal to the total power measured at PCC. However, the
total active power at the point S is less than at PCC. The

1084

RE&PQJ, Vol.1, No.11, March 2013

harmonic characteristics. The results show some similarity
to the previous case. The network losses, both
fundamental and harmonic, are covered by the DC side.
The total power measured at PCC is higher than in the
previous but the direction of the power flow did not
change.

difference between the two values is the fundamental line
loss. This loss is covered by the power generated by the
DC source. The revenue meter installed at the PCC
measures the total amount of energy at that point, so the
utilities have to pay for the fundamental network loss as
well.
B.

Case 2

This scenario differs from the previous case in the
harmonic content of the injected current. The inverter
generates a 3rd harmonic current of 2 ARMS and a 5th
harmonic current of 4 ARMS besides the above mentioned
fundamental component. This means an adjusted total
harmonic distortion of 45%, which seems to be quite
excessive. However, the high level of the harmonic
currents increases the network losses, which help us
understand the nature of the problem. The low voltage
supply network is still undistorted. The simulation results
are given in Fig. 3.
Fig. 4. (Case 3) Distorted voltage source and distorted current
generator. The phase angles of the harmonic voltages are
identical with the previous case.

D.

In this scenario the generated current and the supply
voltage are distorted again. Although the magnitudes of
the harmonic voltages are unchanged, their phase angles
differ from the previous case with 180 degrees. It means
that the studied inverter is neither the only nonlinear
element on the network, nor the dominant one. The
calculated results are given in Fig. 5.
As it can be seen in the figure, the DC side and the supply
network cover the harmonic losses together. The total
power at the connection point of the inverter is still higher
than the fundamental component.

Fig. 3. (Case 2) Undistorted voltage source and distorted current
source.

According to the above described conditions the converter
is the dominant (and the only one) nonlinear element on
the network. The inverter converts the received DC power
into fundamental and harmonic power. The resultant
power measured at the PCC is higher than in the previous
case. The difference is the harmonic power which is equal
to the harmonic losses on the entire network (electrical
line and source impedance). Therefore the utilities have to
pay for the fundamental and harmonic losses as well.
The harmonic currents flowing through the network cause
voltage drop on the source impedance. Although the
supply network is undistorted, harmonic voltage can be
measured at the point S.
The adjusted harmonic currents are the same in all the
studied scenarios, so the arising network losses will be the
same as well.
C.

Fig. 5. (Case 4) Distorted voltage source and distorted current
source. The phase angles of the harmonic voltages are 180
degrees different from the previous case.

Case 3

E.

So far the voltage source was undistorted. In this scenario
not only the PV generator but also the supply network is
distorted. The adjusted 3rd and 5th harmonic voltages are
7 VRMS and 12 VRMS respectively. The phase angles of the
adjusted harmonic voltages were chosen to be equal to the
previously calculated values (Case 2). The results can be
seen in Fig. 4.
In this case the studied inverter is not the only nonlinear
element on the network, but the others have similar
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Case 4

Case 5

This is a special scenario where the phase angle between
the harmonic currents and voltages is 180 degrees at the
point S, so the calculated active harmonic power at this
point has only active component. The adjusted current and
voltage magnitudes are still unchanged. According to Fig.
6, the direction of the harmonic power flow has changed.
The inverter receives harmonic power from the supply
network and converts it into fundamental frequency active
power. The DC power, which is also equal to the total
1085
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power at PCC, is less than the measured fundamental
power at the connection point of the nonlinear generator.
For this reason the utility pays less, than the produced
fundamental energy. Naturally, the supply network covers
the harmonic line losses.

Fig. 6. (Case 5) Distorted voltage source and distorted current
source. The phase angle between the harmonic voltages and the
corresponding currents is 180 degrees at the point S.

5. Results of site measurements
As it was mentioned in section 2 a PWM modulated
battery based energy storage system was measured with
500 kW rated power. The 0.4 kV side voltage distortion
was basically independent from the inverter generated
current distortion, therefore no significant change in the
harmonic power at the PCC was measured. It proves the
results of computer simulation, that the harmonic network
losses depend on the domination level of the non-linear
element identically to the harmonic load situation. As an
example the results of a charging-discharging process is
shown in Fig.7. The fundamental power (charging is
positive) and the harmonic powers are shown as time
functions.

Fig.7. Measured fundamental and harmonic powers at the PCC
of the 500 kW battery based energy storage system.
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