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SUMMARY

The vastly growth of power electronic installations, like HVDC converter stations, wind parks, solar
farms, FACTs, etc., has significantly increased the interest of harmonic studies in transmission systems.
Harmonic studies in transmission systems have considerable challenges, mainly due to the complexity
of the network (meshed network topology, realistic modelling of transmission lines and assets), the lack
of information about parameters of network elements as well as the harmonic emission and impedance
of connected customers or downstream networks, especially in case of unbalanced conditions.

In order to study different aspects related to harmonics, like the impact of the downstream networks on
the harmonic levels in transmission systems, the impact of the transition to inverter-based resources, the
influence of transmission line modelling detail or the validation of methods for assessing the harmonic
emission of customers, a test network has been developed and continuously improved over the last five
years. The test network consists of an extra high voltage network, which is formed by three
interconnected regions with a nominal voltage of 380kV and 220kV. Two downstream 110kV
networks (one in a 380 kV region and one in a 220 kV region) are modelled in detail, to allow studies
of the interaction between distribution and transmission systems, e.g. in terms of propagation or
allocation of emission limits. The test network is developed in cooperation with the German
Transmission System operators and is parametrized in order to represent the frequency-dependent
impedance of all network components as realistic as possible. The test network represents typical
characteristics of meshed transmission networks in central Europe.

The first part of the article introduces and describes the test network in detail. The second part presents
two examples of how the test network has been used to study practical research questions. The first
example discusses the impact of inverter-based resources on harmonic impedance and propagation. The
results show that inverter-based resources has a high impact on zero sequence impedances and harmonic
influence coefficients, which quantify the propagation between network nodes. This is because inverter-
based resources have not only a different impedance curve compared to conventional synchronous
generators, but can also considerably change grounding conditions of the network.

The second example discusses the impact of transmission line characteristics on harmonic impedance
and propagation. The results show that the tower geometry and transposition configuration have a
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considerable impact on harmonic impedance and harmonic influence coefficients. The impact is higher
for zero sequence impedances. The study also shows that in case of asymmetrical geometry conditions,
a coupling exists between the impedance sequences. This means that balanced current harmonic
injections can result in unbalanced voltage harmonics in the network.

The paper concludes by discussing the potential of the test network to study other factors that affect
harmonic propagation. Future work will focus on studying the impact of the characteristics of
transformers, downstream distribution networks, customer installations, and power electronic based
generation on harmonic impedances and propagation.
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1. TEST NETWORK

A model of a typical transmission network is developed in cooperation with the four German
transmission systems operators (TSO) taking as reference the PST-16 benchmark network presented in
[1]. The network elements are modeled in detail in order to represent their frequency dependent
parameters based on the recommendation of [2]. The results of the fundamental power flow have been
analyzed in order to verify the proper operation of the test network. This included the voltage band
compliance and the loading of the network elements. Moreover, the resulting network harmonic
impedances have been compared with some available measurements to ensure plausibility and
gualitative consistency.

1.1 Network topology

The test network is shown in Figure 1. The network is divided into three regions and has two extra high
voltage levels (380 kV and 220 kV). The network features 43 overhead lines, with 20 and 23 lines at
380 kV and 220 kV voltage levels respectively. Furthermore, the network includes 16 generators, 5
compensation devices and a total of 34 loads, which represent 110 kV downstream networks connected
to the 380 kV and 220 kV levels through transformers. Two 110 kV networks are modelled in detail.

——380kV
—220kV

Figure 1: Test network for the harmonic analysis of transmission networks



1.2 Network elements
Overhead lines

All overhead lines are modelled in detailed using the geometry of the transmission towers and the
characteristics of the conductors. All simulations are performed using the distributed parameters model
(line equations) considering the skin effect in order to accurately capture the frequency-dependent
characteristics of the transmission lines and the coupling between conductors. Based on this modeling
approach, the positive, negative and zero sequence impedance can be determined.

Three different tower types, commonly used in German transmission networks are considered, as shown
in Figure 2. In total three scenarios considering different tower geometries are defined:

e Mix: transmission lines are represented with tower type A with one or two circuits, i.e. this
scenario considers a mix of lines with symmetrical and asymmetrical geometries.

e SGe (symmetrical geometries): All transmission lines are represented with tower type B with two
circuits.

o AGe (asymmetrical geometries): All transmission lines are represented with tower type C.
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Figure 2: Tower geometries. All dimensions are given in meters. Tower type A is obtained from [3]

Additionally, two configurations with different transposition configurations are considered:

o Perf (perfect transposition): All phases of all circuits occupy all possible conductor position
combinations. There will be no mutual coupling neither within a circuit nor between circuits. If
only one side of the tower is used (i.e. one circuit), then the transposition is applied between the
phases of the circuit.

e None (no transposition): The circuits are not transposed and each conductor of the circuit
maintains its position for the entire length of the line. There will be mutual coupling within each
circuit as well as between the circuits.

The two configurations used here represent the best-case and worst-case regarding transposition.

Transformers

The positive and negative sequence impedances (short-circuit voltage and copper losses) of the
transformers have been reviewed and adjusted in accordance with the reference values provided in [3].
The zero sequence impedance is estimated based on some reference values obtained from real
transformers. However, the transformer's switching group, the core type (3-leg or 5-leg core) and the
star-point grounding characteristics affect the zero sequence equivalent impedance of the transformer.

All transformers are 5-leg transformers. All transformers between voltage levels (380 kV/220 kV,
380 kV/110 kV, and 220 kV/110kV) are configured in a star-star connection with an additional delta-
winding (YNyndO0). The transformers connecting the generators to the grid are connected in a star-delta
configuration (Yd5). Some transformer neutral points are solidly grounded. The transformers with
grounding connection has been selected in order to keep the earth fault factors at all 380 kV and 220 kV
nodes in the range of 1.1 to 1.4 (operational optimum).



Compensation devices

Five compensation devices are located at different nodes in the 380 kV and 220 kV networks (c.f. nodes
A2, B2, B9, B11and C9in Figure 1). The size of the compensation devices is selected in order to reduce
the loading of the generators.

Generation
Synchronous generators

The synchronous generators are modelled using passive impedances for all sequence components [2].
The values of these impedances are calculated based on rated apparent power, rated voltage, power
factor, stator resistance, sub-transient reactance, and data related to the negative sequence component.
In total 16 generators are located at different nodes in all three regions (c.f. Figure 1 generators G1 to
G16). Each generator is connected to the network through a transformer with a star-delta configuration
(YYds).

Inverter-based resources

Models of two different inverter-based resources (IBR) are also implemented in order to simulate
different generation configurations in the test network. The frequency-dependent input impedance of
the IBRs represents the impedance characteristics of two different modular multi-level converters
(MMC). The MMC type 1 and MMC type 2 are modelled using measured impedances from [4] and [5],
which include the impedance of the interface transformer. The positive sequence impedances of both
types of MMCs are shown in Figure 3 (the negative sequence has the same values).
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Figure 3: Frequency-dependent impedances for generic MMCs (MMC type 1 [4] and MMC type 2 [5])

No specific information about the zero sequence impedance characteristic of MMCs could be found in
the literature. However, the zero sequence impedance of a MMC is mainly determined by the
characteristics of the interface transformer, namely the leg type (3-leg or 5-leg transformer), the winding
connection (Yy, Yd, Dy) and the grounding of the neutral point of star-connected windings. In the test
network all MMCs have an interface transformer with 5 legs, Yd winding connection (delta winding
connected to the inverter) and the neutral point of the Y winding solidly grounded. With this
configuration, the zero sequence impedance for the combination of interface transformer and MMC seen
from the grid-side is modelled being approximately equivalent to the positive sequence impedance of
the interface transformer [6].

Loads

The loads represent downstream 110 kV networks, but they could also represent other type of users
connected directly to the transmission network. Initially, two different impedance models, IEEE load
model 1 (RL in series) and IEEE load model 2 (RL in parallel), are employed [7]. These are connected
on the 110 kV side of the 380 kV/110kV or 220 kV/110kV transformers. The loads usually also include
capacitances. Suitable options to include these capacitances are currently under research.

Two 110 kV networks are modelled in detail in order to analyze the impact of downstream distribution
network modeling on harmonic propagation within the transmission system. The network topology is
based on [8] and has been adjusted to reflect the typical loading conditions of 110 kV networks in
Germany. The first 110 kV network is interconnected with the 220 kV network (nodes Bla, B4, B7),
while the second 110 kV network is connected to the 380 kV network (nodes C3, C4, C7). Both 110 kV
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networks share the same configuration, as depicted in Figure 4. The loads of the detailed 110 kV
networks are connected via transformers and they represent the aggregated 20 kV networks. These loads
are modeled using the CIGRE load model presented in [9].
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Figure 4: Detailed model of 110 kV network
1.3 Reference scenario

The reference scenario of the test network considers a transmission system with exclusively synchronous
generators and symmetric tower geometries (Scenario SGe) with perfect transposition of the conductors.
Moreover, all loads are modeled using the IEEE load model 2.

2. HARMONIC NETWORK CHARACTERISTICS

Harmonic network characteristics distinguish between the harmonic (node) impedance at a single node
and the harmonic propagation characteristics between any two nodes, which is expressed by harmonic
influence coefficients. To determine the harmonic network characteristics, a harmonic current of order

h = 2, ...,50 with a constant amplitude gs,i(h) = 1 A and the sequence s (positive (+), negative (=) or
zero (0)) is injected individually into node i. Depending on the effective harmonic impedances of the
network, this results in a harmonic voltage Qs,j(h) at node j for each sequence component s. For N
nodes, the voltage vector for each harmonic order (k) and sequence (s) is given by:

ul® =y v, .. .ul,. U(h)] with s = +, —,0 @

10527 Zsj 10 ZsN

It should be noted that despite at the sending node only one sequence is injected at a time, at the receiving
node voltages in all sequences can occur due to unbalances in the network.

2.1 Network harmonic impedance
Based on the injected harmonic current L, ;™ at node i and the measured harmonic voltage U, ;™ the
network harmonic impedance of the positive sequence is determined by:

w _ u®
Lii = ®

withi=1,..,N 2)

Depending on the combination of the injected sequence system (current) and the measured sequence
systems (voltage) this results in the impedance matrix:
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In case of a symmetric system and balanced conditions only the diagonal elements remain and the
couplings between the sequences (off-diagonal elements) become zero (decoupled system).

2.2 Harmonic influence coefficients

The harmonic influence coefficients are efficient indices to study the propagation of harmonics within
a network. These are defined in a similar manner as specified in IEC 61000-3-6 for determining
harmonic distortion limits in interconnected high and extra-high voltage networks [10]. The harmonic
current injected as a positive sequence at node i results in the harmonic voltage Qﬂ-(h) at node i and the

harmonic voltage U, j(h) at any other node j within the network. The ratio of these two voltages forms

the complex harmonic influence coefficient:
(h

h Uy ) . . .
ey = yom Withi=1,..Nandj=1,.,N @

The magnitude of the coefficient indicates whether and to what extent the harmonic voltage caused by
node i at node j is attenuated (¢ < 1) or amplified (¢ > 1) in relation to the voltage at node i. The phase
angle of the harmonic influence coefficient corresponds to the phase shift between the harmonic voltages
of node j and node i with respect to node i. In general, for all sequence systems a 3x3 matrix of harmonic
influence coefficients can be determined for each harmonic order h and any combination of two nodes
iandj:
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In case of a symmetric system and balanced conditions only the diagonal elements remain and the
couplings between the sequences (off-diagonal elements) become zero (decoupled system).

3. EXAMPLE 1: REPLACEMENT OF CONVENTIONAL GENERATION BY
INVERTER-BASED RESOURCES

The integration of renewable energy into the transmission system (e.g. large wind and solar farms)
results in a continuous change from conventional generation based on synchronous generators (SG)
towards inverter-based resources (IBR). This development is expected to change both harmonic
impedances and harmonic levels in the transmission system.

3.1 Scenarios

In order to analyze the transition from conventional generation to IBR, 60 % of the SGs of the reference
scenario are replaced by IBRs according to Table 1. Refer to section 1.2 for further details on the
different generator models.

Table 1: Generation scenario. SG: Synchronous generator, M1: MMC type 1, M2: MMC type 2.

Generator Gl G2 G3 G4 G5 G6 G7 G8 GY9 GI10 G11 G112 G13 Gl14 G15 Gl6
Node Al Al A2 A2 A3 A6 B2 B2 B3 B8 B10 C2 C7 Ci10 Ci12 cC14
Ref. scenario | SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG
IBR scenario [ M1 SG SG SG M2 M2 SG M2 M1 M1 SG M1 M2 M1 SG M2

The active and reactive power generation values for each IBR are obtained from the load flow simulation
of the reference scenario. Due to the replacement of SG by IBR, the short-circuit currents are affected.
Consequently, the grounding configuration has been reconfigured in the IBR scenario in order to fulfill
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the requirements for the earth fault factors as discussed in section 1.2 (transformers). This means that
for the IBR scenario not only the type of generators changes, but also the grounding configuration. For
the sake of simplicity only balanced conditions are considered in this example, which means only the
diagonal elements of the matrices in (3) and (5) are analyzed.

3.2 Network harmonic impedance

Figure 5 shows exemplarily the network harmonic impedance (elements gﬂ)‘i and gg’g{ of eq. (3)) at
three nodes and both scenarios. The nodes are selected as they represent the impedance variation of most
of the nodes in the three regions. The negative sequence impedances are not shown as they have similar
values as the positive sequence impedances. In most of the cases there is a significant decrease or
increase of the magnitude of the impedance, especially at the resonance frequencies. For example for
the zero sequence impedance of node C5 around the 3™ harmonic order a clear shift of the resonance
frequency is recognizable. A clear increase or decrease of the impedance with the change of the type of
generators cannot be concluded. Moreover, high variations of the impedances can be found not only at
nodes with replaced generators (e.g. node A3), but also at nodes without generation (e.g. node C5).

In order to evaluate the variation of the network harmonic impedance at all nodes, the difference of the
impedance magnitudes obtained in both scenarios is calculated as following:
n _ |, D)
AZgy" = |Zs,i,[BR| - |ZS,REF|

(6)

with the ZﬁZ}BR representing the impedance for the IBR scenario at node i of sequence s (++,--,00) and
harmonic order h and ZS(Z?REF being the respective impedance of the reference scenario. The results

obtained for all nodes and all harmonic orders are presented in heat maps, as shown in Figure 6. A
negative value (blue colors) indicates that the impedance obtained in the IBR scenario is lower than the
one obtained in the reference scenario. An increase of the impedance is indicated with red colors. All
the impedances are referred to the 380 kV side.
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Figure 5: Positive and zero sequence harmonic impedances at nodes A3, B4 and C12 obtained in scenarios
Reference scenario and IBR scenario

The heat maps show that the zero sequence impedance has a higher variation, especially at the 220 kV
nodes. The variations of the positive sequence impedances are below 200 Q, while the variations of the
zero sequence impedances get values above 800 Q. Variations of the impedance can be found in nodes
with generation or no generation. However, additional simulations corroborate that the variation of the



zero sequence impedance is mainly determined by the change of the grounding configuration, and not
by the change of the type of generation.
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Figure 6: Difference of the harmonic impedance magnitude between the reference scenario and the IBR scenario
for all nodes.

3.3 Harmonic influence coefficients

Figure 7 compares exemplarily the harmonic influence coefficients of the positive sequence for the 21%

harmonic (gﬁl}j) obtained with the reference and the IBR scenarios. The plot indicates with colors the
range in which each of the harmonic influence coefficients between two nodes varies. If a voltage
harmonic is attenuated, the color in the graph is in the yellow-green range. If the voltage harmonic is
amplified, the color is in the blue-red range. The elements of the diagonal are always one, and are
therefore displayed in white. The two graphs are in general very similar for most nodes, but variations
at some nodes are clearly recognizable (e.g nodal pairs C1-C2, C3-C7). There is not always an
attenuation of the harmonics, but depending on the impedance characteristics amplifications can be also
obtained between nodes.
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In order to facilitate the analysis for other harmonic orders, the difference between the harmonic
influence coefficients obtained in both scenarios is calculated as follows:



n _ . h)
dcg ;s = |¢s,i7,BR] = 1S5, REF] ()

Figure 8 summarizes the difference of the magnitudes of the harmonic influence coefficients obtained
for all nodes between the reference and the IBR scenarios. The results are represented as a box plot

where each box represents the distribution of the Acs%) between all nodes and for each harmonic order.

In each box, the extreme top and bottoms are the 1%t and 99 percentile values respectively, and inner
filled box is bound by 95" and 5™ percentile values. The black dash in the box represents the median.

The highest differences are obtained for zero sequence harmonics, which is related to the higher
variation of the zero sequence harmonic impedance. However, the difference between the maximum

value and the 95" percentile is very high, which indicates that the highest Ac,ff}) values correspond to

just a few nodes. Considering the 5" and 95" percentiles (filled boxes), the variation of the harmonic
influence coefficients between the reference and the IBR scenarios is mostly below 0.6 p.u.. For most

harmonics most of the differences Ac,g?) are below 0, which indicates that the harmonic influence
coefficients tend to be lower for the scenario IBR, which means slightly more damping with regard to
the propagation of harmonics in the network.
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4. EXAMPLE 2: IMPACT OF TRANSMISSION LINE CHARACTERISTICS

The characteristics and configuration of the network elements like lines or transformers can influence
harmonic impedance and propagation behavior in a network. Some characteristics have a greater impact
than others. As example, the sensitivity the impact of geometry and transposition of transmission lines
is studied.

4.1 Scenarios

In total six scenarios are defined using all combinations for the configurations of tower geometry and
transposition of conductors as described in section 1.2. These scenarios are listed in Table 2.

Table 2: Scenarios for the analysis

Scenario Tower geometry Transposition
SGe-Perf (Re . Perfect
SGe-No(ne ! Symmetrical None
Mix-Perf Symmetrical Perfect
Mix-None und Asymmetrical None
AGe-Perf Asymmetrical Perfect
AGe-None None




4.2 Network harmonic impedance

The impedance is strongly affected by the tower geometry. Figure 9 shows exemplarily the magnitude
of the harmonic impedances at node C5 (central node in Region C) for all scenarios. The figures on the

left show the diagonal elements Zﬂ) and Z(()ﬁ) (self-impedances) as defined in eq. (3), while the figures

on the right show the non-diagonal elements Z(h) and Z(h) (coupling-impedances). The coupling-
impedances between sequence components have a value jUSt for the scenarios with no transposition, i.e.
in the scenarios with unbalanced conditions between the conductors. These mutual impedances have a

lower value than the self-impedances (ratio 10:1), but in unbalanced conditions they play an important
role regarding the propagation of harmonics.

Regarding the self-impedances, the highest differences are found at the resonance frequencies, where
the geometry affects not only the magnitude but also the frequency of the resonance. Scenario SGe-Perf
shows in this case the lowest magnitude of the harmonic impedance, especially at the zero sequence.
The transposition of the conductors has a lower impact than the geometry of the transmission tower.
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Figure 9: Magnitude of the positive and zero sequence harmonic impedance at node C5

In order to compare the variations of the impedance magnitudes for all the other nodes, the difference
of the impedance magnitudes is calculated in the same way as in section 3. Only the diagonal elements
(self-impedances) are considered for this analysis. The difference between different scenarios is
calculated in order to analyze the effect of the geometry of the tower and the transposition separately.
The results of the comparisons are summarized in Figure 10 using similar boxplots as in Figure 8, which
aggregate the differences obtained for all nodes and all harmonic orders.

It is clear that the tower geometry (red boxplots) has a greater impact on the harmonic impedance than
the transposition configuration (blue boxplots). However, the impact of the transposition configuration
is not negligible, especially for the zero sequence impedance.
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Figure 10: Differences of the impedance magnitude for all scenarios including all harmonic orders and all nodes
for the positive sequence (a) and negative sequence (b).
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4.3 Harmonic influence coefficients

The difference of the harmonic influence coefficients between the six scenarios are calculated in a
similar way as described in section 3 and presented as boxplots similar to Figure 8. Figure 11 shows
exemplarily the variation of the harmonic influence coefficients of the positive sequence and zero
sequence between the scenarios SGe-Perf (reference) and AGe-Perf. Once again the positive sequence
shows lower variations than the zero sequence, which is linked to the higher variation of the zero
sequence harmonic impedance.
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Figure 11: Absolute difference of the harmonic influence coefficients between scenarios SGe-Perf (Ref.) and
AGe-Perf

A clear increase or decrease of the harmonic influence coefficients with the change of the geometry
cannot be concluded. Like for the network harmonic impedance, the transposition of the lines has a
lower impact on the harmonic influence coefficients than the geometry of the transmission tower.

5. CONCLUSIONS

A test network for harmonic analysis of transmission systems is developed with the cooperation of the
German Transmission System operators. The model and parameters of the network elements are
carefully chosen, in order to represent the frequency-dependent impedances of the network elements
(transformers, transmission lines and generators) as realistic as possible. The test network can be used
to make different studies related to harmonic emission and propagation in transmission systems to derive
guidance on the design of future transmission systems and components considering an effective
management harmonic levels.

Two exemplary applications of the test network are presented. The first example discusses the impact
of the replacement of conventional generation based on synchronous generators by inverter-based
resources on the network harmonic impedance and the propagation of harmonics. The results show a
higher impact on the zero sequence impedances and harmonic influence coefficients, which is caused
not only by the change of the impedance of the generators, but also due to the consequently required
changes in the grounding configuration. The second example discusses the impact of geometry and
transposition of the transmission lines on the harmonic impedance and the harmonic propagation. Both,
tower geometry and transposition configuration have a considerable impact on the network harmonic
impedance as well as the harmonic influence coefficients and consequently also the harmonic power
flow. The impact of tower geometry is higher than that of the transposition configuration. The impact is
not the same for all harmonic orders, and zero sequence harmonics showed the highest sensitivity. The
example has further shown that the asymmetry of the transmission lines (no transposition of the
conductors) results in a coupling between the impedance sequences and consequently balanced current
harmonic injections can result in unbalanced voltage harmonics in the network.

The results of the two examples show the complexity of the interaction of harmonics transmission
networks. Changes in the network topology or/and the network elements might result in completely
different harmonic impedances and harmonic propagation behavior. Even small changes at one node or
one network element can affect the behavior at multiple other nodes not necessarily located in close
proximity. Therefore, assumptions and simplifications (e.g. limitation of considered nodes) should be
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carefully assessed for harmonic studies in transmission systems. Finally the inherent unbalance of the
transmission system in terms of network elements as well as harmonic sources cannot be neglected for
realistic studies.

Moreover, the impact of the characteristics of other network elements, as the transformers, the
downstream distribution networks, the customer installations and the power electronic based generation
on harmonic impedance, propagation and power flow can be also studied using the test network. Future
work is dedicated to the continuous improvement and validation of the test network, especially focusing
on the modelling of downstream networks and customer installations.
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