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Abstract. Application of the frequency scan method for the determination of resonant conditions in
a transmission power grid requires great effort since the harmonic power system simulation model
needs to be developed. This process is rather complicated since the original model used for
fundamental frequency load-flow analysis is built with respect to certain assumptions and, thus,
intolerable errors are introduced when frequency-domain properties of the power system are
investigated. To strike a balance between inputs needed for the development of such model (time,
data amounts) and accuracy of the results, it is proposed to employ a method which makes it
possible to represent dead-end, double-ended and tapped 110-220 kV substations as a single
frequency-dependent equivalent so that the harmonic power system model is reduced. Such an
element essentially is a series R-L or R-L-C shunt, parameters of which vary with frequency. The
algorithm for the evaluation of its parameters is proposed and the test case for a real 110 kV grid
area is discussed. Results of the method application show that it can be used in practice.

1 Introduction

Frequency scan (FS) is regarded as one of the most
widely used methods for the investigation of harmonic
voltage level variation trends, which consists in the
estimation of the frequency response of power system
positive (negative) sequence impedance as seen from the
nodes of an electrical grid and subsequent identification
of resonant frequencies [1-4]. As outlined in [1, 4, 5],
development and verification of a power system
simulation model is by far the most time- and labor-
consuming stage of the investigation when 220 kV and
above transmission grid is of concern. It is due to the fact
that 110-220 kV grid areas, which do not have a
significant impact on a power system fundamental
frequency load-flow, are usually modelled as equivalent
power take-offs, while valid frequency response can only
be obtained if such areas are fully incorporated into a
power system model [1, 4]. For this reason, considerable
enhancement of the original fundamental frequency
power system model is required in order to perform FS,
resulting in drastic increase in its size defined by the
number of nodes and branches. Therefore, maintenance
and practical use of the derived harmonic model
becomes rather difficult, which makes the assurance of
acceptable Ky (voltage total harmonic distortion) and
Kuwy (n harmonic voltage factor) levels in a
transmission grid a rather complicated task.

Since over-limit voltage harmonic distortion is a
topical issue for Russian grid utilities [6], a method of
power system simulation model reduction is proposed in
this article. The method makes it possible to represent
dead-end, double-ended and tapped 110-220 kV

*
Corresponding author: valerysol@yandex.ru

substations as frequency-dependent equivalents (FDEs)
when FS is performed at the 110 kV and above buses of
the transmission grid substations.

2 Frequency-dependent equivalents of
110-220 kV substations

2.1 Use of frequency-dependent equivalents for
frequency response analysis: motivation

Frequency response of the driving-point impedance as
seen from the nodes of a 220 kV and above transmission
grid strongly depends on the actual topology of adjacent
distribution grids (primarily 110 and 150 kV) as well as
on the parameters of their elements, which makes it
necessary to incorporate them into harmonic power
system model [1, 4]. On the other hand, power system
models used for the load-flow analysis at the
fundamental frequency (i.e. for the purposes of
transmission grid operational control) are usually
developed with the following simplifications taken into
account:

e 110 (150) kV dead-end grid fragments can be
modelled as equivalent power take-offs provided that
bus voltage levels and line ampacity do not exceed
permissible values during both normal operation and
contingencies;

e 110-220 kV substations can be represented as
equivalent loads referred to HV side in case no reactive
power compensators are installed or their output is
relatively small;
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e 110-220 kV substations can be represented as
equivalent loads referred to HV side unless generation
units are connected to MV or LV buses either directly or
via dead-end grid fragments.

Therefore, harmonic power system model can be
built on the basis of existing fundamental frequency
model, but the latter needs to be expanded significantly
so that the valid FS results could be obtained. It is thus
proposed to represent dead-end, double-ended and
tapped 110-220 kV step-down substations as FDEs in
order to minimize harmonic model size increase.

2.2 Composite harmonic model of a 110-220 kV
substation

Composite harmonic model of 110-220 kV step-down
substations include the following elements:

e power transformer;

e Joad;

e reactive power compensation units and filters.

Power transformers in the frequency range from 2™
to 40" harmonic are represented as an equivalent circuit
consisting of resistive and inductive elements connected
in series or series-parallel manner; excitation circuit is
usually neglected [1-4].

In accordance with [1, 3-5], actual load composition
must be taken into account when performing harmonic
assessments in power systems. However, gathering such
information for composite loads fed from 110-220 kV
substations is a challenging task since standard-form
connection contracts and technical specifications stated
by [8] impose no customer obligations regarding
provision of contracted capacity disaggregated by
receiver type during connection procedure. For this
reason, aggregate load models are used for FS.

Such models proposed in [1-5] are essentially passive
one-ports, parameters of which can be evaluated given
the fundamental frequency voltage at the connection
point, active power demand and two consolidated values,
namely electronic and motor fractions of the total active
power demand. Besides, reactive power demand can be
used for evaluation of parameters in case motor fraction
is less than 10%. It is also noteworthy that load model
proposed in [4] also accounts for the total capacitance of
outgoing 6-35 kV feeders.

Driving-point impedance frequency response is also
heavily influenced by reactive power compensation units
and filters in service. Such devices are represented in a
harmonic power system model as a shunt inductance or
capacitance [1-4, 7].

Hence, a 110-220 kV step-down substation feeding
composite load can be modelled as a passive one-port in
the frequency range of interest. The impedance of such a
one-port is determined by its topology and parameters of
the constituent elements and, in return, can be associated
with a series R-L shunt in case of a substation feeding
lagging load. If reactive power compensation units
installed at the substation are in service and/or
distribution grid feeders’ capacitance is taken into
account, the model can be extended to R-L-C shunt (see

Fig. 1). Generally, parameters of the equivalent shunt are
frequency-dependent.

Representation of 110-220 kV substations in a
harmonic power system model as FDEs of such a
specific topology is required in case impedance with
reversal imaginary part cannot be modelled as a single
element by means of a software tool used for FS.
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Fig. 1. Frequency-dependent equivalent of a 110-220 kV
single-transformer step-down substation: a) — original two-port;
b) — equivalent shunt.

2.3 Description of the proposed method

According to recommendations given in [4], frequency
response assessment of the driving-point impedance as
seen from transmission grid nodes is usually performed
under the assumption that a power system is perfectly
balanced in terms of both circuit and state parameters,
which makes it possible to employ single-phase
approach. In that respect, since the fundamental
frequency steady-state of the original substation one-port
is determined by the voltage and apparent power flow at
the transformer HV side, parameters of an FDE can be
calculated by means of the method described below (see
Fig. 2 for the algorithm flowchart).
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Fig. 2. Flowchart of the algorithm for the evaluation of
parameters of a 110-220 kV substation frequency-dependent
equivalent.
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The input data are as follows:

e Fundamental frequency load-flow parameters:

- phase-to-phase voltage at the HV bus Un1);

- three-phase apparent power demand referred to the

HV side Puyy +thv(1).

e Transformer parameters:

- OLTC tap position;

- fundamental frequency impedance at the given tap

position Ztr(1);

- turns ratio at the given tap position k.

e Load parameters:

- fraction of the electronic load Kg;

- fraction of the motor load Kwr (if considered);

- total capacitance of outgoing 6-35 kV feeders (if

considered).

e Reactive power compensator parameters:

- total reactance of reactive power compensators in

service (if any).

Bus voltage and apparent power at the fundamental
frequency are obtained on the basis of the preliminary
load-flow analysis. Transformer parameters are defined
given its nameplate data. It is also recommended to use
actual data on load composition; however, average Kg
and Ku values presented in [7, 9] can be used if such
information is unavailable.

Additional information is needed in case three-
winding and split-winding transformers are installed at
the substation:

e HV, MV and LV transformer branch impedance at
the given OLTC and DETC tap positions;

e active and reactive power demand ratio on the MV
and LV sides respectively (can be assumed with respect
to check measurements).

For simplicity, the algorithm is further described for
a substation with a single two-winding transformer as an
example.

Step 1. Equivalent driving-point impedance of the

substation one-port is calculated by the formula (1):
2

U
A= (B + O i
dp(1) ( hv(l) .]th(l)) thv(1)+Q§v(1) )
Step 2. Fundamental frequency load impedance
referred to the HV side is evaluated. If no reactive power
compensation units are in service, the impedance can be
obtained from equation (2):

Zﬁm = §de(1) _Z%(l) 2

In presence of reactive power compensators load
impedance can be found by the formula (3), where Xcus
is the total reactance of compensators referred to the HV
side:
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Step 3. If the reactive power demand is used for the
evaluation of the load model parameters, the value of the
imaginary part of Z’q1) is then analyzed. A negative
value indicates that either a more sophisticated load
model is required to determine FDE parameters or the
adjacent area of the 35 kV and below distribution grid
needs to be represented in the harmonic power system
model.

It is essential to test this condition since models
proposed in [1, 5], parameters of which are derived from
the reactive power, are valid in case of the inductive
load. In real operation, a load might be capacitive due to
the following reasons:

e motive load operating conditions (i.e. synchronous
motors with a leading power factor);

e presence of the capacitor banks in the downstream
distribution grid;

o light-load conditions and/or significant capacitance
of outgoing 6-35 kV feeders.

Step 4. FDE parameters are evaluated in the
frequency range of interest. Design formulae are
determined by load and power transformer models as
well as presence of reactive power compensators. For
instance, if models presented in Fig. 3 and proposed in
[1] are adopted and no compensators are installed,
equivalent parameters at the n™ harmonic frequency can
be found from equations (4) and (5):

2
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Capacitive reactance Xceq 18 set to zero since chosen
load model does not account for the impact of outgoing
feeders. Transformer parameters at the »™ harmonic
frequency and K factor can be calculated as follows:
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Names of the variables in the last equation are
assumed in accordance with [1].
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Fig. 3. Examples of load and two-winding power transformer
harmonic models: IEEE ‘Induction motors’ load model (left),
Electra-167 transformer model (right).

It should be noted that each one-port consisting of a
power transformer as well as loads and reactive power
compensation units connected to it are replaced with its
own FDE. Therefore, it is reasonable to represent
multiple-transformer substation in the harmonic power
system model as a single equivalent. Its parameters are
estimated in the frequency range of interest as the total
impedance of equivalent shunts connected in parallel.
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As a result, dead-end, double-ended and tapped 110-
220 kV step-down substations can be represented as
FDEs by means of the proposed method. The advantages
of the method are as follows:

e FDE parameters are determined directly from the
load-flow parameters on the HV side, which makes it
possible to build harmonic power system model with
minimum adjustment of the original fundamental
frequency model and, therefore, to simplify its
development, practical use and maintenance;

o representing FDEs as series R-L (R-L-C) shunts
facilitates application of the method since such elements
are basic for harmonic analysis software tools.

3 Simplified representation of the 110-
220 kV substations

Under certain conditions, simplified representation of
110-220 kV substations in the harmonic power system
model is possible due to the frequency-domain
properties of load and transformer models.

According to [5], an aggregate load can be modelled
as a series R-L shunt if the motor fraction is small (less
than 10%). If reactive power compensation units are not
installed at the substation, a transformer can be excluded
from the original ‘transformer + load’ one-port given the
specific combination of load-flow parameters at the
fundamental frequency. Therefore, the original one-port
can be replaced by the series R-L shunt; its parameters
are estimated given the HV bus voltage and apparent
power on the HV side at the fundamental frequency.

It must be emphasized that the discussed conversion
can be regarded as equivalent in terms of electric circuit
theory only at the fundamental frequency. Thus,
conversion acceptance criteria were defined. The criteria
(9) state that the impedance modulus relative difference
for the original and converted one-ports (amplitude-
frequency response, AFR) as well as impedance angle
difference (phase-frequency response, PFR) does not
exceed 5% in the frequency range of interest:

#{mv §gﬂg
8, = ” dp( )Zggng Ol 100< 5%
do(n) )
jarg(Z20) —arg(22e)) .
_ - -100<5%
|arg(§§p(n)

It is then possible to assess permissibility of the
simplified representation of 110-220 kV substations
under given load-flow conditions at the fundamental
frequency. Based on the above-stated criteria, a set of
load-flow parameters can be divided into regions where
the simplification is and is not justifiable.

As an example, such regions are presented in the
Fig. 4 for the substations with a single 110-220 kV split-
winding transformer installed. Frequency-dependence of
the transformer impedance is taken in accordance with
IEEE-399 [10], loads connected to secondary windings
LV1 and LV2 are assumed to be linear.

Simplified substation representation is allowed if the
transformer operating point lies below the border drawn

in the ‘p.u. transformer load — maximum tge of LV1 and
LV2 loads’ plane. Boundaries presented in Fig. 4 are
valid under the following conditions:

e transformers are manufactured in accordance with
regulations [11, 12];

e fundamental frequency voltage at the HV bus is
within the range of 0.8Unom to maximum operating
voltage based on the requirements [13].
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Fig. 4. Simplified representation regions for the substations
with a single 110-220 kV split-winding transformer installed.

Since AFR and PFR of the original one-port
impedance are heavily influenced by the ratio between
loads connected to transformer secondary windings,
boundaries are defined for two operating modes:

e Mode 1: even load distribution (Svvi = Stv2; tgoLvi =
= tgoLy2; solid line);

e Mode 2: uneven load distribution (Smax/Smin < 2;
t8Psmax/t€Psmin < 1,5; dashed line).

It can be seen from Fig. 4 that load ratio has a
significant impact on the permissibility of the simplified
representation of substations in a harmonic power
system model. If loads are distributed evenly between
transformer secondary windings, a simplification can be
implemented over the wide range of transformer load
(from no-load operation to 1.0-1.1Speq) and tge (from 0
to 0.7) values. On the contrary, the allowable region
shrinks if loads are unequal: a conversion can be
performed in case transformer load does not exceed 0.3-
0.58mea (the former value corresponds to the tg@smax
between 0.05 and 0.4, the latter — between 0.6 and 0.7).

It should be noted that if the impact of transformer
outages on the transmission grid frequency response is of
interest, the assessment of simplified representation
permissibility for 110-220 kV substations with 2 or more
transformers installed should be performed in case of an
outage due to increase in power flow through the
transformers left in operation.

4 Test of the method: a real-life 110 kV
grid area case study

The proposed method was tested for an area of a 110 kV
grid; its simplified one-line diagram is presented in Fig.
5. Power is supplied from the 220 kV substation K,
which is electrically close to 500 kV transmission grid
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facilities. The area of interest consists of dead-end
fragments connected to substation K 110 kV buses and
interconnector between substations K and A, which
feeds tapped and double-ended 110 kV substations. The
interconnector is normally open-circuited (substation
15 110 kV bus coupler and line circuit breakers at the
substation C are open). Total length of the interconnector
i1s 302 km; the section between substations K and 15 is
117 km long.

Sub.C
110 kV

Power
system E, E, r

220 kV Sub. 9
Sub. 8
Sub. K

110 kV

Sub. 7 @sub. 14
Sub. 1 Sub. 4
Sub. 15
Sub. 2 | Sub. 5 (Bus coupler T
open)

Sub. 3

Sub. 10 Sub. 11

ﬂSub. 12

o

Sub. 6

tow.
220 kV sub. A

Fig. 5. Simplified one-line diagram of the 110 kV grid analysis
area for the test of the proposed method.

FS was performed to obtain AFR and PFR of the
driving-point impedance as seen from the 110 kV bus of
substation K. This grid point is of interest since it defines
a boundary between areas of responsibility of regional
distribution and transmission grid operators.

Driving-point impedance AFR and PFR curves as at
10:00 06/20/2018 (Moscow time zone, summer check
measurement day) are presented in Fig. 6. Total area
load demand amounted to 67.8 +j27.6 MVA. Curves are
plotted for three types of a harmonic power system
simulation model:

e detailed model (all the 110 kV transformers are
represented) — 106 nodes, 141 branches;

o FDE representation — 50 nodes, 64 branches;

o simplified representation of 110 kV substations 7-9.

It should be noted that curves are plotted only for the
first and the last case since FDE representation is strictly
equivalent in the frequency range of interest. Therefore,
AFR and PFR curves for the first and second case are
essentially the same (relative deviation does not exceed
0.05% and is caused by rounding errors).

At the same time, simplified representation of
substations 7-9 causes moderate decrease in impedance
modulus close to the first resonant frequency (less than
2%, circled in the Fig. 6) and introduces slight upwards
shift (5 Hz) of such frequency.

It can be seen that application of the proposed
method makes it possible to cut down number of nodes
and branches more than by half (from 106 down to 50
and from 141 to 64 respectively) with the same
computational accuracy. Simplified representation
introduces light errors; however, they are offset by input
data reduction since gathering and processing of the 110-

220 kV transformer data is not required in this case,
which, eventually, makes it possible to speed up the
transmission grid frequency response analysis.
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Fig. 6. Positive (negative) sequence driving-point impedance
frequency response as seen from the 110 kV buses of the 220
kV substation K: a) — AFR curve; b) — PFR curve.

5 Conclusions

Based on the foregoing, the following conclusions can
be made:

1. Development and verification of a power system
simulation model is the most time- and labor-consuming
stage of the harmonic voltage trend investigation when
the transmission grid is of concern since 110-220 kV
grid areas, which do not have a significant impact on a
power system fundamental frequency load-flow, are
usually modelled as equivalent power take-offs, while
valid frequency response can only be obtained if such
areas are fully incorporated into a power system model.
2. Dead-end, double-ended and tapped 110-220 kV
step-down substations can be modelled as frequency-
dependent equivalents (FDE) unless generation units are
connected to MV or LV substation buses either directly
or via dead-end grid fragments. The FDE is a series R-L
or R-L-C shunts with frequency-dependent parameters.
Such a specific representation is required in case
impedance with reversal imaginary part cannot be
modelled as a single element by means of a software tool
used for FS.

3. A method of harmonic power system model
reduction is proposed, which makes it possible to
employ FDEs for the purposes of FS instead of the full



E3S Web of Conferences 209, 07010 (2020)
ENERGY-21

https://doi.org/10.1051/e3sconf/202020907010

substation representation. FDE parameters are estimated
on the basis of the fundamental frequency load-flow
parameters at the beginning of a transformer branch.
Therefore, the size of a harmonic power system model
can be reduced, which simplifies its development,
practical use and maintenance.

4. Tt is demonstrated that if aggregate load fed from the
substation is modelled as a series R-L shunt, simplified
representation of such a substation is allowed under
certain fundamental frequency conditions. In this case,
substation as a whole can be modelled as a series R-L
shunt; its parameters are evaluated given the HV bus
voltage and apparent power flow; transformer impedance
is neglected. Permissibility analysis is performed on the
basis of plots which reflect the possible transformer
operating conditions: if the operating point lies below the
border defined according to permissibility criteria, a
substation can be represented in a simplistic manner.

5. The proposed method of harmonic power system
model reduction was tested for a real-life 110 kV grid
area. It is shown that the number of nodes and branches
can be reduced more than by half if FDEs are employed.
Simplified representation introduces moderate errors,
but, at the same time, data amount needed for the
performance of FS is reduced, which speeds up the
analysis.
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