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Abstract—Battery Energy Storage Systems (BESS) already
cover a large part of the Frequency Containment Reserve (FCR)
in Germany. If these are built at locations of conventional power
plants, the infrastructure available there may be utilized. In
this paper we investigate how the secondary voltages of two
medium voltage regulating transformers differ by means of
a model-based analysis. The first transformer is the auxiliary
power transformer of a coal-fired power plant. The second,
identical transformer connects the hybrid power plant HyReK
to the medium voltage grid to provide FCR. As an outcome
of the model-based investigations we give an estimate of the
voltages to be expected during one year and whether they require
frequent changes of the tap changer position. We first implement
the underlying network connection model in OpenModelica and
then export the physical equation set to the Computer Algebra
System Maple™. We also investigate the effect of different system
parameters on the secondary side voltage and discuss the results.

Index Terms—Battery Energy Storage Systems, Power-to-Heat,
frequency containment reserve, electric load profile, sensitivity
analysis, HyReK

I. INTRODUCTION

Unforeseeable changes in the generation and consumption
of electrical energy lead to a change in the grid frequency.
There are various control mechanisms that compensate for
these deviations. One is the Frequency Containment Reserve
(FCR). It compensates deviations of the grid frequency from
50Hz very quickly, but only to a limited extent [1].

The 605 MW FCR power tendered in Germany is already
largely provided by Battery Energy Storage Systems (BESS).
By the end of 2018, BESS with a cumulative power of
402MW had been installed. The authors in [2] expect that
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after completion of the prequalification procedures up to 63 %
of the FCR will be provided by BESS.

In 2018, swb Erzeugung AG & Co. KG constructed and
commissioned the hybrid control power plant (Hybridregel-
kraftwerk) HyReK in Bremen Hastedt for the provision of
18 MW FCR power. The HyReK combines a 14.244 MWh
BESS with a power-to-heat option. This hybrid approach
allows negative control power to be fed from the power grid
into the district heating grid in the event of over-frequency. By
this sector coupling the required battery size could be reduced
and in addition the surplus energy in the power grid is used
sensibly, thus resulting in a reduction of CO2 emissions.

If BESS are installed at existing power plant sites, com-
ponents of the existing infrastructure may be used or reused.
However, the question arises how the current and future usage
patterns differ.

II. PROBLEM FORMULATION

This paper compares the use of two medium voltage reg-
ulating transformers (MVT). The first one (MVTyx) is used
to supply a power plant with auxiliary power. Via the second,
identical transformer (MVTgcgr), the FCR power is fed into
the power grid or drawn from it. The load profile for MVT
is available from 19 September 2018 to 18 September 2019.
For MVTgcr no comparable load profile is available yet.
For a comparison, the theoretical FCR power load curve is
therefore calculated from the regulations in [3] and [1] and
the grid frequency during this period. When calculating the
primary control power from the grid frequency, we only use
the frequency dead band of the degrees of freedom specified
in [3].

If the power is positive, it is drawn from the grid, if the
power is negative, it is fed into the grid accordingly. We
will use these signs throughout this article. In the case of
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Fig. 1. Ordered annual load profiles for auxiliary power transformer (solid
line) and FCR transformer (dotted line) for 365 days — The light grey zone
indicates the FCR dead band where a power of Op.u. is assumed.

the HyReK this means that if the power is positive, the
batteries are charged or the power is transferred to the power-
to-heat option and if the power is negative, the batteries are
discharged.

Both load profiles are shown in Fig. 1 as ordered annual
load profiles. The auxiliary power transformer MVT, has
always a positive load, which is at no time less than 0.07 p.u.
The FCR transformer MVTgcr would conduct power between
—1p.u. and 0.86 p.u. However, 39 % of the time the power is
zero since the frequency is in the dead band. If the direction of
energy flow is neglected, i.e. the absolute values of the power
are considered, it can be seen that the power of MVT, is less
than 0.6p.u. in 90 % of the operating hours. With MVTgcr
the power is even less than 0.15 p.u. in 90 % of the operating
hours. Integrating the energy flows, MVT,, conducts about
seven times more energy. The real load curve of MVTgcr will
differ slightly from this, due to the fact that the FCR operating
strategy can use the degrees of freedom mentioned in [3].

After we have shown that the load profiles of both types
of use differ significantly, we are now investigating how these
differences affect the secondary side voltage of the medium
voltage transformer and whether increased switching of the
tap changer in FCR operation is to be expected.

The required power is set at the grid connection point by
varying the current. As an undesired side effect, the voltage
also changes slightly. The extent of this voltage change de-
pends on the current and the structure and state of the network
under consideration. In addition to regulating transformers,
various other measures are used to compensate for undesirable
voltage deviations. In transmission networks, for example,
compensators are used [4], [5] and in distribution networks
the connected generators must have features for static voltage
regulation [6], [7].

The HyReK is connected to the 110kV grid via two
transformers. The medium voltage transformer translates the
HyReK nominal voltage from 6.25kV to 10kV. The high
volatge transformer then translates from 10kV to 110kV. Both
transformers are designed as regulating transformers.

This article focuses on regulating transformers with vari-
able transmission ratio where the secondary side voltage is

Fig. 2. Single-phase equivalent circuit diagram of the grid connection
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measured. If this voltage deviates from the nominal value by
more than an admissible amount, the tap changer position is
increased or decreased under load [8], [9]. These tap changers
are also referred to as On Load Tap Changer (OLTC). The
transformers MVT,,x and MVTgcr each have a OLTC with 19
steps. Adjacent positions differ in their primary side nominal
voltage by 0.2kV.

To answer the question how the usages in auxiliary power
operation and in FCR operation effect the secondary side
voltage, we assume both transformers to be connected to the
high voltage grid via the same topology. Consequently, one
model is sufficient, in which the profile of the feed or load
current is adapted.

III. MODEL DESCRIPTION

This section describes the model for the grid connection
(Fig. 2) consisting of the load (current source), the cable
to the medium voltage transformer (impedance), the medium
voltage transformer, the cable to the high voltage transformer
(impedance), the high voltage transformer (HVT) and the grid.
This grid connection model is valid for the analysis of the
usage of the MVT as an auxiliary power transformer and as
a transformer for FCR operation.

A. Model Structure

We only investigate scenarios with symmetrical loads, there-
fore the single-phase equivalent circuit diagram in Fig. 2
is sufficient. The grid connection model is described by a
differential equation system with the five mesh currents 1,4,
Igvr, Ir1, Iymvr, Ino as states. We omit the derivation and
the imprint of the model equations and instead want to briefly
discuss the equivalent circuit diagram of the transformer.

The reduction of the grid connection model to one phase
enables the use of the T equivalent circuit diagram of lossy
transformers (Fig. 3). This widely used equivalent circuit
diagram is also given in [9], for example. Usually transformers
are characterized by parameters such as iron and copper losses
and short-circuit voltage. These descriptive parameters need
to be transformed into the parameters of the elements of the
equivalent circuit diagram in Fig. 3. For this purpose, we have



TABLE I
IMPEDANCES IN THE GRID CONNECTION MODEL

Zgrid ZLl ZL2 RI unit
resistance 0.301 0.015 | 0.005 10e6 Q
inductance 9.581 0.064 | 0.022 mH

used the relationships also given in [10]. The used equations
are described in the remainder of this subsection.

The resistors Ri, Ry and R, can be calculated directly
from the copper and iron losses P¢,, and Pr. and the nominal
apparent power Sy, and the primary and secondary voltages
me’ and V:‘;eo
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It is assumed that the power losses are distributed equally over
the primary and secondary voltage side of the transformer. To
calculate the inductances L, and Lo and the mutual inductance
M, the rated magnetizing reactance X,, and the rated short-
circuit reactance Xg¢ are required:
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The inductances and the mutual inductance are set to
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B. Parameterization

The resistances and inductances of the cables are calculated
from the estimated cable lengths and the primary line constants
from [11]. Their values are given in Table 1.

We calculated the parameters of the MVT with only a few
assumptions directly from the data sheet. We only know the
nominal apparent power of the high voltage transformer, the
remaining parameters are set according to the specifications
in [4] and [11]. In Table II the parameters of the transformer
models are given. For each transmission ratio (tap position) a
parameter set is calculated using the equations (1)-(8), using
the values and units given in Table II.

The grid voltage is Vymq = 110kV (RMS, phase to
phase), the secondary side rated voltage of the medium voltage
transformer is Viry, sec = 6.25kV (RMS, phase to phase).

TABLE 1T
PARAMETERS OF THE HIGH VOLTAGE AND MEDIUM VOLTAGE
TRANSFORMERS
symbol | HVT MVT unit
nom. apparent power Snom 35 18 MVA
pri. side nom. voltage Vri 110 11.8/0.2/8.2 kv
sec. side nom. voltage Vsec 10 7 kV
short circuit voltage Vsco 12.3 8.25 %
idling current Io 0.14 0.14 %
iron losses Pp. 0.014 0.016 MW
copper losses Pcoy, 0.135 0.100 MW

C. Implementation

We have modeled the grid connection topology (Fig. 2)
in OpenModelica [12] and in Simscape Electrical [13] with
the Specialized Power Systems components. In selected test
scenarios we have verified that both implementations produce
the same results. From the implementation in OpenModelica
we exported the differential-algebraic equation system and
symbolically combined it via the computer algebra system
Maple™ [14] to a system of ordinary differential equations
of fifth order. For the analysis in the stationary operating
points we finally converted the system for w = 2 f into the
complex phasor representation. From its solutions (currents)
the remaining model quantities are calculated. Among other
things, this allowed us to examine the effect of the tap changer
position, line resistance and reactive power on the voltage
at the grid connection point. Simulations of the Simscape
Electrical implementation confirmed the results in Maple™.

This procedure is not mandatory. The results we show in
the following section can also be obtained by performing
simulation studies in OpenModelica or Simulink™ where the
parameters in question are varied. With this approach, how-
ever, the pre- and post-processing is much more cumbersome.

IV. ANALYSIS

The power is set via the load current Ij,,q. Depending on
this current, a voltage Vjsv,sec is obtained at the secondary
side of the MVT.

A. Tap Postion

Figure 4 shows the voltage Vi v s for selected positions
of the tap changer over the active power

Pycp =Re (5 Vnep - I12) )

at the grid connection point.

In position 4 the transmission ratio of the medium voltage
transformer is ryy = 117'12(\1}\/ =1.6.

The voltage Varv,sec varies between 1.002p.u. and
0.970p.u., it has its maximum at Pn¢cp=—0.38 p.u.. Switching
the tap changer position up or down results in a secondary side
voltage increase or decrease of 0.018 p.u. which is practically
constant over the entire power range.

In tap changer position 5 the voltage Visv sec can vary
between 1.02p.u. and 0.99 p.u.. In this position, the voltage
deviation is therefore less than 2% over the entire power range.
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Fig. 4. Voltage at secondary side of the medium voltage transformer T
for four different tap positions
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B. Cable Resistance

Based on the estimated cable length and the specifications
in [11] we have assumed a resistance of Rz;1 = 0.0152 for
the ohmic part of the impedance between the transformers (see
Table I). To determine the influence of the parameter on the
secondary voltage of the medium voltage transformer, we have
varied the resistance between 02 and 0.06 €2 . Figure 5 shows
that the cable resistance has little influence on the voltage
Vv, sec. The maximum deviation between the voltages at 02
and 0.06 (2 is less than 0.012 p.u. in the entire power range.

C. Reactive Power

Besides the active power, the reactive power also influences
the voltage Vv scc. Fig. 6 shows the voltage over the active
power for different reactive powers. Already a reactive power
of Qncp = —0.1p.u. at Pycp = 0p.u. raises the voltage by
0.017 p.u.. Further analysis shows that in the network topology
under consideration, the sensitivity of the voltage Vasv,sec
with respect to reactive power is about 15 times greater than
with respect to active power. This property might be used to
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Fig. 6. Voltage at secondary side of the medium voltage transformer MVT
for three different constant reactive powers

TABLE III
MINIMA, MAXIMA, MEAN VALUES OF THE VOLTAGES V4% AND
FCR ’
V]VIV,S&C INP.U.
min max mean
Vlggfz“ 0.983 | 0.999 | 0.9896
ViiVsee | 0976 | 1.002 | 0.9996

adjust the reactive power so that the voltage is kept within an
acceptable band.

D. Ordered Annual Voltage Profile

From the measured load of the auxiliary power trans-
former MV T, and the expected load of the FCR transformer
MVTecr we calculate the secondary side voltages Vv sec,
which occur in the recording period. For the calculation we
use the relationship between power Pycp and the secondary
voltages Varv,sec shown in Fig. 4, for tap changer position 4.

The minimum, maximum and mean values of the calculated
voltages are listed in Table III, the voltages are shown as
ordered annual voltage profiles in Fig. 7.

On the left, the graph of Vﬁgﬁfm asymptotically approaches
the ordinate axis. Thus it is not visible in this figure that
the voltage deviates more than 2% from 1p.u. in about 100
seconds of these 8760 hours only. This deviation is due to a
frequency event on 24 January 2019 at 5 a.m. (CET).

V. DISCUSSION

The low losses of the cables and the transformers produce
only small voltage deviations at the grid connection point and
the secondary side of the MVT. Furthermore, the analyses in
the previous section show that the voltage drops associated
with the negative powers are less severe than those associated
with the positive powers. In FCR operation, the voltage in tap
changer position 4 deviates from the nominal voltage by more
than 2% for about 100 seconds only once in the year under
consideration.

Thus, despite the significant differences in annual load
curves between the auxiliary power transformer and the FCR
transformer, significantly more tap changer changes are not
necessary.
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Fig. 7. Ordered annual voltage profiles for auxiliary power transformer (solid
line) and FCR transformer (dotted line) for 365 days

If the voltage regulator is configured to be very slow and
with a large admissible control deviation, it can compensate for
changes in key parameters at the grid connection, which would
otherwise cause permanent and distinct voltage changes. With
this setup, even large positive frequency deviations would not
trigger any switching operations.

With a suitable design, the BESS converters could control
the voltage at the grid connection point with the reactive
power. Due to the high sensitivity of the voltage with respect
to the reactive power, this is possible without significant
reduction of the active power.

Further analyses show that no switching is to be expected at
the high voltage transformer due to the higher transformation
ratio. Overall, no limit cycles between the voltage regulators of
the high and medium voltage transformer are to be expected.

VI. CONCLUSION

In this article, we presented the model-based methodology
with which we have shown that during FCR operation on the
considered medium voltage regulating transformer there will
be no increased switching compared to operation to cover
the power plant’s auxiliary power demand. For the analysis
we assumed the grid connection as a single-phase equivalent
circuit diagram. We used the equivalent circuit diagram of
lossy transformers for the high voltage and medium voltage
transformers. We implemented the grid connection model in
OpenModelica and exported the differential equation system
to Maple™ for further analysis. The analyses were verified in
simulations with the OpenModelica implementation as well as
with a further implementation in Simulink™.

In a further Rainflow Conunting analysis the duration and
intensity of the frequency deviations and the associated voltage
deviations could be characterized in order to review the
parameterization of the MVT voltage regulator.
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