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Wideband Modeling, Field Measurement and
Simulation of a 420 kV Variable Shunt Reactor

Bjorn Gustavsen, Fellow, IEEE, Magne Runde, and Trond M. Ohnstad

Abstract—A 420 kV gapped-core five-legged variable shunt
reactor is modeled in the frequency range 5 Hz-10 MHz based on
frequency sweep measurements and curve fitting. Comparison
with time domain measurements at reduced voltage shows that
the model can accurately predict the transient behavior of the
shunt reactor, both for impinging overvoltages and circuit
breaker transient recovery voltages. Among the observations is
that mutual coupling between the phases leads to a beat
phenomenon in the reactor voltage following disconnection.
Representing the shunt reactor by an LC parallel circuit leads to
unrealistic results for steep-fronted incoming waves and high-
frequency oscillating overvoltages, and for the attenuation of the
transient recovery voltage following disconnection.

Index Terms—Variable shunt reactor, black-box model,
frequency dependency, simulation, transients, transient recovery
voltage, EMTP.

. INTRODUCTION

HUNT reactors are used in the high-voltage grid as a

means for controlling the voltage by compensating the
reactive power production from overhead lines and
underground cables. The switching in and out of shunt
reactors by circuit breaker operation leads to transient
phenomena which can disturb the system operation. For
instance, energizing a cable having near 100% shunt
compensation at its ends can lead to current zero-missing
phenomena [1] which can temporarily prevent the circuit
breaker from disconnecting the cable during a fault. Shunt
reactor disconnection leads to a transient recovery voltage
(TRV) across the circuit breaker contacts of a frequency of
typically 1-5kHz and a peak value which is strongly
dependent on the circuit breaker chopping current [2], [3]. The
transient models used in studying these phenomena are usually
based on a parallel LC circuit ignoring any coupling between
the phases [2], [3]. Although such simplified modeling is very
practical and adequate for predicting the peak value of the
TRV, it cannot be assumed to be valid over a very wide
frequency range. Using a white-box model of a reactor, it has
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been shown [4] that the LC model may lead to incorrect
estimates of the maximum overvoltages for fast transients.

In the case of power transformers, a number of works have
been presented [5]-[10] where the transformer terminal
behavior has been characterized over a wide frequency range
using frequency sweep measurements with the transformer in
short-circuit and/or hybrid conditions. From the sweep
measurements, an EMTP-compatible simulation model can be
extracted via curve fitting (e.g. vector fitting) and passivity
enforcement, leading to a black-box model of the transformer.
That approach is adopted in this work.

We describe the modeling of a 420 kV 90-200 MVA shunt
reactor that is used in the Norwegian grid for voltage control.
Since the reactor core is gapped, the terminal behavior can be
expected to be reasonably linear; hence the black-box
modeling approach using frequency sweep measurements is
applied. The terminal admittance matrix is accordingly
measured in the 5Hz-10 MHz range using a dedicated
measurement setup, and subjected to model extraction and
passivity enforcement. The resulting model is validated by
comparing measured and simulated frequency responses for
the voltage transfer between the terminals with alternative
loads, in both the frequency and the time domain. The
accuracy is further validated by comparing measured and
simulated transient recovery voltages when opening a switch.
Using simulations alone, the model's voltage response to
incoming steep fronted voltage waves is studied, and
compared to what can be obtained by a simple LC circuit
representation of the reactor.

Il. SHUNT REACTOR DATA

The unit is a 420 kV, three-phase 90-200 MVAR variable
shunt reactor with solidly grounded neutral, operating at
50 Hz. The main electrical data for the transformer are given
in Table I, for three alternative tap position settings, with min,
mid and max referring to the number of connected turns. In
this work, we considered the modeling for the reactor in
position mid (130 MVAR).

TABLE I. SHUNT REACTOR DATA

Tap position min mid max
Q [MVAR] 200 130 90
L [H] 2.81 4.32 6.24

In addition, the manufacturer states a capacitance value of
16.66 nF, with bonded terminals and the neutral insulated
from ground.
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The unit is a five-legged design where the three limbs
associated with the windings are gapped. As a result, one can
expect weak magnetic coupling between the windings, as well
as a reasonably linear behavior of the core.
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Fig. 1. Five legged core design.

I1l. MEASUREMENTS

The measurements were performed in the field with the
reactor terminals disconnected from the grid. Consequently,
no other components (leads, busbars) could directly interfere
with the measurements. Insulated wires (4-m) were connected
to the transformer terminals and brought down to the base of
the bushings where they were connected to shielded cables of
3-m length. The shielded cables were grounded locally at the
bushing base and terminated in a connection box installed on
the reactor top. The connection box has functionalities similar
to the one described in [7], including a built-in wideband
current sensor.

The connection box was used together with a Vector
Network Analyzer (VNA) as described in [7] and shown in
Fig. 3. Details about the current sensor and VNA are listed in
Table Il. This setup allows a direct measurement of the
elements of the reactor terminal admittance matrix Y (3x3)
which defines the relation (1) between terminal voltages v
(3x1) and terminal currents i (3x1).

i(@) =Y(@) V(o) )

Time domain responses were also measured on the
connection box using the current sensor and 10 MQ voltage
probes.

Shielded cable Insulated
conductors
Reactor
bushing
Connection
box —~
VNA

Fig. 2. Connecting measurement setup to the reactor terminals.

Fig. 3. Measurement of reactor admittance matrix.

TABLE Il. LIST OF INSTRUMENTS
Current sensor
Vector network analyzer

lon Physics, model CM-100-6L
Agilent ENA 5061B

IVV. MODELING FROM FREQUENCY DOMAIN RESPONSES

A. Initial Check on Measurement Accuracy

Using the VNA and connection box, diagonal element
Y(2,2) was measured for tap positions min, mid and max in
Table I, at 401 logarithmically spaced samples between 5 Hz
and 10 MHz. Fig. 4 compares the measured element with the
corresponding admittance y=1/(joL), where L is given in
Table 1. The measured low-frequency behavior is in good
agreement with what can be inferred from manufacturer's data.

-1
10 T T T T T

-2
10 E
) = o
10 Lo E
— >
@2, 4 SN #
o 10 | S 4
T 0 ~.
2 5 \‘K. L
S 10 | MW 1
[+ ) RSN
2 s S
10 L ST B
4 Pos min (L=2.81 H)
10 Pos mid (L=4.32 H) |
s Pos max (L=6.24 H)
10 1 L L PN
1 2 3 4 5 8 7
10 10 10 10 10 10 10
Frequency [Hz]

Fig. 4. Diagonal element Y(2,2) at alternative tap positions (solid lines).
Comparison with manufacturer's data y=1/(jwL) (dashed lines).

B. Measurement and Model Extraction

The full admittance matrix Y was measured for tap position
mid with the sampling density increased to using 1201
logarithmically spaced samples to better resolve the anti-
resonance point in Fig. 4. The measured Y was subjected to
pole-residue modeling (2) using Vector Fitting (VF) [11]-[13]
with N=120 pole-residue terms. The extracted model is
symmetrical and stable. Finally, the model was subjected to
passivity enforcement by residue perturbation [14], [15] so as
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to achieve a guaranteed stable simulation when included in a
time domain simulation.

LR .
Y(o) = 21: o a +R, + joR | 2
Figs. 5 and 6 report the measured elements of Y and their
approximation by the rational model (2). The agreement
between measurement and model is seen to be very good. It is
further observed that at low frequencies (50 Hz), Y s
diagonal-dominant as is expected from the core design (five-
legged with winding legs gapped). The magnitude of the
largest off-diagonal element is only 2.6% of the smallest
diagonal element. At frequencies around 1 MHz, there exists
however a substantial coupling between the phases. Also,
around the strong anti-resonance in the diagonal elements at
about 1.2 kHz, the coupling is substantial as the off-diagonal
elements are in magnitude almost equal to the diagonal
elements.
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Fig. 5. Measured admittance matrix, Y (Tap pos. mid) and passive model

extraction using N=120 poles. Magnitude functions.
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Fig. 6. Phase angle of diagonal elements in Fig. 5.

V. FREQUENCY DOMAIN VALIDATION OF MODEL IN VOLTAGE
TRANSFER CALCULATIONS

In order to further validate the model, the voltage ratio from
terminal 1 to terminals 2 and 3 was measured on the
connection box using the VNA and voltage probes, and
compared with those that can be inferred from the model.
First, the loading effect of the voltage probes was accounted
for by adding a shunt conductance of g=10""S to elements
(2,2) and (3,3) of the calculated admittance Y () of the model.

3
Next, the following partitioning (3) is introduced,
Vi 1Yo Vi Vi le Vi
Y= Y2,1 ;Yz,z Yz,a = Yz,i v (3)
31 1 Y32 Y3,3 Y3‘1

Combining (3) with (1) and using the condition i,=0, i,=0,
the voltage ratios from terminal 1 to terminals 2 and 3 are

obtained as
H,, [vz /vl} o [Y
v = = —Y 2,1 4

|:H3,1:| Vs /Vl Y3,1 @
Fig. 7 compares measured and calculated voltage ratios and
shows an excellent agreement, except for below 1 kHz.
Similar deviations at low frequencies resulted when basing the
voltage ratio computation in (3) and (4) using the directly
measured Y. The strong peak in the voltage transfer in Fig. 7

at 1.24 kHz corresponds to the anti-resonance in the diagonal
elements of Y in Fig. 5 as a result of the matrix inversion in

(4).
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Fig. 7. Measured and calculated voltage ratios.

VI. TIME DOMAIN VALIDATION OF MODEL IN VOLTAGE
TRANSFER CALCULATIONS

A. Voltage Transfer

In order to further validate the model, a step voltage was
applied to terminal 1 and the voltage response on terminals 2
and 3 was measured, see Fig. 8. Using the applied voltage on
terminal 1 as an ideal voltage source, the voltage on terminals
2 and 3 was simulated using the model. The effect of the
voltage probes was accounted for by 10 MQ resistors in the
simulation.

Fig. 9 compares the measured and simulated voltage
response on terminals 2 and 3, on a logarithmic time base. It is
observed that a highly accurate result is obtained for the initial
transient, while an offset results in the low-frequency
oscillation which corresponds to the 1.24 kHz peak in the
voltage transfer in Fig. 7. In an attempt to clarify the reason
for this deviation, the voltage response was also calculated as
the convolution between a rational model of the voltage
transfer in Fig. 7 and the voltage excitation. This simulation
resulted in about a 50% reduction of the low-frequency
deviation.

Fig. 10 shows the same result after adding 401 Q shunt
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resistors to terminals 2 and 3, approximately representing the
characteristic impedance of a connected overhead line.
Comparison with Fig. 9 shows that the 1.23 kHz oscillation
component has disappeared. This result is caused by the
extremely high output impedance (>1 MQ) at the reactor open
terminals at 1.23 kHz, which is equal to the inverse of the
corresponding admittance matrix diagonal elements.

Reactor
Vl(.t) T T :
Step Vz(t) : i
voltage Vy(t) | i
._:_(\N\_ !
4

Fig. 8. Step voltage excitation.

V1 (Applied)

Voltage [Volt]
SN o N A O O

Measured
********* Simulated

-1 ) 2 3 4
10 10 10 10 10 10
Time [ps]
Fig. 9. Simulated and measured voltage on terminal 2 due to step voltage
excitation on terminal 1.
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Fig. 10. Same result as Fig. 9, but with 401 Q loads on open terminals.

VII. TIME DOMAIN VALIDATION OF MODEL IN TRV
APPLICATIONS

A circuit breaker used for connecting the shunt reactor in
the substation must be able to withstand the transient recovery
voltage (TRV) that results when disconnecting the reactor.
The TRV has a dominating frequency corresponding to the
anti-resonance in admittance plots and a peak value which is
twice that of the operating frequency. In practice, the current
is chopped at a non-zero current value, and this increases the
TRV peak value.

A. Measurements and Simulations

In order to simulate this scenario, a low-voltage sinusoidal
source (function generator) with f=57.6 Hz was connected to
one of the reactor terminals with the other terminals open, see
Fig. 11. The source was removed by opening a mechanical
switch. The voltage on the terminals was measured as well as
the current through the switch.

The system was represented by an EMTP-like circuit
simulator implemented in Matlab [16]. A time domain
simulation was run where the measured voltage on the
function generator output was used an ideal voltage source.
The impact of the voltage probes was accounted for by
introducing 10 MQ shunt resistors in terminals 1, 2 and 3. The
mechanical switch was in the simulation represented by an
ideal switch that was open when the measured current is zero.
The phasor representation of the voltage prior to opening the
switch was calculated by fitting a sinusoidal model to the time
domain waveform using non-linear optimization. The phasor
solution was used to initialize the rational model to start the
simulation without initial transients. The initialization
procedure is similar to the one described in [17].

Fig. 12 shows the measured current together with the
derived switch status, indicated with horizontal lines. It is
observed that the breaker has one restrike. The measured pre-
switching sinusoidal current has a peak value of 5.5 mA.

Figs. 13 and 14 show the voltage response on terminals 1
and 2, by measurement and by simulation. In the simulation,
the switch status in Fig. 12 was used for controlling the
opening and closing of the switch. It can be seen that a very
accurate result has been obtained. The dominating frequency
component is 1.23 kHz, corresponding to the anti-resonance in
the admittance plot in Fig. 5. It can also be seen that a beat
phenomenon results in the voltage on terminal 1 as energy is
transferred to the oscillation in terminal 2 (and 3) and back.
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Fig. 11. Current interruption. Open @t=11.2 ms.
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Fig. 12. Measured current response and switch status used in simulation.
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Fig. 13. Measured and simulated voltage response on terminal 1.
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Fig. 14. Measured and simulated voltage response on terminal 2.

B. Voltage Transfer between Phases

The restrike observed in the current in Fig. 12 results in a
temporary step voltage excitation on terminal 1, which induces
a high-frequency transient voltage on terminals 2 and 3.
Figs. 15 and 16 show the resulting current on terminal 2 at two
different time scales, by measurement and simulation. It is
seen that a good agreement is obtained for both the ~10 kHz
oscillation (Fig. 15) and the ~1 MHz oscillation (Fig. 16).

C. Results Obtained Using LC Circuit Representation

IEEE [2] and IEC [3] recommend to model reactors by a
parallel LC circuit in each phase, for the purpose of TRV
calculations. A model was accordingly developed for the
reactor in position mid. The resonance frequency of the
parallel LC circuit is given as

1 T T T T
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Fig. 16. Induced voltage on terminal 2. Zoomed view.
1
f=r= ®)

274/LC

where f is the anti-resonance frequency in Fig. 5 (1.23 kHz).
By solving (5) with L=4.32H (Tablel), we obtain a
capacitance C=3.79nF in phase 1. Fig. 17 compares the
admittance of the LC model with that of the directly measured
element Y(1,1), showing a very good agreement up to about
400 kHz. The (small) coupling between phases is of course not
represented by the LC model.

It has been proposed [18], [19] to improve the accuracy of
the model by adding a resistor R in parallel with the LC

circuit, obtained as
\F
_ﬂ' -
C

" In(DF) (©)

where DF is a damping factor, being in the order of 0.6-0.8 for
transformers [18].

Fig. 18 shows the simulation result by the LC model
corresponding to the TRV example in Fig. 13, with DF=0.6,
0.8 and 1.0 (lossless). The results are compared with the
measurements and the simulation result by the wide-band
(WB)-model, for the initial transient. It can be seen that the
proposed 0.6-0.8 range for DF is not appropriate for this
reactor as the resulting damping is too high. It was found that
a value of 0.9 gives a quite good agreement.
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Fig. 15. Induced voltage on terminal 2 from restrike on terminal 1.
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Fig. 17. Measured Element Y(1,1) vs. LC response
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Fig. 18. Measured and simulated voltage response on terminal 1. Proposed
wide-band (WB) model vs. LC parallel circuit with alternative damping
factors.

VIIl. REACTOR BEHAVIOR WITH STEEP-FRONTED
WAVEFORMS

A. Transient Response to Incoming Waves

Shunt reactors are subjected to overvoltages resulting from
switching operations in the substation, as well as faults and
lightning strokes. When studying the resulting stresses on the
reactor and neighboring equipment, a model must be used
which accounts for the reactor's impact on the incoming
waves. It is common practice to represent the reactor by an LC
model, the capacitance alone, or simply ignoring the presence
of the reactor.

Fig. 19 considers the case that a unit step voltage enters the
reactor terminal 1 from a transmission line. The line is
assumed lossless and of infinite length. Fig. 20 shows the
voltage response on terminal 1 for three alternative values of
the line characteristic impedance: 30 Q (cable), 60 Q (GIS),
and 400 Q (overhead line). The simulation result is shown
when either representing the model using the wideband model
developed in this work, or the lossless LC model. It can be
seen that the LC model underestimates the front steepness of
the initial voltage transient, as well as the oscillating
component.

Unit step voltage
—>
R
I 1 Reactor
| |_._}_rvv\_ |
1 |
Infite length, lossless transmission line .2 HIFQVEVEN i
§_i_rvv\_ |
1 1
77

Fig. 19. Step voltage wave entering the reactor along a transmission line with
alternative values for the line characteristic impedance.
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Fig. 20. Voltage response on reactor terminals due to incoming overvoltage
on connected overhead line. Step voltage.

B. Damping of Resonant Overvoltages

The significance of including the oscillating components in
the voltage response is in particular prevalent when studying
high-frequency resonant overvoltages. Fig. 21 considers the
situation that a short cable is energized from an infinite bus.
The cable is an 800 mm® paper oil-type cable which is
modeled by the Universal Line Model [20] as implemented in
PSCAD. The propagation speed is 147 m/us. By choosing the
cable length as 43.8 m, the cable quarter wave resonance
frequency becomes f=800 kHz which coincides with one of
the anti-resonance frequencies observed in Fig. 17. The
simulation result in Fig. 18 shows that the LC model gives a
much too small damping of the oscillation. This inaccuracy is
unacceptable if the simulation result is to be used as input for
a study of internal overvoltages in the reactor by a white-box
model [21].
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Fig. 21. Step voltage excitation on connecting cable.
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Fig. 22. Voltage response on reactor.
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IX. DISCUSSION

A. Circuit Breaker Chopping Current

The simulated results in Section VII may give the false
impression that disconnecting a shunt reactor may produce
overvoltages on the reactor in excess of 10 p.u. of the peak
value of the normal phase-ground voltage. The reason for this
exaggerated voltage is that the chopped current is
unrealistically high compared to that occurring in a circuit
breaker. In Fig. 11, the chopping current is 2.5 mA which is
45% of the peak value of the steady-state current (5.5 mA),
before current interruption. For the given reactor in normal
operation, the load current is 252 A, in tap position mid. With
SFe breakers, the chopping current depends on several
parameters including the breaker chopping number [3], but it
rarely exceeds 10 A which amounts to only 3% of the peak
value of the load current. Fig. 23 shows a simulation where the
wideband reactor model is being disconnected from an infinite
bus, assuming a chopping current of 10 A. The peak
overvoltage on the reactor terminals now reaches only 2.2 p.u.
We note that the beat in the overvoltages observed in Figs. 13
and 14 persist also in Fig. 23.

800

600
400 :
2000

01— L

200}

Phase a

Voltage [kV]

-400

-600 -

-800 L i i L L

Time [ms]

Fig. 23. Disconnecting shunt reactor operating at 420 kV, with 10 A chopping
current.

B. Capacitance Value for LC circuit Modeling

When applying the LC-model it is necessary to find the proper
capacitance value to use. From the measured admittance
diagonal elements we estimated in Section VII-C a
capacitance of 3.79 nF per phase, for tap position mid. From
this value we must subtract 0.3 nF to account for the
measurement cables, giving C=3.49 nF per phase. For
comparison, the manufacturer stated a measured value of
16.66 nF with the three terminals and the neutral bonded, i.e.
for the total shunt capacitance to ground. This amounts to
5.55 nF per phase. Of this, 0.63 nF (per phase) stems from the
bushing. If the remaining shunt capacitance can be assumed to
be equally distributed along the winding with the bottom part
grounded, the effective capacitance seen from the terminals is
according to a derivation in Greenwood's book [22] one-third
of this capacitance, i.e. (5.55-0.63)/3=1.64 nF. In addition
comes the 0.63 nF from the bushing, giving a total of 2.27 nF
seen from the terminal. This value is much smaller than the
3.49 nF value found in this work. Among the possible reasons

7

for this deviation are the contribution from the winding series
capacitance and the interwinding capacitances, both being
missing in the manufacturer's measurements. Reference [19]
states that the effective capacitance for transformers is
typically 0.4 times the measured (shunt) capacitance, but using
this factor instead of Greenwood's 1/3 factor still gives a much
too small value. We finally note that the capacitance as
extracted from the admittance measurement (Fig. 4 and (5)) is
dependent on the tap position as is shown in Table I11.

TABLE Ill. ESTIMATED CAPACITANCE FROM ADMITTANCE MEASUREMENT

Tap position min mid max
L [H] 2.81 432 6.24

fy [kHz] 1.50 1.23 1.08
C [nF] 3.48 3.79 4.02

It may be tempting to identify the capacitance via FRA
measurements. Fig. 24 compares the measured element Y(1,1)
with correction for the measurement cable (Y(1,1)(w)—jaC,
C=0.3 nF) with an end-to-end measurement on the transformer
made by the manufacturer. Both results are with the reactor in
the max position. It can be observed that the two curves differ
very much as the current measurement is with FRA made at
the reactor neutral side, thereby losing a significant part of the
capacitive current. It is interesting to note that the first
negative peak still coincides with the anti-resonance in the
admittance measurement.

] F Admittance
10k FRA

1077 [ L L 1 L L vl
1 2 3 4 5 6 7
10 10 10 10 10 10 10
Frequency [Hz]
Fig. 24. FRA measurements vs. admittance measurement. Tap position max.

C. Reactor Model for Other Tap Settings

In this work we only created a model for the reactor in tap
position mid. The procedure for frequency sweep
measurements and model extraction is however general, and it
can therefore be used for obtaining a wide-band model of the
reactor in any tap position.

X. CONCLUSIONS

A wideband model has been developed for a 420 kV variable
shunt reactor based on frequency sweep measurements at the
reactor terminals followed by model extraction via curve
fitting. The admittance matrix is measured between 5 Hz and
10 MHz using a dedicated setup, for the reactor in position
mid. The following conclusions can be drawn from this work:
1. The voltage ratio between terminals as calculated by the
admittance matrix agrees closely with measured voltage
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ratios, demonstrating a high accuracy in the
measurements, but with decreasing accuracy below
1 kHz.

2. A rational model is extracted from the admittance
measurements using curve fitting and passivity
enforcement, leading to a model that is compatible with
EMTP-type circuit solvers.

3. The model is demonstrated to produce excellent results
when compared to time domain simulation of voltage
transfer between terminals, and in simulation of reactor
TRV during reactor disconnection. The model is
particularly well suited for calculating the voltage
response to incoming steep-fronted voltages.

4. Usage of a simple LC model can also produce excellent
results in TRV studies, but the determination of the
capacitance is not always straightforward. Usage of
admittance measurements appear to a safe way of
obtaining the correct capacitance to be used.
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