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Abstract. Reactive Power Compensation is becoming in-
creasingly important, as more and more conventional generation 
is replaced by dispersed energy sources, which do not contribute 
to voltage stability in the transmission grid. The Mechanically 
Switched Capacitors with Damping Network (MSCDN) is a cost-
efficient solution, combining reactive power compensation and 
harmonic mitigation. In this paper, the MSCDN is analysed with 
respect to its design parameters to determine the electrical stress 
on the components during energization. The analysis is done in 
Laplace and frequency domain, as well as through time-domain 
numeric simulation. 
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1. Introduction 
 
With more and more renewable energy sources penetrating 
into the German grid, the German transmission grid expe-
riences an increasing amount of power to be transmitted 
from the windy Northern Germany to load centres in the 
South. Additionally, many gas- and coal-fired power 
plants have become unprofitable due to massive generation 
based on renewable energy. To make matters worse, nu-
clear power plants are in the process of being shut down. 
These facts lead to an increasing lack of reactive power, 
causing a risk of voltage instability in some regions of 
Germany. 
 
To compensate this lack of reactive power, a common 
solution is shunt compensation based on mechanically 
switched capacitors (MSC). MSCs tend to cause resonanc-
es with the grid and must be designed to withstand all 
harmonics in steady state [1]. A solution to these disad-
vantages is the Mechanically Switched Capacitors with 
Damping Network (MSCDN). This component combines a 
capacitor with a damped single tuned filter. Therefore, the 
MSCDN can fulfill both the tasks of reactive power com-
pensation as well as harmonic mitigation, while also 
avoiding the low-damped resonances with the connected 

network [2]. Moreover, the fundamental power losses 
occurring in conventional single tuned filters are re-
moved. 
The MSCDN is also a very economical solution, because 
it combines multiple tasks in single component without 
the use of power electronics. 
 
During the design phase of the MSCDN, both steady 
state voltage stress and losses and transients during 
switching of the MSCDN have to be considered. There 
have been many investigations with different scope con-
ducted, using various methods for the design of the 
MSCDN ([3], [4], [5], [6], [2]). 
 
In order to analyse the transient behaviour of the 
MSCDN, an analytical approach as proposed by Horton 
et al. [5] has been adopted. The obtained results have 
been verified by numerical simulations of the switching 
transients. 
 
2. Theoretical Analysis of the MSCDN 
 
The MSCDN is based on a C-type filter topology. It 
consists of the main capacitor 𝐶𝐶1, a single tuned filter 
consisting of filter capacitor 𝐶𝐶2 and filter reactor 𝐿𝐿, and a 
damping resistor 𝑅𝑅D. The single line diagram of the 
MSCDN is shown in figure 1. 
 
The single tuned filter is tuned to fundamental frequency 
𝑓𝑓1, while the entire MSCDN is tuned to a selectable 
tuning frequency 𝑓𝑓t . Thus, the MSCDN acts as a capaci-
tor at fundamental frequency, while having small imped-
ance at the tuned frequency. This makes the C-type filter 
topology useful for reactive power compensation as well 
as harmonic mitigation. 
 
A. Component Dimensioning 
 
The components of an MSCDN are solely defined be the 
system fundamental angular frequency 𝜔𝜔1  = 2𝜋𝜋𝑓𝑓1, the 
rated voltage 𝑈𝑈r , the rated reactive power 𝑄𝑄r , the tuning 
frequency order ℎt  =  𝑓𝑓t   𝑓𝑓1⁄   and the quality factor 𝑞𝑞.  
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Figure 1: Single line diagram of an MSCDN 

 
Using the design principle above, the values can be calcu-
lated by equations (1) – (4): 
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The quality factor can be interpreted as the damping re-
sistance normalized to rated voltage, reactive power and 
tuning frequency, as described in equation (4). It is espe-
cially useful when comparing MSCDN with different 
design criteria. 
 
B. Frequency Response 
 
For the frequency domain analysis the components are 
viewed as complex, frequency-dependent impedances. By 
consideration of the complex impedance of grid and 
MSCDN, and subsequent application of a voltage divider, 
the complex transfer function of – for example – the volt-
age over the MSCDN 𝐻𝐻MSCDN(𝑓𝑓) can be obtained as 
follows: 
 

𝐻𝐻MSCDN(𝑓𝑓) =
𝑈𝑈MSCDN

𝑈𝑈Q
=

𝑍𝑍MSCDN(𝑓𝑓)
𝑍𝑍Q(𝑓𝑓) + 𝑍𝑍MSCDN(𝑓𝑓)

 

 
with the parameters as shown in figure 2. 
 
This transfer function represents the frequency response of 
the MSCDN. By looking at the absolute value �𝐻𝐻(𝑓𝑓)� and 
the angle ∠𝐻𝐻 (𝑓𝑓) of the frequency response, the behavior 
of the MSCDN during energization can be estimated. High 
absolute values of the transfer function at a given frequen-
cy lead to an amplification of that frequency during ener-

gization. The maxima in the absolute value therefore 
represent the natural frequencies of the system. When the 
MSCDN is switched during maximum voltage, there will 
be an inrush current which excites the system. The sys-
tem will then swing with its natural frequency. The angle 
of the transfer function determines the damping for each 
frequency. 
The frequency response for each component of the 
MSCDN can be derived by using the basic equations for 
the impedances of the MSCDN’s components. This ap-
proach has the advantage that frequency-dependent grid 
impedances can be easily taken into account. The fre-
quency response of the individual components will be 
further described in chapter 3. 
 
C. Laplace-Domain Analysis 
 
The Laplace-domain  transfer  function 𝐻𝐻(𝑠𝑠) is  obtained 
analogous to the complex function 𝐻𝐻(𝑠𝑠) = 𝐻𝐻(j𝜔𝜔). By 
analysing the poles of the transfer functions in Laplace 
domain, the dominant frequencies and their damping can 
be obtained. These poles can have a real form like in 
equation (6) or a complex conjugate form like in  
equation (7): 

𝑠𝑠 = 𝛼𝛼 
 

𝑠𝑠1,2 = −𝜌𝜌 ± j𝜇𝜇 
 
Real poles represent DC quantities and complex poles 
represent resonating frequencies in the time response. 
The real part 𝜌𝜌 of the complex poles represents the damp-
ing, while the imaginary part 𝜇𝜇 determines the resonant 
frequency (in angular frequency). By an analysis of the 
poles for different quality factors, the influence of the 
damping resistor 𝑅𝑅D can be analytically determined. 
 
Using Laplace analysis, the behaviour of the MSCDN 
during energization can be determined in transformed as 
well as in time domain. The time-domain answer can be 
obtained by inverse Laplace transformation of the trans-
fer function 𝐻𝐻(𝑠𝑠). This can be done by either using the 
Heaviside Theorem [7] or alternatively using numeric 
inverse Laplace transformation [8]. 
 
D. Numerical Simulation of the Energization Process 

 
In addition to the symbolical analysis in frequency and 
Laplace domain, the system’s differential equations can 
also be solved numerically. This paper uses the 
MATLAB SimPowerSystems toolbox for the numerical 
calculations. The advantages of a numerical solution are 
the simple layout of complicated models through a graph-
ical user interface, predefined submodels for complex 
components and – most important – the possibility to 
easily specify the initial conditions for all components. 
 
E. Test Model and Study Cases 
 
The energization test model consists of a voltage source 
in series with the grid impedance, a breaker and the 
MSCDN. At time  𝑡𝑡 = 𝑡𝑡in, the breaker is switched on for 
varying values of the grid voltage. 

(1) 

(2) 

(5) 

(3) 

(4) 

(6) 

(7) 
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(9) 

 
 

Figure 2: Test model equivalent circuit for the calculation of 
electrical stresses in an MSCDN 

Table I. – Parameters of the Test Model 
 

Parameter Value 
𝑈𝑈Q 420 kV 
𝑓𝑓1 50 Hz 
𝑅𝑅Q 0.5 Ω 
𝑋𝑋Q 5 Ω 
𝑈𝑈r  380 kV 
𝑄𝑄r  300 MVAr 
𝑓𝑓t  200 Hz 
𝑞𝑞 0.01 ≤  𝑞𝑞 ≤  10 

 
For this study, a simplified positive sequence model has 
been chosen, as this is sufficient for the realized symmetric 
analysis. The equivalent circuit diagram of the test model 
is shown in figure 2. 
 
For the analysis in this paper, the values specified in table I 
have been assumed. The behaviour during energization is 
evaluated for a range of the quality factor of  0.01 ≤  𝑞𝑞 ≤
 10. This is done to show the influence of the quality factor 
and therefore the damping resistance. For the chosen de-
sign parameters, these quality factors correspond to 
𝑅𝑅D  = 12.03 Ω, 120.33 Ω  and 1203.33 Ω  respectively. 
 
The behaviour of the MSCDN during energization is de-
pendent on the frequency-dependent, complex impedances 
𝑍𝑍Q(𝑓𝑓) for the grid and 𝑍𝑍MSCDN(𝑓𝑓) for the MSCDN itself. 
For different frequencies the grid impedance has different 
behaviour – capacitive, inductive or resistive – and signifi-
cant resonances, which can and should be positively influ-
enced through the application of MSCDN. 
 
For transient analysis, the grid impedance is often given as 
a first order model that is also used for this work: 
 

𝑍𝑍Q(𝑓𝑓) = 𝑅𝑅Q + j𝜔𝜔1𝐿𝐿Q 
 
This assumption is appropriate for substations without 
significant resonances due to shunt capacitors or due to 
long overhead lines. 
 
In this paper, three study cases have been carried out to 
evaluate the impact of the quality factor (table II): 
 

1) Case 1:  In this case, the results for frequency 
domain analysis methods mentioned in sections 2-B and  
2-C are obtained and validated by numerical calculation. 
The switching is done during maximum voltage, because  

 

Table II. – Summary of realized Study Cases 

 
 Case 1 Case 2a Case 2b 

𝑼𝑼𝐐𝐐(𝒕𝒕𝐢𝐢𝐢𝐢)  �̂�𝑈Q �̂�𝑈Q 0 
Pre-charge of  𝑪𝑪𝟏𝟏 0 −0.5 �̂�𝑈Q −0.5 �̂�𝑈Q 

 
the system is strongly excited then. No pre-charging of 
the capacitors 𝐶𝐶1and 𝐶𝐶2 is assumed. 

 
For switching operations, the main capacitor 𝐶𝐶1 of the 
MSCDN can still be partly charged. Therefore, for the 
following study cases, a pre-charging of the capacitor of 
−𝟎𝟎. 𝟓𝟓 �̂�𝑼𝐐𝐐 is assumed for two different switching instants: 
 

1) Case 2a: The MSCDN is switched on at voltage 
maximum with a pre-charge of the main capaci-
tor of  −0.5 �̂�𝑈Q. 

2) Case 2b: The MSCDN is switched on at zero 
voltage with a pre-charge of the main capacitor 
of  −0.5 �̂�𝑈Q. 
 

 
3. Component Results 
 
A. Study Case 1 
 
The study case 1 is performed to get an overview over 
the behaviour of the MSCDN during the energization 
process and to compare the analytical methods described 
in section 2. As the results for the frequency domain are 
similar, only the results for the voltage over the MSCDN 
are shown graphically in figure 3. Equivalent results can 
be obtained for the voltage and also for the currents at 
each component. The time responses of the voltages at 
the capacitors, the currents through the reactor and the 
power in the damping resistance are given in figure 4. 
 

1) Voltage over MSCDN: The impedance of the 
MSCDN in relation to the grid impedance determines the 
electrical stress of the station. The resulting total imped-
ance 𝑍𝑍 total = 𝑍𝑍 Q + 𝑍𝑍 MSCDN of the MSCDN and the 
grid is very important for the behavior of the MSCDN. 
Figure 3 shows the absolute value of the total impedance 
�𝑍𝑍 total(𝑓𝑓)� for different quality factors. This figure shows 
the fundamental impact of the damping resistance on the 
behaviour of the MSCDN. When the quality factor is 
very low, the single tuned filter is effectively short cir-
cuited. When the quality factor is very high, the imped-
ance value shows a very distinctive band-pass behaviour. 
The impedance thus has different minima at two frequen-
cies, depending on the quality factor: 
 

𝑓𝑓r,1 ≈ 1
√𝐿𝐿total ⋅ 𝐶𝐶total

 

 

𝑓𝑓r,2 ≈ 1
√𝐿𝐿Q ⋅ 𝐶𝐶1

 

 

(8) 

(10) 

https://doi.org/10.24084/repqj13.434 644 RE&PQJ, Vol.1, No.13, April 2015



𝑓𝑓r,1 is the resonant frequency when the quality factor is 
sufficiently high, and is located near the tuning frequency 
of the MSCDN.  
 
When the quality factor is very low, the MSCDN is de-
tuned, and the resonant frequency is only depending on the 
values of the main capacitor 𝐶𝐶1 and the grid reactance (in 
this case 𝐿𝐿Q). For the design data used in this study, these 
frequencies are 𝑓𝑓r,1 = 186.6 Hz and 𝑓𝑓r,2 ≈ 480 Hz. These 
frequencies are the respective minima of �𝑍𝑍 total(𝑓𝑓 )�. 
 
An analysis in Laplace domain yields the transfer function 
 

𝐻𝐻MSCDN(𝑠𝑠) =
𝑈𝑈MSCDN

𝑈𝑈Q
=

𝑍𝑍MSCDN(𝑠𝑠)
𝑍𝑍total(𝑠𝑠)

 

 
which has the poles shown in figure 3b. Analysis in fre-
quency domain gives the transfer function 𝐻𝐻 MSCDN(𝑓𝑓) =
𝐻𝐻MSCDN(𝑠𝑠 = 𝑗𝑗2𝜋𝜋𝑓𝑓) with the absolute value given in fig-
ure 3c. The results show, that for very low as well as for 
higher values of the quality factor, there is very low damp-
ing and a higher amplification at the resonant frequencies. 
 
A very good damping as well as a resonant frequency near 
the nominal tuning frequency is obtained with a quality 
factor of around 1. Higher values yield lower damping, 
negatively influencing the transient response. Lower val-
ues yield even higher damping at first. However, the reso-

nant frequency deviates from the tuning frequency quick-
ly and the response becomes very sensitive to variances 
of the damping resistance. For very small values of 𝑞𝑞, the 
resonant frequency deviates against 𝑓𝑓r,2 (as shown in  
equation (10)), detuning the MSCDN. 
Figure 3d shows the results for the time-domain analysis 
numerical solution. The analytical results obtained by 
inverse Laplace transformation are the same as the nu-
merical results. The two different resonant frequencies 
can be seen, resulting in higher peak values in time do-
main for very high and low quality factors.  
 

2) Main Capacitor 𝐶𝐶1: The main capacitor 𝐶𝐶1 is 
the main component of the MSCDN. It has to be dimen-
sioned for a large part of the nominal voltage of the net-
work and has to carry all of the operating current. It is 
therefore the most expensive component, and any addi-
tional stress makes up a relatively large increase in in-
vestment cost. The voltage stress at the main capacitor 
can be determined by its transfer function 

𝐻𝐻 C1
(𝑓𝑓 ) =

𝑈𝑈 C1

𝑈𝑈 Q
=

𝑍𝑍 C1
(𝑓𝑓)

𝑍𝑍 total(𝑠𝑠)
 

This transfer function shows a qualitatively similar be-
haviour as 𝐻𝐻 MSCDN, with poorly damped poles and high 
amplification at 𝑓𝑓r,1 and 𝑓𝑓r,2 for high and very low quali-
ty factors respectively.  

 

(c) Absolute value of  𝐻𝐻MSCDN(𝑓𝑓 ) for different values of 𝑞𝑞 

 

 (a) Absolute value of  𝒁𝒁𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭 for different values of 𝑞𝑞 

 

(d)  Numerically-obtained time domain response for dif-
ferent quality factors 

(b) Poles of the transfer function 𝐻𝐻MSCDN for  
0.01 ≤ 𝑞𝑞 ≤ 10 

Figure 3:  Study Case 1: Analysis of the voltage at MSCDN for the applied methods 
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The results of the time domain analysis for the energiza-
tion are given in figure 4a. Remarkably, the influence of 
high quality factors on 𝑈𝑈C1

 is higher than for 𝑈𝑈MSCDN. As 
the main capacitor is the most crucial component, the big 
influence of high quality factors has to be considered espe-
cially. 
 

3) Single tuned filter 𝐿𝐿, 𝐶𝐶2: The voltages and cur-
rents of the single tuned filter components 𝐶𝐶2 and 𝐿𝐿 can be 
determined by using voltage and current dividers. The 
resulting transfer function for the voltage 𝑈𝑈C1

and the cur-
rent 𝐼𝐼L  are: 

 

𝐻𝐻 C2,𝑈𝑈 (𝑓𝑓 ) =
𝑈𝑈 C2

𝑈𝑈 Q
=

𝑍𝑍 C2
(𝑓𝑓 ) ⋅ 𝑍𝑍filter(𝑓𝑓 )

𝑍𝑍STF(𝑓𝑓) ⋅ 𝑍𝑍 total(𝑓𝑓 )
 

 

𝐻𝐻 L,𝐼𝐼 (𝑓𝑓 ) =
𝐼𝐼 L

𝑈𝑈 Q
=

𝑍𝑍filter(𝑓𝑓 )
𝑍𝑍STF(𝑓𝑓) ⋅ 𝑍𝑍 total(𝑓𝑓 )

 

 
𝑍𝑍 STF is the frequency-dependent impedance of the single 
tuned filter, 𝑍𝑍 filter  of the damped filter. These transfer 
functions also have similar poles as (11) and (12). Addi-
tionally, as the filter is tuned to 𝑓𝑓1, there are poles on the 
imaginary axes for the fundamental frequency. The result-
ing time-domain responses are given in figure 4b and fig-
ure 4c. The influence of extreme quality factors on switch-
ing voltage of 𝐶𝐶2 is high as well. The voltage and current 
behaves differently, in that very low quality factors lead to 

low energization voltages and currents, because the sin-
gle tuned filter is effectively short circuited. 
 

4) Damping resistance R: The damping resistance 
is used to achieve a desired quality factor for the 
MSCDN. In steady state, there is no fundamental current 
over the resistor, as the impedance of the single tuned 
filter is zero for the fundamental frequency. During ener-
gization there is a transient current in the resistor. In this 
case, it is beneficial to investigate the power in the damp-
ing resistor, because the design criterion for the resistor is 
mainly the energy dissipated in the resistor.  
 
Figure 4d shows the power in the damping resistor during 
energization. The value of the damping resistor is propor-
tional to the quality factor. Therefore lower quality fac-
tors cause high currents in 𝑅𝑅D. For high quality factors 
there are very low currents with smaller damping. Be-
cause the power is proportional to the square of the cur-
rent and proportional to the resistor value, the power in 
the resistor during energization shows high peaks with 
high damping for low quality factors and vice versa. 
Because the energy dissipated is based on the integration 
of the power in the damping resistor, the losses are com-
parable for all quality factors. The losses in 𝑅𝑅D are 
shown in figure 5. The energy varies by approximately 
6 % over the range of q. Only a small increase for low 
quality factors is observed.  
 
 

(c) Current through 𝐿𝐿 

 

 (a) Voltage at 𝐶𝐶1 

 

(d)  Power in 𝑅𝑅D 

(b) Voltage at 𝐶𝐶2 

 

Figure 4:  Study Case 1: Time-domain responses for each component depending on 𝑞𝑞 
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5) Summary:  The results show that to achieve a 
minimum peak value during energization while still pre-
serving the design criteria of the MSCDN, a quality factor 
around 1 should be chosen. 
 
B. Study Cases 2a and 2b 
 
The study cases 2a and 2b are used to represent switching 
operations, where – as a worst case scenario – the capaci-
tor 𝐶𝐶1 is partly charged. The results for these cases show, 
that the results are comparable to study case 1. A compari-
son of the switching voltages for 𝑞𝑞 = 10  over the main 
capacitor 𝐶𝐶1 for all study cases is shown in figure 6 . The 
resonances and damping at all components are the same 
for all cases, with lower voltages for case 2a and higher 
voltages for case 2b. 
 
For case 2a, the switching is done during zero voltage, 
therefore the voltage behaves differently than in the other 
cases. The resulting peaks are lower than for case 1, be-
cause the pre-charging of the capacitor is not as influential 
as the phase of the grid voltage at switching. 
 
The result for case 2b shows the same behavior of the 
voltage, but yields higher peaks than in case 1. This is 
because of the additional pre-charge, which leads to a 
higher initial voltage over  𝐶𝐶1. 
 
 
 
 
 

 
4. Conclusion 
 
In this paper, the MSCDN’s behaviour during energiza-
tion is analysed using Laplace-, frequency- and time-
domain analysis. The results are evaluated for a wide 
range of quality factors and three different study cases. 
The lowest peaks and best damping are achieved by us-
ing quality factors around 1 for all cases. The transient 
voltages occurring over the MSCDN and its components 
are getting higher and less damped for very high and low 
quality factors. This has to be considered when designing 
the MSCDN. For a complete analysis during the design 
phase, the transient and steady-state stresses as well as 
the desired harmonic mitigation and the grid resonances 
have to be taken into account and balanced against each 
other. 
 
5. Outlook 
 
The results obtained in this paper suggest an ideal quality 
factor 𝑞𝑞 around 1. This should be verified for different 
design criteria, e.g. tuning frequency or rated reactive 
power. Moreover, the influence of realistic grid imped-
ances with resonances on the switching transient should 
be examined as described in [9]. Finally, the influence of 
non-ideal components due to losses and tolerances on the 
obtained results in steady and transient state should be 
analysed. 
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Figure 6: Comparison of study cases for 𝑞𝑞 = 10 

Figure 6: Case 1: Energy  𝐸𝐸Loss dissipated in the 
damping resistance 𝑅𝑅D depending on the quality 
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