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ABSTRACT This article proposes a new configuration of a modular multilevel converter (MMC) and a
Marx generator to generate fast-rising impulse waveforms. This new configuration improves the capabilities
of the MMC-based high voltage arbitrary wave shape generator to generate fast-rising impulse since the
MMC topology faces many inherent limitations. Similar to the conventional superimposed circuit of the
ac transformer or dc rectifier circuit with the Marx generator, three hybrid circuits of MMC and the Marx
generator are introduced, where the most optimal choice is made considering the practical aspects of testing,
such as the size, cost, and preparation time. Then, a detailed analytical study is performed on the Marx
generator circuit and the MMC circuit, and both circuits are coupled together to deliver a complete guideline
on choosing various system parameters when the impulse wave shape and the load capacitor are given. The
concept of this new hybrid configuration is demonstrated with a scaled-down prototype where the impulse
with arise time of | ps is superimposed on different arbitrary wave shapes. Similarly, the MATLAB-Simulink
simulation model validates the proposed configuration for a 200kV dc link voltage and 67 submodules with

the desired impulse performance.

INDEX TERMS Lightning impulse, Marx generator, modular multilevel converter (MMC), superimposed

waveforms.

I. INTRODUCTION

Medium voltage (MV) and high voltage (HV) equipment
such as transformers, switchgear, and cables in the electrical
power system are experiencing new and more severe electrical
stresses due to the rise of distributed generation (DG) systems
and large-scale renewable energy integration by power elec-
tronic converters [1], [2], [3], [4]. For the reliable operation
of current and future electrical power systems, MV and HV
equipment needs to be tested with electric stresses with com-
plex wave shapes, as shown in Fig. 1(a) and (b). Since these
wave shapes are complicated to generate with the existing HV

test sources, their equivalent waveforms are formulated as the
superimposition of impulse on ac or dc waveforms, as shown
in Fig. 1(c) and (d). These superimposed waveforms can be
generated using the existing HV test sources in the circuit, as
shown in Fig. 2 [5].

The left side of Fig. 2 can be either a transformer or a
rectifier circuit to generate the ac or dc part of the complex
voltage waveforms. The Marx generator, which can generate
impulse waveforms with various rise and tail times, is shown
on the right side of the figure. Typically, in dielectric testing,
two standardized impulse waveforms are used. The first one is

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see

170 https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 5, 2024


https://orcid.org/0000-0002-4459-8601
https://orcid.org/0000-0002-8361-9110
https://orcid.org/0000-0003-1766-8077
https://orcid.org/0009-0002-3668-1103
https://orcid.org/0000-0002-1171-9972
https://orcid.org/0000-0001-6140-2984
mailto:m.ghaffarianniasar@tudelft.nl

IEEE Open Journal of the

'es Industrial Electronics Society

Complex Waveform 1 Complex Waveform 2

2 2
s F1s
&1 &
M o 1
F &
o0 £ 05
> >
1 0
0.01 0.02 0.03 0.04 0.05 0 0.025 0.05 0.075 0.1
Time (s) Time (s)
(a) (b)
) Complex Waveform 3 Complex Waveform 4
- I
] 21
gl c
@ &0
=1 =1
g0 =
S G|
> >
-1 5
0005 001 0015 002 ¢ 1 2 3 4 5
Time (s) Time (s) <10

() (@)

FIGURE 1. Typical complex voltage waveforms required for the dielectric
tests of grid assets [2], [3], [4], [5].
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FIGURE 2. Test circuit for generating superimposed waveforms shown in
Fig. 1 [5].

a lightning impulse (LI) with a rise time of 1.2 ps and tail time
of 50 ps, and the second one is a switching impulse (SI) with
arise time of 250 ps and tail time of 2500 ps [6]. Fig. 1(a) and
(b) shows waveforms with the superposition of a SI [3], [4]
and Fig. 1(c) and (d) shows waveforms with the superposition
of aLLl on a 50 Hz ac and dc, respectively [5].

Complex waveforms illustrated in Fig. 1(a) and (b) cannot
be generated from the above-mentioned superimposed wave-
form generation circuit since it is not possible to program
conventional equipment such as a transformer and rectifier.
Hence, many HV researchers are designing new test circuits
to address the need for an HV test source with high bandwidth
and sufficient current capability [3], [2], [7], [8]. A modular
multilevel converter (MMC)-based arbitrary wave shape gen-
erator (AWGQ) is proposed in [4], which can generate such
complex waveforms by itself with a designed value of the
bandwidth and with the possibility to scale up the voltage
and current comparatively quickly. The schematic of such an
MMC-based HV AWG is shown in Fig. 3(a).

The MV and HV equipment behaves electrically as ca-
pacitance, as shown in Fig. 3 and the typical range of this
capacitance for MV equipment is from 50pF to 10nF [9].
The worst-case scenario for generating an LI waveform from
an MMC-based HV AWG is the MV transformer with 36 kV
voltage rating. The typical load capacitance of a 36 kV trans-
former is 10nF and the required peak magnitude of LI is
250kV. The MMC-based AWG must supply a pulse current
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FIGURE 3. (a) Schematic of the MMC-based HV AWG. (b) Equivalent circuit
of MMC for LI operation.
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FIGURE 4. LI voltage waveform and the required current provided by the
MMC.

with a large magnitude and a very fast rise time to generate
such a fast voltage waveform across such a large capacitive
load. Fig. 3(b) is used for estimating the peak pulse current,
and Fig. 4 shows the front side of the LI waveform and the
current flowing through the switches of the MMC.

The switches in the MMC need to withstand pulse current
magnitudes of 1.7kA, and the rise time of this current needs
to be 0.2 ps. Though kilo-amperes-rated insulated-gate bipolar
transistors (IGBTs) and integrated gate-commutated thyristor
(IGCTs) are available in the market, they will make the MMC-
based HV AWG bulky and costly. Additionally, high-current
switches are unsuitable since most of the other required di-
electric tests require and would demand the MMC to generate
a current in the range of a few amperes. Apart from the HV
dielectric testing application, such a pulsed power operation
of SM devices is extensively used in plasma applications [10].
Mostly, these plasma applications have a resistive load at a
much lower voltage level. Even when it has a capacitive load,
the capacitance is in the range of 150-600 pF [11]. Hence, the
current requirements for these AWG are not as stringent as
HV AWG application.

Many literature studies of discrete switches have shown
that they can withstand much higher pulse current than the
data sheet values [10], [11], [12], [13]. Considering the short
duration of the pulse current in the LI waveform, the pulse
current capability of different discrete switches is investigated
to see if any of them satisfy the stringent pulse current re-
quirement as explained above, and it is concluded that all
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tested devices cannot satisfy the current requirement unless
multiple switches are connected in parallel, resulting the de-
sign to be more complex and expensive [14]. Besides the
peak pulse current magnitude, limiting the stray inductance
in the series-connected MMC topology is extremely difficult,
making it very complicated to generate the LI waveform by an
MMC [10]. Hence, it is necessary to use the traditional Marx
generator circuit to generate fast-rising impulses like LI. The
idea of coupling the MMC and Marx generator is discussed
in [15] for generating arbitrary wave shapes with rise times
faster than 100 ps across the HVdc valves. However, it did not
discuss different configurations or go into details about the
interaction of the two circuits in analytical detail. Hence, the
main contribution of this article is as follows.

1) Comparison of different possible solutions to integrate
the traditional Marx generator circuit with the MMC-
based HV AWG to generate complex wave shapes,
which includes short impulses such as the LI waveform.

2) An exhaustive quantitative analysis of the design guide-
line for realizing such a hybrid configuration of two
circuits, where an inherent interaction between the
MMC-branch and the Marx generator circuit is discov-
ered, which limits the capability of impulse generation.

3) Demonstration of the feasibility of the selected hybrid
circuit with the scaled-down experimental prototype.

4) Verification of performance of this integrated hybrid
configuration at full-scale HV level with a MATLAB-
Simulink simulation model.

The rest of this article is organized as follows. Section II
goes in-depth about the HV AWG application and clarifies the
design requirement for the hybrid configuration of the MMC
and Marx generator. Later, three possible hybrid configura-
tions are compared in Section III, where the most optimal one
is chosen to generate complex wave shapes. Next, Section IV
analyzes different design tradeoffs to select system parame-
ters for optimal performance of the hybrid circuit. Here, an
important interaction between the MMC and Marx generator
is observed, which can limit the impulses for different rise
and tail times. The performance of the design is demonstrated
with a scaled-down prototype with two submodules per arm in
Section V. Additionally, the HV design of the integrated
hybrid configuration is verified with MATLAB-Simulink sim-
ulations in Section VI. Finally, Section VII concludes this
article.

Il. FUNDAMENTALS OF HV TESTING APPLICATION

Before integrating the power grid equipment into the grid,
they are tested to determine the mechanical, thermal, and
dielectric properties for reliable operation. HV tests are used
to determine the dielectric properties such as the dielectric
strength, partial discharges, and dielectric losses of MV and
HV insulation materials [16]. Power grid HV equipment and
their HV testing have a long history of more than one cen-
tury [17]. Organizations such as IEC and IEEE standardize
these test procedures for particular voltage classes. As per
the standard [18], MV equipment has operating voltages of
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1-36kV, and they need to be tested for higher voltage such
as 100kV for sinusoidal waveform and 250kV for LI. The
HV equipment ranges from 36 to 150 kV and needs extra-HV
levels for the test.

Figs. 5-9 show pictures of the most commonly certified
MYV power grid equipment, i.e., circuit breaker, distribution
transformer, cable, and instrument transformer. Instrument
transformers can be of two types, i.e., potential transformer
(PT) and current transformer (CT). These figures show the
construction details of the equipment mentioned above with
simplified diagrams of how HV tests are performed, especially
about the applied HV potential and grounding parts. Addition-
ally, the equivalent dielectric capacitances affecting the tests
are shown. There is a significant difference between a distri-
bution transformer and an instrument transformer (PT and CT
both) regarding its construction and operation [19]. Hence, the
dielectric tests performed on the distribution transformer and
PT are different in their test circuit, as shown in Figs. 6 and 8.
Though the test connections are the same for the distribution
transformer and CT, there is only a single turn in the primary
winding of a CT with a toroidal core [20] instead of a standard
E core in the distribution transformer [21].

The capacitance range for the previously mentioned equip-
ment is given in Table 1. In the EU, these MV equipments are
tested according to the IEC standards [26], [27]. These tests
consist mainly of sinusoidal and LI test waveforms [6]. Here,
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TABLE 1. Typical Range of the Equivalent Capacitance of Dielectric
Insulation Materials

Vacuum Circuit Distribution AC Instrument
Breaker [9] Transformer [9] Cable [30] Transformer [31]

C(a)=50 pF C(HG)=12-16 nF  C=1-10 nF C(PT)=1 nF

C(b)=50 pF C(LG)=19-26 nF  length=10m  C(CT)=0.25 nF

the sinusoidal waveform has 50 or 60 Hz grid frequency, and
the LI is a steep impulse, as described in the introduction. The
power frequency tests of MV class equipment are conducted
at a higher voltage than the rated voltage of the equipment
due to the different switching transients [16]. For example, a
3kV equipment will be tested at 10kV, and a 36kV rated
equipment is tested at 70-80kV [28]. In some cases, the
manufacturer or owner of the device under test (DUT) can
customize a test that demands a higher voltage than the stan-
dardized value to test the limits of their equipment.

Similarly, the LI is tested at 6 to 7 times higher voltage than
the rated voltage of the equipment, depending on the voltage
class of the equipment. For example, a 36 kV transformer will
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be tested with 170-220 kV LI [28]. Considering the margin in
the HV requirement, the choice of 100 and 250kV is done for
the periodic waveforms and impulse waveforms, respectively.
Hence, the LI waveform shown in Fig. 4 has a peak amplitude
of 250kV. Here, it is important to highlight that both positive
and negative polarity LI needs to be applied to the HV equip-
ment, and the test sequences for the particular equipment are
given in their respective IEC standard such as [18], [26], [27],
and [29].

Similar to the MV equipment, HV equipment is tested with
power frequency and LI, with much higher voltage ampli-
tudes. Additionally, HV equipment needs to be tested with
the SI waveform and superimposed waveforms, as shown in
Fig. 1(c) and (d). As mentioned, these two superimposed
waveforms are simplified equivalents of other transients in the
ac and dc grids. Generally, the transient happens while the HV
components work at their rated voltage. Hence, the transient
voltage gets added to the ac or dc voltage. It significantly
affects the insulation strength of the HV equipment when
subjected to the waveforms shown above. The first waveform
in Fig. 1(a) is a transient waveform experienced by the 380 kV
rated cable when a circuit breaker is operated in one of the
sections of the Dutch transmission network [32].

Additionally, the HVdc cable in a symmetric monopole
HVdc system needs to withstand transient for a few tens of
milliseconds since the dc side circuit breaker is not present [4]
and the resulted transient is shown in Fig. 1(b). In this figure,
the base voltage is 350 or 550kV. Both these complex wave-
forms are SI-based with a dominant frequency of a few kHz. It
is important to highlight that the effect of SI waveform is more
severe in HV equipment compared to LI, considering they are
more frequent and severe in their effect on the insulation [3],
[33]. SIs can stress insulation materials differently from light-
ning, potentially causing localized stress concentrations and
insulation breakdown [34], [35]. As voltage levels increase,
standards evolve to reflect HV equipment’s specific challenges
and requirements [5]. However, MV equipment is tested with
only LI rather than both (LI & SI) waveforms since the LI
waveform affects the insulation more severely. Hence, it is
important to include the LI capability in the MMC-based HV
AWG to test the worst-case scenario and understand the effect
of such a steep pulse on the HV insulation, as studied in [3]
and [5].

Apart from these equipment test levels, it is important to
test the insulation material properties as the frequency inject-
ing into the grid is increasing significantly [36], [37], [37],
[38]. Hence, the capability of generating LI and other short
impulses from the MMC-based HV AWG can be added by
integrating it with the traditional Marx generator circuit. Im-
pulses with a rise time of more than 100 ps can be directly
generated from the MMC-based HV AWG, including SI. Con-
sidering the arm current flowing through the switches during
steep rising impulses, this limit is set. However, when the rise
time is increased from 1.2 to 100 ps, the current peak shown
in Fig. 4 is reduced 100 times. With the current peak reduced
to roughly around 17 A, discrete switches with 5-9 A can be
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FIGURE 10. Summary of additional capabilities offered by the MMC-based
HV AWG.

chosen since they can withstand 2-3 times higher current than
rated values [14]. Fig. 10 summarizes the additional capa-
bilities offered by this new HV test source compared to the
conventional HV test source circuit.

The traditional superimposed circuit in Fig. 2 from the
IEC-62895 standard [5] can add an impulse waveform on a
sinusoidal or dc waveform. However, the MMC-based HV
AWG can generate other high-frequency harmonics in the
transient voltage stresses experienced by different HV equip-
ment with the limited rise time possible. The integrated hybrid
circuit combines the capability of an MMC-based HV AWG
and a Marx generator, making shorter impulses like LI pos-
sible. This article focuses on the hybrid circuit design and
generation of the complex wave shapes from Fig. 1(a) and
(b) with LI and the two conventional test waveforms shown
in Fig. 1(c) and (d). Though the HV equipment experiences
these superimposed waveforms, the capability of the MMC-
based AWG is showcased with 100kV output voltage in the
MATLAB-Simulink simulation with the largest load capaci-
tance of 10 nF.

IIl. SCHEMATICS OF DIFFERENT HYBRID
CONFIGURATIONS

Fig. 2 shows the IEC-recommended circuit for generating
the superimposed waveforms. Similarly, the MMC and Marx
generator circuits can be connected in parallel across the load
capacitor, as shown in Fig. 11(a). It includes the complete
schematic of the MMC-based HV AWG and a single stage of
the impulse generator. Additionally, some coupling elements
are necessary to protect two different circuits from each other.
From the schematic of this hybrid circuit, it is clear that both
test sources need capacitor-based dc input sources. Consid-
ering the high cost and large size of the HVdc source and the
HV capacitors, two possible integrated hybrid circuits are pro-
posed in Fig. 11(b) and 11(c). In these proposed schematics,
the dc input side of the Marx generator and the MMC-based
AWG are combined. An added benefit of the proposed circuit
is the reduced preparation time for the superimposed test.
It removes the need to move different equipment and test
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objects from one lab section to another, which can be crucial
in commercial testing.

The two proposed integrated hybrid circuits are quite sim-
ilar, except Fig. 11(c) has an additional capacitor (Cs). From
the basic understanding of the Marx generator circuit, the in-
put capacitor gets entirely discharged into the test object [16].
It means that the dc link capacitance (Cq4c) from Fig. 11(b)
will be discharged after one impulse, which is not suitable for
the proper operation of the MMC-based HV AWG. Hence,
Fig. 11(c) has an additional capacitor Cg, which does not allow
the Cqy. capacitor discharge during the impulses by charging
up the C; capacitor negatively. This means that the voltage
combined from Cg4. and Cg will be zero, keeping the working
principle of the Marx generator circuit intact. The following
section outlines the design guidelines for the third circuit. It
is essential to highlight that the design of the hybrid circuit in
Fig. 11(a) and (c) is the same except for the additional design
requirement for the dc side for the later circuit.

IV. DESIGN GUIDELINES

Though the design guidelines of the MMC-based HV AWG
and Marx generator are known, the two test circuits are cou-
pled with each other using two coupling elements. The first
one is the parallel resistor (Rp) connected just before the load
capacitor, and it protects the HV AWG during the impulse for-
mation from high currents. The second element is the coupling
capacitor (Cy), which protects the impulse generator from the
HV AWG test source by blocking low-frequency waveforms.
Instead of the coupling capacitor, it is possible to use a spark
gap as a protective element. However, a capacitor offers more
reliable operation compared to the spark gap [39]. Note that
the design recommendations of the two additional parameters
above are common for both traditional and integrated hybrid
circuits. Moreover, the source capacitor (Cs) is added in the
integrated hybrid circuit, which helps to maintain the voltage
across the split dc link capacitor (Cq.) during the impulse
formation.

The design of the source capacitor can be derived from the
Marx generator design guidelines [40]. However, it affects
the dc side input of the MMC-based HV AWG. Hence, it is
essential to study its effect on the regular operation of the
MMC-based HV AWG. With these additional elements and
the involved coupling of two circuits, the design of such an
integrated hybrid circuit needs to be carefully done analyti-
cally, with a simulation model and experimental setup. For
simplicity, the analytical study of the integrated hybrid circuit
is divided into three parts, i.e., the Marx generator side, MMC
side, and the coupled circuits, and each part is elaborated in
the following sections.

A. FROM MARX GENERATOR SIDE

Fig. 12 shows the schematic of the equivalent Marx generator
circuit adapted from the integrated hybrid circuit. Here, the
dc side input capacitor (Cp) is a series combination of two
capacitors Cg and Cg4. and the load capacitor (C») is also a
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series combination of two capacitors C, and Cjpaq. In this
circuit, the impulse waveform is formed by subtracting one
exponential function from another, as shown in Fig. 13. Math-
ematically, the impulse waveform is represented in (1), where
the relationship of the circuit parameters (R¢, Ry, C1, and Cy)
to the time constants («; and «) is shown from (2) to (5) [40].
The first exponential function (e~*’) dictates the tail time
of the impulse, and the second exponential function (e~*?")
decides the front time of the impulse. The rise time and the
tail time of the impulse can be altered using the front resistor
(R¢) and the tail resistor (Ry), respectively. Here, Vy, is the
magnitude of both of the exponential functions, and the V, is
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TABLE 2. Relationship of Time Constants of Impulse Waveforms to o,
and oy

Impulse Waveform aqg (us)  asg (us)
Lightning Impulse (1.2 ps/50 ps) 68.2 0.405
Switching Impulse (250 us/2500 us) 3155 62.5
1
b= )
RyR,C1C
k=RrCy )
Vo
Vn=——. (0)
k(orz — o)

Though it is evident that the time constants («; and o) in
the exponential functions dictate the rise time and tail time of
the impulse waveforms, the relationship is irrational, and its
relationship is computed numerically, as done in [40]. Table 2
shows the relationship between the most common impulse
waveforms in the HV testing. Based on these values, the front
resistor and tail resistor can be calculated from (7) and (8) for
the given values of capacitances (C; and C,). The square-root
term must exceed zero to obtain real values of the front and
tail resistors. Hence, this puts a maximum condition on the
ratio of C; and C, capacitors for real values of front and tail
resistors, and it is shown in (9).

o 11
s = f[ (a " a—z)
1 1\> 4
_/(_+_> Haro] g
o] o ajoaCr
S
2Ci +CG) N1 o
1 1\?> 4G +6)
* \/(06_1 * 06_2) e } ®

R
ﬂ<(a1 012).

C, T dajan

Ry =

€))

The most important criterion for creating design guidelines
for the Marx generator is its voltage efficiency (1) of the
generated impulse waveform. Fig. 13 makes it clear that the
peak of the impulse waveform (V) will always be less than
the charged voltage (V) of the input capacitor. However, it
is possible to obtain a higher voltage by having the Marx
generator with multiple stages. Here, the voltage efficiency (1)
is defined as the ratio of V, to Vy, for the single-stage Marx
generator. The magnitude of Vj, can be obtained by finding
the maxima of expression (1), and this leads to the efficiency
expressions, as shown in (10) [40]. If C; > Cy and ap >> «j,
the efficiency expression can be simplified, and it is shown in
(11). This means that the ratio of C; and C, should be as large
as possible to obtain HV efficiency. However, it should be less
than the value calculated in (9) to obtain the real values of the
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front and tail resistors for the given impulse waveform
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B. FROM MMC SIDE
Considering the complex topology of MMC, it is essential to
simplify the MMC circuit into an output current circuit and a
circulating current circuit [4], [41] to study its coupling with
the Marx generator. Here, the output current circuit dictates
the waveform generation capability of MMC, and it is adapted
when integrated with the Marx generation in Fig. 14. Apart
from the usual output current circuit (vg, Ry, Ly, and Cjpaq), it
has three additional elements, which are the parallel resistor
(Rp), the coupling capacitor Cp, and the tail resistor Ry,. All
three are affecting the regular operation of the MMC-based
AWG. Hence, their selection must consider the following
three conditions.

1) The transient current is limited within the permitted
range of the switches and other passive elements during
the superposition of the impulse waveform.

2) The continuous arm current values need to be less than
5 A considering the rating of the designed switches.

3) The output voltage should not be dropped more than 1%
due to the increased load to the MMC.

4) The normal operation of MMC needs to be restored, like
balancing SM capacitor voltages and quality of output
voltage waveform.

As explained earlier, the parallel resistor (Rp) is added
before the load capacitor to protect the MMC from high tran-
sient currents generated when the impulse is superimposed on
the arbitrary waveform. However, the equivalent circuit from
Fig. 14 shows that the parallel resistor is in series with the
arm resistor (R,). Instead of adding a separate resistor, the
arm resistors can be used to protect the MMC from transients
generated during impulse formation. This reduces the require-
ment for an additional HV resistor. Hence, the arm resistor,
apart from damping the resonance in the MMC-based AWG,
is designed to limit the arm current transient that occurred due
to the sudden change in the output voltage (v,) during the
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superposition of LI. As per the transfer function of the output
current circuit of the MMC from Fig. 14, the minimum value
of R, to avoid undesired oscillations is defined in (12) [4].
It considers only the load capacitance instead of the series
connection of two capacitances, as shown in Fig. 14 since the
former case is more severe and needs a higher value of R, to
avoid oscillations during the impulse formation. Second, the
resistance limits the peak current, and its magnitude can be
estimated using the following expression (13). Additionally,
the large arm inductor value reduces the di/dt on the switches,
as shown in (14).

R > [(3Le (12)
‘= Cload
\%
Ty = R—P (13)
iau,l
g:w/(t). (14)

The effect of the added load (Cy and Ry) on the MMC can
be studied by finding its transfer function, and it is shown
in (15)—(17). This transfer function clearly shows that the
load has changed the typical second-order low-pass filter with
two poles to a system with three poles and one zero. From
the bode plot of this transfer function, the magnitude at the
reference frequency of the MMC should be checked so that the
voltage drop across the load of the MMC can be determined.
Moreover, this added load affects the continuous arm current
flowing through the MMC. The value of the coupling capac-
itor should be much higher than the load capacitor to obtain
a higher voltage drop across Cjpaq compared to Cy. However,
it can overload the MMC, affecting the output voltage peak
and drawing excessive current from the MMC. Assuming the
value of Cy, is much larger than Cjyag4, the value of the coupling
capacitor dictates the current flowing from the arm current
(I, = VawCyp/2). This current consumption should be kept
within 5 A, considering the design specification of the test
source. Generally, the chosen value of Ry, is significantly less
compared to the impedance of the capacitor.

Valsl 2(CpRps + 1) 0s)
Vils] ~ CpCiLaRys® + ps* + gs +2
P = ((CoadRaRy + La)Cp + CioadLa) (16)
q = ((Ra + 2Rp)Cp + CoadRa). (17)

The equivalent load of the MMC-based HV AWG is capac-
itive. Hence, there is no significant active power transfer in
the MMC, with the average circulating current being zero [4].
Additionally, the output current requirement is not high (less
than 5 A). Hence, the SM capacitor voltage balancing can
be maintained with the phase shift carrier (PSC) modulation
technique since it inherently uses the SMs evenly [42]. A
similar principle is applied in this case since the value of the
tail resistor is low.
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FIGURE 15. Coupling with integrated hybrid circuit.

C. COUPLED CIRCUIT

Fig. 15 shows the output current circuit and circulating current
circuit of the MMC together with the Marx generator circuit
and the coupling elements. The coupled circuit is analyzed
from the dc side in the following sections. The Marx generator

circuit design is revisited while considering the influence of
the MMC branch (L, /2 and R, /2).

1) INPUT DC SIDE

The input dc side is the same for the two test sources for the
integrated hybrid circuit. Hence, it is essential to look into the
design of the dc link capacitors (Cq4.) and the source capacitor
(Cs). The dc link capacitance value should be as large as
possible since it maintains the dc link voltage and generates
proper bipolar waveforms without any offset in the MMC
output voltage. However, as the dc link voltage increases, it
is hard to obtain capacitors with more than a few hundred
nanofarads commercially. These dc link capacitors provide
the continuous arm currents (iy, = ic +1s/2 & i5/2) for the
MMC, and it acts as a dc source to charge the Marx generator
capacitor (Cg) with the impulse current (i;). The value of this
dc link capacitor can be decided based on the allowed voltage
ripple due to the continuous MMC arm current (dvy) in (18)
and due to the very steep impulse (dv,) in (20). The value of
Cs should be chosen based on the ratio required for the better
efficiency of the Marx generator, as shown in (9).

1

= = 18
de 4 fdvy 2 (18)
Iy = mgVyem fCyp (19)

1 500 ps
dc = — ijdt. (20)
dvz 0

2) MARX GENERATOR WITH MMC

Fig. 15 shows the complete coupled circuit where the MMC
branch (L;/2 and R,/2) is connected parallel to the load
capacitor (Cjoaq). This inductive load changes the behavior of
impulses generated with the hybrid circuit of the MMC and
the Marx generator. Note that the switching element (vs) of the
output current circuit is not considered in this analysis since it
does not affect the dynamics of the Marx generator working in
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ps range and assuming the superposition principle of circuit
analysis. Generally, the superimposed circuit discussed in [3]
and [5] does not have this effect since the transformer or HVdc
source has a large impedance, reducing its effect on the Marx
generator. However, the arm inductor present in the MMC is
finite, and it cannot be increased unlimitedly since it decides
the output voltage characteristics of the MMC.

Though the equations from (1) to (11) give an excellent
understanding of the Marx generator, it is important to analyze
the updated circuit under the influence of the MMC branch, as
shown in Fig. 16. The influence of the added MMC branch can
be studied by calculating the equivalent parallel resistor (Req)
and equivalent load capacitor (Ceq) for a particular frequency
considering the impulse rise time or tail time from (21) and
(22). The equivalent circuit can allow using the same equa-
tions to determine the front and tail resistors, as shown in (12)
and (13) with updated Marx generator parameters

Req = (CHL2 w* +2C,Ciouald w' + Clgld w*
+ CoR; w? + 2C,CioaaR;, w* + CipR; w?

— 4C,Lyw? — 4CiogaLaw’ + 4) [2C2 R (21)

Coq = (Cb (CbcloadLg w + Cale w* + CyCloaaRy w?
+ €2 R w? — 2CLaw? — 4CigpaLaw? + 4))
[(CRL2 w* +2C,Cionald w* + Cgl2 0
+ C2R2 w* + 2C,CioaaR> w?
+ €2 4R w? — ACyLaw? — 4CigaaLaw? + 4). (22)

The equivalent circuit mentioned above gives the correct
impulse waveform across the equivalent load (Req & Ceq)
and not across the actual load. Hence, the voltage across the
actual load (v,) needs to be derived from the voltage across
the equivalent load (vj). The voltage across the actual load
is derived first in the Laplace domain and then in the time
domain from (23) to (27). Here, it is important to highlight
that the time domain equation in (26) has another exponential
term with o3 time constant, and its value is dictated by the
MMC parameters (R, and L,) and load parameters (Cjoag and
Cp). Hence, the relation between time constants and impulse
parameters shown in Table 2 is not valid anymore. Depending
upon the MMC parameters and load parameters, the required
a1 and op will differ, ultimately changing the choice of Ry
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FIGURE 17. LI waveform when generated from integrated hybrid circuit.
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Fig. 17 shows the influence of the third exponential func-
tion on LI generation with circuit parameters as R; = 700 €2,
L, = 6 mH, C, = 1 uF, and Cjp,g = 100 nF. Though the mag-
nitude of the exponential term with o3 time constant is not
high, it impacts the tail time of the LI by reducing its value,
and it adds a slight negative overshoot to the LI. Since the time
constant of the third exponential function is much higher than
the rise time of the impulse, it does not affect it. Hence, it is
crucial to choose the MMC and load parameters so that rise
time is not affected. Additionally, this third exponential limits
how much tail time one can obtain with the given MMC and
load parameters. For example, the time constant of the third
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Given: Load Capacitor
(Cloaq) and impulse

information

Decide Coupling
Capacitor (C,>C\y,9)
Decide DC link Capacitor
(As high as possible>Cp>Cpc min from Eq. 18 to 20)

Decide the Source Capacitor
(C, from Eq. 10 to 11 to get high voltage efficiency)

v

Decide MMC parameters
(L, fromEq. 14 & R, fromEq. 12 & 13) Yes
(Check the transfer function from Eq. 15)

Decide oy, 0,, a3 to obtain

if the a3 is clo

to the tail time
of impulse

desired impulse
shape from Eq. 26 numerically

Calculate R¢ from Eq. 7 with
chosen ay, 0, C; = Cg series

Cpc and Cp= Cy, series Cygaq

Calculate (Ry, || Reqy) from Eq. 8 with
chosen ay, ay, C; = C series Cpc,
C2:Ceqv (Eq. 22)
Calculate Ry, based on Regy (Eq. 21)

FIGURE 18. Parameter design procedure for the integrated hybrid circuit.

exponential with the above-mentioned circuit parameters is
376 ps, and it is already not possible to obtain a tail time of
more than 130 ps. The increase in the Ry, has little influence
on the tail time after this limit. It is important to choose the
arm resistor that damps the resonance properly as per (12) for
the above-derived equations to be valid. Fig. 18 summarizes a
stepwise procedure for choosing the system parameters of the
integrated hybrid circuit.

D. NEGATIVE IMPULSE

Generally, in the traditional Marx generator circuit, the nega-
tive impulse is generated by charging the input side capacitor
to a negative voltage [16]. In the integrated hybrid circuit,
the negative impulse is generated using the bottom dc link
capacitor since it is negatively charged. The schematic of an
integrated hybrid with negative impulse capability is shown in
Fig. 19. Physically, the source capacitor’s power connection
must be changed from the +dc side to the -dc side capacitor.
Moreover, the current direction is reversed since the negative
impulse will generate current to flow from the load to the
source. The other working principle of the integrated hybrid
circuit remains the same as the positive impulse circuit with
the current reversal.

V. SIMULATION AND EXPERIMENTAL RESULTS

The concept of the integrated hybrid circuit and the above-
discussed analysis are validated with MATLAB-Simulink
simulations and experimental results with a scaled-down pro-
totype. The output voltage of 100kV is scaled down to 150V,
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FIGURE 20. Scaled down experimental setup.

where the dc link voltage is 300 V with two submodules per
arm. The 10 nF load capacitor is a worst-case scenario for LI
waveform generation. However, for the scaled-down proto-
type, a higher value of the load capacitor of 100 nF is chosen
to demonstrate the design of the integrated hybrid circuit since
few submodules are present. For the given load capacitor, a
coupling capacitor of 1 uF is used to get 90% of the impulse
voltage across the load. The dc link capacitors for the Marx
generator circuit are fixed to a significantly high value of
220 pF. For the source capacitor, 1.1 pF is chosen to obtain the
voltage efficiency as high as 92% as per (11). Since there is a
voltage drop across the coupling capacitor, the obtained effi-
ciency will be around 82%. For the MMC, an arm inductance
of 6 mH is selected, which imposes the arm resistor to be more
than 698 €2 for an overdamped system. With the availability of
a resistor in the ESP lab of TU Delft, an arm resistor of 750 2
is added in the MMC to damp oscillations and to limit the
transient in the arm current.

By following the procedure summarized in Fig. 18, the
front resistor and tail resistor are calculated to be 5.1 and
79.7 Q, respectively. However, based on the availability of
resistors, the closest values of 5.45 and 76.7 Q2 are prepared
for the hardware. These system parameters are summarized
in Table 3. Additionally, Fig. 20 shows the scaled-down pro-
totype used for demonstrating the experimental results. It is
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FIGURE 21. Positive LI superimposed on 50 Hz Sinusoidal Waveform. (a) Output characteristics. (b) Arm currents. (c) Submodule capacitor voltages.

TABLE 3. System Parameters of the Scaled Down Prototype

No. Description Label Value
1. DC link Voltage Vpc 300V
2. Output Voltage Va 150V
3. Number of Submodules N 2
4. Modulation Index my 0.9
5. Submodule Capacitance Cs 75 uF
6. Arm Resistor Ra 7502
7. Arm Inductor La 6 mH
8. Load Capacitor Cload 100 nF
9. Coupling Capacitor Cy 1pF
10. DC link Capacitor Cpc 220 uF
11. Source Capacitor Cs 1.1pF
12. Front Resistor Re 5.45Q
13. Tail Resistor Rn 76.7Q
14. Switching Frequency Fy 10.004 kHz
15. Sampling Frequency Fsamp 50kHz

TABLE 4. System Parameters of the HV Simulation Model

No. Description Label Value
1. DC link Voltage Vpc 200kV
2. Output Voltage Va 100kV
3. Number of Submodules N 67
4. Modulation Index may 0.9
5. Submodule Capacitance Cs 75 uF
6. Arm Resistor Ra 5k
7. Arm Inductor La 9mH
6. Load Capacitor Cload 10nF
8. Coupling Capacitor Cy 100nF
9. DC link Capacitor Cpc 5uF
10. Source Capacitor Cs 100 nF
11. Front Resistor Ry 51Q
12. Tail Resistor Rn 13182
13. Tail Resistor Ry 76.7Q
14. Switching Frequency Fs 50.004 kHz
15. Sampling Frequency Fsamp 10 MHz

essential to highlight that all components of the Marx gen-
erator circuit are connected with the least possible wiring to
avoid stray inductance, limiting the overshoot in the LI [34].
Also, a discrete TO-247 SiC MOSFET (H090) is implemented
instead of a spark gap to demonstrate the idea of the integrated
hybrid circuit. The chosen switching frequency for the MMC
is much higher to remove all the switching harmonics since
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low submodules per arm are present. All selected parameters
are displayed in Table 3.

Fig. 21 showcases the LI superimposed on a 50Hz si-
nusoidal waveform where the MATLAB-Simulink simula-
tion results match well with the experimental results. Here,
Fig. 21(a) displays the output voltage and current. The LI is
superimposed on the sinusoidal waveform at 0.01 s, where the
current through the test object is raised as high as 17 A in
the experimental work to 22 A in the simulation results. The
amount of current is reduced in the experiment considering
the higher resistance and non-ideal nature of switching. The
rise time and tail time of the obtained LI are 1.0 and 48 ps,
respectively. The rise time and tail time are calculated based
on the IEC standard (IEC60060-1) [6], and the obtained values
are within the tolerances mentioned in the standard. Since
the implemented tail resistor is slightly less than the designed
values, the obtained tail time has a small error.

Additionally, the magnitude of LI is 115V, which gives a
voltage efficiency of 77%. This value is less than the designed
value of 82%, considering the efficiency estimation is done
with an approximate formula. Fig. 21(b) shows the arm cur-
rents and the transient current occurring at the superposition
of impulse is well within the limit of the switches, and the
peak of the transient current is the same as that of the estimate
in (13). Lastly, Fig. 21(c) shows the average submodule ca-
pacitor voltages. The ripple waveform matches well from the
simulation to the experimental results with an offset in their
average voltages. It can be attributed to the higher arm resistor
in the experiments. In this figure, the LI is superimposed on
the positive peak of the sinusoidal. However, the time instant
where the impulse is superimposed can be varied by changing
the offset of the gate pulse sent to the switch.

Fig. 22 shows the positive LI superimposed on three other
arbitrary wave shapes, where the output voltage, output cur-
rent, and the submodule capacitor voltages are shown. First,
Fig. 22(a) displays the superposition of positive LI on the
negative dc waveform for the duration of 2 ms. The second
waveform in Fig. 22(b) is the transient waveform containing
50Hz sinusoidal and higher harmonics. At last, Fig. 22(c)
shows the unipolar complex waveform with LI at the 0.02s
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FIGURE 23. Negative LI superimposed on (a) 50 Hz sinusoidal and (b) negative dc waveform.

time instant. For the unipolar waveform like in Fig. 22(a)
and (c), the submodule capacitor voltages are shown only
for the time interval of the output voltage waveform. These
waveforms are not continuously generated like sinusoidal, but
they are generated as a single shot. Because the submodule
capacitor voltages start to get unbalanced with its continuous
generation, mainly due to just two submodules per arm. The
generation of unipolar waveforms needs further work to invent
a proper control methodology using Full Bridge topology,
which is out of this article’s scope. Fig. 23 displays the re-
sults when negative LI is superimposed on sinusoidal and
dc waveforms. As discussed in the last section, the working
principle of the negative impulse generation is the same where
the current direction is reversed.

VI. HV SIMULATION RESULTS

This section demonstrates the performance of the integrated
hybrid circuit with 200kV DC link voltage and 10nF of
load capacitor. This study is critical to verify if it is possible
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to choose system parameters at HV and achieve the super-
position of LI without affecting the MMC. Similar to the
scaled-down prototype, the coupling capacitor is first chosen
as 100 nF considering the 90% voltage drop across the load
capacitor. The dc link capacitor at HV can not be very high,
and it is chosen based on (18)—(20) to keep the voltage ripple
within 2%. The additional source capacitor is chosen to be
500 nF to obtain the voltage efficiency high in the range of
95%. For HV MMC, the arm inductance and the arm resis-
tor are chosen to be 9mH and 5k<2. For the LI generation,
the front and tail resistors are calculated by following the
flowchart summarized in Fig. 18, and they are 51 and 1318 €.
Note that the selected resistors with high values are available
commercially for this specific application of the impulse gen-
eration in [43]. All the system parameters used for performing
HV simulations in MATLAB-Simulink are summarized in
Table 4.

The MATLAB-Simulink simulation results with the pa-
rameters mentioned above are shown in Figs. 24 and 25

181



GANESHPURE ET AL.: DESIGN OF INTEGRATED HYBRID CONFIGURATION OF MODULAR MULTILEVEL CONVERTER

Voltage across the Test Object 50

200

B
Z100
)
)
3 d100;
2
100
0 0005 001 0015 002
Time(s) | 5
Current through the Test Object *[|
Z1sF T o
< =T 05 0 005 0.1 015 02
i o Time (5) v
£o0s 001 nm(n)m(‘umz DC link voltage bean
- | ! Vocawn
] = S n
0 0005 001 0015 002 Z
‘Time (s) 3
Arm Current PR
z —— Upper Am s
e Lover Am = o
E o fp———————y
H 0 005 o1 o1s 02
S0 Time (5)
0 0005 001 0015 002
Time (5)
(@
 Voltage across the Test Object 0
E =0 Submodul itor vol
) o ubmaodule capacitor voltages —— Ul
Y ubmoctle cip : AR
g 100t = —
= o 3T0.52 z A
Za00 ! T i i T e ———uA6T
0 os 1 s 2 25 3 §298 —Lal
Time (ms) E LA2
Current through the Test Object 1.5 s ——Las
Zis ] o s
< s 0 05 115 2 25 3
! o ‘Time (ms)
£os 05 o0si 1(» 5 . DClink voltage
S0 = - —
[ 1 152 25 3 Z pCup
e (ms < —— ]
%100 1
Z 0 2
z =
50 9%
£ 0 05 1 15 2 25 3
0 Time (ms)
Voltage across the Test Object 160
Zi0 —= " T
2 Submodule capacitor voltages ——UAI
g, 0 302 uA2
E 0010100101002 s UAs
s Z 30
im0 1‘ H e
0 0005 001 0015 002 0025 003 B298 LAl
Time (s) E LA22
, _Current through the Test Object 2 229 ——LA44
z’ i 204 — e
el — 0 005 0.1 015 02
0 0 Time (s)
£ 001 001001041002 DC link voltages Ca
i 102 .
S0 -
0 0005 001 0015 002 0025 003 Z
Time (5) < 100
Arm Current &
_ per A E]
Zn —— Lover Am I
g0
£ 0 005 0l 015 02
S0 Time (5)
0 005 001 _00Is 002 005 003
©
Voltage across the Test Object 140
150 120
Z " . .
<100 e Submodaule capacitor voltages Al
& 60 e ——uAR
250 10 Zs ——vAu
3 001 00100101002 230 UAGT
0 g298 ——rLal
0 002 004 006 008 01 Ei
Time (s) 3 206 LA22
Current through the Test Object | 5 = ——LAs
P T T - 204 ——LAG67
35 I 0 002 004 006 008 01
z 1 R 05 Time (s)
: - 0 : JR—
gos 001 " DC link voltage bcap
5 01 y 102 Vie
3, _ frorey
o~ om oo oo o o1 Z
Time (s) < 00
Arm Currents &
20 [ J— o I
EK)
£ ' 0 002 004 006 008 o1
5
S0 Time (s)
0 002 003 006 008 01

Time (s)

(d

FIGURE 24. Positive LI superimposed on (a) 50 Hz sinusoidal. (b) Negative
DC. (c) 50 Hz sinusoidal and higher harmonics. (d) Unipolar complex
waveform.

with positive and negative impulse generation. These figures
include information about the output voltage, output cur-
rent, arm currents, submodule capacitor voltages from the
selected submodules (UA1, UA22, UA44, UA67, LA1, LA22,
LA44, and LA67), and the voltage across the dc link ca-
pacitor voltage. It is essential to highlight that the choice
of arm resistor is sufficient, and it limits the transient arm
current to 13 A. Most semiconductor devices can handle a
pulse current of 2-3 times higher than the rated values [14].
Even though this creates a large pulse voltage of 65kV, it
is possible to select the resistors rated for the peak value of
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FIGURE 25. Negative LI superimposed on (a) 50 Hz sinusoidal. (b) Positive
dc waveform.

voltage from the commercially available resistors [43]. Since
the arm currents are limited during the superposition, their
effect on the submodule capacitor voltages is limited for all
wave shapes. Additionally, the submodule capacitor voltages
are better balanced with dc and unipolar waveform with 67
submodules than two submodules. The generated LI has a
rise and fall time of 1.2 and 50 ps since ideal switches and
resistors are used. The obtained voltage efficiency is 77.2%,
which is the typical efficiency value with the Marx generator
circuit.

VIl. CONCLUSION

This article introduces a new configuration combining the
MMC-based HV AWG and the Marx generator to generate
fast-rising waveforms successfully since the MMC-based HV
AWG cannot generate them by themselves due to stringent re-
quirements of switch current and issues with the jitter present
in the switches. Among the three proposed configurations,
the chosen integrated hybrid circuit is studied analytically
concerning the Marx generator circuit from the MMC side and
when they are coupled together. Interestingly, the finite values
of the MMC arm inductor and arm resistor affect the Marx
generator circuit and influence impulse formation by adding
a third exponential function. This added impedance from the
MMC deviates the experimentally obtained tail time from the
standard analytical calculations of the Marx Generator and
requires a new guideline for the tail resistor selection. This ar-
ticle provides an exhaustive summary of how to choose the tail
resistor and its limitation of impulse formation. All discussed
design guidelines are verified with a scaled-down hardware
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prototype and HV simulation results. It demonstrates that the
designed system works well, giving a time-controllable LI
waveform superimposed on different arbitrary wave shapes
without the MMC getting affected by the impulse formation.
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