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Abstract—With the improvement in the power electronic
technologies, medium voltage dc (MVDC) electrical distribution
systems are being considered for on-shore and off-shore ap-
plications. These future MVDC electrical distribution systems
are expected to provide the possibility of easy interfacing of
the renewable energy sources, improving the dynamics of the
system and also help in reducing the carbon footprint of energy
sources. Modular multilevel converters (MMCs) are used in high
voltage dc (HVDC) applications and are being considered for
MYVDC applications as well. In this paper, we present an MVDC
electrical distribution system where the source converter is an
MMC and the loads exhibit bandwidth limited constant power
load (CPL) behaviour. An analysis is carried out on the dynamic
interactions between the MMC source converter and CPLs,
considering varying distribution cable lengths between the source
and the load, the filtering effort at the load end and different
loading conditions.

I. INTRODUCTION

There is an increased interest in usage of the medium
voltage dc (MVDC) electrical distribution systems for on-
shore and off-shore applications[1]-[3]. This shift towards
dc systems is a result of the improved power electronic
technologies and their wider application in the power systems.
This has also increased the penetration of the renewable energy
resources in the power system, and has opened the possibilities
to use the MVDC electrical distribution system in place of the
traditional medium voltage ac (MVAC) electrical distribution
systems. The on-shore MVDC electrical distribution systems
are expected to increase the flexibility, efficiency and reduce
the operational costs of the power system [1]. Advantages of
the MVDC electrical distribution systems for off-shore wind
farms, which highlights decrease in cost, footprint and filtering
effort, and an increase in availability and flexibility, have been
reported in [2]. Similarly, for the ship on-board electrical
power systems, the MVDC systems provide an opportunity to
increase the fuel efficiency and flexibility in the design, and
decrease the operational costs of the system and the footprint
of the installed equipment [3]. But, all of these possible
advantages come with challenges, e.g. lack of standardized dc
voltage levels, high power dc-dc converters, rectifiers, MVDC
protection components, MVDC cable technology, active and
passive filters and energy storage systems [1], [3].

Another major challenge is the stability of the MVDC elec-
trical distribution system due to the presence of the load side
inverters that behave as constant power loads (CPLs) [4]-[10].
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The impedance modeling of the dc-side of the source and the
load converters, for small signal linearization, is addressed in
[5], [6]. Additionally, the impedance stability criteria can help
in assessing the relative stability utilizing Nyquist and Bode
plots [5], [6]. This approach can also be utilized for multi-
terminal dc systems [7]. Considering these techniques, source-
load interactions for the on-board ship MVDC distribution
have been analyzed for different rectifiers and a CPL. Non-
linear control techniques and large signal analysis, to deter-
mine and ensure system stability, have also been reported for
MVDC electrical systems with buck converters connected to
CPLs [9], [10]. Modular multilevel converter (MMC), being
a state of the art technology for high voltage dc (HVDC)
applications, is also being considered for MVDC applications
as it provides higher efficiency, modularity, voltage scalability
and reduced filtering effort [1], [11]. MMC as an inverter in a
MV back to back drive, highlighting reduced filtering effort,
is presented in [12]. The impedance modeling of the MMC,
working as a rectifier in marine MVDC electrical distribution
systems, has been reported and analyzed for stability in [13].
However, the effects of the distribution cables and the inverter
filters have not been analyzed.

In this paper, an MVDC electrical distribution system, of
several megawatts (MWSs), is analyzed considering an MMC
based rectifier supplying bandwidth limited CPLs. Identifi-
cation of the possible unstable conditions and the dynamic
interactions between MMC and CPLs are performed with
linearized impedances that are measured by simulations. The
dynamic analysis considers the effect of the passive compo-
nents present on the ac and the dc side of the source converters,
cable lengths, filter on the inverter side, impact of the detailed
control of the MMC (based on [14]) and the bandwidth limited
CPL behavior of the loads. Figures of merit are extracted from
the Nyquist plots that provide insight into the design aspects
of the future MVDC electrical distribution systems.

This paper is organized as follows: Section II discusses an
MVDC electrical distribution system, which is followed by
the description of the impedance based stability criteria and
the impedance/admittance representation of the source/load
subsystems in Section III. The MMC control is explained in
Section IV, while, the dynamic stability analysis is presented in
Section V. Section VI provides the summary and conclusions.
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II. MVDC ELECTRICAL DISTRIBUTION SYSTEM

The MVDC electrical distribution systems for on-shore and
off-shore applications are expected to have their respective
attributes, e.g. different distribution voltage levels, protection
requirements, control structures, load cycles, distribution ca-
bles or overhead lines etc. In this paper, a generalized MVDC
electrical distribution system, with several MW power levels,
is presented and analyzed, as shown in Fig. 1(a). This system
consists of an MMC based supply side converter connected
to a three phase grid with rated voltage of 6.6 kV, 50 Hz
frequency and rated at 7 MVA. The dc side of the MMC is
connected, through a disconnector, to cables supplying four
loads through inverters. Each load, in this case, is considered
as a motor connected to the MVDC distribution with its own
disconnector, inverter and filter.

In general, an MVDC distribution system could be supplied
by a diesel generator set, a small wind farm or a solar farm,
but for simplicity of the analysis a three phase balanced supply
is considered. Additionally, the inverter side can be supplying
power to another grid, a data center, driving a large electrical
machine or a collection of smaller machines. These invert-
ers are usually based on multilevel voltage source inverter
topologies [16], built from high power semiconductors that are
usually switched <1 kHz to reduce switching losses [17]. In
any case, a bandwidth limited CPL behavior is characteristic
for the load side converters. The distribution system is modeled
with a single 7-section for cables, which is fairly accurate for
short cable lengths. For this study, a 12 kV XLPE MVAC cable
from Brugg Cables is chosen [18]. The system, MMC based
supply side converter, cable and load parameters are given in

Table 1.

6.6kV
50Hz
AC
MMC
|DC
MVDC }
Distribution } } } }
Inverter | | | |
Filter —— —A— —— —A—
DC DC DC DC
Inverter / } / } / }
AC AC AC

AC

(a)

Load @

Fig. 1. MVDC electrical distribution system: (a) Simplified MVDC electrical distribution system. (b) Two-port MVDC distribution system and its appropriate

TABLE I

SYSTEM PARAMETERS USED FOR THIS STUDY.

System Parameters

Rated Apparent Power 7TMVA
Rated Direct Voltage 10kV
Rated Frequency 50 Hz
Phase Reactor Inductance 1mH
Switching frequency for load inverters 1kHz
MMC Parameters
Rated Apparent Power 7TMVA
Rated Direct Voltage 10kV
Number of sub-modules per arm 10
Switching frequency per sub-module 315 Hz
Arm capacitance 0.65 mF
Arm Inductance 1mH
Arm Resistance 0.1mQ
Cable Parameters
Line Inductance 0.347mHkm ™!
Line Resistance 0.089 Qkm~1!
Line Capacitance 0.307 uF km—1!
Equivalent Induction Motor Ratings
Rated Power 6.5 MW
Rated Voltage 6.1kV
Rated Current 700 A
Rated Frequency 19Hz
Rated Speed 376 rpm
Power Factor 0.92
Parametric Variations
System Load 25% - 100%
Cable Length 10m - 1km
Inverter Filter 1mF - 10 mF

Separation into source and load subsystems

Y
AC DC
Il
I I
DC AC
MMC Z Y,
(b)
1
| I |
Zs‘
Vs Y, 1
©)

partitioning into source/load subsystems at the arrow [15]. (c) Linearized model for the stability analysis.

2680




III. SYSTEM DYNAMIC ASSESSMENT AND
IMPEDANCE/ADMITTANCE MODELING

A. Impedance Stability Criteria

The scope of this paper is to quantify the effect of the
passive components present on the ac and the dc side of
the source converter, cable inductances, filter on the inverter
side and control strategies for both source and load sides
(CPL behavior) on the possible resonances in the system and
their implications on stability. A complex system is shown
in Fig. 1(a). This system can be scaled down to a simplified
circuit like Fig. 1(b) ([5], [6]), by assuming that the loads
have similar small signal behavior, are connected to the source
with same cable lengths and that their individual non-linear
effects are neglected. A key feature of Fig. 1(b) is that it
shows equivalent source and load. For the sake of generality,
this simplified two-port system is suitable to extract figures
of merit for different load devices and their interactions with
the source. The system of Fig. 1(b), can also be divided
into different subsystems, i.e. grid, MMC rectifier, distribution
cable (represented as an equivalent 7 - section model), and
dc capacitor bank as a source, with the inverter as a load..
For impedance stability analysis, Fig. 1(b) should be further
simplified to Fig. 1(c) ([6], [15]). Fig. 1(b) shows the break
point considered for the analysis. The minor loop gain, given
in (1), is employed to plot the Nyquist contours to assess the
stability of the system under consideration.

T(jw) = Zs(jw)Yi(jw) 0

A complete system model is implemented in PLECS consid-
ering detailed control for the MMC rectifier and similarly
for the inverter driving a machine. Details of the MMC
control are given in the next section. In order to measure the
source/load impedance/admittance, a multi-tone perturbation
as current/voltage is applied at terminals and the corresponding
voltage/current is measured. The ratio of the measured signal
to the perturbation signal gives the impedance/admittance [19].

B. Load Admittance

The lumped load side considers an equivalent induction
motor drive that is controlled with field oriented control. The

—20
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—100 -
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Fig. 2. Load admittance with different loading conditions (Quarter Load and
Full Load).

parameters of the equivalent induction motor are given in
Table I. Load admittance, shown in Fig. 2, is measured for
full load, i.e. 100% of the rated speed and rated torque, and
light load, i.e. 100% of the rated speed and 25% rated torque.
The admittances show a CPL behavior for the majority of the
frequency window but changes to an inductive behavior due
to the limitations on the current control bandwidth (100 Hz).
Therefore, the motor inductances dominate the load admittance
at higher frequencies. This admittance Y;(jw) is used for for
the small signal analysis in this paper.

C. Source Impedance

While there is a large amount of work available on the
MMC converter design and operation, there are few works
on the MMC dc-side impedance modeling [13], [20]. These
works consider a rather simplified implementation of the
MMC control and do not consider surrounding equipments on
the MVDC side. In this work, we have considered a detailed
control of the MMC based on [14], which is explained in
the next section. As apparent from Fig. 1(a), the source side
impedance consists of three parts: i) grid connected MMC
rectifier, ii) cable, and iii) inverter filter. The cable and inverter
filter are passive components and play a role in shaping the
source impedance, outside the bandwidth of the control of the
MMC.

IV. MMC CONTROL STRUCTURE

The schematics of the MMC rectifier with an average
representation of its branch, used in this study, is given in
Fig. 3(a). Additionally, m-section cable model and inverter
filter are also given in Fig. 3(a). The control scheme of the
MMC converters has a cascaded nature with outer capacitor
voltage loop, acting on V., V3, and VA, and the inner
controllers are controlling the circulating currents and line
currents on the ac side. The MMC dc side impedance models
presented in [13], [20] do not model the effect of the control
of V3, and V4, but instead consider an arm energy estimator
[21]. An explanation of the control structure used in this study
is described as follows.

The detailed MMC control structure consists of the capac-
itor voltage control, circulating current control, grid current
control and phase locked loop (PLL), which are shown in
Fig. 3(b), Fig. 3(c), Fig. 3(d) and Fig. 3(e), respectively.
The capacitor voltage control has three sub-parts namely 1)
sum (ng) of and ii) difference (VCAE) of summed capacitor
voltages, and iii) dc-bus control V., as shown in Fig. 3(b). The
first control maintains the total energy of the MMC and also
ensures the horizontal balancing, while the second control uses
the differential energy control for vertical balancing. The ng
voltages are controlled in a/30-frame, with PI controllers, so
that the horizontal energy balancing «3-axes and total energy
control 0-axis can be separated [14]. On the other hand, VCA2
is controlled in abc-frame, with a P controller and matrix
M [14]. The matrix M is based on discussion provided in
[22] and its usage ensures the cancellation of the fundamental
frequency component of the circulating currents at the DC
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Fig. 3. Schematics of grid connected MMC based rectifier and its control schemes: (a) MMC based rectifier schematics and branch average model. (b) MMC
capacitor voltage controls: dc voltage control, and VCE and Vé‘ controls for energy balancing. (¢c) MMC circulating current control inspired by [14]. (d)

MMC grid current controller. (e) PLL.

terminals by introducing reactive power flows that do not affect
V/&,. Detailed discussions on these control schemes and the
required filters are provided in [1], [14]. The dc voltage control
is based on [23]. Here, the total energy stored in the internal
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Fig. 4. MMC impedance (Z ;7)) with dc voltage control and source
impedance () considering a cable length of 100 m and Cjy,y.

MMC capacitance and equivalent capacitance of the line/cable
plays role in maintaining the dc-side voltage. This equivalent
capacitance is shown as Cy in Fig. 3(a). The plant for tuning
dc-side voltage control is, therefore,

6Csub
Nsub

Here, Cy,p, is the submodule capacitance and N, is the
number of submodules'. The dc-voltage control merges with
the total energy control as it provides part of the 0-axis
reference for the circulating current references. The other part
of the circulating current references are generated through the
differential energy control. The circulating current control,
shown in Fig. 3(c), is implemented in «50-frame with PR
controllers for a-axes and a PI controller for 0-axis [14].
Here the PR regulators are tuned to fundamental, second and
fourth harmonics. The grid current control is implemented
in dg-frame with PI controllers, including axis decoupling

Ceq - Cd + = (2)

IThe value of Cy is considered as 0.225 mF for this study, but for small
cable lengths it can be neglected (Cy < Chpraner) and the equivalent internal
capacitance of MMC is enough for controlling the dc-side voltage.
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Fig. 5. Source impedance for different distribution lengths and load filters (I mF and 10 mF).
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Fig. 6. Nyquist plots for different system configurations and loadings (1 mF-Quarter Load, 1 mF-Full Load, , 10 mF-Full Load).
and feed-forward as shown in Fig. 3(d). The PLL, shown in TABLE II
Fig. 3(e), synchronizes the system with the grid frequency. The MMC CONTROL PARAMETERS.
control pzlirameters of these clontroller.s are given in Table II. Kpae 02184 AN Kigo 30576 As/V
All the different controls, being considered here, play a role Kps 0.091 A/V Kix 1274 As/V
in shaping Zysarc. An analytical expression for Zyaro is Kpa 0364 AV Ky cire 6.72 VIA
not presented here due to the complexity of the control Kicire 0672 VSIA  Kpge 0.84 V/IA
implemented in this study. Kige 0084 Vs/A K 919 IV
In addition to Zjsarc, the source impedance also has a Kipu 46 s/V

contribution from cable and inverter filter, therefore, a final
expression of the source impedance is:

Zs = (Zymmic + Ziine) || Zc 3)

Fig. 4 illustrates the impedance of the MMC with and without
the consideration of cable (100 m) and inverter filter (1
mF). The impedance of the MMC with V. control, the blue
curve shown in Fig. 4, is dominated by voltage control for
lower frequencies, i.e. 0.1-100 Hz, but for frequencies higher
than 100 Hz the internal branch inductances dominate the
impedance. The addition of line impedance and inverter input

inv

filter lead to .. In the high frequency range, the capacitive
parts of the line and the inverter filter become dominant in
the Zs shape. This is a good behavior in the sense that a
low | Zs| limits the possibility of load/source interactions in at
high frequencies. Different source configurations are defined
by varying the distribution lengths and the inverter filter,
while the parameters of the grid connected MMC rectifier are
kept constant. The variations of the parts ii) and iii) of the
source impedance are given in Table I. The source impedances
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Fig. 7. Time domain simulation for different system configurations ((a) cable length 100 m and C},, = 1 mF, (b) cable length 10 km and Cj,, = 1 mF)
and different loading conditions. The load has step changes at 3 s, 8.25 s and 13.9 s with increments of 25% till 100% load is reached.

for the different system configurations are shown in Fig. 5.
Here, as discussed earlier, it can be observed that at the
lower frequencies, the MMC cascaded control is shaping the
impedance and the lower frequency resonance is due to the
voltage control of the MMC, and is also impacted, i.e. shifted
to slightly lower frequencies by the changes in the inverter
filter, as can be seen in Fig. 5. A significantly damped second
resonance is between the line inductance and the inverter filter.
Higher cable length and filtering effort at the inverter side
shifts the second resonance, as well, to the lower frequencies.
Another pronounced effect is due to the cable resistance, which
at longer cable lengths, damps the resonance in the system and
dominates at really low frequencies, as can be observed from
Fig. 5(b) and Fig. 5(c).

V. IMPEDANCE STABILITY ASSESSMENT

The parametric variations of a possible MVDC system,
listed in Table I, are used to evaluate the stability of the
two-port equivalent MVDC system, as shown in Fig. 1(b).
According to the Nyquist criteria, the system is stable if its
Nyquist contour does not encircle the critical point of (—1,0)
[15]. A relative stability criterion, based on the inverse of the
sensitivity peak 7 is also employed here [24]. This helps in
categorizing the system into three different zones i) n > 0.5
high stability, ii) 0.1 < n < 0.5 low stability, and iii) n < 0.1
unstable. Nyquist contours for three different distribution cable
lengths are shown in Fig. 6. All the system configurations,
considered in the study, exhibit relatively high stability, i.e.
n > 0.5, except for the system configuration with cable
length of 10km and Cj,, = 1mF that shows low stability
ie 0.1 < n < 0.5. The relatively low stability is due to
the increased inductance in the system and decreased filtering
effort at the load side.

Time domain simulation, for the system configuration with
100 m cable length and inverter filter of 1 mF, is presented in
Fig. 7(a), while for the system configuration with 10 km cable
length and the same inverter filter, is shown in Fig. 7(b). It can
be seen that the predictions made in Fig. 6(a) and Fig. 6(c),

for system stability, are fulfilled and the system is stable for
different loading conditions.

VI. CONCLUSION

This paper presents an MVDC electrical distribution sys-
tem with an MMC based source side converter supplying
bandwidth limited CPLs, connected to each other through
cables. An analysis is presented that discusses the dynamic
interactions between MMC as a MVDC supply and bandwidth
limited CPLs. A detailed and realistic control is implemented
for the MMC, which includes the dc voltage control, horizontal
and vertical energy balancing, circulating current control and
line current control. It can be seen that the detailed MMC
control, the inverter filter and distribution lengths have a direct
impact on shaping the source side impedance. Low filtering
at the inverter side and high distribution lengths can slightly
decrease the stability of the system. Time domain simulations
show that the predictions made from Nyquist criterion are
accurate and that MMC as a source side converter ensures
a good system stability.
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