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Abstract— Grid-connected medium-voltage (MV) distribution
flexible ac transmission systems (D-FACTS) can be used to
perform many functions such as improving the quality of electric
power in distribution systems. This paper provides a design
methodology for a 2-MVA MV D-FACTS based on a flying-
capacitor converter (FCC) topology for three-phase four-wire 25-
kV distribution systems. By considering the breakdown and
utilization voltages of the available power modules as the main
design factor, 10-kV silicon-carbide (SiC) MOSFET half-bridge
power modules was chosen with 73% utilization factor. Then,
sizing of the flying capacitor cells, dc-bus capacitance, and output
LCL filter was performed. Thereafter, the required parts for these
components were selected to show the feasibility of fabrication.
The power losses of switching modules were investigated for one
phase of the converter. Finally, the envisioned MV-FCC functions
of compensating for three-phase unbalanced currents and
injecting reactive power complementing switched capacitor banks
are illustrated through simulations.

Keywords— Multilevel converter, Unbalanced Current Static
Compensator, 10-kV SiC MOSFET, D-FACT

I. INTRODUCTION

In general, distribution systems are used to supply different
types of loads which are divided into two main categories; three-
phase loads and single-phase ones. The latter type is mainly
composed of residential loads that change according to
consumer’s consumption and lead to unbalanced loading of
distribution systems. Load imbalances have the potential of
getting worse due to the proliferation of single-phase rooftop
solar systems. The imbalance problem worsens distribution
voltage profile as well as feeder negative- and zero-sequence
current components [1-6]. Several issues are produced by these
current components such as reduced system efficiency, neutral
conductor overloading, transformers overheating, and generated
magnetomotive force (MMF) ripples in grid-connected electric
machines [7, 8].

Shunt-connected compensators can be used to eliminate
these current components and their effects so upstream
equipment may have a balanced load. These converters are
called medium-voltage distribution flexible ac transmission
systems (MV D-FACTS) and can perform other functions like
reactive power compensation, harmonic currents mitigation,
enhancing the distribution voltage levels, and reducing the
system power losses [9-12]. There are several MV D-FACTS
topologies but multilevel converters have more advantages such
as eliminating coupling step-up transformers by connecting
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directly the D-FACTS to the distribution system, however, the
number of power devices as well as the complexity of the
converter system are increased [13].

Multilevel converters produce a multi-step voltage
waveform with controllable and variable amplitude, frequency,
and phase by connecting power semiconductors and capacitive
voltage sources properly. The number of levels of a synthesized
voltage waveform depends on the number of constant voltage
values or steps that can be produced between the output terminal
and internal reference called neutral. The four main multilevel
converter topologies are cascade H-bridge converter (CHBC),
diode-clamped converter (DCC), flying capacitor converter
(FCC), and modular multilevel converter (MMC) [13-16].

For reactive power compensation and current compensation
specifically, the CHB is not suitable for a neutral-point-clamped
(NPC) configuration as it cannot be easily configured to share
energy between the phases. The main disadvantage of DCC is
that the number of diodes increases exponentially with the
number of required levels and the conduction losses can increase
drastically as a result. The MMC is convenient due to its fully
modular nature but suffers from requiring large capacitances
(that are inversely proportional to the line frequency). The FCC
suffers from an exponential increase in the number of flying
capacitors as the levels increase, but the amount of the required
capacitance is inversely proportional to the switching frequency
(not the line frequency as in the MMC case) and the effective
switching frequency is the switching frequency of a switching
position times the number of levels minus one [17].

By using silicon carbide (SiC) MOSFETs, the switching
frequency can be significantly increased when compared to Si
IGBTSs, and thus significantly decrease both size and cost of the
flying capacitor (FC), and reduce filter requirements [14, 18].
Consequently, the FCC topology was chosen for designing a 25-
kV, 2-MVA unbalanced current static compensator (MV-
UCSC) based on SiC MOSFET half-bridge power modules; its
main specifications are given in Table I. The main functions of
this MV-UCSC are compensating for negative- and zero-
sequence currents as well as reactive power currents
complementing conventional capacitor banks. In general,
optimum design of this FCC-based MV-UCSC is a challenging
task which based on many factors like the number of voltage
levels, switching and conduction losses, total harmonic
distortion, and system complexity.

The objectives of this paper are then designing the proposed
MV-UCSC, evaluating converter efficiency, sizing the various
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components and selecting their parts. So, the remaining of this
paper is organized as follows: the design methodology of MV -
UCSC power stage is presented in section II, selection of the
components is shown in section III, different MV-UCSC losses
such as module, dc-link, FC, and output filter losses are analyzed
and calculated in section IV, simulation results of the selected
design are evaluated in section V, and conclusions and future
work are given in section VI.

II. DESIGN METHODOLOGY OF THE 25-KV 2-MVA
UCSC POWER STAGE

The neutral-point-clamped (NPC)-based FCC topology has
series-connected capacitors with two switching positions as
clamped switching cells. The voltages of both the FC cells and
dc-link capacitors are combined to form the ac output voltage
levels. The number of these levels depends on various
parameters like switching frequency, THD of the ac voltage
waveform, and system costs [14, 18]. However, the breakdown
voltage of the selected devices is considered as the main design
factor. So, the design methodology starts by selecting the
appropriate power module, and then sizing the other
components of the converter power stage (i.e., FC cells, dc-link
capacitors, and the output filter).

A. SiC MOSFET Half-Bridge Power Modules

Due to the superior advantages of SiC MOSFET, different
engineering samples of half-bridge power modules have been
characterized and investigated by both power semiconductor
companies and researchers. These samples have rated voltage
of 3.3-kV, 6.5-kV, 10-kV, and 15-kV with different current
capabilities [18-21]. Initial comparison between these modules,
which is illustrated in Table II, showed that 10-kV SiC
MOSFET half-bridge power modules offer good compromise
between system complexity and converter losses. These
modules have ideal operating voltage range from 7.2 kV to 7.6
kV and their switching frequency can be up to 10 kHz [22].

Thus, a three-phase seven-level MV-UCSC design is
proposed with one phase shown in Fig. 1. Switching positions
S1 to S12 require 6 half-bridge modules per phase. By
controlling these switching positions, a seven-level output
voltage V,; can be synthesized and can be calculated as follows:

Von = =22+ 5 x Vg + D23 [(Si=Sue) £ Vae| (1)
where Vg is the total dc-link voltage, S; to Ss represent the state
of each switching position (1 if closed and 0 if opened). Each
phase has five FC cells; C; — Cs, where C; is composed of one
FC unit, C; two FC units and so on. Under steady-state
conditions, the rated voltage of C;, C>, Cs, Cy4, and Cs should be
(16) Vae, (26) Vie, (36) Ve, (46) Ve, and (56) Ve, respectively.

B. Flying and DC-link Capacitors

After selecting the suitable power module, the minimum
required capacitance of each FC unit Cy. can be calculated using
the following equation [23]:

1 »~ 1
Cre=—1
Je AVfc Szfsw

(1—mg) 2

where AV is the desired ripple voltage across one unit, s is
the peak of the sinusoidal current, f;, is the switching frequency
of a submodule, and m, is the modulation index.

The minimum dc-link capacitance Cy. is given by [16]:

I
Cae = —=
AVgc wg

©)

where AV, dc is the desired voltage ripple of the dc bus, and
g 1s the grid angular frequency. The required capacitances of
Cqc and Cy. are shown Tables I & 11, respectively.

C. Output LCL Filter

The LCL filter topology chosen to fulfill IEEE 519
requirements offers a better decoupling between filter and grid
impedances. The parameters of LCL filter were calculated
based on the analysis presented in [24-26] as follows:

1) The filter capacitance

The filter capacitance Crdepending on the converter power
rating is chosen as a percentage of the base capacitance. This
percentage should be less than 2% to minimize the consumed
reactive power. So, Cris calculated as follows:

C. < _002Scony

f= ViLrms® wg

“)

So, Cris 170 nF at only 2% of the converter power.

2) The converter-side inductor

The converter-side inductor L. is mainly used for smoothing
the ripples of switching frequency current and is inversely
proportional to the switching frequency. It is determined using:

Table I. MAIN SPECIFICATIONS OF THE PROPOSED MV-UCSC.

Parameter Value
Rated voltage Vi, yms 25kV
Rated power Scom 2 MVA
Rated current Loy, yms 46.2 A
Grid frequency f; 60 Hz
Switching frequency f;,, 10 kHz
DC-link voltage V. 44 kV
\]?O(ljt::gr;kri(;;;l):mtance Cae at 5% 160 uF

Table II. COMPARING DESIGN PARAMETERS OF MV-UCSC USING
DIFFERENT SIC MOSFET POWER MODULES

3.3-kV- 6.5-kV- 10-kV- 15-kV-
Parameter based based based based
MV-FCC MV-FCC MV-FCC MV-FCC

No. of levels 19 11 7 5
No. of power 18x3 10x3 6x3 4x3
modules
Utilization 2.44 kV 44kV 7.33kV 11 kV
voltage (74%) (67%) (73%) (73%)
Level flying
capacitance 3 pE 2 uF Lk 0.5 uF
No. of FC Cells 17x3 9x3 5x3 3x3
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Fig. 1. 7-level MV-UCSC using 10-kV SiC MOSFET half-bridge power
modules.
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where V¢ is the voltage of first level of the MV-UCSC, Ai. the
chosen output current ripple percentage, /; the load current
rating, and f; the effective output frequency of the MV-UCSC.
The target converter-side inductance equals 3.8 mH.
3) The grid-side inductor

The grid-side inductor L, also mitigates current harmonics.
So, it is chosen to satisfy the following conditions:
_ 1

147 (1= Lec(2nferys))|

Ly=7L, (7)

Al ©

where 7 is the ratio between L and L. and Ai, is the percent
current ripple reduction of the grid-side inductor. Both
inductors should reduce the ripple of the output current to 5%
or less. The required grid-side inductance for the MV-UCSC is
then calculated iteratively in a Matlab™ script and solving for
r. For simplicity of construction and lower THD at initially
lower test currents, the L, was made identical to L. (r = I).

4) The damping resistance

The last part of the output filter is the damping resistance
which is used to reduce possible resonances and prevent system
instability. The required damping resistance R; can be
determined as follows:

1
Rf=

®)

3 WresCy

_ Lc+ Lg
Wres = [1t ©)

where @, is the angular resonant frequency for the LCL filter.
The required damping resistance for the MV-FCC is 23 Q.

III. SELECTING THE SUITABLE COMPONENTS FOR THE
PROPOSED MV-UCSC

Based on the minimum requirements, dc-link, FC unit, and
filter capacitors were selected from available off-the-shelf parts,
while the filter inductors were custom designed.

A. Dc-Link Capacitors

Choosing the dc-link capacitor type was mostly dependent
on the energy density. Besides, a large capacitance is needed
for the standard NPC type converter. So, electrolytic capacitors
met these requirements since they have advantages in terms of
great energy density and significant current capability at large
values of capacitance. Also, load currents flow into these
capacitors, so, their equivalent series inductance (ESL) is not
considerable. However, they are not as reliable and have higher
parasitics compared to other capacitor types.

Based on available parts, each dc-bus capacitor (i.e., C, and
C,) consists of 52 electrolytic capacitors, which their rated
values are 11,000 pF and 550 V, in series to achieve a sufficient
overvoltage margin of 28 kV. In Fig. 2, a model of one of the
dc-bus capacitors is shown where the 52 capacitors are divided
into two groups for easier installation and structure stability.

B. FC Capacitors

For the FC capacitance, film capacitor type was selected. In
spite of having lower energy density than electrolytic capacitors,
and having higher parasitic ESL than ceramic technologies,
film capacitors have better reliability than other types.
Metallized film capacitors have two features; one is self-healing
after high current transients, while the other one is failing in an
open state. The last feature is important since it is required that
no FC units fail short because of the semi-modular
characteristic of the FC multi-level inverter.

The ESL of the FC stacks is an important aspect for many
reasons including EMI, voltage spikes across the devices,
voltage balancing, and output voltage distortion. One way to
reduce the ESL is paralleling several strings of capacitors.
Moreover, paralleling multiple smaller rating capacitors
provides more control over the form factor of the capacitor
stacks. By selecting a suitable part, the FC unit will consist of
8 capacitors rated 12puF and 1200 V, in series to form a string,
with 4 strings connected in parallel. Due to the high voltage of
FC stacks (e.g., V2= 14.66 kV), an isolation material was used
to meet both clearance and creepage standards [27]. A model of
C; stack is shown in Fig. 3 which consists of two Cr units
connected in series and between them an isolation material.

Fig. 2. Model of the dc-bus capacitance
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C. Filter Capacitor

Film capacitor technology was also chosen for filter
capacitor. This type has a non-negligible equivalent series
resistance (ESR) so that the actual damping resistor will be less
than the required 23 Q. By selecting SCRN film capacitor type
with rated values of 3uF and 2 kV,x, 14 units will be connected
in series. A model of the filter capacitors is presented in Fig. 4.

D. Filter Inductors

Both filter inductors (L. and Lg) were designed based on [26].

Hitachi MetGlas® Amophous C-Cores (AMCC-1000
equivalent) were selected as the cores of the inductors, while
custom wires were designed to form the windings. A model is
displayed in Fig. 5.

Fig. 3. FC-C2 model.

Fig. 4. Model of the filter capacitance.

Fig. 5. Model of the filter inductor.

IV. ANALYTICAL EVALUATION OF THE 10-KV-BASED 7-
LEVEL MV-UCSC

The proposed MV-UCSC is evaluated by calculating power
losses of the converter power stage. These losses can be divided
into two main categories; conduction and switching. All passive
components encounter only conductions losses while the power
modules have both of them. By using analytical equations,
power losses can be determined which depend on number of
switching-power-cell and voltage levels, load PF, converter
output power, and modulation index.

Moreover, phase-shift pulse width modulation (PS-PWM) is
utilized. Consequently, required stepped output voltage are
generated, natural voltage balancing of FCs is guaranteed, and
all converter cells operate with identical periods because the
charging and discharging intervals of two different switching
states have the same duty cycle [28].

A. Power Loss Calculations of 10-kv SiC MOSFET Half-
Bridge Power Modules

The average value of conduction losses per one converter
phase P..nq can be calculated by:

Pcond =N = [RDSt)n-IDrms2 + uDO-IFav + RD- IFrmSZ] (10)

where N equals the number of output voltage levels minus one,
Rpson 1s the drain-source on-state resistance, Ipms the SiC
MOSFET rms on-state current, upy the diode on-state zero-
current voltage, /., the average diode current, Rp the diode on-
state resistance, and Ir.,s the rms diode current. It should be
noted that N modules are conducting over one PWM cycle.

The average value of switching losses per one converter
phase Py, can be determined as follows:

Pow = 2N * fg, * (EonM t Eorrm + EonD) (1D

where E,,) is the SiC MOSFET turn-on energy losses, Egu is
the SiC MOSFET turn-off energy losses, and E,,p is the diode
reverse-recovery energy. While all required parameters depend
on the characteristics of the power module, the required
currents can be calculated as follows [28]:

= I,y (1/8) + (ma/3m) x cos(p,)  (12)

I Drms

Ipgy = 1. ((1/2m) = (mq/8) xcos(py)) (13)

Iprms = I \/ (1/8) — (mg/3m) x cos(py)  (14)

where [, is the peak current, and ¢; is the load phase angle
between phase voltage and current. So, the power losses of
modules can be determined per one phase of the converter
separately according to the operating condition since each
phase has different ones in case of MV-UCSC application.

B. FC Cell and DC-bus Capacitor Losses

The type of capacitor element would affect its losses. For
example, the ESR of electrolytic capacitors varies with
frequency while it is approximately constant in film capacitors.
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The capacitor losses can be determined according to the
analysis in [29] as follows:

% (‘j‘j—")2 .(ESR) dt

t (15)

Ecap =

(16)

Pavgcap = fow -Ecap

where E.,, is the capacitor energy loss, C is the capacitance.

C. Output LCL Filter Losses

Both, fundamental- and high-frequency currents generate
power losses in the filter which can be divided into two parts:
damping losses and inductors losses. Inductors losses include
copper, iron, and airgap losses [25, 26].

V. SIMULATION RESULTS OF THE PROPOSED 25-KV 2-MVA
MV-UCSC

The grid-connected MV-UCSC was simulated using
Matlab/Simulink™. In Fig. 6, both converter and grid line-to-
neutral voltage are compared to give context to the converter
output waveforms. The voltage balance between the flying
capacitors of each level is illustrated in Fig. 7.

The load currents are given in Fig. 8. Each phase is loaded
with 3 A of reactive current and phase A has an additional
loading of 20 A of active current while the loads on phases B
and C absorb no real power. These currents result in negative-
sequence current component of 9.4 A and zero-sequence
current component of 9.4 A.

The steady-state behavior of the MVUCSC phase currents is
shown in Fig. 9. These currents are unbalanced and out of phase
such that the upstream currents are balanced. The resulting
substation currents are in Fig. 10. The neutral current seen by
the substation has been reduced to effectively zero reflecting a
reduction of the zero-sequence current to a negligible value.
The negative sequence current has also been reduced to
negligible values.

An FFT of the output current of the MV-UCSC is given in
Fig. 11 showing that the converter as designed has a THD less
than 5% at 100% of the designed current rating meeting the
overall total-demand-distortion (TDD) requirements for grid-
connected equipment from IEEE 1547-2003 [24]. The height of
each bar in the FFT represents the peak value.

Voltage (KV)
-

0.0 0401 0.02 0.03 0.04 005 0.06 0.07 0.08 0.09 0.10
Time (s)

Fig. 6. Grid and converter output voltage line-to neutral during MV-
UCSC compensation.
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Fig. 8. Load currents during MV-UCSC compensation.
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Fig. 9. Steady-state currents of the MV-UCSC during MV-UCSC
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Fig. 10. Steady-state substation currents during MV-UCSC
compensation.
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The proposed MV-FCC was designed based on the selection
of the power modules to meet the required specifications. The
switching frequency of these modules affected the designs of the
FC unit and output LCL filter. The dc-bus capacitance was
designed to withstand the high dc voltage and be able to transfer
the power between all three phases for the MV-UCSC
application. Selection of off-the-shelf component parts showed
the feasibility of fabricating MV-UCSC. Furthermore, the
power losses of the switching modules were evaluated to verify
the selection of the 10-kV SiC MOSFET modules. The
simulations validated the effectiveness of MV-UCSC by
mitigating both negative- and zero-sequence currents and
reducing the neutral current. The losses of passive power stage
elements would be investigated deeply in future works and other
functions could be performed using the proposed MV-UCSC.

CONCLUSIONS AND FUTURE WORK
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