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ABSTRACT Distributed Energy Resources (DERs) have disrupted the traditional electrical system. Grid-
connected photovoltaic (PV) systems deliver electric energy closer to the consumer, shifting the paradigm
from centralized to distributed generation. The impact of the stochastic PV output power gives rise to
potentially rapid voltage fluctuations. Reactive power compensation is needed to regulate the voltage profile
to meet the relevant standards. Traditional approaches like switched capacitors cannot provide reactive power
that is continuously adjustable at short time scales. This paper examines an alternative distribution static
synchronous compensator (D-STATCOM) based on a matrix converter (MC) for the low voltage distribution
networks with high PV penetration. This technology can extend service life by using inductors for energy
storage. The converter being studied provides ancillary services, including reactive power support; the impact
on reliability, operational constraints, and electrical behavior is demonstrated. The contribution of this paper
is a detailed analysis and impact study of the capacitor-less D-STATCOM in high PV penetration distribution
networks. The significance of this paper is that it studies the behavior of the power electronics converter
and its interaction with the power systems without assuming or neglecting details of either. Compensation
effects and reliability comparisons between the proposed capacitorless D-STATCOM and the incumbent
D-STATCOM technology are also studied in this paper.

INDEX TERMS D-STATCOM, voltage profile, reactive power compensation, model predictive control,
matrix converter, grid integration, renewable energy sources, high PV penetration, reliability of power

electronics.

NOMENCLATURE Iy The per-phase output current of the matrix con-
Ty Sampling time verter
k The discrete sample time step Lycj Per-phase output inductors

Switching configuration number, o € {1, .., 27} Riye Per-phase  parasitic resistance on output
J Phase j € {A, B, C} inductors
Voj The per-phase output voltage of the matrix con-  Vpyy; Per-phase input voltage of the filter

verter Vej Per-phase input filter output voltage (matrix con-

verter input voltage)
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I Per-phase input filter output current (matrix con-
verter input current)

L; The per-phase output current of the filter

Ry Per-phase parasitic resistance of the filter induc-
tors

Ly Per-phase filter inductors

Cyj Per-phase filter capacitors

I C*j Reference input current in the MPC cost function

1 ;"j Reference output current in the MPC cost function

g° Objective cost function subject to switching state
o

A, A2 MPC cost function weighting factors

M Instantaneous transfer matrix for STATCOM

I Per-phase load current

Sij() The switching function for i is an element of

{A, B, C} andjis an element of {a, b, c} S € {01}
Zn Feeder impedance on the low voltage distribution
network between bus-1 and bus-2 (R, + jX;,)

AV, Voltage deviation between bus-1 and bus-2

a, B Parameters that define the exponential relationship
of voltage with load active and reactive power

Iﬂf The rated peak active power of the jth PV system

Pl.p Peak active load injection at i’ bus

r Total number of PV systems deployed

N Total number of buses in the distribution system

Och The reactive power exchanged between the con-
verter and the bus where the converter is con-
nected

B, G Line susceptance and the conductance, respec-
tively

Vpee The voltage at the point of common coupling
(PCO)

Veonv Converter voltage

Feony(t)  Failure cumulative distribution function of a con-
verter over time ¢ in years

Feom(t) Cumulative failure distribution function of a com-
ponent

Ao AD Failure rate per year for the switch and diode,
respectively

AE The failure rate of energy storage device A¢ for
capacitors and Ay, for inductors

ng ng np Number of components (energy devices, switches,
and diodes, respectively) in converter topology

Bio The time (years) by which the converter has a 10%

probability of failure

I. INTRODUCTION

Recent International Renewable Energy Agency (IRENA) re-
ports show that electrical power from photovoltaic (PV) sys-
tems increasingly costs less than electricity generated from
fossil fuel sources [1]. Solar PV has over 500 GW of world-
wide capacity installed [2]. As the PV penetration increases,
various grid integration challenges arise. A consequence of
the penetration of non-dispatchable PV DERs in the low-
voltage network is more active power fed back to the grid.
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This reverse power flow in a distribution feeder causes several
power quality issues, and one of these issues is the voltage rise
in the feeder [3]-[5]. Another challenge with PV integration
is the stochastic nature of the voltage fluctuation, impacted by
dynamically changing weather patterns.

Power flows from generation to the end-user through the
distribution network in a conventional power system. Accord-
ingly, the load at the end of the low-voltage distribution net-
work may experience poor voltage regulation due to the volt-
age drop in the distribution cables [6]. In the post-industrial
digital economy, motors (linear loads) powering manufactur-
ing have been replaced by computers (nonlinear loads) pow-
ering e-commerce. This phenomenon thus exacerbates grid
integration challenges due to poor power quality (PQ) issues,
resulting in further voltage drop.

Traditionally, various devices have been used to regu-
late the voltage at the distribution network, such as on-
load tap changer transformers (OLTC) [7]-[11], volt/var con-
trol (VVC) with fixed capacitor banks (CBs) [12]-[14], or
switched capacitors and inductors as in static var compen-
sators (SVC) [15], [16]. Hybrid volt/var control combining
OLTCs, CBs, and SVCs is typically utilized to provide var
support [17]. These devices and technologies are not intended
to mitigate such dynamic voltage fluctuation caused by PV
penetration, as they can only inject a static or stepwise reactive
power. The discrete levels of reactive power support do not
allow for precise voltage control. The mechanical nature of
OLTCs makes it harder to regulate the fast changes associated
with intermittent nonscheduled PV generation. The result is
a limited penetration capacity on the distribution feeder, en-
dangering the grid’s reliability and impacting the quality of
the power delivered to the customers. Given the current and
future projection of the distributed energy resources (DERS),
the utilities of the future need fast-acting, solid-state-based
solutions to provide dynamic and continuous adjustment of
reactive power to achieve fast voltage regulation and power
factor correction [18]. Fast-acting secondary side solutions
must provide dynamic compensation at the source, co-located
with the DER in the distribution system.

Many high-power smart PV inverters can provide ancillary
services to the grid, and these inverters are in the 300kW range
[19], [20]. PV inverters can provide reactive power support or
curtail the active power to keep the network within operational
constraints at the grid edge [21]-[24]. However, PV inverters
are not utility-owned assets and are not directly controlled by
the network operator.

A distribution static synchronous compensator (D-
STATCOM) is a dynamic power electronics device that can
provide flexible voltage regulation, power factor correction,
and harmonics mitigation in the distribution network
[18], [25]-[36]. Commercially available state-of-the-art
D-STATCOM technologies are based on the voltage source
converter (VSC) and rely on electrolytic capacitors (E-caps)
for energy storage. E-caps are prone to numerous failures,
particularly in warm locations [37]-[39]. E-caps were shown
to cause 30% of power electronics failures [40]-[42].
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TABLE 1. Comparing the Proposed Capacitorless D-STATCOM With
Incumbent Technologies
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A capacitorless D-STATCOM was developed and built
based on the matrix converter (MC) and inductive energy
storage, controlled using a finite control set model predictive
control (MPC) is shown in [29], [43]-[46]. Compared to other
incumbent technologies, the capacitorless D-STATCOM is
capable of dynamic reactive power compensation, dynamic
voltage regulation, and harmonic compensation while being
controlled by the network operator, as shown in Table 1.
In terms of impact, the capacitorless D-STATCOM has the
same impact on the PV system as the incumbent VSC-based
D-STATCOM technology. The only difference between the
proposed capacitorless D-STATCOM and the incumbent D-
STATCOM is inductors instead of capacitors for energy stor-
age. Previous literature on the capacitorless D-STATCOM has
focused on power electronics and controls [47]. The impact of
the capacitorless D-STATCOM on the overall power system
has not been as well studied.

This paper is built on the premise that the capacitorless
D-STATCOM is proposed for the distribution network. This
paper thus answers questions on (1) functional capabilities,
(2) impact on the distribution network, (3) converter-level
behavior, and (4) reliability of the proposed capacitorless D-
STATCOM compared to other incumbent technologies (i.e.,
SVCs, VSC-based D-STATCOM, and OLTCs). The main
contributions of this paper are:

e Impact study of capacitorless D-STATCOM on a distri-

bution network with high PV permeability

¢ Circuit-level behavior comparison between capacitorless

D-STATCOM and VSC-based D-STATCOM
e Reliability =~ comparison  between  capacitorless
D-STATCOM and VSC-based D-STATCOM

The significance of this paper is that it studies the behavior
of the power electronics converter and its interaction with the
power system without assuming or neglecting details of either.
A study that combines both analyses has not been presented
before.

This paper is arranged as follows: Section II introduces the
power system study by detailing the impact of increased PV
penetration on the distribution network. In the power system
study of Section III, a complete OpenDSS simulation of the
IEEE-34 bus distribution test system is used to illustrate the
impact of the capacitorless D-STATCOM during high PV
penetration. Section IV details the converter details and in-
troduces the power electronics study. In the power electronics
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FIGURE 1. A one-line diagram of an example distribution system that
illustrates the big picture concept. In addition to increasingly residential
and commercial penetration of non-linear loads and renewable energy,
this illustrative example considers a bus system with high utility-scale PV
penetration. The impact of the capacitorless D-STATCOM voltage regulation
is studied meticulously in this paper. Without loss of generality, the
remainder of the distribution system to the sub-station is shows as
“upstream”.

study of Section V, the electrical performance of the capaci-
torless D-STATCOM was demonstrated by a 7.5 kVA experi-
mental prototype developed in the REAPER lab. Section VI is
a discussion section that compares the compensation effects
and reliability between the capacitorless D-STATCOM and
state-of-the-art VSC-based D-STATCOM.

1. BIG-PICTURE IMPACT OF INCREASED PV
PENETRATION IN THE DISTRIBUTION NETWORK

Consider the big-picture system one-line diagram of an exam-
ple distribution system in Fig. 1. In addition to the increased
residential and commercial penetration of nonlinear loads and
renewable energy, this illustrative example considers a bus
system with high utility-scale PV penetration. As the penetra-
tion levels of PV systems in distribution networks increase,
a range of adverse power quality problems [48], [49] may
appear, including:

® Reverse power flow: the increased proliferation of PV
systems may offset local feeder loads and lead to reverse
power flow that may affect overcurrent protection de-
vices and the operation of voltage regulating equipment.

® Voltage rise: the voltage rise can be significant when
large PVs are connected at the end of lightly loaded
feeders. Voltage violation may happen and can trigger
the overvoltage protection equipment.

® Voltage fluctuations: shading and cloud cover of PV sys-
tems can cause variations in output power, which can
significantly impact feeder voltage.

¢ Interaction with available voltage regulating equipment:
voltage rise and fluctuations may lead to the increased
switching operation of voltage-controlled CBs, OLTC,
and line VRs.

e Changes in feeder loading and electric losses: high PV
permeability may reverse power flow, increasing power
losses. Also, voltage rise may increase customer energy
consumption (opposite the conservative voltage reduc-
tion method).
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Voltage rise, voltage fluctuations, current, and voltage har-
monics are significant problems in distribution feeders. The
severity of these problems depends on PV penetration level,
location of the PV, voltage control equipment such as voltage
regulators (VRs), and CBs in the distribution feeder. These
problems have a direct impact on network equipment. Volt-
age variations cause frequent operation of OLTCs, line VRs,
and voltage-controlled CBs to control the feeder voltage, thus
shortening the expected life cycle of these devices and increas-
ing maintenance requirements [50], [51].

IIl. POWER SYSTEMS STUDY AND RESULTS

In this section, the proposed STATCOM is studied using a
detailed OpenDSS simulation to understand its impact and be-
havior on the distribution network with high PV penetration.
In Section III. A, simulation results that compare the voltage
regulation impact of STATCOM and SVC technologies are
presented. The STATCOM device is further studied within a
distribution system outlined in Sections III.B and III.C. The
simulation model and considerations are detailed in Sections
III.D and IIL.E. The results of the power system simulations
of the proposed STATCOM are presented in Section III.F.

A. STATCOM VS. SVC

SVCs are a practical alternative for voltage regulation and
VAR compensation on the distribution network. Generally,
SVCs are typical in medium voltage applications. The D-
STATCOM in this paper is for low voltage application at the
distribution feeder. In the later subsections, the capacitorless
D-STATCOM is shown to precisely control the voltage and
perform conservative voltage reduction to reduce losses, thus,
improving the efficiency of the low voltage network.

This subsection compares a STATCOM device to an SVC
device for voltage regulation impact through a simulation. For
a fair comparison, both STATCOM and SVC have the same
rating of 80 MVA. ABB has commercially marketed high
VA rated STATCOM comparable to SVC scales [52], [53].
In this simulation, the IEEE- 14 bus system is considered. The
compensator is placed at node 7, congruent with [54]. A 200
MW PV farm is modeled on node-9 as was done in [55].

Consider the PV power profile shown in Fig. 3(a), with a
typical power profile of a solar day. The left segment in Fig. 3
shows the PV profile’s impact on the bus voltages at different
segments of the IEEE-14 bus system, with a significant volt-
age variation. Using an 80 MVA static compensator at node-7
is shown to reduce the voltage variation. In this example, both
SVC and STATCOM devices with the same ratings have the
same voltage regulation impact on various buses on the bus
system.

The STATCOM device has the same voltage regulation
impact on the distribution network as the SVC. However, the
STATCOM device performs more functions for the distribu-
tion network, such as harmonic compensation. The proposed
capacitorless D-STATCOM does not rely on E-caps, unlike
SVCs.
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FIGURE 2. Low voltage distribution network with high PV penetration

scenarios. V, is the base-case bus voltage without PV. The voltage at bus-2
increases to V, and V; as more generation is added.
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FIGURE 3. The voltage profile at different buses on an IEEE-14 bus system
with high PV penetration of 200 MW at node 9. Without any compensator,
the voltage change is significant. Using an 80 MVA static compensator at
node 7 is shown to reduce the volage variation. In this example both SVC
and STATCOM devices with the same ratings, have the same voltage
regulation impact on various buses on the bus system.

B. DESCRIPTION OF A DISTRIBUTION TEST SYSTEM

Power flows bidirectionally with distributed PV penetration in
low-voltage (LV) distribution networks, illustrated in Fig. 2,
causing significant voltage profile disparity. The LV distribu-
tion networks have unique characteristics, such as dynamic
loads and high resistance/reactance (R/X) ratio [56]. The volt-
age deviation AV, between bus-1 and 2 along the feeder, due
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FIGURE 4. One-line diagram of distribution system with high PV
penetration. The proposed D-STATCOM is shown shunt connected at bus
890 to provide reactive power compensation.

to the current injection from bus-2, can be expressed as:
AV, = 1,Z, (1)

where Z, is the feeder impedance (R,, + jX,). The bus voltage
deviation at the point of connection V, can be written as [56]:

AV, = R, P, +X,.0, X, P;—R,.0, 2)
Vel Vel
From (2), the bus voltage can be approximated [56]:
R,.P, + X,.
Ve~ Vep + L”Qg (3)
Vel

According to (2) and (3), the voltage drop between the
buses depends on the active power P,, reactive power Q,, and
line impedance values. It can be noticed that without PV, the
power flows in one direction from the distribution transformer
to the load, and this causes voltage reduction at bus-2, as in
Fig. 2. On the other hand, voltage rise occurs due to reverse
power flow from the PV system. The rise of the voltage level
depends on the associated reverse power flow and the line
impedance between the bus and the closest voltage regulating
devices. A utility-owned compensator could be connected at
bus-2 to provide the required compensation to control the
voltage profile and allow more distributed PV integration in
LV distribution networks.

C. PARAMETERS OF THE IEEE-34 BUS SYSTEM
Consider the system-wide impact of high PV penetration on
distribution systems by studying the model of the IEEE-34
bus system. The IEEE-34, shown in Fig. 4, is a 24.9 kV
radial distribution network characterized by long lines and
light loads. The circuit consists of a 2500 kVA, 69 kV/24.9 kV,
A-Y substation transformer, two in-line three-phase VRs, an
in-line 500 kVA, 24.9 kV/4.16 kV A-Y transformer at the
start of the 832-890 lateral. The distribution system is also
equipped with two three-phase fixed CBs with a combined
rating of 750 kVAR. At bus 844, a 300 kVAR three-phase
shunt capacitor bank is connected, while a larger 450 kVAR
bank is connected to bus-848.

The load center for the first-in-line VR from the substa-
tion transformer (referred to as VR-1) is bus-814R, while
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TABLE 2. Voltage Regulator (VR) Settings

Design Setting VR-1(Phase A,B,C) VR-2 (Phases A,B,C)

Voltage Level 122V 124V
Bandwidth 2V 2V
Time Delay 15 seconds 15 seconds
PT-Ratio 120 120
CT-Ratio 100 100

R 27V 25V

X 1.6V 1.6V
Connection Wye-Wye Wye-Wye
Location Bus 814-814R Bus 852-852R

the second voltage regulator (VR-2) controls the voltage of
bus-852R. The VRs are based on the line drop compensation
(LDC) circuit shown in Fig. 5 to maintain the voltage level.
The LDC acts as a control circuit and models the voltage drop
between the VRs and the load center to determine the tap
position of the VR. The VRs’ settings and the LDC circuit
specifications are given in Table 2. Phase B and phase C
settings are identical to phase A in both VRs. The setting for
the bandwidth allows the load center voltage to be in the range
of 121-123V for VR-1 and 123-125 V for VR-2.

A slightly higher voltage at the load center of VR-2 is to
compensate for the significant voltage drop in the 832-890
lateral. The time delay precludes the VR from reacting to tran-
sient changes in the voltage or current. The VRs are equipped
with a reversing switch which allows for a +10% regulation
range in 32 steps. On a 120V base, this translates to a 0.75 V
change per step.

D. OPENDSS SIMULATION MODEL

In the OpenDSS simulation, the two three-phase VRs
are modeled as six single-phase double-winding auto-
transformers (with a VR control unit for each auto-
transformer). Since the nominal feeder voltage is 24.9 kV,
the rated voltage for the two windings of all single-phase
autotransformers is 14.376 kV. The complete model of the dis-
tribution system consists of all single-phase and three-phase
overhead lines, feeder VRs, customer loads, CBs, MV trans-
former, control circuits for the CBs, and VRs. The substation
transformer is developed in OpenDSS [57].

The aggregate peak active load of the IEEE-34 system,
as seen from the secondary of the substation transformer,
is 2.04 MW. Based on the nominal values of the loads, the
individual bus loads were divided into four categories, given
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TABLE 3. Classification of Loads on IEEE 34 Distribution System

Load Class
Small Dwelling (Studio Apartment)
Large Dwelling (House with multiple bedrooms)
Small Scale Commercial
Medium Scale Commercial
Large Scale Commercial

Nominal kW Range
P, <3 kW
3kW < P, <10 kW
10 kW < P, < 25 kW
25 kW < P, <100 kW
100 kW < P, < 500 kW

in Table 3. Different load models were used: constant power
loads - constant impedance loads - constant current loads -
voltage-dependent loads were considered. Such load models
represent the diversity of loads in MV/LV radial feeders and
are consistent with the distribution test feeder IEEE specifi-
cation. The dependency of the load active P, and reactive Oy,
powers on feeder voltages V is modeled as

PL<V>=<1)“_ QL(V)=<K>“ @
Pro Vo) = Ouo Vo

where the parameters « and § define the exponential relation-
ship. Pro and Q¢ are the nominal power values, and V) is the
base voltage.

E. SIMULATION CONSIDERATIONS

Consider the effect of distributed generation by studying a
proportional-distributed grid-connected rooftop PV systems
configuration. This configuration is most typical of distribu-
tion systems with a significant percentage of residential loads.
The capacity of the PV system is rated based on the active
load on the bus. Each grid-connected PV system is equipped
with an inverter rated 10% higher than the peak capacity of
the PV system.

Factoring in rooftop tilts and the direction in which the
roofs of the houses in a typical residential neighborhood are
facing, the tilt and azimuth angles of the rooftop PV systems
are sampled from a uniform distribution. The optimal azimuth
angle in the northern hemisphere is 180°, while the typical
roof pitch in the USA is 4/12-9/12, which corresponds to
pitch angles in the range of 18.43°-36.87°. Hence, a truncated
uniform density with a mean of 180° for the azimuth angle
and a uniform density with a mean of 27° to model the tilt
angle of the grid-connected rooftop PV systems was selected.
The transposition model of [58] is used to incorporate the
information of the tilt and azimuth angle with the annual solar
irradiance data of 1-minute temporal resolution to estimate the
power output of the PV system. The PV penetration is given
by
=1 V]
= x

i=1

%PV Penetration = 100 ®))

where, wjl.’ is the rated peak active power of j* PV system,

Pip is the peak active load injection at i'" bus, r is the total
number of PV systems deployed, and N is the total number of
buses in the distribution system.
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FIGURE 6. Voltage profile of bus 890 with and without high PV
penetration. Increased penetration of PV can lead to a rise in the bus
voltage during times of high solar irradiation.
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FIGURE 7. OLTC tap position with and without high PV penetration.
Increasing the penetration of PV requires more frequency changes in the
tap positions, increasing mechanical wear.

F. RESULTS: IMPACT OF HIGH PV PENETRATION

With the legacy voltage control framework (substation LTC,
in-line VRs, and CBs) in operation, it is possible to control
the slow variations in voltage due to load power injections.
However, the stochastic nature of the PV generation results in
highly variable voltages at the point of network connection.
Legacy voltage control devices cannot mitigate such rapid
excursions in bus voltages. The mechanical design of VRs and
switched CBs renders them inadequate for regulating voltages
at shorter time scales of minutes or seconds. Such highly
fluctuating bus voltage profiles could stretch these devices
to the limits of their operation and lead to the accelerated
failure of VRs and switched CBs. The quasi-static time series
(QSTS) simulations demonstrate the impact of continuous
reactive power support for voltage regulation on a three-phase
distribution feeder with VRs and switched CBs.

Consider the impact of high PV penetration on distribu-
tion system voltage with the full three-phase IEEE-34 bus
distribution test feeder simulated in Open-DSS via a com-
ponent object server (COMOS) and acts as a communication
link between Open-DSS and MATLAB. Both steady-state and
(QSTS) simulations are performed to assess the impact of high
capacitive PV generation (90% penetration level). The effect
of a highly variable voltage on OLTC operation is presented
in Figs. 6 and 7.

As shown in Fig. 6, the bus voltage profile depicts a sus-
tained increase in the PV systems voltage for the entire dura-
tion. When OLTCs or SCs encounter such a variable voltage
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FIGURE 8. Results from QSTS simulation showing power flow and bus
voltage without D-STATCOM.

on the secondary, their operational frequency significantly
increases. The tap operation profile of an OLTC is shown
in Fig. 7, corresponding to the voltage variation in Fig. 6.
High PV penetration disturbs OLTCs operation, manifested as
increased tap changing frequency to correct voltage variation.
However, OLTCs cannot regulate the voltage under conditions
of high penetration of intermittent nonscheduled generation.
An uncontrollable voltage profile could further lead to load
loss or a cascaded voltage collapse scenario. The penetration
of PV systems has only increased over the last decade and will
continue to rise further based on the current trends. Future
utilities need fast-acting voltage controllers that can provide
reactive power compensation at sub-minute time scales to
mitigate the undesirable effects on system voltage caused by
intermittent nonscheduled generation.

The proposed compensator can provide reactive power
compensation and harmonic filtering at the LV network, the
source of the power quality problem. Hence, eliminating the
propagation of harmonics, voltage flicker, and voltage fluc-
tuations upstream toward the source, i.e., distribution substa-
tion. To see the impact the proposed D-STATCOM would
have on the tap-changing devices, a steady-state model of
the D-STATCOM is developed in MATLAB and interfaced
with OpenDSS via a COM interface. The steady-state voltage
regulation model of the proposed D-STATCOM is based on
the reactive power mismatch equations. The model uses a
PID controller to minimize the reference and bus voltages
mismatch. The mismatch equations are:

Och — Vpeel sin (vacc — 91) —0
Ocp + |V,,CC|ZB — |V’| Gsiné + |V’|Bcos§ o

|V/| = |Vpcc| [Veonv| and 6 = QVPM - OVM,W (6)
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FIGURE 9. Results from QSTS simulation showing power flow and bus
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FIGURE 10. Impact of D-STATCOM on voltage profile of bus 890 without
and with high PV penetration.

In (6), Q. is the reactive power exchanged between the
converter and the bus where the converter is connected, B and
G are the line susceptance and the conductance, respectively,
Vppee 18 the voltage at the point of common coupling (PCC) and
Veonv 18 the converter voltage.

The interaction of the D-STATCOM with an OLTC is stud-
ied by connecting the two converters at bus-890. Bus-890 is
on the secondary side of the VR-2, and bus-854 is on the
primary side of the VR-2. The operation of the two converters
is coordinated with the OLTC by setting the reference voltage
of the two converters equal to the voltage set point of the
VR. The VR changes taps whenever the measured load center
voltage is outside the specified bandwidth for a duration that
exceeds the time delay of the VR. The IEEE-34 feeder is
subjected to QSTS simulations with a 90% PV penetration
level and voltage of bus-890, and the corresponding tap profile
of VR-2 is recorded.

Fig. 10 shows the voltage profile of bus-890 under different
feeder conditions for the planning period of 48 hours, and
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FIGURE 11. Impact of D-STATCOM on OLTC operation without and with
high PV penetration over a 48-hour period. With the D-STATCOM in
operation, the black curve shows the tap position of the VR as a function
of time. The VR registers less operations with the D-STATCOM enabled than
with D-STATCOM disabled. Over the course of a year, the D-STATCOM
device has been shown to decrease VR tap operations by up to 95%.

TABLE 4. Cumulative Tap Operations

Cumulative Tap Operations over a year

Device PV ON, PV ON, % Decrease in Tap
D-STATCOM OFF  D-STATCOM ON Operation
VR-1A 25,737 4,697 81.75%
VR-1B 10,561 516 95%
VR-1C 12,686 736 94.2%
VR-2A 24,161 11,407 52.7%
VR-2B 18,334 3,602 80.3%
VR-2C 18,811 4,606 75.5%

the tap profile of VR-2 is demonstrated in Fig. 11. The bus
voltage is highly variable under high PV penetration and with
D-STATCOM disabled and fluctuates rapidly. However, with
the D-STATCOM enabled, the bus voltage is held nearly con-
stant at 1.03 p.u. The voltage setting of the D-STATCOM is set
equal to the setpoint of the nearest VR to ensure coordinated
operation. With the D-STATCOM running in voltage regula-
tion mode, OLTC registers fewer tap operations, correspond-
ing to a decreased operational stress level on the VR. A direct
consequence is a decrease in expected VR failures in high PV
penetration conditions. Furthermore, with the D-STATCOM
turned on, the VR consistently operates at lower tap positions,
less likely to hit the maximum tap position. The results of the
annual QSTS simulations of the cumulative number of tap
operations of all the six phases of the two VRs are given in
Table 4.

The continuously adjustable reactive power compensation
capability of D-STATCOM could be further leveraged to pro-
vide several benefits such as minimizing power losses, im-
proving power factor, and reducing harmonic losses. Thus
optimize the converters’ number, location, and voltage set
points. Since the reactive output of PV inverters is limited by
the amount of real power generated, the D-STATCOM offers
superior performance in terms of capacity usage and control
characteristics [29].

The injection of reactive power to regulate voltage alters the
power flow and changes the overall feeder demand, as seen on
the secondary of the substation transformer. The results shown
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in Figs. 8 and 9 were obtained by running daily QSTS simula-
tions on the IEEE-34 feeder with and without a D-STATCOM
at bus 890. The source power refers to the diversified demand
(real and reactive) as seen on the secondary of the substation
transformer.

IV. CONVERTER UNDER STUDY: CAPACITORLESS
D-STATCOM

A D-STATCOM provides flexible voltage regulation, power
factor correction, and harmonics mitigation in the distribu-
tion network [18], [25]-[36]. In electrical distribution sys-
tems, the motivations for providing reactive power support
include minimization of feeder losses, flattening of feeder
voltage profile, and improvement of substation power factor.
In some cases, the dynamic dispatch of local volt-ampere
reactive (VAR) compensation can also help extend the sys-
tem’s low-voltage ride-through capability, thereby mitigating
the possibility of short-term voltage collapse. The reactive
power support, which can be continuously adjusted, will help
reduce the operational stress on the slow-acting mechanically
switched devices, such as step-type VRs and switchable CBs.
Such reactive power support source could either be run au-
tonomously to achieve a set of predefined objectives or can be
dispatched by the system operator.

Suppose the system operator wants to improve the power
factor at a particular bus. The dispatch command will trigger
the compensator to measure and supply the local reactive
demand at the PCC. Whereas, if the objective is to reduce
the operating frequency of the electromechanical devices on
the feeder, the dispatch command could take the form of
voltage regulation at the bus injection location. In the first
scenario, the power quality compensator is expected to supply
the local reactive power demand, thus eliminating the need to
supply the reactive power from the source/substation. In the
second scenario, the power quality compensator is expected
to autonomously determine the required VARSs to be produced
or consumed to maintain the voltage within some determined
limits. The current mechanical assets for voltage control op-
erate on a slower time scale than the intermittency associated
with the solar PV power injections. This mismatch renders the
mechanically switched devices inadequate to correct the fast
voltage variations.

In terms of impact and behavior, the capacitorless D-
STATCOM is designed to perform the same functions as the
incumbent VSC-based D-STATCOM technology. The only
difference between the proposed capacitorless D-STATCOM
and the VSC-based D-STATCOM is inductors instead of ca-
pacitors for energy storage. This section explains the control
strategy that allows a matrix converter to rely on inductive
energy storage to perform as a capacitorless D-STATCOM.

A. TOPOLOGY OF THE MATRIX CONVERTER

The MC-based capacitorless D-STATCOM shown in Fig. 12
is connected to the PCC through input filters, and the MC
output is connected to inductive energy storage elements Lyc.
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The MC is a power electronics device that can perform direct
ac/ac power conversion without E-caps. The MC topology
comprises nine bi-directional switches realized by two anti-
parallel IGBT-diode pairs for bidirectional flow.

B. THE ROLE OF CURRENT REVERSAL FOR INDUCTIVE
STORAGE

The big-picture role of the MPC strategy is to achieve current
phase inversion between the input and output currents. The
energy storage on the MC absorbs the lagging current while
the MC absorbs the leading current. In other words, the con-
troller uses the measurements of the current harmonics on the
distribution network to inject back the inverse harmonics, thus
canceling out the harmonics on that bus. The result is a bus
with lower harmonics and an improved voltage profile.

The relations between the input and output voltages and
currents of the MC are in (7), (8), and (9). The switching func-
tion S;;(t) canbe O or 1, where i € {A, B, C} and j € {a, b, c}.
Proper choice of S;; achieves phase-reversal, thus making the
inductive energy storage appear capacitive at the input of the
MC [46], [59].

VoA SAa SAb SAC VeA
VOB = SBa SBb SBC VeB (7)
| Ve Sca Scp  Sce Ve
[ I Saa Sab Sac loa
IcB = SBa SBb SBc I(}B (8)
Ic Sca Scb Sce Ioc
M
SAj—l—SBj—l-Scj:leG{A,B,C} )
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where M is the instantaneous transfer matrix, V,; a nd, 1,,; are
the output voltages and currents of the MC. V,; and I; are the
input voltages and currents of the MC (after the input filter).

The controller uses the voltage measurement at the PCC
and the instantaneous three-phase load currents decomposed
into real and reactive components (based on SRF [35], [60],
[61]). The VR part compares the measured PCC voltage value
with the required reference to generate the required reactive
current for voltage regulation added to the reactive load cur-
rent component, as in Fig. 12. The real component of the load
current consists of a dc part representing the current’s funda-
mental component and the ac part representing the harmonics.
The harmonic component is extracted and then transformed
back to the ABC reference frame as a reference current for
the controller. More details on the controller are discussed in
[46], [59].

C. MPC BASED CONTROL STRATEGY

The MPC-based controller relies on the converter relations to
predict the switching configuration that minimizes the value
of an error function to achieve the control objective. The
predictive controller model relies on input and output cur-
rents predictions to perform the harmonic compensation, VAR
compensation, and voltage regulation functions of the capaci-
torless D-STATCOM. The discrete-time estimate of the output
current Igj at time sample (k + 1) is

Ry Ty .
ﬂ)lq,-(kw Loy, @ oy

I (k+1) = (1 -
o/ Lycj Lycj

where o is the switching configuration number, o € {1, .., 27},
Lycj and Ry, are the per-phase impedances of the energy
storage devices.
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TABLE 5. System Parameters for the Capacitorless D-STATCOM

Parameter Value Parameter Value
Voltage, V1, rus 415V Sampling time T 40us
Line frequency 50Hz Weight factor 4, 2
Output chokes inductance Ly 24mH Weight factor A, 0.6
Input filter resistance Ry, Lg 1Q, ImH Rs 035Q
Input filter capacitor C¢ 18 uF L 1 mH

IGBT modules: SK60GM123
Clamp circuit for overvoltage protection

'S
Voltage sensors: LEM LV-25P
Current sensors: LEM LP-55

Control platform: dSPACE Scalexio with 4 FPGA modules DS2655M1
Upstream side: 12kVA three-phase grid simulator NHR-9410
Downstream side: Electronic load from Cinergia

The MC input current I(‘;j of the converter can be written:
- 1 Ry 1
I (k+1) = _L_fVej (k) — E]cj (k) + L_fVBusj (k) (11)

where Ly and Ry are the per-phase impedances of the input
filter, Vp,; is the bus voltage (MC input voltage before the
filter). The cost (error) function J is given as

& = A + IS I (12)

o *
I — I

where Ic*j and I, are the MC reference input and output
currents. In this paper, A1 is given a higher priority with the
ratio Ay /Ay = 3.5.

V. POWER ELECTRONICS RESULTS

A. SIMULATION RESULTS

The dynamic compensation effects of the capacitorless D-
STATCOM on the distribution network are verified through
a MATLAB simulation. The system under study contains a
three-phase source with series impedance to represent the
upstream side of the distribution network, three-phase loads
distributed through five buses, PV system with 20kW power.
The proposed D-STATCOM device is connected at bus-3 as
in Fig. 12 with parameters shown in Table 5.

In Fig. 13, the voltage profile across five buses with and
without the D-STATCOM device being connected to bus-3.
Without D-STATCOM, the voltage profile is changing as the
PV system power varies during the day with poor voltage reg-
ulation at the buses located at the end of the feeder, where the
voltage violates the limits of 228 (0.95 pu) and 252 (1.05 pu).

When the D-STATCOM device is connected to bus-3, it
provides the necessary support to the network, and the voltage
profile is improved across the distribution feeder. The three-
dimensional view of the voltage profile across the five buses
is plotted in Figs. 14 and 15. In Fig. 14, the voltage profile
without D-STATCOM is presented changing as the power
flow change in the network. At the same time, after adding the
D-STATCOM device to bus-3, as in Fig. 15, it can be noted
that the capacitorless D-STATCOM device has managed to
flatten the voltage profile in the bus where it is connected and
in the other buses in the feeder.
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B. EXPERIMENTAL RESULTS FOR THE CAPACITORLESS
D-STATCOM

The proposed technology is validated experimentally using
a 7.5 kVA matrix converter prototype with three-phase in-
ductors on the output side for energy storage. As shown in
Fig. 15, a reduced-scale experimental prototype is developed
to validate the capability and effectiveness of the proposed
capacitorless D-STATCOM in providing the necessary sup-
port to a low voltage distribution network. The details of the
experimental prototype are shown in Table 5.
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FIGURE 16. Experimental results showing PV system profile, upstream
power, and D-STATCOM power and voltage profile at downstream.

Consider the impact of the D-STATOCM device on the
downstream bus voltage profile in Fig. 16. Before connect-
ing the D-STATCOM to the bus, the upstream provides the
load with the active power of 4.2 kW and reactive power of
3 kVAR, while the D-STATCOM reactive power is zero. As
the PV system injects 3 kW of active power to the downstream
side, the active power changes are noted. The voltage profile
downstream is fluctuating and violating the limits set by ANSI
standards which can negatively impact the consumers con-
nected to this bus. After the proposed D-STATCOM device
is shunt connected to the downstream bus, dynamic reactive
power injection to the grid enhances the voltage profile with
good tracking to the 240 V reference.

Upstream voltage (V;) and current (I;) without D-
STATCOM support is plotted in Fig. 18(a), the source current
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lags the voltage, and there is a phase shift between the volt-
age and the current. After the shunt-connected D-STATCOM
device is enabled, it provides the necessary support with the
source current leading the voltage due to the reverse reactive
power injection to the source to compensate for the voltage
drop in the series impedance. D-STATCOM reference and
measured current of phase A are shown in Fig. 18(b); the con-
troller was able to track the reference current. The upstream
voltage distortion is still within limits recommended by stan-
dards, as shown in Fig. 18(b). Furthermore, the three-phase
upstream current THD with the D-STATCOM device is shown
in Fig. 18(b). The current THD in Fig. 18(b) is within limits
specified by IEEE 519 [62], [63].

VI. DISCUSSIONS

Compared to other incumbent technologies, the capacitorless
D-STATCOM is capable of dynamic reactive power compen-
sation, dynamic voltage regulation, and harmonic compensa-
tion while being controlled by the network operator, as shown
in Table 1. A summary of the impact of the capacitorless D-
STATCOM on a distribution network with high permeability
is outlined and discussed in Section VI.CA. The capacitorless
D-STATCOM has the same impact on the PV system as the
incumbent VSC-based D-STATCOM technology. The only
difference between the proposed capacitorless D-STATCOM
and the incumbent D-STATCOM is inductors instead of ca-
pacitors for energy storage. An impact and behavior compari-
son between the proposed capacitorless D-STATCOM and the
incumbent D-STATCOM is discussed in Section VI.B with
experimental results. A reliability comparison between the
two technologies is further addressed in Section VI.C.

A. IMPACT OF THE CAPACITORLESS D-STATCOM ON A
DISTRIBUTION NETWORK WITH HIGH PV PERMEABILITY
The main takeaways from the power system study presented
in Section III:
e Capacitorless D-STATCOM can perform VAR compen-
sation and voltage regulation in the distribution network.
¢ Dynamic harmonic compensation of the capacitorless D-
STATCOM was shown to counteract PV variability in a
distribution network with high PV permeability
® The capacitorless D-STATCOM provided dynamic sup-
port to the distribution network to allow more PV pene-
tration.
® The capacitorless D-STATCOM could precisely control
the voltage and perform conservative voltage reduction
to reduce losses, thus, improving the efficiency of the
low voltage network.
e A distribution network with high PV penetration and
a capacitorless D-STATCOM has shown fewer tap
changes in network mechanical OLTCs. Thus, increasing
the service life of already existing distribution network
equipment.
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FIGURE 17. Hardware setup of a 7.5 kVA capacitor-less D-STATCOM system representing one bus in a radial destitution system. The upstream system is
emulated by the grid simulator and the downstream loads are emulated by the electronic load.
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TABLE 6. System Ratings VSC-Based D-STATCOM

Parameter Value Parameter Value
Voltage, V1 rus 415V Sampling time T 40us
Line frequency 50Hz Switching freq. 40 kHz
dc link E-caps 4x470uF  Controller algorithm PID
Input filter resistance Ry, L¢ 1Q, ImH R 035Q
Input filter capacitor C¢ 18 uF L 1 mH

'S
IGBT modules: SCT3080KLGC11 Control platform: dSPACE 1006
Upstream side: 12k VA three-phase grid simulator NHR-9410
Downstream side: Electronic load from Cinergia

B. IMPACT AND BEHAVIOR COMPARISON BETWEEN
INCUMBENT D-STATCOM AND CAPACITORLESS
D-STATCOM

In terms of the compensation effect, the capacitorless D-
STATCOM performs the same effect as the incumbent VSC-
based D-STATCOM technology. In this subsection, compar-
ative experimental results are presented. For the VSC-based
D-STATCOM, a three-phase 7.5 kVA VSC motor drive man-
ufactured by TARAZ technologies is used as the experimen-
tal setup with essential setup parameters in Table 6. For the
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sake of this subsection, the compensation effects were tested
at Vs rs = 200 V. Testing at higher voltage, for the VSC-
based D-STATCOM could be achieved using larger energy
storage devices (more dc-link capacitors) and a pre-charging
circuit. The experimental results of the comparative com-
pensation effects of the different D-STATCOM technologies
are shown in Fig. 19. The nonlinear load used in the test-
ing (without D-STATCOM) has the waveforms shown in
Fig. 19(a). Fig. 19(b) shows the results of the VSC-based
D-STATCOM illustrating improved harmonic compensation.
Fig. 19(c) shows the capacitorless D-STATCOM exhibiting
similar impact and behavior as the incumbent D-STATCOM
technology. While the waveforms and THD for the capaci-
torless D-STATCOM look slightly better than the VSC-based
D-STATCOM, such effect is attributed to using a PID con-
troller for the VSC-based D-STATCOM, with the possibil-
ity of improving the results with further tuning. The main
takeaway is that both D-STATCOM technologies have the
same compensation effects but rely on different energy storage
devices (inductors vs. E-caps).
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C. RELIABILITY COMPARISON BETWEEN INCUMBENT
D-STATCOM AND CAPACITORLESS D-STATCOM

Considering the main application of the capacitorless D-
STATCOM is in hot weather environments, mission profile
data, based on Arizona USA ambient temperatures, is rele-
vant to this analysis [64]. The failure rates are obtained from
models presented in the military handbook MIL-HDBK-217F
[65]. Since the handbook is old, the obtained component fail-
ure rates were adjusted to match other recent work relying
on Monte-Carlo analyses [66]-[69]. From [66], the equivalent
static value for mean junction temperature was found to be
T’jm = 31.55° C for the mission profile for the state of Ari-
zona and is thus used in this study.

Consider the circuit diagrams in Fig. 20 for the two 7.5 kVA
D-STATCOM experimental prototypes form VI. B. In terms
of characterizing the failure function, the converter-level
reliability block diagrams of Fig. 21(a) and (b) show the
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(a) Converter-level reliability block diagram for a VSC-based D-STATCOM
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(b) Converter-level reliability block diagram for a capacitorless D-STATCOM

FIGURE 21. Converter-level reliability block diagram of the power
switches, dc-side capacitors, and ac-side inductors for (a) incumbent
VSC-based D-STATCOM, (b) proposed capacitorless D-STATCOM.

components connected in series since a failure in any of
the components results in total failure of the converter. The
converter-level reliability diagram of the VSC-D-STATCOM
(Fig. 21(a)) comprises six switches with six body diodes and
a capacitor bank of eight capacitors. The connection of dc-
link capacitors (series/parallel) is irrelevant in the reliability
analysis since one capacitor failure tends to cascade to the
other capacitors [70], [71]. Similarly, the converter-level relia-
bility diagram for the capacitorless D-STATCOM (Fig. 21(b))
comprises eighteen switches with body diodes and three in-
ductors.

Based on [65], the failure rates per year for the com-
ponents of the D-STATCOM are Ap = 9.96 x 1076, Ag =
1.89 x 1073, A;, =2.64 x 107, and Ac = 7.84 x 103 for
the diode, IGBT, inductor, and capacitor, respectively. The
survival function of the exponential distribution can be used
to model the component reliability function.

Reom (1) = e (13)
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FIGURE 22. Unreliability functions for the VSC-based D-STATCOM and the
capacitorless D-STATCOM installed in Arizona environmental conditions.

TABLE 7. Summary of Reliability Analysis Results

Technology VScC! Capless’ FT VSC? FT Capless*
10-year reliability o o N o
Ry (t = 10) 48% 71% 53% 84%
25-year reliability o o o o
Ry (£ = 25) 16% 42% 19% 36%
Converter-level 14 3.0 1.7 8.1
lifetime - By years Years years years

1VSC-based D-STATCOM; >Capacitorless D-STATCOM:;
3Fault-tolerant (5-legged) VSC-based D-STATCOM: *Fault-tolerant (5-legged)
Capacitorless D-STATCOM.

where ¢ is the time in years. The converter failure function
Feony 1s calculated using

Feoy (1) = 1 = Reomy (1) = 1 = [ [Reom (1)~ (14)
Thus, the converter failure function is
Fc()nv (t) — 1 _ e—(nDAD+anQ+nEkE)t (15)

where Ag is the failure rate per year of the energy storage
device (Az for the inductor or A¢ for the capacitor), ng, ng
and ny, are the number of energy storage devices, IGBTSs, and
diodes, respectively.

The converter-level unreliability function curves for both
converters based on Arizona environmental conditions are
shown in Fig. 22. Based on the data considered in this anal-
ysis, Fig. 22 indicates that the VSC-based D-STATCOM is
more prone to failure than the capacitorless D-STATCOM.
The reliability function R.py(t) = 1 — Fiony(t). Based on the
components’ statistics the reliability of the incumbent VSC-
based D-STATCOM is Rysc,10 = 48%, and the reliability of
the proposed capacitorless D-STATCOM is Ryc,10 = 71%
over a 10-year period. Summary of the reliability analysis
results are shown in Table 7. The system-level Bjg lifetimes,
which correspond to the time by which the converter has
10% probability of failure, are shown in the same figure and
summarized in Table 7. The Bjo lifetime of the proposed
capacitorless D-STATCOM is shown to be 53% longer than
the incumbent VSC-based D-STATCOM.

A three-year B lifetime for the capacitorless D-
STATCOM is still considered low, attributed mainly to the hot
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environment and the number of switches of the matrix con-
verter. Previous work has considered a fault-tolerant capaci-
torless D-STATCOM [72], and the experimental prototype in
Fig. 17 is a four-legged matrix converter. In this subsection, a
five-legged D-STATCOM is analyzed. Regarding the reliabil-
ity of a fault-tolerant converter, the fourth phase leg provides
a contingency path to any of the three-phase legs. It is thus
represented as four parallel reliability paths. The five legs of a
fault-tolerant D-STATCOM is an example of an m-out-of-n (or
m/n) parallel redundancy [73]. The reliability of the 5-legged
converter with 3-out-of-5 redundancy can be represented as

Rieg = ef(nDAD+nQAQ)t (16)
R —1— 2. (s e (1 5—i
o = Z( i) Ricg - (1= Ricg) (17
i=0
Reomy (1) = Ry - Rg = Ry - € "E7E! (18)

The unreliability functions (Fypny = 1 — Reony) of a fault-
tolerant VSC-based D-STATCOM and a capacitorless D-
STATCOM are plotted in Fig. 22. Considering a five-legged
matrix converter in this study increases Bjo lifetime of
the capacitorless D-STATCOM to 8.1 years. A five-legged
fault-tolerant VSC-based D-STATCOM has a By lifetime of
1.7 years. Thus, a fault-tolerant capacitorless D-STATCOM
has a 79% longer life than a fault-tolerant VSC-based D-
STATCOM. Results of the reliability comparisons and the By
lifetimes are for a fault-tolerant capacitorless D-STATCOM
compared to a fault-tolerant VSC-based D-STATCOM are
summarized in Table 7. From this study, data corroborates
the initial motivation for this research that the dc-link ca-
pacitors are the reliability bottleneck for the VSC-based D-
STATCOM.

VII. CONCLUSION
This paper presented a detailed analysis and impact study
of the capacitor-less D-STATCOM in high PV penetration
distribution networks. This paper answered questions on (1)
functional capabilities, (2) impact on the distribution network,
(3) converter-level behavior, and (4) reliability of the pro-
posed capacitorless D-STATCOM compared to other incum-
bent technologies (i.e., SVCs, VSC-based D-STATCOM, and
OLTCs). The main contributions of this paper were:
® Impact study of capacitorless D-STATCOM on a distri-
bution network with high PV permeability
e Impact and behavior comparison between capacitorless
D-STATCOM and VSC-based D-STATCOM
e Reliability = comparison  between  capacitorless
D-STATCOM and VSC-based D-STATCOM
The significance of this paper is that it studies the behavior
of the power electronics converter and its interaction with
the power systems without assuming or neglecting details of
either. In the power system study in this paper, a complete
OpenDSS simulation of the IEEE 34 bus distribution test
system was used to illustrate the impact of the capacitorless
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D-STATCOM during high PV penetration. In the power elec-
tronics study, the converter-level behavior of the capacitorless
D-STATCOM was demonstrated with a 7.5 kVA experimental
prototype. The main findings of this paper:

The capacitorless D-STATCOM provides dynamic sup-
port to the distribution network allowing more PV pene-
tration.

The capacitorless D-STATCOM could precisely control
the voltage and perform conservative voltage reduction
to reduce losses, thus, improving the efficiency of the
low voltage network.

A distribution network with high PV penetration and
a capacitorless D-STATCOM has shown fewer tap
changes in mechanical OLTCs. Thus, increasing the ser-
vice life of already existing distribution network equip-
ment.

A reliability study of the D-STATCOM technologies has
shown that dc-link capacitors are the reliability bottle-
neck of the incumbent VSC-based D-STATCOM.

The capacitorless D-STATCOM has the same compen-
sation effects as the VSC-based D-STATCOM without
relying on E-caps.

A fault-tolerant capacitorless D-STATCOM has a
79% longer life than a fault-tolerant VSC-based D-
STATCOM.
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