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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. 
However, 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. However, switched capacitors, a traditional 
approach, cannot provide reactive power that is continuously-adjustable at short time scales of minutes or seconds. Recently, smart 
inverters have been tasked to provide ancillary services including reactive power support; the impact on the reliability, operational 
constraints, and cost to the inverter are actively being studied. This paper examines an alternative, a distribution static synchronous 
compensator (D-STATCOM) based on a matrix converter (MC) for use in the low voltage distribution network. This technology 
is capable of long service life because it uses inductors for energy storage instead of electrolytic capacitors. 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. 
 
Index Terms— D-STATCOM, Voltage profile, Reactive power compensation, Model predictive control, Matrix converter, Grid 
integration of renewable energy sources. 

NOMENCLATURE1 𝑇ௌ Sampling time 𝑘 Discrete sample time step 𝜎 Switching configuration number, 𝜎 ϵ {1, . . ,27} 𝑗 Phase 𝑗 𝜖 {𝐴,𝐵,𝐶} 𝑉 Per-phase output voltage of the matrix converter 𝐼 Per-phase output current of the matrix converter 𝐿ெ  Per-phase output inductors 𝑅ಾೕ  Per-phase parasitic resistance on output inductors 𝑉௨௦  Per-phase input voltage of the filter 𝑉 Per-phase input filter output voltage (matrix converter 
input voltage) 𝑉ఫሶ  Per-phase first order derivative of the input filter output 
voltage (matrix converter input voltage) 𝐼 Per-phase input filter output current (matrix converter 
input current) 𝐼ఫሶ  Per-phase first order derivative of the input filter output 
current (matrix converter input current) 𝐼 Per-phase output current of the filter 𝑅 Per-phase parasitic resistance of the filter inductors 
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𝐵,𝐺 Line susceptance and the conductance respectively 𝑉 Voltage at the point of common coupling 𝑉௩ Converter voltage 𝐹௩(𝑡) Failure cumulative distribution function of a converter 
over time 𝑡 in years 𝐹(𝑡) Failure cumulative distribution function of a component  𝜆ொ, 𝜆 Failure rate per year for the switch and diode respectively 𝜆ா Failure rate of energy storage device 𝜆 for capacitors 
and 𝜆 for inductors 𝑛ா  𝑛ொ𝑛 Number of components (energy devices, switches, and 
diodes respectively) in converter topology 𝐵ଵ  The time (years) by which the converter has 10% 
probability of failure 

I. INTRODUCTION 

II. THE BIG PICTURE IMPACT OF THE CAPACITORLESS D-
STATCOM ON POWER QUALITY IMPROVEMENT 

Consider the big picture system one-line diagram of an 
example distribution system in Fig. 1. 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 in this paper. 

A. Technical challenges of increased penetration of PV 
systems in the distribution network 

As the penetration levels of PV systems in distribution 
network increase, a range of adverse power quality problems 
[50, 51] 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 
devices and 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 
systems can cause variations in output power, and this 
can have a significant impact on 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 voltage regulators.  

- Changes in feeder loading and electric losses: large 
penetration may lead to reverse power flow that may lead 
to increased power losses. Also, voltage rise may also 
lead to an increase in customer energy consumption 
(opposite to conservative voltage reduction method).  

Voltage rise, voltage fluctuations, current and voltage 
harmonics are among the prominent 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 and capacitor banks in 
distribution feeder. These problems have a direct impact on 
network equipment. Voltage variations cause frequent 

operation of OLTC, line voltage regulators (VRs) and 
voltage-controlled capacitor banks for controlling the feeder 
voltage. This frequent operation shortens the expected life 
cycle of these devices and increases maintenance 
requirements [52, 53]. 

B. The role of capacitorless D-STATCOM in distribution 
networks 

A distribution static synchronous compensator (D-
STATCOM) is a fast response power electronics device that 
can provide flexible voltage regulation, power factor 
correction, and harmonics mitigation in the distribution 
network [18, 25-36]. In electrical distribution systems, 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 in extending the low-
voltage ride-through capability of the system, thereby 
mitigating the possibility of short-term voltage collapse. The 
reactive power support, one that can be continuously adjusted 
will help reduce the operational stress on the slow-acting 
mechanically switched devices, such as step-type voltage 
regulators and switchable capacitor banks. Such a reactive 
power support source could either be run autonomously to 
achieve a set of predefined objectives or can be dispatched by 
the system operator. 

In case 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 point of common coupling. Whereas, if the 
objective is to reduce the frequency of operation 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 of supplying the reactive 
power from the source/substation. In the second scenario, the 
power quality compensator is expected to autonomously 
determine the required VARs to be produced or consumed, to 
maintain the voltage within some determined limits. The 
current mechanical assets for voltage control operate on a 
slower time scale as compared with the intermittency 
associated with the solar PV power injections. This mismatch 
renders the mechanically switched devices inadequate to 
correct the fast voltage variations. 

III. CONTROL STRATEGY OF THE CAPACITORLESS D-
STATCOM SYSTEM 

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

A. Topology of the matrix converter 
Consider the detailed system, showing the capacitor-less 

D-STATCOM based matrix converter topology, as shown in 
Fig. 2. The capacitorless D-STATCOM consists of a three-
phase matrix converter (MC) system connected to the PCC 
through an input filter and the MC output is connected to an 
inductive energy storage element 𝐿ெ. The proposed D-
STATCOM is controlled using finite control set model 
predictive control (FCS-MPC).  

The matrix converter is a type of power electronics 
converters that can perform direct ac/ac power conversion 
without the use of electrolytic dc capacitors, and this will 
increase its reliability and service life in comparison to the 
traditional VSC [54]. As shown in Fig. 2, the power circuit of 
the matrix converter consists of nine bidirectional switches 
each comprised of two IGBT and diode pairs connected in 
anti-parallel to support bidirectional current flow. The MC is 
connected to the distribution network through an input filter 
to prevent the high frequency switching harmonics from 
propagating to the network.  

B. The role of current reversal for inductive storage 
The MC is appropriately controlled by MPC to enable the 

input to output current phase inversion. By using the property 
of current phase reversal, the converter absorbs leading 
currents from the ac network while the inductor absorbs 
lagging current at the output side of the converter.  

The output voltages and input currents of the MC were 
calculated according to (1), (2) and (3) as a function of MC 
input voltages, output currents and the switching function. 
The inductive load constrains the switching to avoid 
interruption of MC output current. The voltage-source input 
constrains the switching to avoid shorting the input phases. 

This constraint can be expressed as: 
 𝑉𝑉𝑉൩ ൌ 𝑆 𝑆 𝑆𝑆 𝑆 𝑆𝑆 𝑆 𝑆൩ . 𝑉𝑉𝑉൩ (1) 

𝐼𝐼𝐼൩ ൌ 𝑆 𝑆 𝑆𝑆 𝑆 𝑆𝑆 𝑆 𝑆൩ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥெ
. 𝐼𝐼𝐼൩ (2) 

𝑆 + 𝑆 + 𝑆 ൌ 1    ∀     𝑗 𝜖 {𝐴,𝐵,𝐶} (3) 

 
where 𝑀 is the instantaneous transfer matrix, 𝑉(𝑡), 𝑉(𝑡), 𝑉(𝑡) and, 𝐼(𝑡) 𝐼(𝑡), 𝐼(𝑡) are the output voltages and 
currents of the matrix converter, respectively. While, 𝑉(𝑡), 𝑉(𝑡), 𝑉(𝑡), and 𝐼(𝑡), 𝐼(𝑡), 𝐼(𝑡) are the input 
voltages and currents of the matrix converter, and 𝑆(𝑡) is 
the switching function for 𝑖 is an element of {A,B,C} and 𝑗 
is an element of {a, b, c}. Proper choice of 𝑆 will lead to a 
phase-reversal of the current so that the inductive load 
appears capacitive at the input to the MC [44, 45]. 

The controller uses the voltage measurement at the point of 
common coupling (PCC) and the instantaneous three-phase 
load currents decomposed into real and reactive components 
(based on SRF [35, 55, 56]). The voltage regulator part 
compares the measured PCC voltage value with the required 
reference to generate the required reactive current for voltage 
regulation which is added to the reactive load current 
component as in Fig. 2. The real component of the load 
current consists of a dc part that represents the fundamental 
component of the current and the ac part that represent the 
harmonics. The harmonic component is extracted and then 
transformed back to the ABC reference frame to be used as a 
reference current for the controller. More details on the 
controller are discussed in [44, 45]. 

 

 

Fig. 2 Detailed example system showing the capacitorless D-STATCOM device shunt connected at bus-3 Other buses in the vicinity are labeled as shown. 
Without loss of generality, the remainder of the distribution system to the sub-station is shows as "upstream." 



C. MPC based control strategy 
The MPC-based controller has two functions as in Fig. 2. 

First, it predicts the future behavior of the system using the 
system model, second, it minimizes the error between the 
reference and the predicted signals in the next sampling 
period. This controller is simple to implement, and it has a 
fast-dynamic response. The discrete-time model estimates the 
current at the next sample (k+1) is given as [36]: 
 𝑖ఙ (𝑘 + 1) ൌ ቆ1 − 𝑅ಾೕ𝑇௦𝐿ெ ቇ 𝑖(𝑘) + 𝑇௦𝐿ெ 𝑣(𝑘) (4) 

 
where 𝜎 is the switching configuration number, 𝜎 ϵ {1, . . ,27}, 𝑣(𝑡) is the per-phase output voltage of the 
MC, 𝑖(𝑡) is the per phase output current of the MC, 𝐿ெ 
and 𝑅ಾೕ is the per-phase inductance and parasitic 
resistance of the output chokes and j is the output phases of 
the MC, 𝑗 𝜖 {𝐴,𝐵,𝐶}. 

The input reactive power and the input current of the 
converter can be written in orthogonal coordinates as:  
 𝑖ఙ (𝑘 + 1) ൌ 𝐴(ଶ,ଵ)𝑉(𝑘) + 𝐴(ଶ,ଶ)𝑖(𝑘)                       +𝐵(ଶ,ଵ)𝑉௨௦(𝑘) + 𝐵(ଶ,ଶ)𝑖(𝑘) (5) 

 
The cost function 𝐽 is given as 
 𝐽ఙ ൌ 𝜆ଵ(|𝐼ఙ − 𝑖∗ | + |𝐼ఙ − 𝑖∗ | + |𝐼ఙ − 𝑖∗ |) 

  + 𝜆ଶ(|𝐼ఙ − 𝑖∗ | + |𝐼ఙ − 𝑖∗ | + |𝐼ఙ − 𝑖∗ |) (6) 

 
where 𝐽 is the cost function and 𝐼ఙ  is the predicted value of 
D-STATCOM input current and 𝐼ఙ   is the predicted value of 
MC output current with 𝑗 𝜖 {𝐴,𝐵,𝐶}. Reference values 𝑖∗  
and 𝑖∗  are the MC reference input and output currents 
respectively. The weight factors 𝜆ଵ, 𝜆ଶ are adjusted to 
priorities the different parts of the cost function. In this paper, 𝜆ଵ is given a higher priority with the ratio 𝜆ଵ/𝜆ଶ ൌ 5. Optimal 
tuning of these weight factor is still an open topic for research 
[57, 58]. In this paper, manual tuning of the weight factors is 
performed according to the guidelines from [58].  

IV. POWER SYSTEMS STUDY AND RESULTS 

A. Description of distribution test system 
With increasing penetration of distributed PV generation 

in the low-voltage (LV) distribution networks, bidirectional 
power flow becomes possible and can cause significant 
variation in voltage profile, as illustrated in Fig. 4. The LV 
distribution networks have special characteristics, such as 
dynamic loads, and high resistance/reactance (R/X) ratio 
[59]. The voltage deviation ∆𝑉 between bus-1 and 2 along 
the feeder, due to the current injection from bus-2, can be 
expressed as: 
 ∆𝑉 ൌ 𝐼𝑍 (7) 

 

where 𝑍 is the feeder impedance (𝑅 + 𝑗𝑋). The bus 
voltage deviation at the point of connection 𝑉 can be written 
as [59]: 
 ∆𝑉 ൌ 𝑅.𝑃 + 𝑋.𝑄ห𝑉ห + 𝑗 𝑋.𝑃 − 𝑅.𝑄ห𝑉ห  (8) 

 
Using (8), the bus voltage can be approximated as in (9) [59]:  
 𝑉 ൎ 𝑉ିଵ + 𝑅.𝑃 + 𝑋.𝑄ห𝑉ห  (9) 

 
where 𝑃 and 𝑄 are the active and reactive power 
respectively at the point of connection. According to (8) and 
(9) the voltage drop between the buses depends on the active 
power, reactive power and the values of line impedance. 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. 4. On the 
other hand, voltage rise can occur due to the reverse power 
flow from the PV system to the grid. The amount of voltage 
rise depends on the associated reverse power flow and the 
line impedance between the bus and the closest voltage 
regulating devices. To keep the bus voltage profile within the 
acceptable levels, a utility owned compensator can 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. 

B. Parameters of the IEEE-34 bus system 
To understand the system-wide impact of high PV 

penetration on distribution systems, the model of IEEE-34 
bus test system is considered. The one-line diagram of the test 
system is shown in Fig. 3. The IEEE 34 bus test system 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, Δ-Y substation transformer, two in-line three 
phase voltage regulators, an in-line 500 kVA, 24.9 kV/4.16 
kV Δ-Y transformer at the start of the 832-890 lateral. The 
distribution system is also equipped with two three-phase 
fixed capacitor banks with a combined rating of 750 kVAR. 
A 300 kVAR three-phase shunt capacitor bank is connected 
to bus 844 while a larger 450 kVAR three-phase shunt 
capacitor bank is connected to bus 848.  

The load center for the first in-line voltage regulator from 
 

 
Fig. 3 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.  
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the substation transformer (referred to as VR-1) is the bus 
814R while the second voltage regulator (VR-2) controls the 
voltage of bus 852R. To control the load center voltage, both 
the voltage regulators make use of line drop compensation 
(LDC). The LDC acts a control circuit and models the voltage 
drop between the regulator and the load center to determine 
the tap position of the regulator. The LDC control circuit is 
shown in Fig. 5. The settings of the voltage regulators and the 
specifications of the LDC circuit are given in Table II. The 
settings for phase B and phase C are identical to phase A in 
both regulators. The defined setting for the bandwidth allows 
the load center voltage to be in the range of 121-123V for VR-
1 and from 123-125 for VR-2. 

The reason for a slightly higher voltage at the load center 
of VR-2 is to compensate for the large voltage drop in the 
832-890 lateral. The time delay precludes the regulator to 
react to transient changes in the voltage or current. The 
regulators are equipped with a reversing switch which allows 
for a ±10 % regulation range in 32 steps. On a 120V base this 
translates to 0.75 V change per step. 

C. OpenDSS simulation model 
In OpenDSS, the two three phase voltage regulators are 

modelled as six single phase two winding autotransformers 
with a regulator control unit for each autotransformer. 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 distribution system 
consisting of all single-phase and three-phase overhead lines, 
feeder regulators, customer loads, capacitor banks, MV 
transformer, control circuits for the capacitor banks and 
voltage regulators and the substation transformer is developed 
in OpenDSS [60].  

The aggregate peak active load of the IEEE 34 bus 
distribution test 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. The classification is given in Table III. A 
combination of different load models like constant power 
loads, constant impedance loads, constant current loads and 
voltage dependent loads to better represent the diversity of 
loads in MV/LV radial feeders were used. The use of such 
load models is consistent with the distribution test feeder 
specification developed by the working group of the IEEE 
distribution sub-committee. The dependency of the active and 
reactive loads on feeder voltages is modeled as 
 𝑃(𝑉)𝑃 ൌ ൬𝑉𝑉൰ఈ ;  𝑄(𝑉)𝑄 ൌ ൬𝑉𝑉൰ఉ (10) 

 
where the parameters 𝛼 and 𝛽 define the exponential 
relationship of voltage 𝑉 with load active (𝑃) and reactive (𝑄) power. 𝑃 and 𝑄 are the nominal values of load 
active and reactive powers and 𝑉 is the base voltage.  

D. Simulation considerations 
To study the effect of distributed generation, a 

proportional-distributed configuration of the grid-connected 
rooftop PV systems is chosen. This configuration is most 
typical of distribution systems with a significant percentage 
of residential loads. The capacity of the PV system is rated 
based on the active load at the bus. Each grid-connected PV 
system is equipped with an inverter with rating approximately 
10% higher than the peak capacity of the PV system.  

To account for the diversity in the roof top tilts and the 

TABLE II 
VOLTAGE REGULATOR 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 2.7 V 2.5 V 
X 1.6 V 1.6 V 
Connection Wye-Wye Wye-Wye 
Location Bus 814-814R Bus 852-852R 

 
TABLE III 

CLASSIFICATION OF LOADS ON IEEE 34 DISTRIBUTION SYSTEM 
Load Class Nominal kW Range 

Small Dwelling (Studio Apartment) 𝑃  3 𝑘𝑊 
Large Dwelling (House with multiple bedrooms) 3 𝑘𝑊 ൏ 𝑃  10 𝑘𝑊 
Small Scale Commercial 10 𝑘𝑊 ൏ 𝑃  25 𝑘𝑊 
Medium Scale Commercial 25 𝑘𝑊 ൏ 𝑃  100 𝑘𝑊 
Large Scale Commercial 100 𝑘𝑊 ൏ 𝑃  500 𝑘𝑊 

 

 
Fig. 4 Low voltage distribution network with high PV penetration 
scenarios. Vଶ is the base-case bus voltage without PV. The voltage at bus-2 
increases to Vଶᇱ and Vଶ" as more generation is added. 

 

 
Fig. 5 Line Drop Compensation Circuit. 
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direction in which the roofs of the houses in a typical 
residential neighborhood are facing, the tilt angle and the 
azimuth angle of the roof top PV systems are sampled from a 
uniform distribution. The optimal azimuth angle of a grid-
connected PV system in the northern hemisphere is 180° 
while the typical roof pitch in the U.S is 4/12-9/12. This 
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 [61] 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 real power output of the grid-
connected PV systems.  

 To simulate the effect of distributed generation on the 
distribution system, a PV system is added to each load, with 
peak capacity chosen proportional to the peak active load at 
the bus. Each PV system is equipped with an inverter with 
rating approximately 10% higher than that of the PV panel to 
allow headroom to reactive power support. This is done to 
ensure a little headroom for the injection or absorption of 
reactive power. The PV penetration is given by 
 %𝑃𝑉 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = ∑ 𝜓ୀଵ∑ 𝑃ேୀଵ × 100 (11) 

 
where, 𝜓 is the rated peak active power of 𝑗௧ PV system, 𝑃 is the peak active load injection at 𝑖௧ bus, 𝑟 is the total 
number of PV systems deployed and 𝑁 is the total number of 
buses in the distribution system.  

E. Results: Impact of high PV penetration 
 With the legacy voltage control framework (substation 

LTC, in-line voltage regulators and Capacitor Banks) 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. Such rapid excursions in 
bus voltages cannot be mitigated by legacy voltage control 
devices. The mechanical design of voltage regulators and 
switched capacitor banks renders them inadequate for 
regulating voltages at such shorter time scales of minutes 
and/or seconds. In fact, such highly fluctuating bus voltage 
profiles could stretch these devices to the limits of their 
operation and lead to premature failure of voltage regulators 
and switched capacitor banks. The results of the quasi-static 
time series (QSTS) simulations shown in this section 
demonstrate the impact of continuous reactive power support 
for voltage regulation on a three-phase distribution feeder 
with voltage regulators and switched capacitor banks. 

To observe the impact of high PV penetration on 
distribution system voltage, the full three-phase model of 
IEEE-34 bus distribution test feeder is simulated in Open-
DSS via a component object server (COMOS), that acts as a 
communication link between Open-DSS and MATLAB. 
Both steady state and (QSTS) simulations are performed to 

 

TABLE IV 
CUMULATIVE TAP OPERATIONS 

Device 
Cumulative Tap Operations over a year 

PV ON, 
D-STATCOM OFF 

PV ON, 
D-STATCOM ON 

% Decrease in Tap 
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% 

 
Fig. 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.  
 

 
Fig. 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. 
 

 
Fig. 8 Results from QSTS simulation showing power flow and bus voltage 
without D-STATCOM. 
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assess the impact of high capacitive PV generation (90% 
penetration level). The impact of a highly variable voltage on 
OLTC operation is presented in Fig. 6 and Fig. 7. The 
intermittent nonscheduled generation causes the OLTC to 
operate much more frequently to keep the voltage within the 
specified bandwidth.  

The bus voltage profile as shown in Fig. 6 depicts a 
sustained increase in the voltage that lasts the entire duration 
the PV systems are generating power. When an OLTC or a 
switched capacitor encounters such a variable voltage on the 
secondary, it results in a significant increase in the operational 
frequency of such devices. The tap operation profile of an 
OLTC corresponding to the variable voltage of Fig. 6 is 
shown in Fig. 7. A high PV penetration disrupts the normal 
operation of OLTCs, which manifests in frequent changing of 
taps to correct for the fast voltage variations. However, it is 
clear that OLTCs are not able to regulate the voltage under 
conditions of high penetration of intermittent nonscheduled 
generation. Such an uncontrollable voltage profile could 
further lead to loss of load or at a worse result in a cascaded 
voltage collapse scenario. Since the penetration of PV 
systems has only increased over the last decade and based on 
the current trends, will continue to rise further. The utilities of 
the future 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 investment in reactive support with continuous control 
adjustment and a long service life is the most promising 
solution to combat the accelerated aging of mechanical assets 
in a distribution system. The proposed compensator is able to 
provide reactive power compensation as well as harmonic 
filtering at the source of the power quality problem, thereby 
eliminating the propagation of harmonics, voltage flicker and 
voltage fluctuations upstream toward the source i.e. 
distribution substation. 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 COM interface. 
The steady-state voltage regulation model of the proposed D-
STATCOM is based on the reactive power mismatch 
equations. The model makes use of a proportional-integral 
(PI) controller to minimize the mismatch between the 
reference voltage and the measured bus voltage. The reactive 
power mismatch equations are: 
  𝑄 − 𝑉𝐼 sin ቀ𝜃 − 𝜃ூቁ𝑄 + ห𝑉หଶ𝐵 − |𝑉ᇱ|𝐺 sin 𝛿 + |𝑉ᇱ|𝐵 cos𝛿 = 0 (12) 

 
where, |𝑉ᇱ| = ห𝑉ห|𝑉௩| and 𝛿 = 𝜃 − 𝜃ೡ. In (12), 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, 𝑉 
is the voltage at the point of common coupling and 𝑉௩ is 
the converter voltage.  

The interaction of the D-STATCOM with an OLTC is 

studied by connecting the two converters at Bus 890, which 
is on the secondary side of the voltage regulator-2 and at Bus 
854, on the primary side of the voltage regulator-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 regulator. The voltage regulator 

 

 

 
Fig. 9 Results from QSTS simulation showing power flow and bus voltage 
with D-STATCOM. 
 

 
Fig. 10 Impact of D-STATCOM on voltage profile of bus 890 without and 
with high PV penetration.  
 

 
Fig. 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 regulator as a 
function of time. The voltage regulator 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 voltage 
regulator tap operations by up to 95%. 



changes taps whenever the measured load center voltage is 
outside the specified bandwidth for a duration that exceeds 
the time delay of the regulator. Given a 90% PV penetration 
level, the IEEE-34 feeder is subjected to QSTS simulations 
and voltage of bus 890 and corresponding tap profile of 
regulator-2 is recorded.  

Fig. 10 shows the voltage profile of Bus 890 under 
different feeder conditions for the planning period of 48 hours 
and the tap profile of voltage regulator-2 is shown in Fig. 11. 
Under high PV penetration and with D-STATCOM disabled, 
the bus voltage is highly variable and fluctuates rapidly. 
However, with the D-STATCOM enabled, the bus voltage is 
held nearly constant at 1.03 p.u. To ensure coordinated 
operation between the D-STATCOM and the voltage 
regulators, the voltage setting of the D-STATCOM is set 
equal to the voltage set-point of the nearest voltage regulator. 
With the D-STATCOM running in voltage regulation mode, 
OLTC registers less tap operations and this corresponds to a 
decreased level of operational stress on the regulator. A direct 
consequence of this is a decrease in the wear and tear of the 
regulator under conditions of high PV penetration. 
Furthermore, with the D-STATCOM turned on, the regulator 
consistently operates at lower tap positions and this is less 
likely to hit the maximum tap position. The results of the 
annual QSTS simulations with respect to the cumulative 

number of tap operations of all the six phases of the two 
voltage regulators are given in Table IV.  

The continuously adjustable reactive power compensation 
capability of D-STATCOM could be further leveraged to 
provide a number of benefits such as minimize power losses, 
improve power factor and reduce harmonic losses. This could 
be achieved by optimizing the number, location and voltage 
set points of the converters. Since the reactive output of PV 
inverters is limited by the amount of real power generated, the 
D-STATCOM offers superior performance both in terms of 
capacity usage and control characteristics [29].  

The injection/absorption of reactive power to regulate 
voltage alters the flow of power and changes the overall 
feeder demand as seen on the secondary of the substation 
transformer. The results are shown in Fig. 8 and Fig. 9 were 
obtained by running daily QSTS simulations on the IEEE-34 
feeder with and without a D-STATCOM at bus 890 
respectively. The voltage set point of the D-STATCOM is set 
equal to load center voltage at the secondary of the voltage 
regulator-2. This ensures coordinated operation of the OLTC 
and the D-STATCOM. The source power refers to the 
diversified demand (real and reactive) as seen on the 
secondary of the substation transformer. 

V. POWER ELECTRONICS RESULTS 

A. Simulation Results  
MATLAB/Simulink platform is used to verify the 

effectiveness of the proposed capacitor-less D-STATCOM in 
providing the required dynamic compensation to the network. 
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. 2. The 
impact of the D-STATCOM the distribution network shown 
in the figure bellow with high PV penetration is studied with 
the parameters shown in Table V.  

As shown in Fig. 12 the voltage profile across the five 
buses is shown with and without D-STATCOM device being 
connected to bus-3. It can be seen that without D-STATCOM, 
the voltage profile is changing as the PV system power vary 
during the day. It can be observed that there is poor voltage 
regulation at the buses located at the end of the feeder, where 
the voltage violates the limits of 228 (0.95pu) and 252 
(1.05pu). 

When D-STATCOM device is connected to bus-3, it 
started to provide the required 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 Fig. 13 and Fig. 14. In Fig. 13 the voltage 
profile without D-STATCOM is presented changing as the 
power flow change in the network, while, after adding the D-
STATCOM device to bus-3, as in Fig. 14, it can be noted that 
capacitorless D-STATCOM device has managed to flatten 
then voltage profile in the bus where it is connected and in the 
other buses in the feeder.  

 

 
Fig. 12 Voltage profile at different buses on the distribution feeder. D-
STATCOM is connected at bus-3. The final 24-hours is without the 
capacitorless D-STATCOM compensator. The second 24-hours assumes 
identical system operation but adds the capacitorless D-STATCOM 
device.  
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B. Experimental results for the capacitorless D-STATCOM  
The proposed technology is validated experimentally using 

7.5kVA prototype. System parameters listed in Table V is 
used in experimental tests. A reduced scale experimental 
prototype, as shown in Fig. 15, is developed to validate the 
capability and the effectiveness of the proposed capacitor-less 
D-STATCOM in providing the required support to low 
voltage distribution network. The setup consists of Upstream 
side (12kVA three-phase grid simulator NHR-9410), 
downstream side (Electronic load from Cinergia), D-
STATCOM unit (7.5 kVA Matrix converter unit with three-
phase inductors connected at its the output side), and control 
platform (dSPACE Scalexio) to control the matrix converter. 
The MC unit consists of nine IGBT modules SK60GM123, 
isolated gate drive circuits, current direction detection circuit, 
clamp circuit for overvoltage protection, voltage transducers 
LEM LV 25-p and current transducers LEM LP 55. The 
dSPACE control platform consists of a processing unit and 
LabBox™ with 4 FPGA modules each module has 5 ADC 
14bit resolution, 10 digital I/O pins and 5 analogue output 
pins. The MPC strategy is implemented in dSPACE Scalexio 
processing unit, while the measurements and four-step 
commutation and protection are implemented in dSPACE 
LabBox™ unit. dSPACE ControlDesk™ software is used to 
supervise and control the experiment in real-time and view 
and store the experimental results and modify the desired 
control parameters during the experiment. 

The impact of D-STATOCM device on downstream bus 
voltage profile is presented in Fig. 16, before connecting D-
STATCOM to the bus, it can be noticed that upstream is 
providing the load with active power of 4.2 kW and reactive 
power of 3 kVAR, while the D-STATCOM reactive power is 
zero. Also, the active power change in the figure as the PV 
system inject 3,000 W of active power to downstream side. 
The voltage profile downstream is fluctuating and violating 
the limits set by ANSI standards which can negatively impact 
the consumers connected at this bus. After the proposed D-
STATCOM device is shunt connected to downstream bus, it 
starts to inject a dynamic reactive power to the grid to enhance 

 

 
Fig. 15 Hardware setup of a 7.5kVA 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 V 
SYSTEM PARAMETERS 

Parameter Value 
Voltage, VLL,rms 415 V 
Frequency 50Hz 
Output chokes inductance LMC 24mH 
Input filter resistance Rf, Lf 1 Ω, 1mH 
Input filter capacitor Cf/phase 18 uF 
Sampling time Ts 40µs 
Weight factor λ1 2 
Weight factor λ2 0.6 
Rs 0.35 Ohm 
Ls 1 mH 

 

 

Fig. 13 Feeder voltage profile of the system in Fig. 2 without D-
STATCOM device. 
 

 
Fig. 14 Feeder voltage profile of the system in Fig. 2 with D-
STATCOM connected at bus-3. 



the voltage profile. The capacitorless D-STACOM managed 
to flatten the voltage profile and it is tracking its reference 
240V.  

Upstream voltage (𝑉௦) and current (𝐼௦) without D-
STATCOM support is plotted in Fig. 17, the source current 
lags the voltage and there is a phase shift between the voltage 
and the current. After the shunt-connected D-STATCOM 
device is enabled, it starts to provide the required support with 
source current now 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 is shown in Fig. 
18, the controller was able to track the reference current.  

The upstream voltage distortion is still within the limits 
recommended by standards as shown in Fig. 19. Furthermore, 
the three-phase upstream current THD with D-STATCOM 
device is shown in Fig. 20. The current THD in Fig. 19 and 

Fig. 20 are within the limits specified by IEEE 519 [62, 63]. 

VI. DISCUSSIONS 
Compared to other incumbent technologies, the 

capacitorless D-STATCOM is capable of dynamic reactive 
power compensation, dynamic voltage regulation, harmonic 
compensation, while being controlled by the network 
operator as was shown in Table I. A summary of the impact 
of the capacitorless D-STATCOM on a distribution network 
with high permeability is outlined and discussed in VI.CA. In 

 

 
Fig. 16 Experimental results showing PV system profile, upstream 
power, and D-STATCOM power and voltage profile at downstream. 
 

 
Fig. 17 Experimental results showing upstream voltage and current 
(VsA , IsA), and D-STATCOM reference and measured current 
(IcA_Ref , IcA) without D-STATCOM.  

0 10 20 30 40 50 60 70
(a)

-1000
0

2000

4000

Po
w

er
 (W

)

data1

0 10 20 30 40 50 60 70
(b)

0

2000

4000

6000

Po
w

er
 (W

)

VsA-rms

0 10 20 30 40 50 60 70
(c)

-4000
-2000

0
2000
4000
6000

Po
w

er
 (V

A
R

)

0 10 20 30 40 50 60 70
(d)

200

220

240

260

Vo
lta

ge
 (V

)

Time (s)

Q-DSTATCOM

Q-Source

P-Source

D-STATCOM ON

PV Profile

Bus Voltage

D-STATCOM Off

 

 
Fig. 18 Experimental results showing upstream voltage and current 
(VsA , IsA), and D-STATCOM reference and measured current 
(IcA_Ref , IcA) with D-STATCOM. 

 

 
Fig. 19 Experimental results of upstream three phase spectra (Vs) with 
D-STATCOM device. 
 

 
Fig. 20 Experimental results of upstream three phase current spectra 
(Is) with D-STATCOM device connected. 
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terms of impact, the capacitorless D-STATCOM has the same 
impact on the PV system as the incumbent voltage source 
converter-based (VSC) D-STATCOM technology. The only 
difference between the proposed capacitorless D-STATCOM 
and the incumbent D-STATCOM is the use of inductors 
instead of capacitors for energy storage. An impact and 
behavior comparison between the proposed capacitorless D-
STATCOM and the incumbent D-STATCOM is discussed in 
VI.B with experimental results. A reliability comparison 
between the two technologies is further discussed in VI.C.  

A. Impact of the capacitorless D-STATCOM on a 
distribution network with high PV permeability 

The main take aways from power system study presented 
in Section IV: 
- Capacitorless D-STATCOM can perform VAR 

compensation 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 

- A distribution network with high PV penetration and a 
capacitorless D-STATCOM has shown less tap changes in 
network mechanical OLTCs. Thus, increasing the service 
life of already existing distribution network equipment. 

B. Impact and behavior comparison between incumbent 
D-STATCOM and capacitorless D-STATCOM 

Experimental compensation effect comparisons between 
traditional VSC-based D-STATCOM and proposed 
capacitorless D-STATCOM. The phase A source voltage, 
source current, and source current harmonics at 200 V with 
non-linear connected are presented. Fig. 21(a) Results 
without STATCOM connected showing the impact of the 
non-linear load on the distribution network. Fig. 21(b) Results 
with VSC-based D-STATCOM illustrating improved 

harmonic compensation. Fig. 21(c) Results with the 
capacitorless D-STATCOM illustrating similar impact and 
behavior as the incumbent D-STATCOM technology. 

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 relevant 
to this analysis [64]. Keeping the reliability study succinct for 
this paper, failure rates are obtained from models presented in 
the military handbook MIL-HDBK-217F [65]. Since the 
handbook is old, the obtained component failure rates were 
adjusted to match with other recent work relying on Monte-
Carlo analyses as in [66-69]. From [66], the equivalent static 
value for mean junction temperature was found to be 𝑇ᇱ =31.55 ℃ for the mission profile for the state of Arizona and 
is thus used in this study. 

The circuit diagrams for the 7.5 kVA D-STATCOM 
experimental prototypes in section VI.B is shown in Fig. 22. 
In terms of characterizing the failure function, the converter-
level reliability block diagrams of Fig. 23 (a) and (b) show the 
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. 23(a)) is comprised of 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 
reliability diagram for the capacitorless D-STATCOM (Fig. 
23(b)) is comprised of eighteen switches with body diodes 
and three inductors.  

Based on [65], the failure rates per year for the components 
of the D-STATCOM are 𝜆 = 9.96 × 10ି, 𝜆ொ = 1.89 ×

 

 
Fig. 21 Experimental compensation effect comparisons between traditional VSC-based D-STATCOM and proposed capacitorless D-STATCOM. The phase 
A source voltage, source current, and source current harmonics at 200 V with non-linear connected are presented. (a) Results without STATCOM connected 
showing the impact of the non-linear load on the distribution network. (b) Results with VSC-based D-STATCOM illustrating improved harmonic 
compensation. (c) Results with the capacitorless D-STATCOM illustrating similar impact and behavior as the incumbent D-STATCOM technology. 



10ିଷ, 𝜆 = 2.64 × 10ିସ, and 𝜆 = 7.84 × 10ିଷ for the 
diode, IGBT, inductor, and capacitor respectively. The 
survival function of the exponential distribution can be used 
to model component failure function. 𝐹(𝑡) = 1 − 𝑒ିఒ௧ (13) 

where 𝑡 is the time in years. The converter failure function 𝐹௩ is calculated using 𝐹𝑐𝑜𝑛𝑣(𝑡) = 1 −ෑ(1 − 𝐹𝑐𝑜𝑚(𝑡)) (14) 

Thus, the VSC-based D-STATCOM failure function is 𝐹ௌ(𝑡) = 1 − ൫1 − 𝑒ି𝝀𝑫௧൯൫1 − 𝑒ି𝝀𝑸௧൯൫1 − 𝑒ି 𝝀𝑪௧൯଼ (15) 

and the failure function of the capacitorless D-STATCOM 
can be written as 𝐹ெ(𝑡) = 1 − ൫1 − 𝑒ି𝝀𝑫௧൯ଵ଼൫1 − 𝑒ି𝝀𝑸௧൯ଵ଼൫1 − 𝑒ି 𝝀𝑪௧൯ଷ (16) 

The converter-level unreliability function curves for both 
converters based on Arizona environmental conditions are 
shown in Fig. 24. Based on the data considered in this 

analysis, Fig. 24 shows that the VSC-based D-STATCOM is 
more prone to failure than the capacitorless D-STATCOM. 
The reliability function 𝑅௩(𝑡) = 1 − 𝐹௩(𝑡). Based on 
the components’ statistics the reliability of the incumbent 
VSC-based D-STATCOM is 𝑅ௌ,ଵ = 48%, and the 
reliability of the proposed capacitorless D-STATCOM is 𝑅ெ,ଵ = 71% over a 10-year period. Summary of the 
reliability analysis results are shown in TABLE VI. The 
system-level 𝐵ଵ lifetimes, which correspond to the time by 
which the converter has 10% probability of failure, is shown 
in the same figure and summarized in Table VI. The 𝐵ଵ 
lifetime of the proposed capacitorless D-STATCOM is 
shown to be 53% longer than the incumbent VSC-based D-
STATCOM.  

A three-year 𝐵ଵ lifetime for the capacitorless D-
STATCOM is still considered low, attributed mainly to the 
hot environment and to the number of switches of the matrix 
converter. Previous work has considered a fault-tolerant 
capacitorless D-STATCOM [72] and the experimental 
prototype in Fig. 15 is a four-legged matrix converter. The 
converter level reliability of a fault-tolerant converter is as 
shown in Fig. 23(c). In terms of the reliability of a fault-
tolerant converter, the fourth phase leg provides a 
contingency path to any of the three phase legs and is thus 
represented as four parallel reliability paths. The reliability of 
the converter can be represented as 𝑅௩ = ቂ1 − ൫1 − 𝑒ି(𝑫𝝀ವାೂ𝝀ೂ)௧൯ସቃ ∙ 𝑒ିಶ𝝀ಶ௧ (17) 

where 𝜆ா is the failure rate per year of the energy storage 
device (𝜆 for the inductor or 𝜆 for the capacitor), 𝑛ா, 𝑛ொ 

 

 
Fig. 22 Circuit diagrams used in the reliability studies (a) incumbent 
VSC-based D-STATCOM, and (b) proposed capacitorless D-
STATCOM based on matrix converter (MC). 

 

 
Fig. 23 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, 
(c) a fault-tolerant (four-legged) converter. 
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TABLE VI 
SUMMARY OF RELIABILITY ANALYSIS RESULTS 

Technology VSC1 Capless2 FT VSC3 FT Capless4 
10-year reliability 
 𝑅𝑐𝑜𝑛𝑣(𝑡 = 10) 

48% 71% 53% 99% 

25-year reliability 
 𝑅𝑐𝑜𝑛𝑣(𝑡 = 25) 16% 42% 21% 87% 

Converter-level  
lifetime - 𝐵10 

1.4  
years 

3.0 
years 

1.7 
years 

22.6 
years 

1 VSC-based D-STATCOM 
2 Capacitorless D-STATCOM 
3 Fault-tolerant VSC-based D-STATCOM 
4 Fault-tolerant Capacitorless D-STATCOM 
 

 
Fig. 24 Unreliability functions for the VSC-based D-STATCOM and 
the capacitorless D-STATCOM installed in Arizona environmental 
conditions. 
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and 𝑛ௗ are the number of energy storage devices, IGBTs and 
diodes respectively.   

The unreliability functions of a fault-tolerant VSC-based 
D-STATCOM and a capacitorless D-STATCOM are plotted 
on Fig. 24. Considering a four-legged matrix converter in this 
study, increases 𝐵ଵ lifetime of the capacitorless D-
STATCOM to 22.6 years. A four-legged fault tolerant VSC-
based D-STATCOM has a 𝐵ଵ lifetime of 1.7 years. Thus, a 
fault-tolerant capacitorless D-STATCON has a 92.5% longer 
life than a fault-tolerant VSC-based D-STATCOM. Results 
of the reliability comparisons and the 𝐵ଵ lifetimes are for a 
fault-tolerant capacitorless D-STATCOM compared to a fault 
tolerant VSC-based D-STATCOM are summarized in Table 
VI. From this study, data is shown to corroborate the initial 
motivation for this research that the dc link capacitors are the 
reliability bottleneck for the VSC-based D-STATCOM. 

CONCLUSION  
This paper presented 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. 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 D-STATCOM during high PV penetration. In 
the power electronics study, in addition to mathematical 
formulation of the topology and controller, the electrical 
performance of the capacitorless D-STATCOM was 
demonstrated on a 7.5 kVA experimental prototype. The 
capacitorless D-STATCOM was shown to provide dynamic 
support to the distribution network to allow more PV 
penetration. Additionally, the capacitorless D-STATCOM 
could precisely control the voltage, be used to perform 
conservative voltage reduction to reduce losses, and improve 
the efficiency of the low voltage network. 
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