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Efficient utilization of power networks under extreme voltage sags and swells and reducing the
losses are widely recognized as the most important issues in energy industry. Power electronic
converter based flexible AC transmission system (FACTS) devices play a significant role in
power flow control, power quality improvement, voltage regulation and efficient energy
utilization. Distribution static synchronous series compensator (D-STATCOM) is a FACTS
device and it compensates for voltage sags and swells by injecting or absorbing reactive power
to/from the power network. Modulation of D-STATCOM s is mostly based on pulse width
modulation (PWM) techniques and space vector PWM (SV-PWM) is attracting considerable
interest due to its better DC utilization and wide linear modulation range. In this paper, a three-
level SV-PWM is suggested for the modulation of D-STATCOM which is based on a three-phase
diode-clamped inverter (DCI). A grid connected three-phase power system feeding a 1 MW and
500 kvar load is designed in simulation environment and D-STATCOM is tested under voltage
sags and swells occurring on the generation side. Results demonstrate that D-STATCOM
successfully injects/absorbs reactive power to/from the system under fluctuating grid conditions.

1. INTRODUCTION

Utilization of power networks at the highest efficiency is increasingly becoming a vital factor with the
increased loading conditions and cost of the power networks [1]. Extreme voltage sags, swells and dips;
stability issues and high losses may be counted as some of the challenges that can be faced on a power
network [2-4]. These challenges generally occur due to nonlinear and/or unbalanced loads and high
impedance on distribution networks [5]. Power electronic converters are fast becoming a key instrument
on power networks and their high speed and low cost make them more useful for power networks than
traditional electromechanical devices [6]. The past decade has seen the rapid development of flexible AC
transmission system (FACTS) devices and their utilization on power networks became inevitable [7].
Recently, FACTS devices are extensively utilized in power flow control [8], power quality improvement
[9], voltage regulation [10], efficient energy utilization [11], harmonic mitigation [12, 13], damping power
system oscillations and steady-state voltage stability enhancement [14-16]. FACTS devices can be mainly
divided into two categories: Thyristor-based FACTS devices and self- commutated switches based FACTS
devices [17]. Thyristor-based FACTS devices generally use line commutation and employ large energy
storage elements whereas FACTS devices based on self-commutated switches utilize gate turn-off
thyristors (GTOs) or insulated-gate bipolar transistors (IGBTs). Thyristor-controller reactor (TCR),
thyristor-switched capacitor (TSC), static var compensator (SVC), thyristor-switched series capacitor
(TSSC), thyristor-controlled series capacitor (TCSC) and thyristor-controlled phase angle regulator
(TCPAR) are types of thyristor-based FACTS devices. On the other hand, static synchronous compensator
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(STATCOM) and static synchronous series compensator (SSSC) are major types of FACTS devices based
on self- commutated switches. STATCOM is nothing but a shunt connected FACTS device [18].
STATCOMs have the ability to both absorb and generate reactive power. The major advantage of
STATCOMs is that they can generate high reactive power output at low grid voltages [9]. A STATCOM
along with a coupling transformer, an energy storage device and a converter is called as distribution static
synchronous compensator (D-STATCOM) as seen in Figure 1. The central function of D-STATCOM in
the power system is to regulate the voltage at point of common coupling (PCC) by injecting and absorbing
reactive power to/from the system at a very high rate [19-21]. D-STATCOM s are also utilized in voltage
support [22], excess power circulation [23], enhancing the photovoltaic (PV) installation capacity of
distribution networks [24], reduction of fluctuations caused by PV systems [25] and reduction of voltage
sags and swells [26-29].
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Figure 1. Single line block diagram of D-STATCOM

Pulse width modulation (PWM) techniques are widely used in controlling D-STATCOMs. While a number
of researchers use high frequency sinusoidal PWM (SPWM) [27, 30], some others use fundamental
frequency selective harmonic elimination PWM (SHE-PWM) techniques [31-33] to control D-
STATCOMs. Although SPWM is very simple to implement and SHE-PWM s very good at eliminating
harmonics at the output of D-STATCOM, space vector PWM (SV-PWM) combines the advantages of both
techniques. Popularity of SV-PWM to control D-STATCOMSs increases among researchers due to its better
DC utilization at high voltages, wide linear modulation range and ease of realization [34]. In [35], a two-
level SV-PWM algorithm is developed and applied on STATCOM. It should be noted that a three-phase
six-pulse VSl is utilized inside the STATCOM. A three-level SV-PWM algorithm is proposed in [36] for
a diode-clamped inverter (DCI) based STATCOM. Despite this interest, no one to the best of the author’s
knowledge has studied the implementation of space vector PWM on D-STATCOM.

In this paper, a three-level space vector PWM for a DCI based D-STATCOM is proposed. Control of D-
STATCOM is performed by SV-PWM technique. Designed system is tested under voltage fluctuations
occurring on the generation side of the power system for different load configurations.

This paper proceeds as follows: Control technique of the D-STATCOM is investigated in Section 2. Section
3 deeply examines SV-PWM for three-phase three-level DCI. Simulation results are presented in Section
4 by observing the system behavior under voltage sags and swells that happen in grid. Finally, a brief
discussion on the findings is presented in Section 5.

2. CONTROL OF D-STATCOM

In this section, control technique of D-STATCOM will be investigated. A detailed circuit diagram of D-
STATCOM connected three-phase power system is shown in Figure 2. As seen a three-phase D-
STATCOM is connected to the distribution side of the power system. A three-phase three-level DCI is
utilized as voltage source converter in D-STATCOM. Exchange of reactive power between D-STATCOM
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and AC system is held depending on the magnitude of the bus voltage of D-STATCOM (Vsrar). If Vsrar is
greater than the PCC voltage (Vecc), D-STATCOM supplies reactive power to AC system. If Vsrar is
smaller than Vpcc, reactive power is absorbed by D-STATCOM from AC system.

A detailed control diagram of D-STATCOM is demonstrated in Figure 3. Firstly, D-STATCOM bus
voltages for each phase (Vsrar-a, Vstars, Vstarc) are measured. Measurements are used by a phase-locked
loop (PLL) circuit to extract the phase and frequency information of Vsrar voltages. Using the phase
information, three-phase voltage and current signals are converted from abc reference frame to orthogonal
direct-quadrature (dq) frame to ease the control of the system. After this conversion, current values in dg
axis are obtained (lg, lg). In addition to this, generated V4 and Vq signals are used to generate the magnitude
of the AC voltage (Vac). Sum of the DC voltages of the capacitors (Vqc) in the three-phase three-level DCI
is compared and regulated to a predetermined DC voltage (Vqcrer) by a proportional-integrator (PI) controller
in DC voltage regulator unit. Similarly, V. is regulated to a unity AC reference (Vacrer) by a PI controller in
AC voltage regulator unit. DC and AC voltage regulator units generate current references lgrer and lgrer
respectively. Previously generated lq and Iq values are regulated to larer and lqrer respectively in current
regulator unit. Again, PI controllers are utilized and voltages in dg frame are produced (Vq, Vqg). Finally,
voltage references in abc frame are obtained in reference signal generation unit for each phase and they are
sent to be processed in SV-PWM block. As a result of this operation, gating signals (Sa, Sp, Sc) for the three-
phase three-level DCI are produced. In the section that follows, SV-PWM algorithm for the three-phase
three-level DCI will be deeply investigated.
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Figure 3. Block diagram for the control of D-STATCOM
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3. THREE-LEVEL SPACE VECTOR PWM

In this section, SV-PWM algorithm for a three-phase three-level DCI will be investigated. Mainly in SV-
PWM, three-phase voltages are converted to a voltage vector which has a fixed amplitude and rotates at an
angular frequency of w=2zfwhere f is the fundamental frequency. The three-phase three-level DCI is given
in Figure 2. As seen, there are two DC capacitors with a neutral point between them and four power
semiconductors in each phase along with two clamping diodes. Switching states for the single-phase of a
three-phase three-level DCI are given in Table 1. As indicated, there are three possible switching states for
a phase of the DCI. A visual demonstration of the switching states for a three-phase three-level DClI is given
in Figure 4. Under the circumstances given in Figure 4, three-phase state of the DCI is PON.

Table 1. Switching states for a single-phase three-level DCI

Six | Sax | Sax | Sax | Phase voltage | Switching state
ON ON | OFF | OFF +Vqg/2 P
OFF | ON ON | OFF 0 0
OFF | OFF | ON ON ~Ve/2 N

(@]

a(P) b(0) (N)

Sa Sb Slc
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a S b SZc
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+ % 3 X
Vael22=C» ":B ON
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Figure 4. States of the three-phase three-level DCI
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Three-phase switching states of DCI can be represented in a two-dimensional diagram using Clarke
transformation [37]. The formula to convert three-phase output voltages (Vao, Vio, Veo) into two-dimensional
vectors (Vq, V) in af plane is as follows:

N 2
V=v,+jvp = §(va0d>0 + 17b06_i1 + 17c06_i2) (1)

27T

where d = e’

Using Equation (1), 27 switching state space vectors of the three-phase three-level DCI are obtained as seen
in Figure 5. As seen in Figure 5, there are 19 different state vectors. These state vectors can be divided into
four main groups as large, medium, small and zero state vectors. Large state vectors (PNN, PPN, NPN,
NPP, NNP, PNP) sets voltage of each phase of the DCI to +Vq./2 or -Va/2. Medium state vectors (PON,
OPN, NPO, NOP, ONP, PNO) assign voltage of each phase of the DCI to different voltage levels as +Vqc/2
or -Vu/2. Small state vectors (P00, ONN, PPO, 00N, NON, OP0, OPP, N0O, 00P, NNO, ONO, POP) connect at
least one phase of the DCI to DC link while setting other phases to neutral point. Each state vector can be
represented by two states. Zero state vectors (000, NNN, PPP) assign each phase of the DCI to same DC
link or the neutral point. It should be noted that since length of one edge of the hexagonal is 2Vq./3,
magnitudes of large, medium and small state vectors are 2Vqc/3, Vu/3 and Vqc/3 respectively. In addition
state vectors, three-phase reference signals are also represented in two-dimensional o plane. The angle (¢)
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between reference vector Vi and o line determines the sector number that Ve lies in. The relationship
between 6 and sector number is given in Table 2.

As seen in Figure 5, Vv should be within a circle and maximum magnitude of it is determined by the
magnitude of medium state vectors. Taking into account only the first sector of the state vector diagram
given in Figure 5 and normalizing all state vectors with small state vectors, diagram in Figure 6 is obtained.
As seen, maximum value of normalized reference vector Vet becomes v/3. If Viern gets greater than v/3,
overmodulation occurs. Figure 6 also demonstrates the regions within first sector and as seen, there are four
regions for a single sector.

2nd Sector

5th Sector

Figure 5. Space vector diagram of three-phase three-level DCI

PPN

PNN

Figure 6. Regions within the first sector of the space vector diagram

Table 2. Sector determination with respect to 0
Angle criteria | Sector number

0<6<60
60 <0<120
120 <6 <180
180 <6 <240
240 <0 <300
300 <6 <360

OOl WN B
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Space vector diagram given in Figure 5 is used to generate switching sequence and time of each state vector.
For this reason, a widely used nearest-three-vector (NTV) modulation technique is utilized in this paper.
NTV is more advantageous than other SV-PWM techniques in terms of good quality of output voltage and
low switching frequency [38]. In this technique, the nearest three state vectors (V;, V5, V5) to reference
vector are determined at that sampling time and switching is accomplished by these vectors. Switching
times (T1, T2, T3) of these three vectors are determined by their duty cycles (di, dz, ds). Assuming that Ts is
the sampling period, switching times of V;, V, and V5 become d;Ts, d.Ts and dsTs respectively. To sum up,
switching times of V;, V, and V; are calculated as follows:

VrerTs = ViTy + V3T, + V3Ts,
T,=T,+T, +T;, 2
1 = dl + dz + d3.

Therefore, the next thing to do is to calculate the duty cycles for the corresponding state vectors at that time
instant. Since Vrern could be in any region at any time instant, duty cycle calculations should be performed
for all regions of each sector. Taking into account the fourth region of the first sector, m; and m, are the
two components of Ve as seen in Figure 7. m; and m, are calculated as follows:

in(6
My = Viern (cos(@) — Sl:l/(g )),

. 3)
® (
my = 2Viern S”\% .

In the fourth region of sector 1, m; and m, directly determine d; and d; respectively. Combining this with
Equation (2) and Equation (3), di, d» and ds are obtained as follows:

in(6
dy =my =Viern (COS(Q) - s”f/% )),
n(8)
dz =m, = ZVref,n Sl:l/(g f (4)

sin(6) sin(8)
) = Wrern ™5

dzy=mz=1—Veerp (cos(e) -

Table 3. Duty cycle calculations for each region of sector 1
Region | Conditions | Duty Cycles

di=dpnn=mp— 1

1 m:>1 d2= dpon=m2
dz = donnpoo =2 —my—my
m <1 d1 = donnpoo =1 —my
2 m,<1 d> = doonpro =1 — My

m+me>1| dz3=dpon=mi+my—1
d1= dpon=m1

3 my,>1 do=dppn=mp— 1
ds = doonpro =2 — My — My

m; <1 d1 = donnpoo = My

4 my<1 dz = doonspro = M2

my+my <1 | d3=dooonnnprr=1—mg—my

Duty cycle calculations depending on the region Ve lies in are demonstrated in Figure 7 and summarized
in Table 3. Similar analysis can be held for other sectors. Finally, switching sequences and timings for all
regions of sector 1 are given in Figure 8. Again, switching sequences are determined for all sectors in a
similar fashion. In the next section, simulation results will be presented for various cases.
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Figure 7. Duty cycle calculations for all regions of sector 1
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Figure 8. Switching sequences for each region of sector 1 at each sampling time (Ts)
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4. SIMULATION STUDIES

In this section, the whole power system including a three-phase three-level DCI based D-STATCOM given
in Figure 2 is modelled in simulation environment. Behaviour of the system is observed under voltage sags
and swells occurring on the grid side and different types of loads are utilized on load side. Design
parameters for each part of the power system are given in detail in Table 4. Grid voltage and frequency is
25 kV and 60 Hz respectively. Fundamental and switching frequencies of DCI are selected as 60 Hz and
3600 Hz respectively. At the load side, R, RL and RC type loads are employed in different simulation runs.
Active and reactive power requirements of each type of load are given in Table 4. Simulations are run for
0.15 s and a voltage sag of 20 % with respect to per unit value of the voltage occurs at each phase of the
grid at t = 0.03s. At the t = 0.08s, a voltage swell of 15 % with respect to per unit value of the voltage occurs
at each phase of the grid. Amplitude of the grid voltage returns to per unit value at 0.13s in the system.
Controller parameters of AC voltage, DC voltage and current regulator are given in Table 5.

Table 4. General design parameters

Design Part Parameter Name Value
! Grid Voltage (L-L) (Vyrid) 25kV
Grid Grid Frequency ( fgrid) 60 Hz
. Coupling Resistance (Reou 625Q
RL Coupling CouBIing Inductance ((LCOUE)) 1.66 H
Positive and Zero Sequence Resistances (Ryos, Ro) 0.12, 0.39 Q/km
3-Phase Line Positive and Zero Sequence Inductances (Lpos, Lo) 1.05, 2.70 mH/km

Positive and Zero Sequence Capacitances (Cpos,

1.13, 5.34 nF/km

Cy) Line Length 21 km
DC Capacitors (Cy, Cy) 20 uF
Diode-Clamped Inverter | Reference DC voltage (Vecre 1) 2600 V
(DCI) Fundamental Frequency ( f+ung) 60 Hz
Switching Frequency (fsw) 3600 Hz
Connection Type A-Y
STATCOM Transformer | Nominal Power and Frequency (Pnom, fnom) 1 MW, 60Hz
Winding Voltages (Vi, V) 1300 V, 25/ 3 kV
Connection Type A-Y
Load Transformer Nominal Power and Frequency (Pnom, from) 6 MW, 60 Hz
Winding Voltages (Vi, V) 25 kV, 600 V
Nominal Voltage and Frequency (Viom, Thom) 600 V, 60 Hz
Load Active Power (P) 1MW
Inductive Reactive Power (Q.) 500 kvar, 0 var
Capacitive Reactive Power (Q.) 0 var, 500 kvar
Sampling Sampling frequency ( Tsamp) 100 kHz

Table 5. Controller parameters

Controller Part Parameter Value
AC Voltage Regulator Ef:zfsgg
DC Voltage Regulator ‘I<<p. z (1)05

Current Regulator KKp. Z 20705

Figure 9 shows per unit value of the voltage on each bus on the power system. As seen, voltage sags and
swells occur on the grid. Figure 10 demonstrates the three-phase voltage and current signals on D-
STATCOM bus. As seen in Figure 10b, D-STATCOM currents go to zero when PCC and D-STATCOM
voltages are almost equal to each other.

Figure 11a shows injected/absorbed reactive power to/from the power system by D-STATCOM. As seen,
when voltage sag occurs on the grid side, Vecc becomes smaller than Vsrar and reactive power is injected
to the system by D-STATCOM. Under these circumstances D-STATCOM works in capacitive mode.
However, when voltage swell occurs on the grid side Vpcc becomes greater than Vsrar and reactive power
is absorbed from the system by D-STATCOM. At these time instants, operating mode of the D-STATCOM
is called as inductive mode.
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Figure 10. Voltage and current of each phase on D-STATCOM bus
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Figure 11. a) Reactive power injected/absorbed to/from the system by D-STATCOM, b) and active and
reactive power on the load bus for different loads
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Figure 14. Output voltages of D-STATCOM

Table 6. THDs values of D-STATCOM voltages and currents obtained at capacitive mode (att = 60 ms)
and inductive mode (att = 110 ms)

D-STATCOM Mode VL mid Vit Vix I
Capacitive 24.05% | 14.73 %| 12.62% | 4.02%
Inductive 41.83% | 23.06 %| 22.59 % | 5.73%

Active and reactive power on the load bus is demonstrated in Figure 11b for different loads. As seen, active
power remains almost the same for all cases, however, reactive power changes depending on the demand
of the load and injected/absorbed power by D-STATCOM. To observe the performance of the current
controllers, measured and reference direct and quadrature components of D-STATCOM current are
compared to each other in Figure 12. It can be seen that PI controller shows better performance on tracking
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quadrature component than direct component. It is because while quadrature component shows a step
behaviour, direct component demonstrates a fluctuating behaviour. Nonetheless, it can be stated that current
regulator can successfully track reference direct and quadrature components.

Figure 13 demonstrates total capacitor DC voltage and amplitude modulation index of DCI. It is seen in
Figure 13 that DC voltage regulator achieves to keep DC voltage of the DCI at previously reference DC
voltage (Vacrer = 2600V). As indicated in Figure 13, m, of the DCI changes in time and shows a stable
performance in capacitive and inductive modes. Finally, D-STATCOM line to midpoint voltage (V.-mia)
for phase a, line to line voltage (V.-.) between phase a and phase b, line to neutral voltage (V.-») for phase
a are demonstrated in Figure 14a, Figure 14b and Figure 14c respectively. Note that, neutral point is
generated by connecting a balanced Y-connected RL load at the output of the DCI. Total harmonic
distortion (THD) values of Vi-mi4, V-1, Vi—n and line current of the D-STATCOM (1) are given in Table
6 for both capacitive and inductive mode of operation. Note that THD values are calculated using the first
50 harmonics and it is called as THDso. It is observed that better THDso values are obtained in capacitive
mode for all parameters.

5. CONCLUSION

In this paper, a three-phase three-level DCI based D-STATCOM is designed by utilizing SV-PWM as the
modulation technique. Firstly, control part of D-STATCOM is examined. Types and jobs of all controllers
in the control diagram are explained. Direct and quadrature components of voltage and current are fed to
SV-PWM block. Secondly, a three-level SV-PWM is presented. Here, the states of the DCI and space
vector diagram are deeply investigated. Each sector of the space vector diagram is divided into four regions.
Duty cycle calculations and switching diagrams are presented for all regions. Finally, a three-phase power
system which includes a three-level D-STATCOM modulated by SV-PWM is designed in simulation
environment. Behaviour of the system is observed under voltage sags and swells occurring on the grid side
for different load configurations. It is inferred that D-STATCOM successfully injects/absorbs reactive
power to/from the system depending on the condition.

CONFLICTS OF INTEREST
No conflict of interest was declared by the authors.
REFERENCES

[1] Taher S. A., Afsari A. R., “Optimal allocation and sizing of dstatcom by immune algorithm in
distribution networks including distributed generation”, Soft Computing Journal, 2 (2013).

[2] Jordehi A. R., “Particle swarm optimisation (pso) for allocation of facts devices in electric
transmission systems: A review”, Renewable and Sustainable Energy Reviews, 52: 1260 — 1267,
(2015).

[3] Gupta A. R., Kumar A., “Reactive power deployment and cost benefit analysis in dno operated
distribution electricity markets with d-statcom”, Frontiers in Energy, 13(1): 86-98, (2017).

[4] Asensio M., Muifioz-Delgado G., Contreras J., “Bi-level approach to distribution network and
renewable energy expansion planning considering demand response”, IEEE Transactions on Power
Systems, 32: 4298-4309, (2017).

[5] Prakash P., Khatod D. K., “Optimal sizing and siting techniques for distributed generation in
distribution systems: A review”, Renewable and Sustainable Energy Reviews, 57: 111 — 130, (2016).

[6] Jordehi A. R., “Optimisation of electric distribution systems: A review”, Renewable and Sustainable
Energy Reviews, 51: 1088 — 1100, (2015).



117

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Fatih EROGLU, Husnain Ul Haseeb KAZMI, Ahmet Mete VURAL/ GU J Sci, 33(1): 106-118 (2020)

Jordehi A. R., “Allocation of distributed generation units in electric power systems: A review”,
Renewable and Sustainable Energy Reviews, 56: 893 — 905, (2016).

Hingorani N. G., “Flexible ac transmission”, IEEE Spectrum, 30: 4045, (1993).

Gandoman F. H., Ahmadi A., Sharaf A. M., Siano P., Pou J., Hredzak B., Agelidis V. G., “Review
of facts technologies and applications for power quality in smart grids with renewable energy
systems”, Renewable and Sustainable Energy Reviews, 82: 502 — 514, (2018).

Sharaf A. M., Gandoman F. H., “A switched hybrid filter - dvs /green plug for smart grid nonlinear
loads”, 2015 IEEE International Conference on Smart Energy Grid Engineering (SEGE),
Oshawa,Canada, 1-6, (2015).

Albatsh F., Mekhilef S., Ahmad S., Mokhlis H., Hassan M., “Enhancing power transfer capability
through flexible ac transmission system devices: a review”, Frontiers of Information Technology and
Electronic Engineering, 16: 658-678, (2015).

Kalair A., Abas N., Kalair A.R., Saleem Z., Khan N., “Review of harmonic analysis, modeling and
mitigation techniques”, Renewable and Sustainable Energy Reviews, 78: 1152 — 1187, (2017).

Barrios-Martinez E., Angeles-Camacho C., “Technical comparison of facts controllers in parallel
connection”, Journal of Applied Research and Technology, 15: 36 — 44, (2017).

Wang H. F., Swift F. J., “A unified model for the analysis of facts devices in damping power system
oscillations. i. single-machine infinite-bus power systems”, IEEE Transactions on Power Delivery,
12: 941-946, (1997).

Yang N., Liu Q., McCalley J. D., “Tcsc controller design for damping interarea oscillations”, IEEE
Transactions on Power Systems, 13: 1304-1310, (1998).

Mithulananthan N., Canizares C. A., Reeve J., Rogers G. J., “Comparison of pss, svc, and statcom
controllers for damping power system oscillations”, IEEE Transactions on Power Systems, 18: 786—
792, (2003).

Rashid M. H., Power electronics handbook, third edition, Butterworth-Heinemann, (2011).

Rao P., Crow M. L., Yang Z., “Statcom control for power system voltage control applications”, IEEE
Transactions on Power Delivery, 15: 1311-1317, (2000).

Mahela O. P., Shaik A. G., “A review of distribution static compensator”, Renewable and Sustainable
Energy Reviews, 50: 531 — 546, (2015).

Sirjani R., Jordehi A. R., “Optimal placement and sizing of distribution static compensator (d-
statcom) in electric distribution networks: A review”, Renewable and Sustainable Energy Reviews,
77: 688 — 694, (2017).

Majumder R., “Reactive power compensation in single-phase operation of microgrid”, IEEE
Transactions on Industrial Electronics, 60: 1403-1416, (2013).

Mokhtari G., Nourbakhsh G., Zare F., Ghosh A., “A new distributed control strategy to coordinate
multiple dstatcoms in Iv network, 2013 4th IEEE International Symposium on Power Electronics for
Distributed Generation Systems (PEDG), Rogers, AR, 1-5, (2013).

Shahnia F., Chandrasena R. P., Ghosh A., Rajakaruna S., “Application of dstatcom for surplus power
circulation in mv and lv distribution networks with single-phase distributed energy resources”,
Electric Power Systems Research, 117: 104 — 114, (2014).



118

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Fatih EROGLU, Husnain Ul Haseeb KAZMI, Ahmet Mete VURAL/ GU J Sci, 33(1): 106-118 (2020)

Chen C., Lin C., Hsiech W., Hsu C., Ku T., “Enhancement of pv penetration with dstatcom in taipower
distribution system”, IEEE Transactions on Power Systems, 28: 15601567, (2013).

Yan R., Marais B., Saha T. K., “Impacts of residential photovoltaic power fluctuation on on-load tap
changer operation and a solution using dstatcom”, Electric Power Systems Research, 111: 185 —193,
(2014).

Masdi H., Mariun N., Mahmud S., Mohamed A., Yusuf S., “Design of a prototype d-statcom for
voltage sag mitigation”, PECon 2004 National Power and Energy Conference, Kuala Lumpur,
Malaysia, 61-66, (2004).

Madhusudan R., Rao G. R., “Modeling and simulation of a distribution statcom (d-statcom) for
power quality problems-voltage sag and swell based on sinusoidal pulse width modulation (spwm)”,
IEEE-International Conference On Advances In Engineering, Science And Management (ICAESM
-2012), 436-441, (2012).

Babaei E., Nazarloo A., Hosseini S. H., “Application of flexible control methods for d-statcom in
mitigating voltage sags and swells”, IPEC 2010 : International Power Electronics Conference,
Singapore, 590-595, (2010).

Elnady A., Salama M. M. A., “Unified approach for mitigating voltage sag and voltage flicker using
the dstatcom”, IEEE Transactions on Power Delivery, 20: 992-1000, (2005).

Efika I., Nwobu C., Zhang L., “Reactive power compensation by modular multilevel flying capacitor
converter-based statcom using ps-pwm” 7th IET International Conference on Power Electronics,
Machines and Drives (PEMD 2014), Manchester, UK, (2014).

Majed A., Salam Z., Amjad A., “Harmonics elimination pwm based direct control for 23-level
multilevel distribution statcom using differential evolution algorithm”, Electric Power Systems
Research, 152: 48-60, (2017).

Kuan Jin P., Dahidah M., Klumpner C., “Nine-level she-pwm vsc based statcom for var
compensation”, 2010 IEEE International Conference on Power and Energy, Kuala Lumpur,
Malaysia, 135-140, (2010).

Vural A. M., “Self-capacitor voltage balancing method for optimally hybrid modulated cascaded h-
bridge d-statcom”, IET Power Electronics, 9: 2731-2740, (2016).

Zang C., Pei Z., He J., Ting G., Zhu J., Sun W., “Comparison and analysis on common modulation
strategies for the cascaded multilevel statcom”, 2009 International Conference on Power Electronics
and Drive Systems (PEDS), Taipei, Taiwan, 1439-1442, (2009).

Vural A. M., “Pscad modeling of a two-level space vector pulse width modulation algorithm for
power electronics education”, Journal of Electrical Systems and Information Technology, 3: 333 —
347, (2016).

Saeedifard M., Nikkhajoei H., Iravani R., “A space vector modulated statcom based on a three-level
neutral point clamped converter”, IEEE Transactions on Power Delivery, 22: 1029-1039, (2007).

Instrument T., “Clarke & Park Transforms on the TMS320C2xx”, 4.3 Processor Utilization, 46,
(2997).

Xia C., Shao H., Zhang Y., He X., “Adjustable proportional hybrid svpwm strategy for neutral-point-
clamped three-level inverters, IEEE Transactions on Industrial Electronics, 60: 4234-4242, (2013).



