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In this article, Asymmetrical voltage source Multilevel Inverter based Transformerless Dynamic
Voltage Compensator (ASMLI-TDVC) for load Voltage Quality (VQ) enrichment is proposed.
The ASMLI-TDVC is controlled such that it compensates different levels of VQ problems with
lesser Total Harmonic Distortion (THD). Synchronized voltage injection achieved through series
transformer from traditional DVC leads to rise in the size of DVC and make system cumbersome.
ASMLI based on less switch count topology is utilized for TDVC to overcome these
aforementioned issues. Simulation studies of ASMLI-TDVC are carried out using Matlab
Simulink software. Further, an experimental model is developed and tested in real-time using
OP4500. Results prove that dynamic compensation for VQ improvement is achieved by ASMLI-
TDVC.

1. INTRODUCTION

The modern power distribution system is interconnected with various adjustable speed drives, power
electronics converters and appliances. This interconnection causes power supply polluted and sometimes
intermittent supply for the loads connected at the point of common coupling (PCC) [1]. This polluted power
supply becomes Power Quality (PQ) problems for the loads associated with the same system [2]. For a
critical load, these PQ problems should be eliminated before supply damages the load. Some common
voltage related PQ problems facing by customers are voltage sag, swell, unbalance and interruption [3,4].
To restore PQ from these aforementioned problems, installing of Dynamic Voltage Restorer (DVR) as a
compensator is the better solution [5,6]. A series transformer connected in a conventional DVR with the
line makes system cumbersome and expensive. Transformerless DVC (TDVC) was introduced by
connecting a transformer less inverter in series with the supply line to overcome these transformer issues.

1.1. Comparison of existing TDVC

Existing topologies of TDVC are categorized and shown in Figure 1. TDVC based on DC to AC converters
and AC to AC converters are the two main classifications of TDVC topology. Single H-Bridge inverter and
MLI based TDVC are the two divisions of DC to AC based TDVC. Full bridge and half bridge converter
based TDVC requires less switches count and less complexity in control. However, when switching
frequency increases aiming to filter size decrease with respect to switching loss will increase [7-10]. Hence
to reduce filter size along with switching frequency, Multilevel Inverter (MLI)s are used instead of three
level bridge inverter for TDVCs [11,12]. Multilevel inverters are used in power systems for its better quality
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of output waveform. Cascaded H-Bridge MLI and MLI with reduced number of switches based TDVC are
the two categories of MLI based TDVCs [13,14]. MLI with lesser components count is also an important
factor for considering the size and losses in the inverter [15]. AC to AC converter based TDVC requires no
energy storage devices during compensation, which gives an advantage of less size and weight of the
converter. However, it draws more current during compensation which is not feasible for the weak grid
[16,17]. The other application of TDVC is used in Transformerless Unified Power Quality Conditioner
(TUPQC), which consist of half bridge inverter based TDVC and Distribution Static Compensator (D-
STATCOM) with no common DC link capacitor [10,18]. Comparison of existing TDVC is given in Table

1.
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Figure 1. Existing topologies of TDVC

Table 1. Comparison of existing TDVC

Types of converters used for Advantages Disadvantages
TDVC
Half bridge inverter [8-10] Less switch count and easy to Requires high switching
control frequency to reduce filter
size, capacitor voltage
balance, Low power
applications.
Full bridge inverter [7] Less switch count, easy to control | Requires high switching
and high power applications. frequency to reduce filter
size.
AC to AC direct converter Requires no energy storage Requires more number of
[16] devices. switches, high switching
frequency.
AC to AC indirect converter | Requires no energy storage High switching frequency
[17] devices, reduced switch count. required.
Cascaded H-Bridge MLI [5] | Requires less filter size, High Requires more number of
power Applications. switches, more switching
loss.
MLI with reduced number of | Reduced filter size and less Less number of levels hence
switches (SMLI) [11] number of switches. more THD.
Proposed ASMLI -TDVC Reduced filter size, less THD and | Required more isolated DC
less switch count even for high sources as levels increases.
levels.

Hence, Asymmetrical Multi Level Inverter (ASMLI) with lesser component count topology is chosen for
this presented ASMLI-TDVC. Performance of ASMLI-TDVC is tested by utilizing OP4500 as a real-time
controller [19]. Establishment of real world communication between the test device (ASMLI) and OP4500
are done through analog and digital input output ports. Section 2 gives Configuration of ASMLI-TDVC,
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followed by ASMLI configuration is presented in section 2.1. Error signal generation for ASMLI-TDVC
is given in section 3. Section 3.1, 3.2, and 3.3 gives Generation of error signal, ASMLDC pulse generation
and VSI pulse generation method respectively. Section 4 presents simulation results of ASMLI-TDVC
followed by hardware testing of AMLI-TDVC in section 5 and section 6 presents comparison of ASMLI-
TDVC results with existing TDVCs. Section 7 presents the conclusion of this work.

2. CONFIGURATION OF ASMLI-TDVC

Figure 2 shows configuration of ASMLI-TDVC for VQ improvement. Power grid supply voltage denoted
as V; is supplied with line impedance R and L, connected respectively to a PCC, where critical load and
other loads are interconnected. ASMLI-TDVC is installed confines between PCC and critical load through
a series capacitor with the line to protect sensitive load from VQ problems. ASMLI-TDVC comprises of
ASMLLI, inductive filter L¢, capacitive filter C; and a controller. ASMLI is made up of Asymmetrical Multi
Level DC (ASMLDC) converter connected as a source for full bridge single phase Voltage Source Inverter
(VSI). Input DC voltage sources Vs, Ve, Vacz @and V5 are connected with three IGBT switches Sy, S,
and S5 on the positive side of DC supply. Four reverse bias diodes D,, D,, D5 and D, are parallel connected
to each DC source which acts as a bypass diode when any DC supply disconnect from the circuit. Switching
pulses to these switches are generated from ASMLDC pulse generation unit. ASMLDC output voltage
Vimae 1S the input source for VSI. VSI consist of four switches S,, Ss, Sg and S, which are operated such
that filtered ASMLI-TDVC output voltage V;,; synchronous with PCC voltage V. through L and Cy to
make V;y,; as sinusoidal. Injected V;,; should synchronous with V.. such that load voltage V;,44 should
maintain constant magnitude as 1p.u as given by Equation (1)

Vicaa = Vpcc + Vinj . (1)
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Figure 2. ASMLI-TDVC for load voltage compensation
2.1. Asymmetrical Multilevel inverter (ASMLI) configuration

ASMLI input DC voltages vary from V,;.sto V3. Input DC voltage V. is integrated with the circuit such
that ASMLDC output level and magnitude will increase by a V,;. without increasing in switch count. VSI
switching pattern with respect to the VQ conditions controls the supply of V;.s. Input DC voltages
from V., to V.5 are in the ratio of 1:2:4. Equation (2) gives i™ DC voltage value of ASMLDC and input
DC voltage of V. is given by Equation (3)
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Vae: = ((207)-Vac) + Vacs 2

where V. is denoted as base input DC source voltage and V,; is the i value of DC voltage ranges from
1,2,3...n. Maximum voltage level of Asymmetrical MLDC (ASMLDC) Ny, is given by Equation (4)

Vies = Vac ®)

Nacn = Eiz1(Vac)). 4
Output voltage level of ASMLI N, is given by following Equation (5)

Nacn = 2(Ngen) +1. (®)

Switches present in ASMLDC S, is equal to number of dc voltage source available in AMLDC, as given
by following Equation (6)

Sacn = Ngen — 1. (6)

Equation (7) gives total number of switches available in ASMLI S, ,,, where S, is the sum of total number
of switches available in ASMLDC and in VSI

Sacn = Sacn T4 (7
3. CONTROLLER
Figure 2 shows three controlling sections of ASMLI-TDVC. Section A shows error signal generation for

ASMLI-TDVC compensation voltage V;,; during VQ problems occurring. Section B and C shows
switching pulse generation for VSI and ASMLDC switches respectively.

3.1. Error signal generation for TDVC compensation.

Clark and Park reference frame theories [20-22] are utilized for error signal generation. Sensed three phase
PCC voltage V.. as per Equations (8-10) are converted into alpha voltage v,.., and beta voltage

Vpee,p Quantities using Clark transformation as per Equations (11-13)

Vg = Uy Sin(2mfyt) 8)
Vp = Uy Sin(2ufpt — 2?”) ©))
Ve = Uy Sin(2mfst + 2?”) (10)

where, v, vy, v, are the three phase voltages with 120 degree phase shifted, vy, is the V.. voltage
magnitude and f; is the fundamental frequency

-1

2 (1 _71 2 Va
Upcca | = |2

(UZCC,B) T A3 0 \/_§ _ \/_§ ‘l;b (11)

2 2 ¢

hence,
— |2, _%_ % 12
vpcc,a ~ 43 Va NG ( )
1 1

vpcc,ﬁ = ﬁ Vp — \/_E Ve. (13)
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Phase Lock Loop (PLL) connected to V.. generates oti. Matrix Equation (14) gives Park transformation
through which voltage direct axis v,.. 4 and quadrature axis vy, are determined as per Equations (15-
16). By the same Clark and Park transformation method, the reference three phase voltages v,.s is
converted into reference direct and quadrature voltage axis vy s 4 and v,..f 4 respectively. The Error voltage
signals Verror,q aNd Verror,q 1S generated by comparing vpec qq and vyef a4 as per Equations (20-21). PLL
connected with v,..r generates wtz, which is used for V;,,; synchronize with V.. to make V;,44 constant
magnitude

(vpcc,d) _ ( cosmtl Sin®t1> (vpcc,a) (14)
Vpcegq —sinot; cos®ty) \Vpeep

hence

Vpce,d = (Vpee,aCOS®Ly + Vpee gSinmty) (15)
Vpee,q = (—Vpcc,aSIN®OLy + Vpee gCOS®L;) (16)
Verror,d = Vref,d — Upcc,d (17)
Verror,q = Vref,q — Vpceq: (18)

Error voltage D and Q axis as per Equations (17-18) is converted to a and 8 quantities Equations (20-21)
by following inverse Park transformation matrix Equation (19)

(rerrora) = (coswtz —Sl‘n@tz) (verrona) (19)

Verror,B sinot, cosmt, Verror,q
hence,
Verror,a = (verror,dcosa)tz - 17error,qSinc‘)tz) (20)
Verror,g = (verror,dSin(th *+ Verrorg cos®t;) (21)

WhEre Veyyor, o AN Verror, g are the error alpha and beta voltage signals. Inverse Clark transformation matrix
Equation (22) is utilized for conversion of Equations (20-21) into three phase voltage error signal, which is
to be injected by TDVC as given below

1 0
Verror,a > [ -t V3
Verrorp | = |- 2 2 (Verror,a) (22)
3 Verror,B
Verror,c 1 \/_§
2 2
hence,
_ |2 2
verror,a - E verror,a ( 3)
_ verror,a+\/§verror,ﬁ 24
Verrorb = — V6 ( )
_ Verror,a_\/gve'rror,[i’ 25
Verror,e = — NG ( )

where Equations (23-25) are the three phase error signals used as reference waveform for generation of
PWM to the switches of ASMLDC and VSI.

3.2. Asymmetrical Multilevel DC (ASMLDC) Pulse Generation

Error signal generation for ASMLDC is shown in Figure 2, section C. For single phase Equation (23) is
compared with dc offsets of seven triangular carrier signals of 2.5 kHz frequency for generation of gating



784 Mohanasundaram RAVI, Chendur Kumaran R/ GU J Sci, 33(4): 779-794 (2020)

signals. Figure 3 (a) shows generation of gating signals g1 — g7. Gate signals are used for generating of
switching pulses of ASMLDC switches as given in Equations (26-28). Figure 3 (b) shows switching pulses
of ASMLDC switches [13]

P, = (g1®g2) + (93P g4) + (g5Dg6) + g7 (26)
P, = (g26g4) + g6 (27)
P; = g4 (28)

where ‘@’ symbol denotes XOR gate and ‘+’ sign denotes OR gate. P;, P, and P; are the switching pulses
for the switches Sy, S, and S5 respectively. ASMLDC switching states are given in Table 2.
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Figure 3. @) ASMLDC pulse generation method b) ASMLDC and ASMLI switching pulse

Table 2. ASMLDC switching states

Output ASMLDC Voltage levels
levels Switching
states
S1 | S| Sz

1 off | off | off Vies

2 on | off | off Vae1+ Vies

3 off | on | off Vic2+ Vies

4 on | on | off Vit +Vaco+Vices

5 off | off | on Vaezt+ Vies

6 on | off | on Viea+Vacr+Vices

7 off | on | on Vaca+Vaco+Vies

8 on on on Vaea+Vacz+ Ve +Vies

3.3. Pulse Generation for VSI

Pulses P,, P5, Pg and P, are the switching pulses for the VSI switches S,, Sg, S¢ and S, respectively. For
single phase, Equation (23) is compared with single carrier signal for generation of P, and P switching
pulses. 180 degree phase shift of Equation (23) is compared with the same single carrier signal for
generation of P, and P, switching pulses. These switching pulses operate at fundamental frequency 50Hz.
During normal operation when there is no event occurring, no switching pulse supplied for VSI switches.
VSI operates in phase with V. during Voltage sag and 180 degree out of phase during voltage swell
compensation [8,11]. VSI switching states during conditions such as when there is no disturbance, voltage
sag and swell are given in Table 3.
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Table 3. Switching sequence of VSI switches

Conditions Switching states
Sy Ss Se Sz
No disturbances off | off | off | off
Voltage sag on | on | off | off
Voltage swell off | off | on on

4. ASMLI-TDVC SIMULATION RESULTS AND DISCUSSION
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Figure 4. ASMLI-TDVC during normal condition, voltage sag, swell and unbalance
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Figure 5. ASMLDC voltage, ASMLI voltage before and after filter during compensation
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The voltage magnitudes of the waveforms are given in per unit (pu) system. The base voltage for each V..
is supplied as 24V,;.. Maximum levels of ASMLDC and ASMLI are calculated by Equation (4) and
Equation (5) respectively. ASMLI-TDVC injects zero voltage when controller not sensing any abnormal
condition at PCC. Figure 4 shows voltage at PCC V.., ASMLI-TDVC injected voltage V;,; and load
voltage V;,,4. The time duration of voltage sag is from 0.05s to 0.1s, voltage swell is from 0.15s to 0.2s
and voltage magnitude unbalance is from 0.25s to 0.3s respectively. During voltage sag V.. reduced to
0.4pu from the supply voltage 1pu, at this time ASMLI produce 17 level output voltage is filtered and
inject V;,; of 0.6 pu synchronous with V,,. to make V;,,4 magmitude constant 1pu. . During voltage swell
Vyec increases to 1.3 pu of supply voltage, at this time ASMLI produce 9 level output voltage in 180 degree
phase shift of 1/, is filtered and injected. During voltage unbalance two phases reduced to 0.8 pu hence
Vinj injects 0.2 pu voltage such that V;,,4 made constant nominal voltage. Table 4 gives THD comparision
of ASMLI before and after filter, number of voltage levels and THD of V;,,, after compensation. Figure 5
shows ASMLDC output voltage, ASMLI-TDVC output voltage and filtered ASMLI-TDVC voltage during
compensation.

5. HARDWARE RESULTS AND DISCUSSION
5.1. Standalone ASMLI working Results

DSO waveform of Py, P,, P; and 17 level ASMLI output voltage waveform without filter, working stand
alone condition with switching frequency of 2.5kHz is shown in Figure 6(a). DC sources of ASMLDC are
supplied as per Equation (4) and base voltage V. is fixed as 20V. Figure 6(b) shows ASMLI with filter
output voltage and current waveform taken using Fluke 43B. The value of connected filter inductor Ly and
filter capacitor Cr are 4mH and SuF respectively. THD of output voltage and current are shown in Figure
6(c) and Figure 6(d) respectively. It is seen that both the THDs are within the range of IEEE standards [3,4].
Power converter supplied to 260W load consists of 96.3V and 2.6A.
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Figure 6. ASMLI standalone output results; a) ASMLI output voltage without filter and switching pulses b)
Filtered ASMLI output voltage and current waveform c) Filtered ASMLI output voltage THD d) Filtered
ASMLI output current THD
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Total power loss can be calculated by Equation (29). Power losses of each IGBT switch is calculated
by Equation (30) and power losses of each anti parallel diode is calculated by Equation (31). Switch
conduction loss P .., is calculated from the Equation (32)

Ploss:Ps+Pd+Pfd (29)

where total power loss is denoted as P, Switch loss is denoted as P;, diode loss is denoted as P; and
freewheeling diode loss is denoted as P,

P, = Ps,con + Ps,sw (30)
Py = Pd,con + Pd,sw (31)
Bscon = (Ve * Is,av) + R on * Izs,rms (32)

where 1, denoted as IGBT collector-emitter voltage, /5 4, denoted as average switch current, R .,
denoted as on state switch resistance and I ,.,,; denoted as output rms current. Diode conduction loss
denoted as Py .y, is calculated from Equation (33)

Pgcon = (Vd,on *Igav) + Raon * Izd,rms (33)

where V, ,,, denoted as diode on state voltage, I ,,, denoted as average diode current, Ry ,,, denoted as
on state diode resistance and I -, denoted as diode output rms current. IGBT switching loss denoted
as Py 5, is calculated as per following Equation (34)

P s = (Es,on + Es,off)-ﬁcw (34)

where Ej ,, is the energy loss during turn on transient, E; , ¢ ¢ is the energy loss during turn off transient
and fs,, is denoted as switching frequency. Es ,,, and Es ¢ can be calculated by following Equation
(35) and (36) respectively. Switch diode can be calculated by Equation (37)

trottey
Es,on = Vee-Ison (Tf) (35)
Lrittyi
Es,off = Vce-ls,off( > f) (36)
Pd,sw = Ed,on-fsw (37)

where t,., and tz,, denoted as voltage rise time and fall time respectively. t,; and t;; denoted as current
rise time and fall time respectively. P, s, denoted as diode loss, Ej; ,,denoted as energy loss during
diode turn on transient. Power loss in freewheeling diode can be calculated by Equation (38)

Pfd = Pd,con + wa (38)

where Pf,, is the power loss occur during freewheel operation of the diode. Total power loss for the
presented converter is calculated by following Equation (40)

Pioss = 7(Ps + Pd) + 4Pfd (40)

where total number of switches are counted as 7 for the presented 17 level inverter output and 4 free
wheeling diodes.

A low pass LC filter is used to eliminate higher order harmonic content generated by ASMLI to make
v;n; as sinusoidal waveform. Filter values are selected by considering equation along with switching
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frequency and fundamental frequency [23]. Value of filter inductor [ is selected as per Equations (41,
42) and filter capacitor c; value is selected as per Equation (43)

Vmldc

) = e (41

where [ is denoted as filter inductor, v,,;4. is the peak value of asmldc voltage, f; is the switching
frequency and A”p_pis the filter inductor peak to peak ripple current

Ay, < 25%-rated (42)

Vinjmax

where Py.q¢¢q is the rated power of the converter and v;, j 14, IS the maximum compensation voltage of
ASMLI-TDVC

¢ = 5%% (43)

27l'ff(vinj,max)z
Where ¢ is the filter capacitor and f is the fundamental frequency of the power system.

5.2.Real Time testing method.

Configuration of ASMLI-TDVC testing using Power-Hardware In Loop (P-HIL) method is shown in
Figure 7 and experimental setup is shown in Figure 8 [24-26].
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REAL-TIME "
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Figure 8. P-HIL Experimental stup of ASM LI-TDVC
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Testing of ASMLI-TDVC consist of a PC with Real time interfacing software RT lab is installed and
connected to OP4500 through a common server communication. Real time computer modeled power
system consists of voltage sag, swell, unbalance and real time controller is made virtually built in
OP4500 using Matlab Simulink. Amplifier circuit amplifies digital signal from OP4500 to the switches
of ASMLI. Analog signal of test system is given as input signal to OP4500 through analog I/O channels
for closed loop operation of ASMLI-TDVC. Thus dynamic performance of ASMLI-TDVC is validated
in real time.

5.3. Single phase ASMLI based TDVC Results

Figure 9 (a), (b) shows single phase DSO waveform of V¢, Viami, Vinj, and Vipqq during 60% voltage
sag occurrence. ASMLI-TDVC injects zero voltage when controller not sensing any abnormal condition
at PCC. During voltage sag V.. reduced to 0.4pu from the supply voltage 1pu, at this time ASMLI
produce 17 level output voltage is filtered and inject V;, ; of 0.6 pu synchronous with ,.. to make V4
magmitude constant 1pu. Figure 9(b) shows magnified view of Figure 9(a) having 5ms/div timing.
Figure 9(c) and Figure 9(e) shows V,,;; and V;,, ; having 138.2Vrms and 136.2Vrms respectively during
60% voltage sag taken by Fluke 43B. Figure 9(d) and Figure 9(f) shows THD of V,,,;; and V;,; during
voltage sag having 5.9% and 2.5% respectively. Figure 10 shows the performance of ASMLI-TDVC
during 20% voltage sag. During this time V.. reduced to 0.8pu from the supply voltage 1pu, at this
time ASMLI produce 7 level output voltage is filtered and inject V;,,; of 0.2 pu synchronous with 1},
to make V;,,q4 magnitude constant 1pu. Figure 10(b) shows magnified view of Figure 10(a) having
Sms/div. Figure 10(c) and Figure 10(e) shows Vg, and Vi,; having 47.7Vrms and 45.3Vrms
respectively during 20% voltage sag taken by Fluke 43B. Figure 10(d) and Figure 10(f) shows THD of
Vamui and Vi, ; during voltage sag having 21.5% and 11.7% respectively. Figure 11 shows 30% of
voltage swell compensation.
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Figure 9. ASMLI-TDVC experimental results during 60% voltage sag; a) DSO waveform with 10ms
time scaling b) DSO waveform with 5ms time scaling ¢) ASMLI output voltage d) ASMLI voltage THD
e) ASMLI-TDVC voltage waveform f) ASMLI-TDVC voltage THD
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Figure 10. ASMLI-TDVC experimental results during 20% voltage sag; a) DSO waveform with 10ms
time scaling b) DSO waveform with 5ms time scaling ¢) ASMLI output voltage d) ASMLI output voltage
THD e) ASMLI-TDVC voltage waveform f) ASMLI-TDVC voltage THD
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e) ASMLI-TDVC voltage THD
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Figure 11 (a) shows V.. increases to 1.3 pu of supply voltage, at this time ASMLI produce 9 level
output voltage in 180 degree phase shift with 1, is filtered and injected. Figure 11(b) and Figure 11(d)
shows Vi and Vi, j having 69.5Vrms and 67.5Vrms respectively. Figure 11(c) and Figure 11(e) shows
THD of Vggmu and Vi, during voltage swell having 14.7% and 7.2% respectively. Table 4 shows
comparison of hardware results of ASMLI-TDVC and THD during compensation. Output results of

ASMLI-TDVC are compared with existing systems is shown in Table 5.

5.4. Three phase ASMLI based TDVC Results

Three isolated single phase ASMLI-TDVC connected in series with each phase of supply is controlled
by the controller as discussed in section 3 for VQ enhancement. Operation of three phase ASMLI-
TDVC is similar to single phase ASMLI-TDVC. Figure 12(a) shows three phase voltage sag occurs at

PCC as per Equations (8-10).
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6. COMPARISON OF ASMLI-TDVC RESULTS WITH EXISTING TDVC

Proposed ASMLI-TDVC results are compared with existing TDVC on the basis of load voltage THD, filter
size, overall all size of the converter, switching frequency required and voltage compensation level. It is
observed that proposed ASMLI-TDVC works effectively and results are improved compared with existing
TDVC. Load voltage THD, filter size and overall converter size is reduced with increased compensation
level. Comparison of presented ASMLI-TDVC with existing TDVC is given in Table 7.

Table 7. Comparison of existing work with presented ASMLI-TDVC

Category Reference [9] Reference [8] Reference [11] Proposed
Constant | Variable f,, | LSPWM RCPWM | ASMLI-TDVC
fsw

Load voltage THD 1.2% 0.9% 0.8% 4.86% 2.77% 1.1%

Overall size of the small small small very small very small

converter

Filter size l¢-10mH, 1¢-0.6867mH, lg-2mH, lg-4mH,

ce-20uf ce-50uf ce-1100uf ce-Suf

Compensation level 30% 30% 50% 60%

Switching frequency 4.2kHz 12kHz variable 2kHz 2.5kHz

7. CONCLUSION

Dynamic performance of single phase and three phase ASMLI-TDVC during VQ problems compensation
is analyzed and verified in real time. P-HIL testing method carried out using OP4500 as a real-time
controller. Utilizing reduced components count topology leads to power loss reduction due to less number
of components are used. ASMLI produced 17 levels in the output waveform which effect harmonic reduction
leads to filter size reduction along with switching frequency of 2.5 kHz. Experimental results prove that
ASMLI-TDVC is capable of compensating VQ problems to make load voltage magnitude constant with
lesser filter size. Hence further this ASMLI-TDVC can be used significantly in applications such as interline
transformerless dynamic voltage restorer and renewable energy integration with different level DC bus
voltages.

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

[1] Roger, C., Mark, D., McGranaghan F., Santoso, S.,“Electrical Power Systems Quality”,
McGraw-Hill, (2004).

[2] Ghosh, A., Ledwich, G.“Power Quality Enhancement Using Custom Power Devices”,
Kluwer Academic Publishers, (2002).

[3] IEEE Std 1159.,“IEEE recommended practices and requirements for monitoring electrical
power quality”, (2009).

[4] IEEE Std 519.“IEEE Recommended Practice and Requirements for Harmonic Control in
Electric Power Systems”, (2014).

[5] Farhadi, M., Kangarlu, E., Blaabjerg F. B.,A comprehensive review of dynamic voltage
restorers”, International Journal of Electrical Power and Energy Systems, 92: 136-155, (2017).



793

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Mohanasundaram RAVI, Chendur Kumaran R/ GU J Sci, 33(4): 779-794 (2020)

Biricik, S., Komurcugil, H.,“Optimized Sliding Mode Control to Maximize Existence Region
for Single-Phase Dynamic Voltage Restorers”, IEEE Transactions On Industrial Informatics,
12(4): 1486-1497, (2016).

Marcos, H., Antunes, A., Silva S. M., Danilo, Brandao, I., Machado A.A.P., Filho, B.J.C.,“A
new multifunctional converter based on a series compensator applied to AC microgrids”,
International Journal of Electrical Power and Energy Systems, 102: 60-170, (2018).

Komurcugil, H., Biricik, S.,“Time-Varying and Constant Switching Frequency-Based
Sliding-Mode Control Methods for Transformerless DVR Employing Half-Bridge VSI”,
IEEE Transactions on Industrial Electronics, 64: 2570-2579, (2017).

Kumar, C., Mishra,M. K. ,“Predictive Voltage Control of Transformerless Dynamic Voltage
Restorer”, IEEE Transactions on Industrial Electronics, 62(5): 2693-2697, (2015).

Venkatraman, K., Kiran Kumar, N., Moorthi, S., Selvan M.P.,“Universal Power Quality
Conditioner (UnPQC) for Enhancing the Power Quality in Distribution System”, Journal of
Power Technologies, 99(3): 195-203, (2019).

Rajkumar, K., Parthibanm, P., Lokesh, N., “Real-time implementation of transformerless
dynamic voltage restorer based on T-type multilevel inverter with reduced switch count”, Int
Trans Electr Energ Syst, 4(30): 1-18, (2019).

Marei, M. 1., Eltantawy, A. B., Abd El-Sattar, A.,“An energy optimized control scheme for a
transformerless DVR”, Electric Power Systems Research, 83: 110-118, (2012).

Venkataramanaiah, J., Suresh, Y., Panda, A. K. ,“A review on symmetric, asymmetric, hybrid
and single DC sources based multilevel inverter topologies”, Renewable and Sustainable
Energy Reviews, 76: 788-812, (2017).

Kumar, R., Thangavelusamy, D.,A Modified Nearest Level Modulation Scheme for a
Symmetric Cascaded H-Bridge Inverter”, Gazi University Journal of Science., 32(2): 471-
481, (2019).

Prabaharan, N., Palanisamy, K.,A comprehensive review on reduced switch multilevel
inverter topologies, modulation techniques and applications”, Renewable and Sustainable
Energy Reviews, 76: 1248-1282, (2017).

Nazarpour, D., Farzinnia, M., Hafez, Nouhi.,“Transformer-less dynamic voltage restorer
based on buck-boost converter”, IET Power Electronics, 10(13): 1767-1777, (2017).

Zhou, M., Sun, Y., Su, M., Li, X., Lin, J,, Liang, J., Liu, Y.,“Transformer-less dynamic voltage
restorer based on a three-leg ac/ac converter”, IET Power Electronics, 11(13): 2045-2052,
(2018).

Genu, L.G.B., Limongi L.R., Cavalcanti M.C., Bradaschia F., Azevedo G.M.S.,“Single-phase
transformerless power conditioner based on a two-leg of a nine-switch converter”,
International Journal of Electrical Power and Energy Systems, 117: 105614, (2020).

Guo, F., Herrera, L., Murawski, R., Inoa, E.,“Comprehensive Real Time Simulation of the
Smart Grid”, IEEE Transactions on Industrial Application, 49(2): 899-908, (2013).

Barros, J.D., Silva, J.F., “Multilevel optimal predictive dynamic voltage restorer”, IEEE
Transactions on Industrial Electronics, 57: 2747-2760, (2010).



794

[21]

[22]

[23]

[24]

[25]

[26]

Mohanasundaram RAVI, Chendur Kumaran R/ GU J Sci, 33(4): 779-794 (2020)

Hossam-Eldin, A., Mansour, A.,Elgamal, M.,Youssef, K.,“Power quality improvement of
smart microgrids using EMS-based fuzzy controlled UPQC”, Turkish Journal of Electrical
Engineering & Computer Sciences, 27: 1181 — 1197 (2019).

Patel, A., Mathur, H.D., Bhanot, S., “A new SRF-based power angle control method for
UPQC-DG to integrate solar PV into grid”, Int Trans Electr Energ Syst, 1(29): 1-16, (2018).

Kuncham, S.K., Annamalai, K., Nallamothu, S.,“A new structure of single-phase two-stage
hybrid transformerless multilevel PV inverter”, Int J Circ Theor Appl, 47(1): 152-174, (2018).

Krishna, M., Daya, F.,“Adaptive speed observer with disturbance torque compensation for
sensorless induction motor drives using RT-Lab”, Turkish Journal of Electrical Engineering
& Computer Sciences, 24: 3792-3806, (2016).

Dufour, C., Bélanger, J.,“On the Use of Real-Time Simulation Technology in Smart Grid
Research and Development”, IEEE Transactions on Industrial Application, 50(6): 3963-3970,
(2014).

Lauss, G.F., Farugue, M.O.,“Characteristics and Design of Power Hardware-in-the-Loop
Simulations for Electrical Power Systems”, IEEE Transactions on Industrial Electronics, 63:
406-417, (2016).



