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ABSTRACT In this article, a new solar PV fed Dynamic Voltage Restorer (DVR) based on Trans-Z-source

Inverter (TransZSI) is proposed to improve the power quality of on-grid Photovoltaic (PV) systems. DVR

is a power electronic compensator using for injecting the desired voltage to the Point of Common Coupling

(PCC) as per the voltage disturbance. In the proposed DVR, in place of traditional VSI, TransZSI with

outstanding merits of buck/boost, a broader range of voltage boost gain, fewer passive components, and

lower voltage stress, is put forth. For efficient detection, accurate voltage disturbances mitigation, and

also lessening the injected voltage harmonics, a hybrid Unit Vector Template with Maximum Constant

Boost Control (UVT-MCBC) method is proposed for TransZSI-DVR. The performance of the proposed

TransZSI-DVR with UVT-MCBC has been analyzed under severe sag, slight sag with harmonics, swell, and

interruption. The comparative studies and simulation results have shown the effectiveness of the proposed

TransZSI-DVR, as opposed to traditional ZSI-DVR and VSI-DVR. The TransZSI-DVR in the PV system has

mitigated voltage sag/swell/interruption. It has also improved the power quality of both the injected voltage

to the PCC and PV system’s output voltage.

INDEX TERMS PV, DVR, TransZSI, voltage sag, voltage transient, THD.

NOMENCLATURE

AC Dynamic Voltage Restorer

BES Alternating Current

CSI Battery Energy Storage

DC Current Source Inverter

DVR Direct Current

EZSI Embedded Impedance Source Inverter

IC Incremental Conductance

IEEE Institute of Electrical and Electronics Engi-

neers

IGBT Insulated-Gate bipolar transistor

LCCT Inductor/Capacitor/Capacitor/Transformer
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approving it for publication was Eklas Hossain .

MBC Maximum Boost Control

MCBC Maximum Constant Boost Control

MPP Maximum Power Point

MPPT Maximum Power Point Tracking

PCC Point of Common Coupling

PLL Phase-Locked loop

PV Photovoltaic

PWM Pulse-Width Modulation

RMS Root Mean Square

SBC Simple Boost Control

SLD Single Line Diagram

SOC State of Charge

ST Shoot-Through

STC Standard Test Conditions

THD Total Harmonic Distortion
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TransZSI Trans-Z-Source Inverter

TransZSI-DVR Trans-Z-Source Inverter Based

Dynamic Voltage Restorer

UVT Unit Vector Template

UVT-MCBC Unit Vector Template with Maximum

Constant Boost Control

VSC Voltage Source Controller

VSI Voltage Source Inverter

VSI-DVR Voltage Source Inverter Based

Dynamic Voltage Restorer

ZSI Impedance Source Inverter

ZSI-DVR Impedance Source Inverter Based

Dynamic Voltage Restorer

I. INTRODUCTION

For environmental concerns and development towards a sus-

tainable society, the future power systems will have a high

penetration of solar PV and wind power systems. The trend

is towards ramping up renewable energies and phasing out

fossil fuels and coal. Out of renewable energy sources, PV

systems have been significantly tilted towards because the

sunlight is one of the most abundant and freely available

energy resources on our planet [1]. However, the performance

of the PV systems can be handed down affected by factors like

solar irradiation, temperature, soiling, clouds, etc. resulting

in a reduction in the PV output voltage and therefore, voltage

sag, as the most commonplace yet vital power quality issues,

happens. With an increase in the number of sensitive and crit-

ical loads in the modern power system, power quality issues

like sags, swells or interruptions have enlarged. Such power

quality issues result in considerable losses such as losses

related to producer’s competitive opportunities, reduced effi-

ciency, increased production and maintenance costs, reduced

product quality, decreased equipment lifespan, and produc-

tion interruptions and energy losses. Having high-quality

power Thus, accessing high-quality power has a tremendous

impact on saving capital and has an economic advantage for

a manufacturing company [2]–[4].

High power quality produces an impeccable power supply

that has no noise, sinusoidal waveform, is always avail-

able, and within voltage and frequency tolerances. Voltage

sags/swells/interruptions are the most important power qual-

ity issues which are classified as short-duration voltage vari-

ations [5]. As per the standard IEEE 1159 [6], voltage sag

is a fall in the Root Mean Square (RMS) voltage (0.1–0.9pu

of nominal voltage) the duration of which is 0.5cycles-1min.

The root causes of sags are usually the faults and starting of

large loads like motors. In grid-connected PV systems, partial

shading condition is the leading cause of voltage sags. Also,

a voltage swell is a rise in the RMS voltage (1.1–1.8pu of

nominal voltage) at the same duration as voltage sag. The

start/stop of large capacitors and turning off the large loads

are the leading causes of swells.

There are many methods to avoid the impact of such

voltage disturbances on sensitive and critical loads. The most

efficient and reasonable one is to apply devices that are built

based on power converters, aka custom power devices [7].

Among them, Dynamic Voltage Restorer (DVR) is the most

efficient device of choice for the mitigation of voltage sags,

swells, and interruptions. DVR is connected in series to

the PCC between the load and source sides, and in healthy

conditions, the DVR is in standby mode. Once the supply

voltage goes upper or lower than its nominal value, the DVR

controller detects the magnitude and duration of the sup-

ply voltage and then injects the desired voltage to the PCC

accordingly. A DVR is composed of a DC storage unit, a

voltage source inverter (VSI), an LC filter, and three single-

phase injection/coupling transformers [8].

The VSI has been traditionally employed in the DVR con-

figuration [9]. In [10], the performance of the DVR system

based on the VSI is investigated, and simulation is performed

for voltage sag and voltage swell situations. The DVR system

can easily handle and keep the voltage balanced and constant,

which is required by the load. Although the VSI is widely

used in DVR configuration, it has some limitations [11].

Being a buck converter, it needs a DC/DC boost converter.

Also, in each leg, the semiconductors are not turned ON at

the same time; otherwise, shoot-through (ST) happens and

damage the inverter bridge. Note that the ST is brought about

by simultaneously turning on both switches in the 1ϕ leg,

2ϕ legs, or all 3ϕ legs, thus short-circuiting the supply. Like

VSI, Current Source Inverter (CSI) needs a buck converter

and leastways one upper or lower semiconductor has to be

turned on.

To address the limitations mentioned above, Impedance

Source Inverter (ZSI) has been proposed [11]. The ZSI

employs an X shape impedance circuit, including two capac-

itors and two inductors to not only join the primary circuit

to the load side but to bring significant benefits CSI and

VSI lack. In the ZSI, the value of the AC output voltage

has nothing to do with the DC input voltage and can be

anything between [0, ∞]. Thus, the ZSI is a buck and boost

converter simultaneously and has a wider voltage gain range.

So, in place of VSI, the great idea is to use ZSI in the

DVR configuration. ZSI-DVR configuration has been studied

in [12]–[21]. In [12], ZSI-DVR was presented in which a

multi-loop controller was used, and the results showed that

the proposed DVR used the buck/boost advantages of ZSI to

employ the energy storage while compensating for sag ulti-

mately. However, the only studied voltage disturbance in this

article was sag. Also, the traditional Pulse-width Modulation

(PWM) was implemented. Similar work was done in [13] in

which efficient and straightforward open-loop sag/swell and

closed swell controllers were studied. In [14], the analysis of

ZSI-DVRwith a fuzzy controller was conducted, and the sim-

ulation results showed a better performance of the proposed

ZSI-DVR optimized by the fuzzy controller. To improve the

ride-through capability of ZSI-DVR, wind turbine as renew-

able energy sources is offered in [15]. However, the wind

turbine has a wind generation and a rectifier which could

increase the DVR complexity and cost. Supercapacitor-based
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FIGURE 1. Proposed PV fed TransZSI-DVR configuration.

ZSI-DVR as its energy storage was presented in [16] to

create DC voltage of ZSI. Supercapacitors can charge fast and

discharge very slow.

To increase the voltage-gain and decrease the voltage stress

of ZSIs, some modified configurations were proposed [17].

Recently, some studies have been carried out to enhance

DVR’s performance based on such modified ZSI arrange-

ments [18]–[21]. Cascaded multilevel ZSI for DVR was

proposed in [18] to decrease the voltage THD. In [19],

embedded EZSI based DVR was presented to mitigate bal-

anced/unbalanced voltage sags caused by different faults. The

results proved that the proposed DVR is simple to imple-

ment, and its cost is low. New LCCT-ZSI based DVR was

introduced in [20], which can provide higher voltage gain.

However, THD analysis and performance evaluation for swell

and interruption were neglected. YSI based DVR with Fuel

Cell was studied in [21], and with the help of the fuzzy

controller, the THD was reduced, as opposed to ZSI-DVR.

Among the modified ZSI configurations presented in [18],

TransZSI that uses a capacitor and a transformer as its

impedance network has delivered a standout performance.

Compared to ZSI, by the transformer’s turns ratio, a higher

voltage gain is obtained in the TransZSI. Plus, the number

of passive elements is reduced, thus reducing the costs and

increasing the inverter’s lifetime and reliability. As a result,

this article tries to propose a new PV fed DVR configuration

based on TransZSI in which an integration of PV panel

and batteries is presented. This will help the issue related

to the capture of energy in PV panels and issue related to

the energy reserves of batteries. To boost the efficacy of the

DVR controller and provide an accurate detectionmethod and

efficient compensation for voltage sags/swells/interruptions,

a hybrid unit vector template (UVT) with an MCBC method

FIGURE 2. The ZSI basic circuit topology.

(UVT-MCBC) is presented. The UVT can determine the

exact start/stop points of every voltage disturbance and then

creating voltage load references for the modulation unit [22].

In this article, the modulation unit is based on the MCBC

method as a modified version of the conventional Simple

and Maximum Boost Control methods (SBC and MBC).

However, the SBC and MBC methods have both limita-

tions [23]. The SBC method has the limit of boosting the

output voltage. The modulation index decreases as the ST

increases, increasing voltage stress. In the MBC method,

all the zero states are used as ST states thus increasing the

output voltage level. Although this method minimizes the

voltage stress and maximizes the voltage gain, it creates low-

frequency ripples in the current. This means the lower the

output frequency, the higher the passive elements. TheMCBC

method can overcome such limitations. In theMCBCmethod,

the ST duty ratio remains unchanged to bring outstanding

benefits of a wider voltage gain range and no low-frequency

ripples. Therefore, the UVT-MCBC can accurately detect

the voltage disturbances, inject the desired voltage accord-

ingly with lower harmonics, and compensate for them effi-

ciently. Below, the significant contributions of this work are

provided:
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FIGURE 3. The TransZSI: (a) basic circuit, (b) with the trans., (c) in ST zero
states, and (d) in non-ST states.

• A solar PV fed TransZSI-DVR is proposed in which

TransZSI offers outstanding features of (1) a more com-

prehensive range of voltage gain, (2) lower voltage stress

across the switches, and (3) fewer reactive elements.

• A UVT-MCBC is presented to improve the control

performance of the TransZSI-DVR. It gives the best

performance among the other two conventional DVR

systems by (1) detection of start/stop points of voltage

disturbances, (2) reduction in transients, (3) mitigation

of voltage disturbances, and (4) reduction in injected

voltage THD. So, the output PV voltage’s power quality

is enhanced.

FIGURE 4. Voltage boost gain (G) against different values of M in the ZSI
and TransZSI.

• Integration of the PV panel and battery is put forward

for the proposed TransZSI-DVR to address the issue

related to the capture of energy in PV panels and the

issue related to the energy reserves of batteries. Because

(1) sunlight as a freely available kind of energy lowers

batteries’ energy restrictions, (2) recharging batteries

with solar power offers a convenient option for DVR,

and (3) batteries help ease the problem related to the

intermittent nature of PV panels.

The proposed solar PV fed TransZSI-DVR is described

in Section 2 including the conception of TransZSI, hybrid

UVTwithMCBCmethod (UVT-MCBC), voltage stress anal-

ysis, PV array modeling, MPPT technique, boost converter,

DC/AC VSI, and VSC controller. Section 3 presents the sim-

ulation outcomes and analyses, together with comparisons.

And the article is concluded in Section 4.

II. PROPOSED TransZSI-DVR CONFIGURATION

Fig. 1 shows the proposed TransZSI-DVR configuration.

In this figure, DVR is connected in series to the PCC on

the supply side (in this article, the output of grid-connected

PV system) to detect voltage disturbances including sags,

swells, and interruptions and then compensate for them. The

PV system comprises the PV array, MPPT controller, boost

converter, DC/AC VSI, filter, 3ϕ transformer, and distribu-

tion network to which the PV array is connected. In normal

conditions, the DVR is in standby mode. Once voltage sags,

swells, and interruptions happen, the DVR detects them, and

as per the amount and duration of the voltage disturbances

and it then injects the desired voltage to the PCC. The DVR

comprises a PV panel, Battery Energy Storage (BES), the pro-

posed TransZSI, the proposed UVT-MCBC controller, an LC

filter, and three single-phase injection transformers.

When a voltage disturbance occurs on the supply side,

the energy storage in the DVR provides its desired energy.

The energy storage can be a DC-link capacitor or a Battery
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FIGURE 5. The DVR control diagram based on the UVT-MCBC method.

Energy Storage (BES). The capacitor’s storage capacity is

lower than the BES which is why the BES is widely used.

In this article, integrating the PV panel and BES is proposed

for TransZSI-DVR. On the one hand, solar energy lowers

the batteries’ energy restrictions. Recharging the BES with

solar energy offers a convenient option for DVR. Batteries

overcome the intermittency concern of PV panels. This inte-

gration serves the needs for addressing the issue related to

the capture of energy in PV panels and the issue related to the

energy reserves of batteries.

A. TransZSI

In this article, two traditional VSI-DVR and ZSI-DVR

are considered for performance comparison with the pro-

posed TransZSI-DVR. For VSI-DVR, UVT based on Pulse

Width Modulation (UVT-PWM) is used. For both ZSI-DVR

and the proposed TransZSI-DVR, the UVT-MCBC method

is applied. Therefore, three different cases of VSI-DVR

(UVT-PWM), ZSI-DVR (UVT-MCBC), TransZSI-DVR

(UVT-MCBC) are carefully analyzed in this work. The VSI

has been widely deployed to form the interface to the grid

from renewable energy sources. However, VSI has limitations

that have been pointed out in the literature review. ZSI,

as its primary circuit is shown in Fig. 2, can address such

problems [11]. In ZSI, ST is used for boosting the voltage

in the VSI. So, the buck/boost feature is obtained, and the

need for a boost converter is eliminated. However, traditional

ZSI has some limitations. Among modified configurations of

ZSI that were recently introduced to increase voltage gain

and to cut down on the cost, TransZSI has shown superb

performance in price, voltage gain, and voltage stress on the

switches [24]. Fig. 3(a) depicts the structure of TransZSI from

the DC-link viewpoint.

Similar to the ZSI, TransZSI has an additional ST zero state

aside from the 6 active and 2 primary zero states. Fig. 3(b)

illustrates TransZSI’s equivalent circuit in which ZSI’s

2 inductors are coupled and displaced by a transformer [24].

In ST zero states, the bridge is short-circuited, as shown

in Fig. 3(c). Assuming Dsh as the ST duty ratio and T as the

switching cycle, soDshT and (1 − Dsh)T are intervals for ST

and non-ST states, respectively. In ST zero states, the voltages

of L1 & L2 are [24]:

vL1 = Vdc + VC1 (1)

vL2 =
n2

n1
.vL1 (2)

In non-ST zero states, the bridge is represented as a current

source. The non-ST states have 6 active and 2 zero states.

The current source is zero in 2 zero states. In non-ST states,

as shown in Fig. 3(d), we have [24]:

vL1 =
n1

n2
.vL2 = −

n1

n2
.VC1 (3)

vL2 = −VC1 (4)

The median inductors’ voltage would be 0 throughout the

switching cycle (steady-state). From (1) and (3):

〈vL1〉 =
(Vdc + VC1) .Dsh.T +

(
− n1
n2

.VC1

)
. (1 − Dsh) .T

T
= 0 (5)

Based on (5), the capacitor’s voltage is:

VC1 =
n.Dsh

1 −
(
1 + n2

n1

)
.Dsh

Vdc (6)

where n2
n1

= n ≥ 1. From (4)-(6), the DC-link voltage in the

non-ST states is increased to:

v̂i =
(

1

1 − (1 + n) .Dsh

)
Vdc = B.Vdc (7)

In (7), B is the boost factor:

B =
1

1 − (1 + n) .Dsh
(8)

The phase voltage’s peak value viewed from the output of

the inverter is:

V̂ph = M ·
(
V̂i

2

)
= M ·

(
B ·

Vdc

2

)
(9)

In (9),M remarks themodulation index. In turn, the voltage

gain would be:

G =
M

1 − (1 + n) .

(
1 −

√
3
2
M

) (10)
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FIGURE 6. (a) SBC, (b) MBC, and (c) MCBC method schemes.

Equation (10) is calculated when the MCBC method is

implemented to the TransZSI. The MCBC method will be

explained in the following subsection. It is worth mentioning

that when the MCBC method is used in the ZSI, the voltage

gain is [23]:

G =
M

√
3M − 1

(11)

FIGURE 7. Voltage stress vs voltage gain for (a) different control methods
in ZSI, (b) MCBC method in ZSI and TransZSI.

FIGURE 8. The equivalent circuit single-diode model of a PV cell.

As per (10) and (11), the voltage gain equations of ZSI and

TransZSI are equal when n = 1. If n is higher than 1, the ZSI’s

voltage gain is lower than TransZSI’s. So, the TransZSI’s

voltage gain is higher for a given modulation index (see

Fig. 4). This means that in TransZSI, the ST duty ratio is

lower, and the modulation index is higher.

B. TransZSI-DVR CONTROL STRATEGY

1) UNIT VECTOR TEMPLATE (UVT) METHOD

The three-phase supply voltages of Vsa, Vsb, and Vsc (in

this article, the grid-connected PV output AC voltage) are
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FIGURE 9. The IC algorithm’s flowchart.

calculated and then multiplied by K = 1
/
Vm, where Vm is

the peak magnitude of supply voltage as below [25]:

Vm =
√
2

3

(
V 2
sa + V 2

sb + V 2
sc

)
(12)

A phase-locked loop (PLL) is applied to create sinusoidal

unit vectors (Ua, Ub, Uc) by extracting transformation angle

(ωt) and also to synchronize the supply voltage, as below:

Ua = sin (ωt) , Ub = sin

(
ωt −

2π

3

)
,

Uc = sin

(
ωt +

2π

3

)
(13)

Then the load reference voltages (V ∗
la, V

∗
lb, V

∗
lc) are pro-

duced by comparison the sinusoidal unit vectors (Ua,Ub,Uc)

to Vm, as follows:

V ∗
la = VdmUa

V ∗
lb = VdmUb

V ∗
lc = VdmUc (14)

The load reference voltages along with the measured load

voltages (Vla, Vlb, Vlc) are given to the modulation unit to

create switching pulses (S1 to S6) for triggering the switches

of DC/AC inverter. Fig. 5 illustrates the DVR control diagram

based on the UVT-MCBC method. The MCBC method will

be explained in great detail in the following subsection.

2) MCBC METHOD

As discussed earlier, the higher voltage gain results in a fall

in the modulation index and a rise in the voltage stress. Many

PWMmethods were presented to maximize voltage gain and

minimize the voltage stress simultaneously [26]. The SBC

method, as shown in Fig. 6(a), was presented to control ST

but it is weak in maximizing the output voltage. To put it

simply, the higher the ST, the lower the modulation index.

Therefore, voltage stress is high. Then the MBC method,

as shown in Fig. 6(b), was proposed. Although in MBC the

voltage stress is significantly declined and the output voltage

is boosted, it produces low-frequency ripples.

To remove such ripples, the MCBC method as illustrated

in Fig. 6(c) is applied in which the ST duty ratio is kept

constant [23]. By doing so, unique features like a wider range

of voltage gain and lower voltage stress are obtained. This

will drive down the cost and weight of the TransZSI. Based

on Fig. 6(c), there are three reference curves and two ST

envelope curves. The inverter is in the ST zero states once

the carrier triangle wave goes over Vp or under Vn. Other-

wise, the converter performs based on the basic carrier-based

PWM. Based on Fig. 6(c), for each half-period we have [24]:

Vp1 =
√
3M + sin

(
θ − 2π

3

)
M

Vn1 = sin
(
θ − 2π

3

)
M

}
[
0, π

/
3
]

(15)

Vp2 = sin (θ)M

Vn2 = sin (θ)M −
√
3M

} [
π

/
3, 2π

/
3
]

(16)

From (15) and (16), it can be concluded that for a specific

M , the distance between Vp and Vn is always kept constant at√
3M and measures the ST. The ST duty ratio is constant:

Dsh =
2 −

√
3M

2
= 1 −

√
3M

2
(17)

FIGURE 10. The VSC control structure.
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FIGURE 11. The SLD of the IEEE 15-bus grid.

3) VOLTAGE STRESS COMPARISON

The voltage stress, VS , can be realized by comparison the

minimum dc voltage (GVdc) and peak dc-link [23]:

VS = BVdc (18)

Fig. 7(a) provides a comparison of voltage stress in SBC,

MBC, and MCBC methods applied to the ZSI. The related

equations to the voltage stress ratios are [23]:

VS

GVdc
=

BVdc

GVdc
= 2 −

1

G
SBC method (19)

VS

GVdc
=

BVdc

GVdc
=

3
√
3

π
−

1

G
MBC method (20)

VS

GVdc
=

BVdc

GVdc
=

√
3 −

1

G
MCBC method (21)

By using the MCBC method in the TransZSI, we have:

VS

GVdc
=

BVdc

GVdc
=

√
3

2

(
1 +

1

n

)
−

1

nG
(22)

Similar to the voltage gain equations of ZSI and TransZSI,

if n = 1, the voltage stress ratio of ZSI, (21), and of TransZSI,

(22) are equal. If n is higher than 1, the voltage stress ratio

of TransZSI lesser than that of ZSI [24]. A comparison of

voltage stress ratios of ZSI and TransZSI (when MCBC is

applied) to both is provided in Fig. 7(b).

C. PV ARRAY MODELING AND MPPT ALGORITHM

A PV array comprises some PV modules that are formed

by some PV cells. Fig. 8 shows an equivalent single-diode

model of a PV cell [2]. In this model, IPV is PV current based

on solar irradiation, Rp and Rs are parallel and series branch

resistors, ID is diode current, and V and I are output voltage

and current, respectively. Equation (25) describes the PV cell

output current at Standard Test Conditions (STC) (radiation

of 1000W/m2 and cell temperature of 25◦C).

I= IPV −Isat
[
exp

(
Q · Voc
A · K · T

)
−1

]
−

(
V + I · Rs

Rp

)
(23)

FIGURE 12. Supply, injected, and load voltage waveforms (upper, middle, and lower, respectively) in the PV fed VSI-DVR.
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FIGURE 13. Phase A THD values of the (a) injected voltage in 0.05-0.1s, (b) injected voltage in 0.15-0.2s, (c) injected voltage
in 0.25-0.3s, (d) injected voltage in 0.35-0.4s, and (e) entire load voltage in 0-0.45s.

where Isat is the diode saturation current, Q is the elec-

tron charge, A is the diode propagation coefficient, K is the

Boltzmann constant, and T is the cell’s real temperature. PV

systems are highly affected by solar irradiation and tempera-

ture. Obtaining maximum PV power is of importance, to this

end, an accurate MPPT technique can find the maximum

power point (MPP) of the PV system [27]. In this work,

we used the Incremental Conductance (IC) technique which

is on the basis of the measurement of the output PV voltage

by comparing instantaneous and incremental conductance. If

these two values are equal, the MPP is reached. An IC MPPT

controller optimizes the switching duty cycle (D) to create

the desired voltage, obtaining the MPP. Fig. 9 shows the IC

algorithm’s flowchart.
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FIGURE 14. Supply, injected, and load voltage waveforms (upper, middle, and lower, respectively) in the PV fed ZSI-DVR.

TABLE 1. Comparison of Voltage THD Measured in Different DVR Scenarios.

D. DC/DC AND DC/AC POWER CONVERTERS

The output PV array voltage is usually low, and in order

to connect to the distribution network, this voltage must be

boosted. ADC/DC boost converter can serve this purpose and

maximize the electrical energy obtained from PV arrays. This

boosted voltage must be therefore converted to AC voltage

for connection to the network. In this article, a 5-kHz DC/DC

boost converter and a 10-kHz 2L 3ϕ VSI are employed.

To control VSI and create its switching pulses, Voltage Source

Controller (VSC) strategy, as shown in Fig. 10, is applied.

The VSC has two external and internal control loops. The

outer loop handles the DC-link voltage and the inner one

controls active and reactive components of grid currents.

The modulation signals, U∗
abc, are created by the DC voltage

controller output (I∗d ) and the outputs of the current controller
(Vd , Vd ) to be applied to the PWM block [28].

III. SIMULATION RESULTS

In this section, the performance evaluation of the proposed

PV fed TransZSI-DVR configuration is simulated carried out,

and then the results are compared to the outcomes of tradi-

tional VSI-DVR and ZSI-DVR configurations where VSI and
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FIGURE 15. Phase A THD values of the (a) injected voltage in 0.05-0.1s, (b) injected voltage in 0.15-0.2s, (c) injected voltage in 0.25-0.3s,
(d) injected voltage in 0.35-0.4s, and (e) entire load voltage in 0-0.45s.

ZSI are used, respectively. The following subsections repre-

sent three different scenarios of VSI-DVR, ZSI-DVR, and the

proposed TransZSI-DVR. In all strategies presented in this

article, four various voltage disturbances as severe voltage

sag (75%), slight voltage sag with harmonics (50%), volt-

age swell (20%), and interruption (100%) are applied. The

severe sag as the first voltage disturbance happens because of

partial shading conditions at solar irradiation of 250W
/
m2

in the PV system. The second voltage disturbance is a slight

sag with harmonics. This is also because of partial shading

conditions at solar irradiation of 500W
/
m2. Swell is the

third-volt disturbance which is almost caused by an abrupt

reduction in load, for instance, when a large motor is turned

off. The last voltage disturbance is an interruption. Faults

are the common causes of interruptions. In all scenarios,

the supply voltage is the PV systems’ output voltage. The

parameters of the grid-connected PV system and the proposed

TransZSI-DVR are both given in Table 2 in the Appendix.
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FIGURE 16. Supply, injected, and load voltage waveforms (upper, middle, and lower, respectively) in the PV fed
TransZSI-DVR.

The Single Line Diagram (SLD) of the IEEE 15-bus system

is shown in Fig. 11. Further information about this grid is

provided in [29].

A. SCENARIO 1: VOLTAGE COMPENSATION BY VSI-DVR

In this scenario, the performance of the DVR in which a

traditional VSI is used is studied. There are here two crucial

matters. First, conventional VSI is a buck inverter. So, the out-

put PV panel voltage which is usually low must be boosted.

Otherwise, other power converters like cascaded multilevel

VSIs that have higher voltage boost gain must deliver higher

output voltage. Despite the advantages of such inverters, they

have a higher cost and complex controllers. Instead, in this

scenario, a boost converter before the BES is considered to

increase theDC output voltage of the PV panel. Its parameters

are L = 5mH , C = 3000µF and fs = 5kHz. Second, in this

scenario, the PWM method for the modulation unit with a

modulation index of 0.8 is used in VSI (see Fig. 5).

Fig. 12 depicts the supply voltage (PV systems’ output

voltage), the injected voltage by the VSI-DVR, and the load

voltage. As seen in the middle subfigure, the magnitude of

the injected voltage at the beginning of severe sag (0.05-0.1s)

and interruption (0.35-0.4s) is higher than the desired voltage.

This, therefore, leads to a noticeable transient in the load

voltage, as shown in the lower subfigure. Also, there is a

considerable delay in the desired voltage injection (middle

subfigure) for voltage swell, thus, the load voltage magnitude

at the beginning (0.25 0.3) is slightly changing and produces

fluctuations (lower subfigure). Note that after each injected

voltage interval (middle subfigure), we can observe some

flickers which must be removed once there is no voltage

disturbance. Figs. 13(a)-(d) present the voltage THD values

(phase a) for each injected voltage of scenario 1 (VSI-DVR).

The values of voltage THD for severe sag (0.05-0.1s), slight

sag with harmonics (0.15-0.2s), swell (0.25-0.3s), and inter-

ruption (0.35-0.4s) are measured 10.73%, 17.79%, 45.11%,

and 10.70%, respectively. Also, the full load voltage THD

(phase a) is calculated at 10.12%, as shown in Fig. 13(e).

B. SCENARIO 2: VOLTAGE COMPENSATION BY ZSI-DVR

As shown earlier, VSI has some limitations. To overcome,

VSI can be replaced by ZSI that has buck/boost features,

higher voltage gain, lower cost, and higher efficiency. The

parameters of the ZSI’s X shape network, as shown in Fig. 2,

are C1&C2 = 100µF and L1&L2 = 2mH . By applying the

ST duty ratio and the X shape network, the boost feature that

cannot be achieved in the traditional VSI is attainable in the

ZSI. This means the need for the boost converter is eliminated

thereby having one power conversion and lower cost.

Fig. 14 illustrates the supply voltage (PV systems’ output

voltage), the injected voltage by the ZSI-DVR, and the load

voltage. As shown in this figure, the problem of having a

higher magnitude of the injected voltage at the beginning of

severe sag and interruption is largely solved (middle sub-

figure). This means that the transients of the load voltage

are lower (lower subfigure), as opposed to the transients of

VSI-DVR. Although the delay at the beginning of the desired

injected voltage with swell is reduced (middle subfigure),

the fluctuations of load voltage at the beginning of 0.25-0.3s

still exist (lower subfigure).
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FIGURE 17. Phase A THD values of the (a) injected voltage in 0.05-0.1s, (b) injected voltage in 0.15-0.2s, (c) injected voltage in
0.25-0.3s, (d) injected voltage in 0.35-0.4s, and (e) entire load voltage in 0-0.45s.

Also, the flickers after the interval of each injected voltage

are still seen (middle subfigure). Figs. 15(a)-(d) display the

voltage THD values (phase a) for each injected voltage of

scenario 2 (ZSI-DVR). The values of voltage THD for severe

sag (0.05-0.1s), slight sag with harmonics (0.15-0.2s), swell

(0.25-0.3s), and interruption (0.35-0.4s) are measured 3.79%,

13.10%, 40.14%, and 3.29%, respectively. Also, the entire

load voltage THD (phase a) is calculated at 8.51%, as shown

in Fig. 15(e). Compared to scenario 1 (VSI-DVR), we can

infer that all the THD values in scenario 2 (ZSI-DVR) are

low.

C. SCENARIO 3: VOLTAGE COMPENSATION

BY TRANSZSI-DVR

Although ZSI can outperform traditional VSI, higher volt-

age gain without increasing the cost is of vital importance
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FIGURE 18. Switching pulses of TransZSI in scenario C.

FIGURE 19. THD comparison of 3 scenarios: injected voltage THDϕa (top left), injected voltage THDϕb (top center), injected voltage THDϕc (top right),
total injected voltage THDϕa (bottom left), total injected voltage THDϕb (bottom center), total injected voltage THDϕc (bottom right).

in the ZSI. TransZSI, as one of the ZSI’s modified con-

figurations, has a broader range of voltage conversion (by

transformer’s turns ratio in (10)), fewer reactive elements

(Fig. 3(a)), and few element stresses (due to MCBCmethod).

In this scenario, TransZSI with the UVT-MCBC method

is proposed in the DVR configuration as the proposed

TransZSI-DVR. The detailed analyses of voltage gain, volt-

age stress, and UVT-MCBC method have been all conducted

in section 2. Fig. 16 depicts the supply voltage (PV sys-

tems’ output voltage), the injected voltage by the proposed
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TABLE 2. Test System Parameters. TransZSI-DVR, and the load voltage. Based on this figure, all

the voltage disturbances are thoroughly compensated for. The

issue related to the higher magnitude of the injected voltage

at the beginning of severe sag and interruption is wholly

addressed which confirms the accurate detection of the UVT

controller in the UVT-MCBC method. Also, the transients of

the load voltage are the lowest, as opposed to the transients of

VSI-DVR and ZSI-DVR. With swell, the delay at the begin-

ning of the desired voltage is minimized more than before,

the fluctuations of load voltage at the beginning (0.25-0.3s)

do not exist anymore. This is because of the MCBC con-

troller which reduces the transients to the lowest possible

value. The flickers after the interval of each injected voltage

are removed, which means the UVT-MCBC accurately and

successfully detects the start and stop points of all voltage

disturbances. The proposed TransZSI-DVR can produce the

best load voltage. This is of the utmost importance for sensi-

tive and critical loads. Figs. 17(a)-(d) show the voltage THD

values (phase a) for each injected voltage of scenario 3 in

which TransZSI-DVR is proposed. The values of voltage

THD for severe sag (0.05-0.1s), slight sag with harmonics

(0.15-0.2s), swell (0.25-0.3s), and interruption (0.35-0.4s) are

measured 2.42%, 10.90%, 38.22%, and 2.09%, respectively.

Also, the full load voltage THD (phase a) is calculated at

5.14%, as shown in Fig. 17(e). Compared to scenario 1

(VSI-DVR) and scenario 2 (ZSI-DVR), we can conclude

that all the THD values in scenario 3 with the proposed

TransZSI-DVR are the lowest. As shown before in (17),

by keeping the ST duty ratio unchanged, the lowest harmon-

ics among the other two traditional DVRs can be achieved.

Also, the switching pulses of TransZSI in this scenario are

shown in Fig. 18. The tabular and graphical comparisons

of voltage THD values (phase a, b, and c, and total period)

measured in each DVR scenario are provided by Table 1 and

Fig. 19, respectively.

IV. CONCLUSION

In this work, a new PV fed TransZSI-DVR has been presented

to enhance the power quality of PV systems. Compared to

traditional VSI-DVR and ZSI configurations, the proposed

Trans-ZSIDVR brings significant benefits like being a buck

and boost converter simultaneously, fewer passive compo-

nents, broader voltage gain, and lower voltage stress on

switches. For accurate detection and adequate compensation

for voltage disturbances, the UVT-MCBC method has been

implemented for TransZSI-DVR. Four different voltage dis-

turbances such as severe sag (75%), slight sag with har-

monics (50%), swell (20%), and interruption (100%) have

been considered for performance evaluation of the proposed

TransZSI-DVRwith UVT-MCBC. Such voltage disturbances

have been tested in three different DVR scenarios. The theo-

retical analysis and simulation results have significantly sub-

stantiated the performance of the proposed TransZSI-DVR in

terms of sufficient compensation for sag/swell/interruption,
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a considerable reduction in voltage THD harmonics, power

quality enhancement of injected voltage to the PCC and PV

system’s output voltage as well.

The scopes for future research will be many some of which

could be as follows. Research into modified DVR control

methods to improve the power quality of injected voltage

to the PCC in terms of its magnitude, harmonics, and also

accurate detection of start/stop point of the voltage distur-

bance better than before. Another research spot would be the

configuration of the inverter used in the DVR to reduce the

cost, weight, and volume of the inverter, thereby decreasing

the overall DVR cost. Last but not least, the stability of the

proposed DVR system can be also studied, especially for

remote areas where the stability of power is important.

APPENDIX

See Table 2.
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