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Abstract—This paper proposes three dynamic voltage restorer
(DVR) topologies. Such configurations are able to compensate
voltage sags/swells in three-phase four-wire (3P4W) systems
under balanced and unbalanced conditions. The proposed sys-
tems in this work use two independent dc-links. The complete
control system, including the PWM technique, is developed
and comparisons between the proposed configurations and a
conventional one are performed. Simulation and experimental
results are provided to validate the theoretical approach.

I. INTRODUCTION

Power quality has a hard impact in the world. Every year,
the industry and commerce sector loses billions of dollars [1],
[2]. Behind this fact, voltage sags have been reported as a
major power-quality problem [3]. In this way, dynamic voltage
restorer (DVR) has been pointed out as the most attractive
solution for this issue [4]–[8]. In fact, this customized power
device is extremely suitable for protecting sensitive loads
from voltage sags [8], [9], which is composed by isolation
transformers, energy storage devices, passive filters and PWM
inverters, as observed in Fig. 1. This device is most applicable
in distribution systems [4], [8] where voltage sags occur most
commonly.

Fig. 1. Typical DVR location in a 3P4W power distribution system.

There are two types of power distribution systems when

their transformers are considered: i) three-phase three-wire
(3P3W) and ii) three-phase four-wire (3P4W). ∆Y transformer
winding connection seems to be a good arrangement option
once it prevents zero sequence components from propagating
to the secondary side of the transformer when an unbalanced
fault occurs on the primary side network [10]. However,
countries such as China and Korea [8], [10] commonly use
a YY winding with neutrals grounded, see Fig. 1. In this case,
propagation of zero sequence components to the loads are
allowed when an unbalanced fault takes place [11]. The zero
sequence components propagation problem has been solved
with some existing DVR topologies, see Fig. 2. Each of
these topologies present advantages and disadvantages. So the
topology selection becomes a particular design criteria to be
chosen.

Generally, the design criteria lies on: i) low harmonic
distortion, ii) low electromagnetic interference and iii) high
dc link voltages by using series connected switches. Hence,
DVRs associated with multilevel based inverter can be used
to achieve most of those desirable features. In this way, four-
leg neutral point clamped (4LNPC) [12] inverter has been
investigated with an optimized PWM technique. Similar results
were obtained by means of a space vector PWM algorithm ap-
plied in a cascaded H-bridge (CHB) [13]. Multilevel equivalent
result can be achieved by considering the concept of open-end
winding (OEW) at the injection transformers of DVRs. OEW
concept is widely used in 3P3W motor drive systems [14] and
recently on DVR for 3P3W systems [15].

This work investigates three options of DVR topology for
3P4W systems application (see Fig. 3) based on the concept of
OEW. The proposed 2C2C configuration, depicted in Fig. 3(a),
operates with different dc-link values. Configurations 4L2C
and 4L4L, see Figs. 3(b)-(c), use more switches but enables
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(a) (b) (c)
Fig. 2. Existing DVR configurations in 3P4W distribution system using isolation transformers. (a) Conventional three H-Bridge (3HB) based DVR [8]. (b)
Split Capacitor (2C) based DVR [10]. (c) Four Leg (4L) based DVR [16].

the converter to operate with lower dc-link ratings and lower
harmonic distortion in the generated voltages by the DVR.

Proposed configurations present advantages in terms of
switch blocking voltages and consequently lower dc-link ca-
pacitors rating. Control system, including the PWM tech-
nique, is presented and comparisons between proposed and
conventional configurations are performed. Simulation and
experimental results are provided for validation purposes.

II. PROPOSED DVRS MODEL

The proposed DVR configurations for 3P4W systems are
described in Fig. 3. All of them are based on the concept
of OEW. Configuration 2C2C, see Fig. 3(a), is composed by
two conventional split capacitor (2C) connected to isolation
transformer in an OEW arrangement. Configuration 4L2C, see
Fig. 3(b), consists of a four-leg (4L) inverter connected in one
side (converter A) and split capacitor (2C) at the other side
(converter B). The third one, configuration 4L4L, is based on
two four-leg (4L) inverter connected to isolation transformers,
see Fig. 3(c).

The pole voltages of each configuration are given by
vψ0x; with ψ = 1a, 2a, 3a, 4a (for converter A) and ψ =
1b, 2b, 3b, 4b (for converter B) as well as x=a (for converter
A) and x=b (for converter B); which depends on the con-
duction states of the power switches. Switch pairs qψ-q̄ψ are
complementary. The conduction state of all switches can be
represented by the homonymous binary variable qψ , where
qψ = 1 indicates a closed switch while qψ = 0 indicates an
open one. Then the pole voltages vψ0x (vψ0a for converter A
and vψ0b for converter B) are expressed in terms of previously

defined binary variables qψ as follows

vψ0a = (2qψ − 1)
vca
2

(1)

vψ0b = (2qψ − 1)
vcb
2

(2)

The model considered in this section is assumed for con-
figuration 4L4L once the model for the other configurations
(4L2C and 2C2C) is achieved by particular considerations of
voltage vba presented for configuration 4L4L.

A. Configuration 4L4L

This proposed DVR can be seen as two four leg 3P4W
conventional DVR, see Fig. 2(c), in an open-end winding
arrangement. In this way, the proposed configuration has a
model obtained from an equivalent circuit, given by

vpj = vja0a − vjb0b − vba (3)
vba = v4a0a − v4b0b (4)

where vba = v0b−v0a is the voltage between the midpoints 0a
and 0b. The variable j = 1, 2, 3 and stands for next relations.

B. Configuration 4L2C

In this case, the voltage vpj remains the same as in (3)
whereas the expression for vba becomes

vba = v4a0a (5)

C. Configuration 2C2C

This configuration has a similar model compared to con-
ventional 3HB with remark to operation with different dc-link
values. Hence the voltage vba is null (vba = 0). The voltage
vpj remains the same that in (3).

Then, a PWM strategy can be developed in order to maxi-
mize the number of levels and consequently reduce the THD
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(a)

(b)

(c)
Fig. 3. Proposed OEW based DVR configurations: (a) 2C2C. (b) 4L2C and
(c) 4L4L.

of variables produced by the converter, as will be discussed
in the next section.

III. PWM STRATEGY

In this section, the PWM strategy of proposed DVR are
presented. In this way, a suitable amount of auxiliary variables
are added to the model in order to determine the pole voltages
of the converter as shown in [17].

Only configuration 4L4L is described in details because
the PWM strategy for the others one (4L2C and 2C2C) are
obtained by particular considerations involving the reference
pole voltages of fourth leg, as discussed in next relations.

A. Configuration 4L4L

It can be seen that it is required to calculate eight pole volt-
ages. Then, five auxiliary variables should be defined because
there are three voltages (v∗p1, v∗p2 and v∗p3) that are imposed
from the controller. In addition, considering v∗pj = v∗sj (N=1).
Then, introducing five auxiliary variables v∗ba, v∗x1, v∗x2, v∗x3,
v∗x4, one solution can be written as follows

v∗ja0a =
1

2
v∗sj +

1

2
v∗ba + v∗xj =

1

2
v∗rj + v∗xj (6)

v∗jb0b = −1

2
v∗sj −

1

2
v∗ba + v∗xj = −1

2
v∗rj + v∗xj (7)

where the voltages v∗rj were introduced in order to simplify
the calculation. They are expressed as

v∗rj = v∗ja0a − v∗jb0b = v∗sj + v∗ba (8)

The relations for the fourth leg of each converter are expressed
as

v∗r4 = v∗4a0a − v∗4b0b = v∗ba (9)

v∗4a0a =
1

2
v∗ba + v∗x4 (10)

v∗4b0b = −1

2
v∗ba + v∗x4 (11)

The relations presented in (6), (7), (10) and (11) are not
sufficient to determine the reference pole voltages (v∗ja0a and
v∗jb0b). Then, it is necessary also to calculate the auxiliary
variable voltages v∗ba, v∗x1, v∗x2, v∗x3, v∗x4. However, the limits
of the pole voltages (±v∗Ca/2 for the converter A and ±v∗Cb/2
for the converter B) must be respected. The normalized choice
of the auxiliary variable voltages satisfying their limits, can be
provided by introducing a parameter µ ( 0 6 µ 6 1) for each
one (e.g., v∗ba → µ∗

ba, v∗x1 → µ∗
x1, v∗x2 → µ∗

x2, v∗x3 → µ∗
x3 and

v∗x4 → µ∗
x4). Then voltage v∗ba is first determined obeying the

following expressions

v∗ba = µ∗
bav

∗
bamax + (1− µ∗

ba)v∗bamin (12)

with

v∗bamin = −v∗Cab −min{v∗s1, v∗s2, v∗s3, 0} (13)
v∗bamax = v∗Cab −max{v∗s1, v∗s2, v∗s3, 0} (14)

where v∗Cab = (vCa + vCb)/2 is the mean dc-link capacitor
reference voltage. The other three auxiliary variable voltages
v∗xj are calculated as

v∗xj = µ∗
xjv

∗
xjmax + (1− µ∗

xj)v
∗
xjmin (15)
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with

v∗xjmin = max{v∗xajmin, v∗xbjmin} (16)
v∗xjmax = min{v∗xajmax, v∗xbjmax} (17)

where

v∗xajmin = −v∗Ca/2− v∗rj/2 (18)
v∗xbjmin = v∗Cb/2 + v∗rj/2 (19)
v∗xajmax = v∗Ca/2− v∗rj/2 (20)
v∗xbjmax = v∗Cb/2 + v∗rj/2 (21)

Then, it remains to calculate the last auxiliary voltage v∗x4
related to the fourth leg in converter A and B. This voltage is
calculated in a similar way by using following equations

v∗x4 = µ∗
x4v

∗
x4max + (1− µ∗

x4)v∗x4min (22)

v∗x4min = max{v∗xa4min, v∗xb4min} (23)
v∗x4max = min{v∗xa4max, v∗xb4max} (24)

where

v∗xa4min = −v∗Ca/2− v∗r4/2 (25)
v∗xb4min = −v∗Cb/2 + v∗r4/2 (26)
v∗xa4max = v∗Ca/2− v∗r4/2 (27)
v∗xb4max = v∗Cb/2 + v∗r4/2 (28)

The symmetrical converters operation is obtained choosing
all the parameters (µx1, µx2, µx3 and µx4) equal 0.5. The
parameter µba can be freely modified in order to change the
generated power capability in each converter.

B. Configuration 4L2C

In this configuration, differently to PWM strategy presented
for previously configuration 4L4L, makes use of four auxiliary
variable voltages (v∗ba, v∗x1, v∗x2, v∗x3). The relation for the
fourth leg of converter A is expressed as

v∗r4 = v∗4a0a = v∗ba (29)

C. Configuration 2C2C

For this configuration, six pole voltages are required. Hence,
PWM strategy considers three auxiliary variable voltages (v∗x1,
v∗x2, v∗x3). Notice that voltage v∗r4 = v∗ba = 0.

IV. TOPOLOGICAL COMPARISON

The minimum required dc bus voltage (V minDC ) for the
topologies considered in this work are presented in Table I.
This specification reflects the peak inverse voltages (PIV) at
each power switch. It can be seen also the number of semi-
conductor devices and capacitors needed for each topology.

Configurations 4L4L and 4L2C have presented a reduction
of 56% in comparison with 2C topology, as well as 50%
for the 4L topology and 13% compared to conventional 3HB
and proposed 2C2C. Nevertheless, they have a higher number
of IGBTs as well as capacitors. Proposed 2C2C topology
provides the same dc-link voltage rating compared to 3HB

one but it takes advantage due to its different dc-link values
operation capability. Hence this topology (2C2C) can impose
generated voltages vpj with a lower harmonic distortion in
comparison with 3HB one.

Taking into consideration: i) dc-link voltages rating, ii)
devices number and iii) reduction of harmonic, these topolo-
gies present advantages and disadvantages. So the topology
selection becomes a particular design criteria to be chosen.

TABLE I
TOPOLOGICAL COMPARISON.

DVR Topolgy V min
DC IGBTs Capacitors

Conventional 2C (Fig. 2(b)) 2.82V RMS
s 6 2

Conventional 3HB (Fig. 2(a)) 1.42V RMS
s 12 1

Conventional 4L (Fig. 2(c)) 2.45V RMS
s 8 1

Proposed 4L4L (Fig. 3(c)) 1.23V RMS
s 16 2

Proposed 2C2C (Fig. 3(a)) 1.42V RMS
s 12 4

Proposed 4L2C (Fig. 3(b)) 1.23V RMS
s 14 3

V. COMPARISON OF SWITCHING VECTORS
AVAILABLE

There are 16 (24) and 64 (26) switching vectors available
in case of conventional 4L and 3HB based DVR, respectively.
Fig. 4 shows all vectors available for these conventional
configurations in 3D (dqo space).

Conventional - 3HBConventional - 4L

Fig. 4. Output voltage space and the switching vector avaiable for a three-
phase conventional 4L inverter (right) and conventional 3HB (left).

Fig. 5 shows the vectors available for proposed 2C2C
configuration considering dc-link (vca and vcb) values into two
cases: i) case I (vcb is twice vca that means 1:2 ratio) and ii)
case II (vcb is three times vca that means 1:3 ratio). Comparing
to 3HB, proposed 2C2C has the also 64 switching vectors but
it provides more options of switching vectors in comparison
with conventional 3HB one.

Fig. 5. Output voltage space and the switching vector avaiable for proposed
2C2C configuration with dc-links ratio 1:2 (right) and 1:3 ratio (left).

Proposed 4L2C configurations has 128 (27) switching vec-
tors available. Then as expected, the number of different
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vectors increases in comparison with the previous one, as
observed in Fig. 6. In this result, case I represents the operation
with equal dc-links values (vca=vcb that means 1:1 ratio)
whereas case II corresponds to 1:2 ratio.

Fig. 6. Output voltage space and the switching vector avaiable for proposed
4L2C configuration with dc-links ratio 1:1 (right) and 1:2 ratio (left).

Fig. 7 shows similar result for configuration 4L4L. Compar-
ing with the 2C2C and the conventional ones, it can be seen
that both 4L2C and 4L4L provide high number of different
switching vectors but in counterpart some of them have high
values of vso component that maybe will not be used if the
inverters operate with low vso magnitude.

Fig. 7. Output voltage space and the switching vector avaiable for proposed
4L4L configuration with dc-links ratio 1:1 (right) and 1:2 ratio (left).

VI. HARMONIC DISTORTION
The weighted total harmonic distortion (WTHD) of injected

voltages (vpj) for conventional 3HB and proposed configura-
tions have been computed by using

WTHD(p) =
100

a1

√√√√ p∑
i=2

(ai
i

)2
(30)

where a1 is the amplitude of the fundamental voltage, ai is the
amplitude of ith harmonic and p is the number of harmonics
taken into consideration. Then, by imposing same operation
conditions that are a maximum injection in a balanced three-
phase case, WTHD of the injected voltages (vpj) for conven-
tional 3HB and proposed configuration can be observed in
Table II. The dc-link ratio 1:1 means equal dc-link voltages
(vca=vcb) whereas 1:2 (vcb=2vca) and 1:3 means (vcb=3vca)
different dc-link voltages. Then it can be observed that best
(minimum) WTHD value is achieved with proposed 4L4L.
Nevertheless all proposed configurations present lower WTHD
values in comparison with conventional 3HB that has best
WTHD value among the conventional ones.

TABLE II
WHTD FOR CONVENTIONAL AND PROPOSED CONFIGURATIONS

(fs=10KHZ; fo=50HZ).

DVR Topolgy Dc-link ratio WTHD (%)
Conventional 3HB - 0.22

Proposed 2C2C 1:2 0.14
1:3 0.15

Proposed 4L2C 1:1 0.19
1:2 0.12

Proposed 4L4L 1:1 0.12
1:2 0.11

VII. CONVERTER POWER LOSSES

The loss estimation is obtained through regression model,
which has been achieved by experimental tests as presented
in [18] and [19]. It was also utilized the thermal module,
an existing tool in PSIM v9.0. The power switch used in
the experimental tests was: IGBT dual module CM50DY-24H
(POWEREX) driven by SKHI-10 (SEMIKRON), that switch
losses model includes:

a) IGBT and diode conduction losses;
b) IGBT turn-on losses;
c) IGBT turn-off losses;
d) Diode turn-off energy;
Fig. 8 shows a result in which proposed DVR configuration

losses have been compared with conventional 3HB one at
the same operation conditions and with the same harmonic
distortion content (WTHD = 0.22%) of the injected voltages
(vpj). For instance the switching frequency (fs) is 10kHz,
6.25kHz, 5.3kHz and 4.8kHz for conventional 3HB, proposed
2C2C, 4L2C and 4L4L, respectively. Such values guarantee
that DVRs will generate the voltages (vpj) with same harmonic
distortion. Different dc-links voltage values were considered
for proposed configurations with dc-link ratio being 1:2. The
results have been normalized with conventional 3HB (total
losses close to 58W). Notice that proposed configurations
present lower switching losses and conduction losses increases
from 2C2C to 4L4L as a consequence of their high number of
IGBTs. Nevertheless, the total losses are lower in comparison
with conventional 3HB.

Fig. 8. Semiconductor losses comparison between conventional 3HB and
proposed configurations operating with dc-link ratio 1:2.
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VIII. DC-LINK HIGH FREQUENCY POWER LOSSES

In this section, a comparative study of dc-link power losses
estimation has been made. In this case the operation of
conventional and proposed configurations was fixed in the
same conditions with injected voltages by DVR having the
same harmonic distortion.

The dc-link high frequency power losses is calculated by

PHOloss = N(0.45)ESR(100Hz)

(
IHOc,rms

)2
(31)

where N is the number of capacitors used in each topol-
ogy, IHOc,rms is the component of the high-order of the root
mean square (RMS) current on the dc-link (with h > 50),
ESR(100Hz) is the equivalent series resistance to frequency
of 100Hz. The ESR can be considered constant for frequency
higher than 3kHz. It is equal to 0.45 times of ESR value for
100Hz [20]. This means that PHOloss depends only of the IHOc,rms.

Fig. 9 shows harmonic spectrum of dc-link currents for
comparison purposes with different dc-link voltage values (i.e,
considering dc-link ratio 1:2). Then it can be observed that
the equivalent harmonic current content for proposed OEW
configurations does not exceed the magnitude of conventional
3HB one.

Conventional 3HB

(Carrier with 10kHz)

Proposed 2C2C

(Carrier with 6.25kHz){
cai cbi

ci

upvC .0.1
*

= upvCa .33.1
*

= upvCb .67.0
*

=

cai cbi

Proposed 4L2C

(Carrier with 5.3kHz){
upvCa .58.0

*

= upvCb .15.1
*

=

Proposed 4L4L

(Carrier with 4.8kHz){
upvCa .58.0

*

= upvCb .15.1
*

=

cai

cbi

Fig. 9. Harmonic spectrum of the capacitor currents for conventional 3HB
and proposed configurations.

Table III presents the dc-link high frequency power losses
normalized by power losses of conventional 3HB configura-
tion (i.e, PHOloss /PHOloss(3HB)). Notice that the proposed 4L4L
presents a reduction of 64% in dc-link high frequency power
losses compared with conventional 3HB whereas 2C2C and
4L2C presented a reduction of 23% and 39%, respectively.

TABLE III
LOSSES COMPARISON OF THE DC-LINK.

Normalized dc-link losses
Topolgy 3HB 2C2C 4L2C 4L4L

PHO
loss /PHO

loss(3HB)
1.00 0.77 0.61 0.36

IX. SIMULATION RESULTS

Conventional 3HB and Proposed DVR configurations have
been evaluated through simulation by using PSIM v9.0 and
MATLAB R©. Fig. 10 shows the injected voltages (not filtered)
by DVR considering equal (vca=vcb) and different (vca 6=vcb)
dc-links values for proposed configurations.

Most cases investigated in Fig. 10 show that injected
voltages by the proposed DVRs provide more levels and
as a consequence they present lower WTHD in comparison
with the conventional 3HB one for the same conditions of
operation.

Proposed - 2C2C

upvupv CbCa .67.0;.33.1
**

== upvupv CbCa .5.0;.5.1
**

==

{
upvupv CbCa .86.0;.86.0

**

== upvupv CbCa .15.1;.58.0
**

==

{Proposed - 4L2C

WTHD = 0.14%WTHD = 0.14% WTHD = 0.15%

WTHD = 0.19% WTHD = 0.12% WTHD = 0.34%

upvupv CbCa .44.0;.31.1
**

==

upvupv CbCa .86.0;.86.0
**

==

{Proposed - 4L4L

WTHD = 0.12%

upvupv CbCa .15.1;.58.0
**

==

WTHD = 0.11%

upvupv CbCa .31.1;.44.0
**

==

WTHD = 0.19%

upvC .0.1
*

=

{Conventional - 3HB

WTHD = 0.22%

Fig. 10. Simulation results. Injected voltages by the DVR considering
conventional 3HB topology and proposed configurations with equal dc-link
voltages (vCa=vCb → dc-link ratio 1:1) and different dc-link voltages (vCa

6= vCb → dc-link ratios 1:2 and 1:3).

The system performance with proposed DVRs have been
investigated under: i) single-phase sag (see Fig. 11), ii) two-
phase sag (see Fig. 12) and iii) three-phase sag (see Fig. 13). In
this case, the results for configurations 2C2C, 4L2C and 4L4L
are similar. It can be seen that the proposed DVR compensates
the voltage sags satisfactorily. The corresponding results of
Figs. 11-13 can be observed in 3D orbit at Fig. 14.

X. EXPERIMENTAL RESULTS

The Proposed DVRs, in Fig. 3, have been validated in lab-
oratory. The dc-link capacitors were selected as C = 2200µF,
and the switching frequency (fs) employed was 10kHz. The
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Fig. 11. Simulation results. Dynamic system operation under 30% single-phase sag in time domain. (a) Grid voltages. (b) Injected voltages by DVR. (c)
Load voltages.

Fig. 12. Simulation results. Dynamic system operation under 30% two-phase sag in time domain. (a) Grid voltages. (b) Injected voltages by DVR. (c) Load
voltages.

Fig. 13. Simulation results. Dynamic system operation under 30% three-phase sag in time domain. (a) Grid voltages. (b) Injected voltages by DVR. (c)
Load voltages.

Grid Voltage Vector

(30% Single-Phase Sag)

Injected Voltage Vector

(30% Single-Phase Sag)

Load Voltage Vector

(30% Single-Phase Sag)

( )a

Grid Voltage Vector

(30% Two-Phase Sag)

Injected Voltage Vector

(30% Two-Phase Sag)

Load Voltage Vector

(30% Two-Phase Sag)

( )b

Grid Voltage Vector

(30% Three-Phase Sag)

Injected Voltage Vector

(30% Three-Phase Sag)

Load Voltage Vector

(30% Three-Phase Sag)

( )c

Fig. 14. Simulation results. System operation in dqo-plan under 30% unbalanced and balanced sags: (a) Single-phase sag. (b) Two-phase sag. (c) Three-phase
sag.

injection transformers power were considered with 1kVA.
Capacitors were connected at secondary winding of injection
transformers in order to filter high order harmonic provided
from the PWM converters. The filter capacitance were selected
as Cf = 45µF. The experimental results obtained in Figs. 15-
17 are presented in oscillogram form (points of oscilloscope
have been saved and plotted through Matlab R©).

Fig. 15 shows experimental result for a single-phase sag
compensation. Notice that load voltage drops close to 98%
compared to its value before the voltage sag but this value
guarantee normal operation of the system and the sensitive
load is compensated satisfactorily. In fact this difference is
due to voltage present at the filtering capacitors.

The system operation during voltage sag compensation can
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Fig. 15. Experimental results for a single-phase sag. System voltages at
phase 1.

be observed in Figs. 16 and 17. Single-phase sag compensa-
tion is observed in Fig. 16 while two-phase unbalanced sag
compensation can be seen in Fig. 17.

Fig. 16. Experimental results. System voltages during a single-phase sag
compensation.

Grid voltages Injected voltages Load voltages

Fig. 17. Experimental results. System voltages during a two-phase sag
compensation.

XI. CONCLUSION

In this paper three four-wire dynamic voltage restorers
(DVRs) have been presented. The studied configurations in
this work are based on the concept of open-end winding.
Simulated and experimental results presented show that the
proposed DVRs are feasible and suitable for power distribution
system with YY transformers with neutrals grounded.
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