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Abstract: Dynamic voltage restorer (DVR) is a power electronic converter-based custom power device used to compensate for
voltage variations. The inverter used in the DVR structure can have different topologies. Multilevel inverters are a good candidate
to be used in the DVR structure especially in higher voltage level. This study proposes a new scheme for DVR based on a
multilevel inverter. In the proposed DVR, a dc—dc converter is attached to the multilevel inverter. The dc-link voltage is
regulated by the dc—dc converter considering the voltage sag magnitude. In this way, the output voltage of the multilevel
inverter has always its maximum possible number of levels. This results in better quality of output voltage in both deep and
shallow voltage sags. It is important to emphasise that the existing inverter-based DVR topologies do not have this capability.
Also, in the proposed DVR, there is no need for an output filter. Moreover, the fundamental frequency control method for the
multilevel inverter can be used instead of pulse width modulation-based methods. This can result in lower switching losses
and lower switching stresses. The mathematical analysis of the operation range of the proposed DVR is given in detail. The
simulation results using Power System Computer Aided Design/Electromagnetic Transient including DC (PSCAD/EMTDC)

as well as the experimental results from a laboratory prototype verify the proposed DVR scheme.

1 Introduction

Sensitive loads such as computers, electronic devices and
automated systems are vulnerable to voltage variations.
Voltage variations include various events. The voltage
variations are divided into two events, short-term and
long-term events. The short-term events may be
compensated for by suitable devices. These events mainly
include the voltage sags, voltage swells and short-term
interruptions. In many distribution power systems, the
voltage sags are the most frequent and economically the
most damaging event [1]. Therefore investigating suitable
ways to compensate for the voltage sags is an important issue.
Many solutions are available for the compensation of
voltage disturbances [2-4]. The power electronic-based
solutions are the most suitable solutions because of flexibility
and fast response. According to the literature, Dynamic
voltage restorer (DVR) is the most suitable and economical
solution to compensate for voltage sags. In fact, the DVR is
a series connected voltage source inverter (VSI). It generates
compensation voltage which is added to the grid voltage
usually through an injection transformer. In this way, the
voltage on the sensitive load remains almost unchanged
providing for safe operation of the loads [5].

Many variant DVR circuit topologies are available. The
VSI as the main part of the DVR can have different circuit
topologies. The conventional two-level or multilevel VSIs
can be adopted in the DVR. When discussing the control
methods or dynamic analysis, the simplest form of inverter

is usually used in the DVR structure. However, as an
alternative, using multilevel inverters in the DVR structure
has been addressed in some published matters. A cascaded
H-bridge (CHB) multilevel inverter-based voltage sag
compensator has been presented in [6] which is controlled
by using the fundamental frequency control method.
Therefore as the output voltage is a stepped voltage, the
output voltage quality is not acceptable for some operating
points. The pulse width modulation (PWM) controlled CHB
multilevel inverter application to the DVR has been
investigated in [7]. In this work, both symmetric and
asymmetric topologies have been considered. The CHB
multilevel inverters need an isolated dc voltage source per
each H-bridge. Reference [8] investigates the application of
the transformer coupled CHB multilevel inverter for the
DVR in which only one dc voltage source is required. From
the control method point of view, minimum power
operation of the DVR based on the CHB multilevel inverter
has been studied in [9]. A modified DVR based on the
CHB multilevel inverter has been presented in [10]. In this
topology, in order to reduce the size of energy storage, the
DVR is equipped with a thyristor controlled reactor.
In [11], discontinuous space vector modulation (SVM) to
control the CHB multilevel inverter used in the DVR has
been presented. Apart from the CHB topologies, other
multilevel inverters such as the neutral point clamped
(NPC) multilevel inverter [12-13], and the flying capacitor
multilevel inverter [14] have also been used in the DVR
structure. Moreover, other non-conventional topologies of
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multilevel inverters have been used in the DVR structure
[15, 16].

The VSIs are the dominant power electronic converters
used in the DVR structure. However, recently various
circuit configurations have been presented for the DVRS
which use ac—ac converters instead of VSIs [1, 5, 17-19].
Therefore the energy storage elements are eliminated in
these topologies resulting in possible reduction in the
overall size of the DVR. However, as they are not equipped
with energy storage elements, their operation in the case of
deep voltage sags may not be successful. Also, a
three-phase nine-switch converter-based compensator has
been presented in [20]. Moreover, the application of the
DVR to provide a fault ridethrough of the distributed
energy resources has been addressed in [21].

Considering the literature review presented above, different

types of multilevel inverters have been in the DVR structure
to generate the required compensating voltage. However, the
main issue considering the multilevel inverter-based DVR is
the fact that the output voltage of the multilevel inverter
varies depending on the voltage sag depth. Clearly, for deep
voltage sags the output voltage magnitude should be high
and inversely for shallow voltage sags it is low. This
implies that if the dc-link voltage is considered to be
constant then the number of output voltage levels depends
on the voltage sag depth. For shallow voltage sags, the
number of voltage levels must be reduced. In other words,
the multilevel inverter will not generate the output voltage
with maximum possible number of levels unless for a
narrow band of deep voltage sags. Consequently, the
multilevel inverter will not be exploited suitably in the case
of lower voltage sags. Therefore it seems that the
application of the multilevel inverters in the DVR structure
is not very successful especially for shallow voltage sags.
. In this paper, a new scheme is proposed for multilevel
inverter-based DVR for better utilisation of the multilevel
inverter. The dc—dc converter is used to adjust the dc-link
voltage considering the depth of voltage sag. Using this
method, the maximum possible number of output voltage
levels is generated for a wide variation of voltage sag
depths. In this way, the quality of the output voltage is
improved by reducing the filtering requirements. In Section
2, the proposed DVR is presented and then its operation
range is calculated. In order to verify the proposed DVR,
the simulation and experimental results are presented.

2 Proposed DVR

The proposed multilevel inverter-based DVR is shown in
Fig. 1a. In the proposed topology the dc-link voltage is
adjusted by considering the voltage sag depth. The energy
storage has a constant dc output voltage (Vin). This voltage

is the input voltage of the dc—dc converter. The task of the
dc—dc converter is to adjust the dc-link voltage (Vo)
according to the voltage sag depth. In other words, for
voltage sags that have a lower depth, the value of Vg is
reduced and inversely as the voltage sag depth is high, the
value of Vy is increased. In this way, the multilevel
inverter reference voltage is always high and therefore it
operates with a high modulation index regardless of the
voltage sag depth. Therefore all the possible output voltage
levels are generated within a wide range of voltage sags [22].
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Fig. 1 Proposed DVR

In the DVR presented in Fig. 1a, one low-frequency
transformer is needed per each H-bridge. This may cause

a The proposed multilevel inverter-based DVR
b Proposed alternative topology for the DVR

the system to be costly. However, the transformer can boost the
voltage so that the inverters operate in lower voltage even if the
operational voltage is high. As an alternative topology, high-
frequency (HF) transformers can be used instead of low-frequency
transformers. This alternative topology is shown in Fig. 1b. In
this topology, the dc output voltage of the energy storage is fed to
a dc—dc converter. The dc—dc converter adjusts its output voltage
according to the value of voltage sag (similar to the previous
topology). The output dc voltage of the dc—dc converter is then
converted to an HF ac voltage. The HF ac voltage supplies the
primary side of an HF transformer with multiple secondary. In the
secondary, the HF ac voltage is converted to a dc voltage feeding
the H-bridges of the multilevel inverter. The HF transformers
provide isolation so that the output of the H-bridges can be
connected in series. The basic idea of this topology is similar to the
previous one. Therefore the rest of the paper relies on the topology
shown in Fig. 1a.
In amultilevel inverter, the quality of the voltage is directly

related to the number of voltage levels and it improves as the
number of voltage levels increases. Consider the staircase output
voltage of a cascaded multilevel inverter as shown in Fig. 2a. The
hth harmonic of the output voltage can be written as follows
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Fig. 2 Typical operation of cascaded multilevel inverter

a Typical staircase output voltage of a multilevel inverter

b Variation of THD percentage of the staircase voltage
against number of voltage levels

¢ Number of voltage levels of the multilevel inverter output
voltage against sag percentage for the proposed and existing
methods
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Total harmonic distortion (THD) of the output voltage can be
written as follows

>

= 3,5, oh =
THD o \Y/

N cos aj 4)

2 gvdc <
1
where a; depends on the control method of the multilevel

inverter. For the nearest level control method [23-24], ai
can be stated as follows

a; = arcsin

i=12 ....n )

Using the above calculation, the variations of THD of the
output voltage against the number of voltage levels is
shown in Fig. 2b. This figure shows that as the number of
voltage levels increases the THD is reduced. Therefore for
an N-level inverter it will be more suitable to generate
output voltage with N levels in all range of operating
points. Using a dc—dc converter with variable output
voltage to supply the dc-link of the multilevel inverter
makes this idea possible. In the proposed DVR, for
different voltage sag depths the number of output voltage
levels is maximum resulting in a considerably better
waveform quality. Although the proposed approach can be
applied for any multilevel inverter topology, in this paper,
the CHB multilevel inverter is used. Different circuit
topologies can be considered for the proposed system. If the
multilevel inverter has one common dc-link, only one dc—
dc converter is required otherwise for each H-bridge an
independent dc—dc converter is needed. In order to use one
common dc-link, an injection transformer for each H-bridge
is required. It is worth mentioning that the transformers act
as injection transformers at the same time. The H-bridges
are supplied from one common dc-link and their output
voltages are added together via the injection transformers.
The total resulting voltage is the injection voltage which
compensates for the voltage sag.

Several power quality (PQ) surveys showed that the voltage
sags include more than 90% of all PQ problems. Moreover,
considering the data gathered from the surveys, most
voltage sags are lower than 0.5 pu (0.5 pu remaining
voltage) [25, 26]. Suppose that a multilevel inverter-based
DVR is designed to compensate for a maximum 0.5 pu
voltage sag. Fig. 2c shows the number of voltage levels of

Hiepuedlewpl invgiteysemdthdhs DYEnSrudyrage" hg

percentage. In this figure, the multilevel used in the DVR
structure is a nine-level inverter. Using the conventional
multilevel inverter-based DVRs, for the voltage sags up to

0.125 pu the output voltage will be a three-level voltage.
From 0.125 up to 0.25 pu it will be a five-level voltage,
from 0.25 to 0.375 pu the output voltage is a seven-level
voltage and from 0.375 to 0.5 pu the output voltage will be
a nine-level voltage. For this example, only for 0.25 of
operation range the output voltage will have its maximum
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0,1

The total RMS (Vo,ms) and the RMS value of the fundamental
component (Vo1) of the output voltage can be obtained as
follows

©)
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possible number of levels (i.e. nine levels). It is important
to note that the proposed DVR can operate with its
maximum possible number of voltage levels for almost the
whole operating range. Moreover, unlike the conventional

multilevel inverter-based DVRs, the multilevel inverter used
in the proposed DVR always operates with the modulation
index equal to 1 which improves the output voltage quality.
Two ways are available to control the output of the inverter:
variation of the modulation index and variation of the input
dc voltage. In the proposed DVR, the input dc voltage of
the multilevel inverter is variable and controllable because
of usage of the dc-dc converter. Therefore the output
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voltage is controlled by varying the input dc voltage of the
multilevel inverter whereas its modulation index can be
constant. In order to generate the maximum possible
number of voltage levels, the modulation index should be
equal to its maximum value which is 1. These are analysed
in detail in the next sections.

High value of THD and harmonic contents results in higher
losses, temperature and de-rating of the transformers. As
studied in [27] the transformer power rating decreases
extremely with the increase of harmonic contents. Therefore
reduction of the THD and harmonic contents of the output
voltage can result in reduction in the ratings and size of the
injection transformers and also has a positive effect on their
lifetime.

In the conventional two-level or three-level inverter-based
solutions, in order to achieve an output voltage with
acceptable quality and also reduce the output filter size, the
HF modulation method should be used. This results in
higher stresses on the switches, switching losses and higher
electromagnetic interferences (EMI). In the proposed DVR
it is possible to use the fundamental frequency modulation
method without losing the output voltage quality. This
modulation method results in reduction in the number of
commutations in each period which affects the switching
losses, stresses and EMI. As the control of the multilevel
inverter in the proposed DVR is based on the fundamental
frequency method, the output voltage of the multilevel
inverter does not contain HF contents as in the PWM
method. Also, the proposed DVR operates in a way that the
number of output voltage levels remains high. Therefore the
output filter is not required in the proposed topology.

3 Compensating limits

In this section, the compensating limits of the DVR are
calculated. Owing to the fact that any part of the DVR such
as the input dc voltage, the dc-dc converter, and the
transformer has its own limitation, the calculations are
presented in a general form. The aim is to calculate a range
for the voltage sag in which maximum number of voltage
levels is possible. Even though the calculations are simple,
they are important to design the DVR.

Applying Kirchhoff’s voltage law (KVL) for Fig. 1, the
following equation can be obtained

vi(t) = va(t) + vp(t) (6)
where v, v and vp represent the load voltage, grid voltage
and the DVR injected voltage, respectively. It is important
to note that vp is sum of the output voltages of the CHBs,
in other words

Vp=Vp1tVppt+--++Vpj )

If the peak values of the voltages are considered, (6) can be
rewritten as follows

V|_ = VG + VD (8)

Defining V¢ as follows

be obtained

Vp = aVe (10)

The voltage sag definition is as follows
Vsag = VL,ref - Vg (11)

where V| re is the peak value of the load voltage in nominal
condition. If the DVR completely compensates for the load
voltage, the peak value of the load voltage will be always
equal to its nominal value as follows

VL,ref =V, (12)

Considering (8) and (10)-(12), the following equation is
achieved

V
Ve =" (13)

The peak value of the output voltage of the multilevel inverter
(Vc) is related to the dc-link voltage (Vqc) by the modulation
index (M) and the number of CHBs (n), which can be written
as follows

Ve = nMVy (14)
The relation between the input voltage of the dc—dc converter

(Vin) and the dc-link voltage can be expressed as the voltage
transfer ratio of the dc—dc converter (k) as follows

(15)

Substituting (14) and (15) in (13), the following equation can
be written

Vgg = anMKV;, (16)

Using (16), the following equation can be written

v
—ad (17

- anMV;,
It is clear that in a multilevel inverter the number of output
voltage levels is maximum if M is close to 1. Hence, k
should be variable so that the output voltage of the dc—dc
converter could be adjusted. The range of k can be
considered as follows
I(min ks I(max (18)

Considering the limits stated by (18), (16) can be rewritten as
follows

anMKpinVin < Vg < anMKpayVin (19)
The range of voltage sag stated by (19) is the range in which
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ated for with maximum number of output voltage levels

the voltage sag can be ¢ m n
completely 0 pe S and a given
Ve=Vei+ Vet + Ve, ©) value of M.
It is better to state (19) in per-unit. If the peak value of the
Using (9) and considering Fig. 1, the following equation can load voltage is the base of voltage (VL =1 pu), then the range
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can be rewritten as follows

anMKkmin Vin o anMKmax Vin

<V, <——— 20
e S Vg < i (20)

Let M vary within the following range
Mpmin = M = M (21)

Then, the voltage sag range stated by (21) can be rewritten as
follows

aaninkminVin <Vl < aanakaaxVin (22)
Vi 0 Vi

It is important to note that although in (22) M varies within a
range. Still, with a limited range maximum possible number
of output voltage levels are generated.

To have a better view of the voltage sag range, the variation
of per-unit value of voltage sag, which can be compensated
for with maximum possible number of voltage levels is
shown in Fig. 3 against a and k. The figure shows that a or
k, or both increase, the maximum compensable voltage sag
increases. However, a is considered to be constant and k
plays the role of adjusting the dc-link voltage.

0.8
0.6
0.4
0.2

sag [pu]

1.5

Fig. 3 Variations of the voltage sag that can be compensated for
by maximum possible number of voltage levels against a and k

Table 1 Voltage transfer ratio limits of the dc-dc converters

dc-dc converter Kmin Kmax
buck 0 1
boost 1 practical limit
buck-boost 0 practical limit

Table 1 shows the limits of the voltage transfer ratio of the
dc—dc converter (kmin and kmax). As the table shows, the limits
depend on the type of dc—dc converter and practical issues.

4 Simulation and experimental results

The proposed DVR has been simulated in the PSCAD/
EMTDC software and its laboratory scale has been
implemented. The simulation results as well as the
experimental results are presented in order to demonstrate
the operation of the proposed DVR. For simulation and
experimentation, a nine-level case is selected which is
shown in Fig. 4. The reason behind this selection is that
according to Fig. 2b the THD is inversely related with the
number of levels and the effect of the number of levels in
the value of THD is considerable as the number of voltage
levels varies from 3 to 9. In continuity, as the number of
voltage levels increases the decrement of THD is lowered.
However, as the number of voltage levels increases, the
number of required power electronic switches also
increases. Therefore a tradeoff between the value of THD
and number of switches should be considered. Considering
these factors, the nine-level case is selected in this paper.
It is clear that by choosing a higher number of voltage
levels the quality of output voltage will improve
considerably. In order to adjust the dc-link voltage a boost
dc—dc converter is used in this paper. However, other dc—dc
converters such as buck converter can be also used. The
main parameters of the studied system are indicated in
Table 2. In the experimental tests, a fault generator is used
to generate voltage sag. The fault generator consists of a
three-tap transformer with three bidirectional switches.
Depending on the states of the switches three values are
available for the grid voltage. If the switch S; is turned on,
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=
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Fig. 4 Nine-level inverter-based DVR used for simulation and experimentation
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Parameter value
boost dc-dc converter L, uH 80
Kmin 1
kmax 3
load R, Q 45
L, mH 55
injection transformer Impedance, Q 0.45+3j3.5
Turns ratio (a) 1
dc-link capacitor, pF 5000
frequency, Hz v 50
voltage peak in normal conditi on,V 220 2= 1pu
4

number of CHBs (n)

the grid voltage will be 1 pu which indicates the normal
operation condition without any voltage sag. By turning on
the switches S, and S, the grid voltage will be 0.8 pu (0.2
pu sag) and 0.6pu (0.4 pu sag), respectively.

As the number of CHBs (n) and also the turns ratio of the
injection transformer are predetermined in Table 2, the only
design parameter is the input voltage of the dc-dc
converter. It can be determined so that the most severe
expected voltage sag is completely compensated for. Using
(20), the input voltage of the dc—dc converter (Vin) in terms
of maximum voltage sag that should be compensated for
can be obtained as follows

V& Vi

agd,max

Vin = (23)
anMKipax

As a numerical example, suppose that the aim is to
compensate for wvoltage sags up to 0J5pu (ie.
Végmax = 0.5 pu)._Usmg (23) and the data given in Table 2,
the value of the input dc voltage of the dc—dc converter
(Vin) is obtained as follows

'
Vi, = 0.5 x 220 2 13V
1x4%x1x%x3

With this value of the dc voltage and considering the lower

anMV,,

activation

sag

detection

Control system

Vsag = VDrer +

o

Fig. 6 Principle operation of the NLC method

limit given by (20), the lowest value of the voltage sag is
Vs%,max = 0.16 pu. Therefore the proposed multilevel
inverter-based DVR with the given data, can compensate
for voltage sags between 0.16 and 0.5 pu with a nine-level
output voltage. This means that it operates with its
maximum number of voltage levels within a wide range of
voltage sags. It is important to note that this is not possible
in the other multilevel inverter-based DVRs.

Fig. 5 shows the control diagram of the DVR. The
measured voltage of the grid (vg) is subtracted from the
reference voltage (virr) to obtain the voltage sag (Vsag)
which is also equal to the reference value of the DVR
output voltage. Using this value, the voltage sag is detected.

YOH,YalLE O S ANty SRSees doreyalan ol e
In order to regulate the load voltage, a feedback control
with PI controller is used in addition to the feed-forward

loop. The output of this feedback and feed-forward control
is divided by the dc-link voltage and used as the reference

RIS Gh AN e n SR BEHREN TR okertog

[28] is used. Fig. 6 shows the principle of this control

method for a nine-level inverter [29]. In this method, the
reference voltage is compared with the available voltage
levels and the nearest level is selected by choosing the
corresponding switching combination from the switching
table. For example when the reference voltage is in the
limits 0.5V < Vrer < 1.5V, the voltage level equal to Vg is

p=*
k

Carrier

v | Nearest Level Control| Switching signals
ﬂ

o,
v,

Fig. 5 Control strategy of the DVR

of multilevel inverter

*

Switching
table
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Table:3<=Referarce ~oliage-limiis, <selected wvoliage levels and

the correspii@iRg ONFEWilcRg i ==rim=

Reference voltage Selected ON switches
limits voltage level

0 < Vief < 0.5Vy4c 0 S11, S31, S12, S32, S13,

S33, S14 and Szq

0.5Vi4c < Vrer < 1.5V Vic S11, Sa1, S12, S32, Si3,
S33, S14 and S3a
1.5V < Vief < 2.5Vic 2Vc S11, Sa1, S12, Sa2, Si3,
S33, S14 and S34
2.5Vic < Vrer < 3.5V 3Vc S11, Sa1, S12, Sa2, Si3,
S33, S14 and S34
3.5Vic < Veer 4V S11, Sai1, Si12, Sa2, Si3,

543, Si14 and Sa4

selected which is the nearest voltage level and
the corresponding switches are turned on. Table 3 shows
the reference voltage limits, selected voltage level and the
corresponding ON switches in the NLC method. It should
be noted that this table is for the positive half-cycle. The
table can be simply extended to the negative half-cycle by
replacing the ON switches by their complementary
counterparts. As Fig. 5 shows, the reference voltage of the
multilevel inverter is obtained by dividing the value of
voltage sag by the dc-link voltage. For a lower value of the
voltage sag the dc-link voltage is also low and therefore the
reference voltage of the multilevel inverter remains high.
To control the dc—dc converter, its voltage transfer ratio (k)
as stated by (15) is considered. This value of k is used in
the feed-forward loop. However, for better regulation of the
output voltage of the dc—dc converter a feedback loop with
a Pl controller is also used. In the feedback loop, the
measured value of k (obtained by dividing the measured Vi
by Vin) is subtracted from its value obtained using (17) and
the result is applied to a PI controller. The output of the
feedback and feedforward loops is used to control the
dc—dc converter. As the output of this stage is the voltage
transfer ratio of the dc—dc converter, it should be converted
to the duty cycle (D) in order to be used for providing the
switching signal of the dc—dc converter. Therefore the duty
cycle is calculated from the voltage transfer ratio. By
comparing the duty cycle with an HF triangular carrier
waveform the switching signal of the dc—dc converter is
obtained.

4.1 Simulation results

The simulation results of the voltage sag compensation using
the proposed topology are shown in Fig. 7a. To show that the
proposed topology generates the output voltage with
maximum number of levels for different voltage sag depths,
two different voltage sags with different depths are applied
on the grid voltage. The first voltage sag occurs from 0.02
to 0.12 s whose depth is 0.2 pu. The second voltage sag
starts at 0.14 s and lasts for 0.1 s with a depth of 0.4 pu. In
both the voltage sags, the dc-dc converter adjusts the
dc-link voltage considering the voltage sag depth. Therefore
the DVR output voltage is a nine-level voltage in both
cases. To make this easy to observe, two enlarged views of
the DVR output voltage are shown. The THD percentage of
the DVR output voltage is 10 and 10.2 for the 0.2 and 0.4
pu voltage sag, respectively. As the output voltage quality
remains acceptable in different voltage sags, the filter
capacitor has not been used in the structure of the proposed
DVR. Fig. 7b shows the output voltages of the bridges of
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Fig. 7 Simulation results of the proposed DVR

a From top to bottom the traces are the grid voltage, injected voltage, the load
voltage and enlarged view of the injected voltage in two different conditions
b Top to bottom: vp 1, Vp2, Vps and vps

¢ Upper: input voltage of the dc—dc converter, lower: dc-link voltage
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Fig. 8 Simulation results of a conventional multilevel
inverter-based DVR; from top to bottom the traces are the grid
voltage, injected voltage, the load voltage and enlarged view of
the injected voltage in two different conditions

the multilevel inverter (Vb1, Vb2, Vb and vpa). As the figure
shows, the bridges operate in fundamental frequency and each
one generates a three-level voltage. The sum of these voltages
is equal to the DVR injected voltage. The upper trace in
Fig. 7c shows the input voltage of the dc—dc converter. As
the figure shows, this voltage is a constant voltage equal to
13 V according to the design example. The lower trace in
Fig. 7c shows the output voltage of the dc—dc converter or

35
—e— THD(VL)_Proposed
- —=— THD(VD)_Proposed
—a— THD(VL)_Conventional
o —e— THD(VD)_Conventional
_ 20
s
=
E 15
10
5
0
15 20 25 30 35 40 45 50 55 60
Sag [%0]

Fig. 9 THD comparison of the proposed DVR with the
conventional CHB-based DVR without adjusting dc voltage
employing fundamental frequency control method

Apply voltage sag

{

Read the suitable
look-up table
according to voltage sag

v

Geneate suitable
switching signals

Fig. 10 Algorithm flowchart implemented in the microcontroller to
control the DVR

the dc-link voltage. As the figure shows, the dc-link voltage
is adjusted according to the value of the voltage sag. The
fluctuation of the dc-link voltage with the frequency of
double of the fundamental frequency is a common event in
single-phase systems and it will not be present in the
balanced three-phase systems.

Fig. 8 shows the simulation results of the conventional
multilevel inverter-based DVR with the same condition. As
this figure shows, the number of levels of the DVR output
voltage varies as the amount of voltage sag varies. In the
case of a 0.2 pu voltage sag the number of voltage levels is
five and in the case of a 0.4 pu voltage sag, the number of
voltage levels is seven. Therefore in none of the sag
conditions the maximum number of voltage levels is
generated (the maximum number of levels is nine). It is
important to note that the DVR is designed to compensate

Table 4 Switching table and the corresponding switching
method

Interval Voltage ON switches
level
0<ot<7.18° 172.82° < 0 S11, S31, S12, S32, S13,
ot < 180° S33, S14 and Sza
7.18 < wt < 22°, 158° < wt Ve Si1s Sa1s S12/ S32, S13,
<172.82° S33, S14 and Sza
22 < ot < 38.68°, AR S11, Sa1, S12, Sa2, Si13,
141.32° < ot < 158° Ss3, S14 @and Sz4
38.682 < ot < 61°, 119° < 3Vac Si1, Sa1, S12, Saz, Si3,
ot < 141.32 Sa3, S14 and Sza
61° < @t < 119° 4Vyc Si1, Sa1, S12, Sa2, S13,
Sa3, S14 @and Sz4
180 < ot < 187.18°, 0 S21, Sa1, S22, Sa2, S23,
352.82° < ot < 360° Sa3, Sz4 and Saq
187.18 < ot < 202°, 338° < - Vi S21, 831, S22, Sa2, S23,
ot < 352.82° S43, S24 and Sas
202° < ot < 218.68°, - 2V S21, S31, S22, S32, S23,
321.32° < ot < 338° S43, S24 and Saa
218.682° < ot < 241°, - 3Vuc S21, S31, S22, S32, Sa23,
299° < ot < 321.32° S33, S24 and Saq
241° < ot < 299° -4V S21, S31, S22, S32, S23,

S33, So4 and Sa4
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Fig. 11 Experimental results

a Grid voltage
b DVR injected voltage
¢ Compensated load voltage

for maximum 0.5 pu voltage sag and for voltage sags between
0.4 and 0.5 pu the output voltage will be a nine-level voltage.
The THD percentage of the output voltage for the conditions
of 0.2 and 0.4 pu voltage sag is 28 and 11, respectively, which
are higher than that of the proposed approach (especially for
lower voltage sag).

A simulation-based comparison on the quality of the load
voltage and DVR output voltage has been performed

CH1 £8.88mU

between the proposed DVR and the conventional CHB
multilevel inverter-based DVR without dc—dc converter to
change the dc-link voltage. The results of this comparison
are shown in Fig. 9. This figure indicates the THD
percentage against the sag depth for the DVR output
voltage and load voltage in both the proposed and
conventional DVR. In this comparison, the fundamental
frequency control method has been considered for the
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Fig. 12 Experimental results

avp;
bvp,
CVp3
dVpg
e DC-link voltage

multilevel inverter. According to the figure, the THD of both
the DVR output voltage and the load voltage in the proposed
DVR is considerably lower than that of the conventional CHB
multilevel inverter-based DVR. This is due to the fact that in
the proposed DVR the dc-link voltage is regulated

considering the voltage sag depth. As a result, the number
of levels of the DVR output voltage remain constant
regardless of voltage sag depth. Consequently, the THD
value of the DVR output voltage in the proposed approach
is much lower and also it can be considered constant. If a
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THD of 5% is considered as a threshold for the load voltage,
Fig. 9 suggests that the conventional approaches cannot use
the aforementioned fundamental frequency method which
has advantages such as lower number of commutations,
lower switching losses and lower stress and EMI. Therefore
the conventional approaches have to use HF modulation
methods with an output filter.

4.2 Experimental results

The experimental results of the nine-level inverter-based
laboratory prototype have been presented to demonstrate the
proposed scheme in practice. The IGBTs used in the
prototype are BUP306D with internal anti-parallel diodes
with voltage and current ratings equal to 1200 V and 20 A,
respectively. The 89C52 microcontroller by ATMEL
Company is used to drive the switches. The input dc
voltage of the boost dc—dc converter is provided by a dc
voltage source existing in the laboratory. The experimental
setup is based on an offline programmed microcontroller.
In this method, different voltage sag scenarios are
considered and the required switching actions of all the
switches (switches of the DVR and the dc—dc converter) are
stored in the microcontroller as look-up tables. Based on
the value of the voltage sag, the microcontroller reads the
corresponding look-up table and generates the switching
signals. The look-up tables are essentially obtained from the

CH1 £8.88m.

simulation. In other words, the switching state of each
switch during voltage sag is predetermined and stored in
the microcontroller. This method provides a cheap and
simple solution for the experimental setup. This approach
can be represented by the flowchart shown in Fig. 10.

Using (5) and considering that n = 4, the values of the
switching angles (see Fig. 6) can be obtained as follows

a, =718, a,=22, a;=3868, a,=6r
The multilevel inverter switching table is based on the
switching angles obtained above. Table 4 shows the
switching table of the nine-level inverter in the proposed
DVR. The first column shows the switching intervals and
the corresponding output voltage levels are shown in the
second column. The third column shows the switches that
are turned on in each switching interval.

The measured experimental waveforms are shown in
Fig. 11. The grid voltage is shown in Fig. 11a. Considering
this figure, two different voltage sags are visible. Voltage
sag with a depth of 0.2 pu and duration of four fundamental
cycles occurs as the first case. Then, the grid voltage
returns to its normal condition for a cycle. After that, the
second voltage sag with a depth of 0.4 pu occurs. The DVR
output voltage and the load voltage are shown in Figs. 10c
and 11b, respectively. As these figures indicate, the DVR
generates and injects the required compensation voltage in
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Fig. 14 Experimental results for the case of abrupt variation of load

avp;
bvp,
CVp3
dVpu
e DC-link voltage

conditions; the output voltage of the DVR is a nine-level

both voltage sag conditions and the load voltage is fully voltage in both conditions. This results in improved output

compensated for. It is important to note that nevertheless
the voltage sag depth is different in the two voltage sag
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voltage quality and eliminating the filtering
requirements which are the advantages of the proposed
topology in comparison with the conventional
multilevel inverter-based DVRs. Figs. 12a—d show the
output voltage of the first, second, third and fourth
bridge of multilevel inverter,

CHi=2seU  Migems CHI 788000
d
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Fig. 14 Continued
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respectively. These experimental results verify the simulation
results of Fig. 7b. The dc-link voltage (output voltage of the
dc—dc converter) is shown in Fig. 12). As the figure shows,
the dc—dc converter adjusts the dc-link voltage based on the
value of voltage sag so that the maximum number of output
voltage levels can be obtained in both voltage sag conditions.
Considering the experimental results and comparing them
with the simulation results, a good correspondence is
observed between the simulation and the experimental results.
Fig. 13 shows the experimental results for abrupt
variations of the load. In this case, a 0.2 pu voltage sag is
applied on the grid voltage. After four cycles of beginning
of the voltage sag, abrupt variation of the load occurs.
At this instant, the value of load resistance changes from 50
to 100 Q and the value of the load inductance changes from
55 to 110 mH. In other words, the load impedance is
doubled. Figs. 13a-c show the grid voltage, injected
voltage and load voltage, respectively. As the figure shows,
the DVR keeps compensating for the load voltage after
abrupt change of the load. The load current is shown in
Fig. 13d in order to verify abrupt variation of the load
impedance. The output voltages of the bridges of the
multilevel inverter are shown in Figs. 14a-d. Fig. 14e
shows the output voltage of the dc—dc converter (dc-link
voltage). Despite an abrupt change in the load, the dc—dc
converter adjusts the dc-link voltage so that the desired
compensation is achieved.

5 Conclusion

This paper proposed the multilevel inverter-based DVR with
adjustable dc-link voltage. In the proposed scheme, a dc—dc
converter is used to adjust the dc-link voltage of the
multilevel inverter considering the voltage sag depth. As the
mathematical analysis showed, in a wide range of voltage
sag variations, the proposed DVR makes it possible to
generate maximum possible number of voltage levels. The
results of such a scheme are considerably improved quality
of the output voltage, reduced or eliminated filtering
requirements and possibility to work with a fundamental
frequency control method (reduced switching losses). The
simulation and experimental results of a nine-level
inverter-based DVR, which were designed to compensate
for up to 0.5 pu voltage sags, demonstrated the proposed
scheme. For this case, for voltage sags between 0.16 and
0.5 pu, the output voltage is a nine-level voltage. This is
not possible in the conventional approaches.
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