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Abstract
This paper deals with protection of sensitive loads present in the
consumer premises with specially designed enhanced Dynamic
Voltage Restorer which applies a sinusoidal voltage in series
with supply mains, during any kind of turbulence eg: sag, swell
etc. Phase locked loop is used to synchronise the supply be-
tween source, injected and load voltages. Cascaded H-bridges are
designed for achieving scalability & modularisation. Hysteresis
controller is used to trigger the switches of inverter and there by
providing good dynamic performance. Particular level of voltage
is adopted based on an algorithm which can be easily extended for
higher levels of cascaded H-Bridge inverters. Voltage is injected
between source and load with the help of transformer connected
in series with the supply. Performance & harmonics of the system
are analysed for DVR having 3, 5, 7 & 9 levels of voltages by
verifying simulation results carried out by using MATLAB tool.
Keywords: Cascaded H-Bridges(CHB, Cascaded Multilevel In-
verter(CMI), Dynamic Voltage restorer(DVR), Phase Locked
Loop(PLL, Voltage Source Inverter(VSI).

I. INTRODUCTION

As technology is advancing by introducing more sensitive
equipments in consumer sites, the need for having a quality
supply to consumers is also very demanding. But however due to
presence of various turbulences in the supplier side or consumer
side, the quality of the supply is distorted. The important occuring
disturbances are harmonic propagation, sags,impulse transients,
swells, flicker as well as interruptions. The sensitive equipments
will get damaged or will not give desirable results if the supply
power quality is not up to the standard.

Among the various disturbances, voltage dips are considered as
problematic to the industrial equipments. Short circuits, starting
of large induction motors, electric noise, uneven loads, single line
to ground faults and energization of transformers are some of the
main causes for voltage sag.

Various methods are adopted for overcoming the voltage ab-
normality. One of those method is using a DVR with energy
storage. A dynamic voltage restorer have a high potential for
protecting sensitive loads from all supply side disturbances [5].
Fig.1 displays connecting DVR between the source and load using

Fig. 1. Connection of DVR in electrical system

a coupling transformer.
The Voltage Source Inverter (VSI), [1] which is the core of

DVR, can have various circuit configurations as mentioned in
[9], [6], [4]. The cascaded multilevel inverter topology enables
to have an economical sag/swell compensation scheme [3]. The
output from multi level inverter is a stepped voltage, and hence it
is not agreeable for certain sensitive equipments or devices as it
leads to its malfunctioning or failure. DVR with CHB has been
investigated in [8]. The CHB inverters needs independent dc volt-
age source for individual H-bridge. Incorporation of transformer,
however has the disadvantage of making system bulky and costly
as explained in [3].

II. CASCADED H-BRIDGE MULTILEVELINVERTER

The proposed inverter-based DVR is shown in Fig. 2. A
constant dc voltage (Vin)is given as the input of the dc-dc
converter. The core task of the dc-dc converter is to regulate the
dc voltage (Vdc) across capacitor.

Reference signal is produced by synchronising PLL with the
source voltage. As a result of synchronisation with supply, ap-
propriate three phase reference voltage is been generated which
is having same magnitude and phase angle as the rms voltage
supply. In terms of per unit, reference voltage will be always
having 1 p.u.

A. Architecture of Proposed System

In this configuration as in Fig.2, dc voltage from storage system
is given to the inputs of H-bridge through a dc-dc converter.
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Fig. 2. Multilevel H-Bridge connection

Sinusoidal wave shape of output voltage in a multilevel inverter
is proportional to number of levels of rated voltage. For higher
voltage levels the waveform will be similar to pure sine wave. In
the mentioned DVR, as sag depth varies, the number of output
voltage levels varies resulting in a smooth waveform.

In this paper, the Cascaded H-Bridge(CHB) multilevel inverter
is using common dc-link voltage.

The H-bridges are powered from a common dc-link. In the
proposed DVR, multiband hysteresis modulation is used to deter-
mine switching signals for inverter gates inorder to enhance the
load voltage. Also the DVR operates in such manner that number
of output voltage levels remains high.

1) Voltage sag and swell correction by DVR: When the supply
voltage changes, the DVR apply a voltage Vdvr , so as to maintain
the magnitude of the load voltage at its reference value. DVR is a
voltage source inverter which produces an ac output voltage and
injects it in series with the supply voltage.

Fig. 3. Phasor diagram of DVR

The phase diagram in Fig 3 shows the required injected voltage
Vdvr for correcting a given amount of sag. The amplitude of the
supply voltage (with sag) and the load voltage (which is to be
maintained constant) are, Vs and VL respectively.Equations are
written in general form. The load voltage is given by the equation
1

VL(t) = VG(t) + VD(t) (1)

Where VL, VG and VD represent the voltage across load, source
voltage and voltage injected by DVR, respectively. The total
voltage of DVR VD is the total value of individual H-bridge
output voltages as in equation (2), as shown in Fig: 2.

VD = Vdvr1 + Vdvr2 + ...+ Vdvrn (2)

Taking into account of peak values, the equation (1) can be
rewritten as follows (3)

VL = VG + VD (3)

The voltage sag definition is given by (4)

Vsag = VL,ref − VG (4)

Where VL,ref is nominal peak voltage.
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 voltage sag conditions. The
energy stored in the dc link capacitor is denoted in (5)

Ec−dc =
1

2
Cdc

d

dt
V 2
dc (5)

The power output of dc link capacitor in the steady state is
given as (6).

Pc−dc =
1

2
Cdc

d

dt
V 2
dc (6)

B. Hysteresis Voltage Control Method

The control algorithm used for selecting the switching gate
pulse is hysteresis control. A phase controlled loop is connected
with the supply voltage to synchronise the frequency and phase
angle. Based on these inputs voltage is created which is con-
sidered as a reference voltage for comparing with load voltage.
Subsequent error voltage is used for selecting appropriate level of
switching pulse with the help of hysteresis control algorithm. As
depicted in Fig 4 load voltage tries to be in sync with reference
voltage, if it goes below a particular level, necessary positive
voltage is applied to bring it back which is closer to reference
voltage. Similarly if the voltage goes beyond the reference level,
necessary negative voltage is applied to bring it back closer to
reference voltage.

Fig. 4. Hysteresis switching band control of DVR
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The control unit accepts Vinput, Vload and Vref . and compares
Vload with Vref . In this method, the error signal e(t) is given by
equation (7).

e(t) = Vload − Vref (7)

Fig. 5. Generalised multiband hysteresis modulation

1) Multi-band Hysteresis Control: The generalised represen-
tation of the n-level inverter with the generalized multi-band
hysteresis modulation is shown in Fig 5. H-bridge constitutes the
elementary unit of cascaded H-bridge .The number of such H-
bridges required for an n-level inverter is as shown below (8).

N =
(n− 1)

2
(8)

In the case of higher power- rating applications, it is ideal way
to divide the voltage intensity among the available bridges as the
availability of particular device ratings are limited. The voltage
intensity on the power electronic devices for an n-level inverter

is
1

N
times the net dc voltage Vdc required. The n-level voltage

output from the inverter is denoted by nVdc. Count of hysteresis
loops in either 1st or 3rd quadrant, as depicted in Fig 5 is N,
which is the same as the number of H-bridges in the cascaded
multilevel inverter. Hysteresis band width is denoted as, y and ∅
is a minute sector incorporated in order to eliminate overlapping.

2) Control algorithm for level five modulation: The control
algorithm for positive and negative halves is described as below:

Case a : Consider Cg(t) > 0, or positive half then

Case a.1 :
If Cg(t) > +∅, then

v(t) = +
1

2
, for + (

y

2
+∅) < Cg(t)

< +(
y

2
+ 2∅)

v(t) = +0, for Cg(t) < ∅

Case a.2 :
if Cg(t) > +(

y

2
+ 2∅), then

v(t) = +1, for Cg(t) > +(y + 2∅)

v(t) = +
1

2
, for Cg(t) < +(

y

2
+ 2∅)

Case b : Consider Cg(t) < 0, or negative half then

Case b.1 :
if Cg(t) < −∅, then

v(t) = −1

2
, for − (

y

2
+∅) > Cg(t)

> −(
y

2
+ 2∅)

v(t) = +0, for Cg(t) > −∅

Case b.2 :
if Cg(t) < −(

y

2
+ 2∅), then

v(t) = −1, for Cg(t) < −(y + 2∅)

v(t) = −1/2, for Cg(t) > −(
y

2
+ 2∅)

This control logic produces five levels, i.e., v = -1, -1/2, 0, +1/2,
and +1. This algorithm can be extended to next higher levels
using the same principle. The generalised output values for 3, 5,
7 and 9 levels are as shown below. The algorithm can be scaled
up for any higher voltage levels.

TABLE I
GENERALISED OUTPUT VOLTAGE LEVELS

Levels Different Levels of Output
3 Level -1 0 +1
5 Level -1 -1/2 0 +1/2 +1
7 Level -1 -2/3 -1/3 0 +1/3 +2/3 +1
9 Level -1 -3/4 -1/2 -1/4 0 +1/4 +1/2 +3/4 +1

III. ANALYSIS & SIMULATION RESULTS

The proposed enhanced DVR using cascaded multi-level in-
verter for three phase system has been simulated and verified the
results with 3, 5, 7 and 9 level configurations. Block diagram of
simulation is shown in Fig 6. Simulation parameters are given
in Table II. Results are verified with two different cases of sag
and swell. In this paper, results for 9 level DVR configuration is
highlighted as the harmonic content is lesser compared to other
levels. PLL is used for generating a reference voltage which is
considered as ideal source voltage. A comparator compares the
load voltage with reference voltage and proportional error signal
is generated as shown in first section of Fig:7. Error signal is then
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TABLE II
SIMULATION PARAMETERS

Simulation Parameters
Three Phase AC Source 400V (L-L) rms, 50 Hz
Series Injection Transformer Power = 2000VA; Frequency = 50 Hz

Voltage1/Voltage 2 = 220 V /220 V; 1:1
Winding R1 = 0.01 Ohms;L1 = 0.02 H

DC Source Vdc = 600 V dc
DC Link Capacitor C = 5000µ F;

Initial Voltage = Vdc/2 = 300V
Harmonic Filter Capacitor 100µ F
Load R = 30 Ohms; L = 10m H

0.7 lagging
Bridge circuit

Line Parameters 2m H per Phase

passed on to hysteresis controller for generating switching signals,
refer section two of Fig 7. The generated switching signals are
used to trigger gate pulses for the H-bridges. H-bridge has been
supplied with individual dc sources which are provided by using
dc-dc converter.The output voltage for 9 level cascaded H bridge
is as shown in Fig 8, where sag is applied between 0.1 to 0.2s.

Fig. 6. Block diagram of proposed model

Fig. 7. Error Voltage and corresponding switching pulse

Fig. 8. DVR 9 level H-Bridge output voltage

A. Sag

Sags of two different magnitudes eg: 60% and 30% has been
simulated during time 0.1s and 0.2s respectively as shown in
source voltage section of Fig: 9. During these sag periods, voltage
across load is maintained at 326V, due to the action of DVR
by applying a positive voltage (Refer Load voltage section of
Fig 9). The third section, injected voltage of Fig: 9 shows the
injected voltage by DVR. As graphically represented, DVR acts
only during the period of sag. Injected voltage is displayed during
the sag sections, 0.1s - 0.14s and 0.2s - 0.24s

Fig. 9. Source, Load, Injected voltages during sag

B. Swell

Swell of two different magnitudes eg: 60% and 30% has been
simulated during the time 0.1s and 0.2s as shown in the first
section of Fig 10. During swell periods, voltage across load is
maintained as 326V due to the action of DVR by applying a neg-
ative voltage. The third section, injected voltage of Fig: 10 shows
the injected voltage by DVR. Swell condition is maintained for
0.04s duration at 0.1s as well as 0.2s. As graphically represented
, DVR acts only during the period of swell.

Fig 10 shows the source voltage during swell, the voltage
injected and compensated load voltage by the DVR respectively.
As a result of DVR, the load voltage is maintained at 326V
throughout the simulation, including the voltage swell period. It
can be observed from the waveforms,the load voltage remains at
the nominal value with the help of the DVR. Similar to the case
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Fig. 10. Supply, Load & Injected voltage during swell

of voltage sag, the DVR injects the appropriate negative voltage
component to correct the swell in the supply voltage.

IV. COMPARATIVE STUDY OF HARMONIC ANALYSIS FOR
CASCADED H-BRIDGE MULTILEVEL INVERTER

Total Harmonic Distortion (THD) analysis for Cascaded H-
bridge Multilevel Inverter has been done. Table III gives the
comparative study from 3rd level to 9th level of load voltage.

SlNo Number of Levels THD %
1 3 0.3%
2 5 0.2%
3 7 0.19%
4 9 0.18%

TABLE III
HARMONIC ANALYSIS IN OUTPUT VOLTAGE FOR VARIOUS LEVELS OF

CASCADED MULTILEVEL INVERTER

Fig. 11. THD analysis of load voltage for 3 level cascaded inverter

Fig. 12. THD analysis of load voltage for 5-level cascaded inverter

The simulation results for three level, five-level ,seven-level
and nine-level cascaded inverters and the corresponding harmonic
analysis are obtained Fig:11, 12, 13 and 14 . The THD of cas-
caded multilevel inverters have been calculated using MATLAB

tools. The THD of three, five, seven and nine level multilevel
inverters are 0.3 % , 0.2 %, 0.19 % and 0.18 % respectively.It
can be observed from the table No.III that THD decreases with
an increase in the number of levels.

Fig. 13. THD analysis of load voltage for 7-level cascaded inverter

Fig. 14. THD analysis of load voltage for 9-level cascaded inverter

V. CONCLUSION

In this paper, effectiveness of the enhanced DVR using cas-
caded multilevel inverter with various levels (3, 5, 7 & 9) are anal-
ysed using MATLAB/SIMULINK tool. This has been validated
for various sag/swell conditions and synchronised with source
voltage using PLL and hysteresis control logic.Simulation results
demonstrate the Total Harmonic Distortion (THD) is inversely
proportional to the number of levels of voltage. As future scope,
replacement of energy source with renewable energy sources can
be studied.
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