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Abstract: Among all the switching algorithms, SVPWM which is based on representation of
three phase voltages as space vectors exhibits the features of good DC bus utilization and low
THD compared to other PWM methods. It seems most promising since it offers a great flexibility
in optimizing switching pattern design and it is also well suited for digital implementation. In
this paper, SVPWM controlled seven level inverter with resistive load is simulated in
SIMULINK environment. The generated space vector is compared with triangular multicarrier.
The triangular multicarrier of these pattern variable amplitude, variable frequency and variable
amplitude and frequency closed loop simulation has been carried out with Pl controller. The
outputs of both open and closed loop control of SVPWM based CMLI with variable amplitude;
variable frequency and variable amplitude and frequency are presented and analyzed.

Keywords: Multi Level Inverter, Pulse Width Modulation, Space Vector Pulse Width
Modulation, Triangular Multicarrier.

INTRODUCTION

Advances in power electronics have resulted in an increased interest in the area of voltage source
inverters through PWM control. Various control methods that generate the necessary PWM
patterns have been examined extensively in literature and many PWM schemes have been
proposed, namely triangular carrier PWM, PWM with third harmonic injection [] and SVPWM.
All of these methods aim at generating a sinusoidal output voltage without low-order harmonics.
This can be accomplished with high sampling frequency than the inverter fundamental frequency
output. The effectiveness of PWM methods are evaluated based on the performance parameters
such as THD values of output, switching losses of inverters and maximum output voltage of
inverter as a function of given DC bus voltage.

Pulse width modulation is extensively used in VSI since it can produce output having
variable frequency and voltage. The maximum achievable voltage for linear choice of
modulation is 90.72% of the six-step value. Amid all the projected switching algorithms,
SVPWM which is derived from the representation of three phase voltages as space vectors
exhibits the features of good DC bus utilization, reduced commutation losses, low THD in the
output voltage and amplitude modulation with higher index when compared to conventional
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PWM techniques. SVPWM appears to be mainly promising as it presents an enormous agility for
optimizing switching pattern design and it is also well suited for digital implementation. The
method is very simple for expansion to higher levels. Multicarrier with fixed frequency arranged
in Phase disposition pattern. Space vector are compared, to generate the switching pulses in
SVPWM technique available in literatures. In this paper, triangular multicarrier with variable
frequency (VF), variable amplitude (VA) and variable frequency and amplitude (VFVA) is
generated and compared with the space vector to generate the switching pulses.

SPACE VECTOR PULSE WIDTH MODULATION:

SVPWAM is a highly developed computational PWM method, perhaps the best PWM technique
for three phase inverters. SVPWM is a unique switching sequence for the upper three power
switches of a three phase inverter. It’s a sort of modulation technique used for changing the pulse
width according to the given reference vector. In this technique, all probable switching states are
characterized as vectors in a two dimensional voltage space which are obtained by transforming
three phase dependent vectors to three phase independent vectors. Once the vectors are decided
and reference vector is known, the best possible vectors for reference voltage production are
established and are used for a predefined sequence in their corresponding sampling time. The
reference vector is assumed to be constant for the corresponding sampling time.

Principle of SVPWM:

A typical three phase VSI circuit is shown in Fig.1. S; to Sg represent the power switches that
characterizes the output, that are controlled by their corresponding switching variables x, x’, y,
y’, z and z’. While turning ON the upper switch, i.e., when x, y or z is 0, the corresponding lower
switches are turned OFF, i.e., the corresponding x’, y’ or z’ is 1. Hence, the logical state of the
upper switches Si, Sz and Ss can be utilized to decide the output. The phasor diagram in Fig.2
and the corresponding equations of the phase voltages are given below
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Fig.1 Sample Three Phase Voltage Source PWM Inverter
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The operational principle of the PWM is explained more clearly using space vector representation.
The voltage vector is expressed in the vector form as

Vs =Va+ /12Vb + AV (1)

Where A= exp(j %ﬂj

Va =Vmsin wt
Vb =Vnsin(at —120)
Ve :VmSin(a)t-i-:I.ZO)

and Vy, is the amplitude of fundamental component.

Ve

120°

w<\

Vo

Fig.2 Phasor Diagram of the Three Phase Voltages

The association among the switching variable vector [x, y, z] " and the line-to-line voltage vector
[Vab Ve Vo] is specified by (2) as follows:

Vao 1 -1 0x
Ve | =V O 1 -1 y
Ve 1 0 1|z )

Also, the association among the switching variable vector [x, y, zZ] " and the phase voltage vector
[Van Vin Vo] is expressed as in (3) below,

Van 2 -1 -1|x
Vor J% 1 2 -1y
Ven -1 -1 2|z

(3)

A total of eight different possible combinations of logical states in the three phase VSI
configurations are given in Fig. 3 .The ON-OFF sequences for six switches should satisfy the
following two conditions i.e. three out of six switches should be always ON and the other three
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should be always OFF also the upper and lower switches of the same leg are driven with two
complementary pulse signals. In this way, no vertical short through could happen.
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Fig 3. Inverter Voltage Vectors (Vo to V7)

The space voltage vector and corresponding states are shown in Table 1.

Space voltage vector State Conduction of IGBTS
OFF ON

Vo 000 S, Sy Se S1S3Ss

Vi 100 S1S; Se S3S4Ss

V, 110 $1S3S; S5 Se Sa

V3 010 S;S3S, S1 S5 Se

V, 011 S4 S3 Ss S1S,Se

Vs 001 Se S4 Ss S1$:S;

Vs 101 S1 Se Ss S;S3Sy

\Z 111 S; S3 S5 S2 S4 Se

According to the equations (2) and (3), the eight switching vectors, output line to neutral
voltage (phase voltage) and output line-to-line voltage in terms of DC link V. are given in Table 2.
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Table 2 Output Voltages for the Various Switching Patterns

Voltage Switching Vectors Line to neutral voltage Line to line voltage

Vectors X Y 4 V., Vin vV, Vo, Vi V.,
Vo 0 0 0 0 0 0 0 0 0
V, 1 0 0 -2/3 1/3 1/3 -1 0 1
V, 1 1 0 -1/3 -1/3 2/3 0 -1 1
V; 0 1 0 113 -2/3 1/3 1 -1 0
V, 0 1 1 213 -1/3 -1/3 1 0 -1
Vs 0 0 1 1/3 1/3 -2/3 0 1 -1
Ve 1 0 1 -1/3 2/3 -1/3 -1 1 0
V; 1 1 1 0 0 0 0 0 0

(The respective voltage should be multiplied by V)

The switching sequence of the upper three power transistors of a three phase power inverter is
represented by SVPWM. It generates fewer harmonic distortion in the output and provides more
efficient use of supply voltage compared with SPWM as shown in Fig.4.

Fig. 4 Locus Comparison of Maximum Linear Control Voltage in SPWM and SVPWM

To realize the SVPWM, the voltage equations represented in the abc reference frame are altered
into the stationary dq reference frame that consists of the horizontal (d) and vertical (q) axis as
depicted in Fig.5. From the Fig.5, the relationship among the two reference frames is given below:
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quo: KsFanc 4)

where
1 - <)
A A
o N J
fugo=[fa fq fo] "
fabe = [fa fo ]
and f denotes either a voltage or a current variable.
SVPWM algorithm:
Five steps are preferred to execute the SVPWM technique:
Stepl: Define the potential switching vectors of the output space.
Step 2: Identify the separation planes among the sectors in the output space.
Step 3: Identify the boundary planes in the output space.
Step 4: Obtain the decomposition matrices.
Step 5: Define the switching sequences.

To simplify the representation of output voltage space, a coordinated transformation is
included as the primary step. Alternatively, the separation planes in the second step are recovered
in an algorithm that determines the sectors where the required output voltage vector is located. In
step three, the boundary defines if the given voltage vector can be executed by the inverter. If it is
likely to execute this voltage, in the forth step, the decomposition matrices enables calculating the
time period that every switching vector should be given during a sampling period. Finally, the
switching series are chosen so as to reduce THD.

The transformation from abc frame to d-q frame corresponding to orthogonal projection of
[a, b, ¢] T on the two dimensional perpendicular to vector [1 1 1] T (the equivalent d-q plane) in a
three dimensional coordinate system. Consequently, six non-zero vectors along with two zero
vectors are obtained. The axis of hexagon are shaped by the Six non-zero vectors (V1-Vs) as given
in Fig. 6 and electric power is supplied to the load.

N

q axis
b
\ )
/ d axis
C

Fig. 5 Relationship between abc and Stationary d-gq Reference Frames
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The angle among any two adjacent non-zero vectors is 60 degrees. In the meantime, the vectors V,
and V7 are located at the origin and to the load they provide zero voltage. Vo, V1, V2, V3, V4, Vs,
Ve and V7 are the eight basic space vectors. Similar transformation is applied to the required
output voltage to acquire the sought reference voltage vector Vg in the d-q plane. The intention of
SVPWM method is to fairly accurate the reference voltage vector Vs by means of the eight
switching vectors. An easy technique for approximation is to generate the average output of the
inverter in a period T to be similar as that of V¢ in the similar period. Therefore SVPWM is
developed with the following steps:

Stepl: Vg, Vg, Vier and angle o between Ve and Vg are determined

Step2: Time duration of component vectors T1, T2 and TO to generate reference vector are
determined.

Step3: The switching pattern of every transistor (S1-S6) during Ty, T,, Ty, T, are
determined

Fig. 6 Sectors and Switching Vectors in the Complex Plane

Arrangement of Triangular Multicarrier:

In this proposed technique the generated space vector is compared with triangular multicarrier to
generate the firing pulses for chosen three phase seven level inverter. The phase disposition carriers
are arranged in the pattern of Variable amplitude and frequency, variable amplitude and variable
frequency. Fig. 7 shows the sample variable amplitude and frequency triangular multicarrier
arrangement. In this sample carrier arrangement amplitude and frequency of three carriers are
varied remaining three are having fixed frequency and amplitude.

Fig. 7 Sample Variable Amplitude and Frequency Triangular Carrier
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Fig. 8 shows the sample variable amplitude triangular multicarrier arrangement. In this
sample carrier arrangement frequency of the all six carriers are maintained constant and the
amplitude of the three carriers are different.

Amplitude in volt —

Timeinms —
Fig. 8 Sample Variable Amplitude Triangular Carrier

Fig. 9 shows the sample variable frequency triangular multicarrier arrangement. In this
sample carrier arrangement amplitude of the all six carriers are maintained constant and the
amplitude of the three carriers are different.

Amplitude in volt —

Timeinms —
Fig. 9 Sample Variable Frequency Triangular Carrier
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SIMULATION RESULTS:

Simulation studies have been carried out for the proposed SVPWM technique with variable
amplitude, variable frequency and variable amplitude and frequency triangular multicarrier to
control three phase seven level inverter with resistive load using MATLAB/SIMULINK software.

The parameters used in this configuration are given in the Table 3.

Table 3 Parameters used for three phase seven level inverter

No. of levels 7
Switching devices GTO

No. of switching devices 36
Load resistance 50Q

Fig 10. shows the sample SVPWM technique, generated space vector compared with six triangular
carrier arrangement

Amplitude in volt —»

Timeinms —
Fig .10 Sample SVPWM Techniques
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Open And Closed Loop Response Of Multicarrier Variable Amplitude And Frequency
SVPWM Controlled Three Phase Seven Level Cascaded Inverter:

Fig .11 shows the simulated multicarrier variable amplitude and frequency SVPWM of one phase
of the cascaded seven level inverter. Fig.12 - 14 shows the output phase voltage, output line
voltage and output line current of the chosen three phase seven-level inverter under open loop
configuration respectively.
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Fig.11 Multicarrier Variable Amplitude and Frequency Compared with space vector
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Timeinms —
Fig. 12 Simulated Open Loop Three Phase Output Voltage of Multicarrier VVariable Amplitude and
Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 5002

Phase Voltage in Volt —
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VAV
VW

Line Voltage in VoIt —

VWY

Timeinms —
Fig.13 Simulated Open Loop Three Phase Line Voltage of Multicarrier Variable Amplitude and

Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q

Line Currentin amp —

Timeinms —

Fig. 14 Simulated Open Loop Three Phase Line Current of Multicarrier Variable Amplitude and
Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q

Fig 15 shows the harmonic spectrum of SVPWM controlled three phase seven level cascaded
inverter with resistive load 50 Q under open loop configuration and THD value is 19.17%.
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Fundamental (50Hz) = 2263, THO= 19.17%
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Fig. 15 Harmonic Spectrum of Open Loop Three Phase Line Voltage for Multicarrier Variable
Amplitude and Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive
Load 50 Q

Fig 16 - 18 shows the output phase voltage, output line voltage and output line current of the
chosen three phase seven-level inverter under closed loop configuration with resistive load 50 Q.
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Phase Voltage in Volt > —

Timeinms —

Fig. 16 Simulated Closed Loop Three Phase Output Phase Voltage of Multicarrier Variable
Amplitude and Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive
Load 50Q
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Line Voltage in Volt —

Timeinms —

Fig. 17 Simulated closed loop three phase output line voltage for multicarrier variable amplitude
and frequency SVPWM controlled seven level cascaded inverter with Resistive Load 50Q and a
disturbance at 0.1ms to 0.2ms with R=40Q

Line Currentinamp —

Timeinms —

Fig. 18 Simulated closed loop three phase output line current for multicarrier variable amplitude
and frequency SVPWM controlled seven level cascaded inverter with Resistive Load 50Q and a
disturbance at 0.1ms to 0.2ms with R=40Q

The load disturbance is applied from 0.1ms to 0.2ms with R= 40 Q .From the Fig. 4.18 it is
observed that in this duration the load voltage is maintained constant while the load current
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increases. Fig 4.19 shows the harmonic spectrum of SVPWM controlled three phase seven level
cascaded inverter under closed loop configuration and THD value is 2.91%.

Fundamental [50Hz) = 2152 THD=291%
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Harmonic ordze

Fig. 19 Harmonic spectrum of closed loop three phase line voltage of multicarrier variable
amplitude and frequency SVPWM controlled seven level cascaded inverter with Resistive Load
50Q and a disturbance at 0.1ms to 0.2ms with R=40Q

Open And Closed Loop Response Of Multicarrier Variable Amplitude SVPWM Controlled
Three Phase Seven Level Cascaded Inverter:

Fig 4.20 shows the simulated multicarrier variable amplitude SVPWM of one phase of
three phase cascaded seven level inverter.
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Fig. 20 Multicarrier variable amplitude compared with Space Vector

Page | 297


http://www.csjournals.com/

"!—FE; International Journal of Electronics Engineering (ISSN: 0973-7383)

Volume 9 e Issue 2 pp. 284-307 June 2017-Dec 2017 WWW.csjournals.com

Fig 21 - 23 shows the output phase voltage, output line voltage and output line current for variable
amplitude SVPWM controlled three phase seven-level inverter under open loop configuration with
resistive load 50 Q.

|

|“nINMIﬂnIﬂnIﬂﬂIﬂnINMIlnINnIﬂnINMINnlNhl“hl“ﬂlﬂhlﬂﬂlﬂhlﬂnlﬂ’
|
|

LYY
LYV EY VY YNV E BN

Timeinms —
Fig. 21 Simulated Open Loop Three Phase Output Phase Voltage of Multicarrier Variable
Amplitude SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q

Phase Voltage in Volt —

Line Voltage in Volt —

VWVUVVWVUVVWAVUY

Timeinms =

Fig.22 Simulated Open Loop Three Phase Output Line Voltage of Multicarrier Variable Amplitude
SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q
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Timeinms —

Line Current in amp —

Fig. 23 Simulated Open Loop Three Phase Output Line Current of Multicarrier Variable
Amplitude SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50
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Fig. 24 Harmonic Spectrum of Open Loop Three Phase Line Voltage of Multicarrier Variable
Amplitude SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q

Fig. 24 shows the harmonic spectrum of open loop three phase line voltage of multicarrier variable
amplitude SVPWM controlled seven level cascaded inverter with resistive load 50Q2. The value of
THD is 16.11%. Fig 25 - 27 shows the output phase voltage, output line voltage and output line
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current for variable amplitude SVPWM controlled three phase seven-level inverter under closed
loop configuration with resistive load 50 Q.

VAV
(WAVAWAVAVAVAVAWAVAWAVE

Phase Voltage in VoIt —»

VWV VWAV

Fig. 4.25 Simulated Closed Loop Three Phase Output Phase Voltage of Multicarrier Variable
Amplitude SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 500 and a
disturbance at 0.1ms to 0.2ms with R=40Q and a disturbance at 0.1ms to 0.2ms with R=40Q

_>

Line Voltage
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Fig. 4.26 Simulated Closed Loop Three Phase Output Line Voltage of Multicarrier Variable
Amplitude SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q2 and a
disturbance at 0.1ms to 0.2ms with R=40Q

Line Current in amp —

Timeinms —

Fig. 4.27 Simulated Closed Loop Three Phase Output Line Current with Disturbance at 0.1 Sec of
Multicarrier Variable Amplitude SVPWM Controlled Seven Level Cascaded Inverter with
Resistive Load 50Q2 and a disturbance at 0.1ms to 0.2ms with R=40Q

The load disturbance is applied from 0.1ms to 0.2ms with R= 40 Q .From the Fig. 4.27 it is
observed that in this duration the load voltage is maintained constant while the load current
increases. Fig.28 shows the harmonic spectrum of SVPWM controlled three phase seven level
cascaded inverter under closed loop configuration and THD value is 2.83%.

Fundamental {50Hz) = 2152 THD=283%
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Fig. 28 Harmonic Spectrum of Closed Loop Three Phase Line Voltage of Multicarrier Variable
Amplitude SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 500

Open and closed loop response of multicarrier variable frequency SVPWM controlled three
phase seven level cascaded inverter

Fig.29 shows the simulated multicarrier variable frequency SVPWM of one phase of three phase
cascaded seven level inverter.
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Fig. 29 Multicarrier Variable Frequency Compared with Space Vector
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Fig.30 Simulated Open Loop Three Phase Output Phase Voltage of Multicarrier Variable
Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q
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AR

Timeinms —

Fig.31 Simulated Open Loop Three Phase Output Line Voltage of Multicarrier Variable Frequency
SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50

AWV
VAW
VAW

Timeinms —

Fig.32 Simulated Open Loop Three Phase Output Line Current of Multicarrier Variable Frequency
SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q

Line Voltage in Volt —

Line Currentinamp —
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Fundamental (50Hz) = 2269 . THD=13.46%
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Fig.33 Harmonic Spectrum of Open Loop Three Phase Line Voltage of Multicarrier Variable
Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q

Fig.33 shows that harmonic spectrum of three phase open loop output line voltage of multicarrier
variable frequency SVPWM controlled three phase seven level cascaded inverter with resistive
load 50Q.The THD value of output voltage is 13.46%.

AP ALV AL WAL WV AW

Phase Voltage in Volt

SN

Timeinms —
Fig. 34 Simulated Closed Loop Three Phase Output Phase Voltage of Multicarrier Variable

Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q2 and a
disturbance at 0.1ms to 0.2ms with R=40Q
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Line Voltage in Volt —

Timeinms —
Fig.35 Simulated Closed Loop Three Phase Output Line Voltage of Multicarrier Variable
Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 50Q2 and a
disturbance at 0.1ms to 0.2ms with R=40Q

Line Current in amp —

Timeinms —
Fig.36 Simulated Closed Loop Three Phase Output Line Current with Load Disturbance at 0.1 Sec
of Multicarrier Variable Frequency SVPWM Controlled Seven Level Cascaded Inverter with
Resistive Load 50Q2 and a disturbance at 0.1ms to 0.2ms with R=40Q
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Fig. 37 Harmonic Spectrum of Closed Loop Three Phase Line Voltage for Multicarrier Variable
Frequency SVPWM Controlled Seven Level Cascaded Inverter with Resistive Load 502 and a
disturbance at 0.1ms to 0.2ms with R=40Q

The load disturbance is applied from 0.1ms to 0.2ms with R= 40 Q .From the Fig. 36 it is observed
that in this duration the load voltage is maintained constant while the load current increases. Fig 37
shows the harmonic spectrum of SVPWM controlled three phase seven level cascaded inverter

under closed loop configuration and THD value is 0.95%.

Table 4 % THD Values of Output Line Voltage for Multicarrier VAVF, VA and VF SVPWM
Controlled Three Phase Seven Level Cascaded Inverter with Resistive Load 50Q under
Open and Closed Loop Configuration (Disturbance from 0.1ms — 0.2msWith R =40 Q)

Type of triangular

% THD value under open

% THD value under

multicarrier loop configuration open loop configuration
Variable amplitude 16.11 2.83
Variable frequency 13.46 0.95

From the Table 4 shows that the %THD values of multicarrier variable amplitude and frequency,
variable amplitude and variable frequency SVPWM controlled three phase seven level inverter
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with 50Q resistive load under open and closed loop configuration. From the Table 4 inferred that
%THD value is efficiently reduced under multicarrier variable frequency SVPWM controlled three
phase seven level inverter with open and closed loop configuration.

4. CONCLUSION

In this chapter the generated space vectors are compared with different multi triangular carrier
(variable amplitude, variable frequency and variable amplitude and frequency) to generate the
switching pulses for chosen three phase seven level inverter with a 50 Q resistive load. The open
and closed loop simulation is carried out. The PI controller is used in closed loop. A load
disturbance is also simulated at 0.1 — 0.2ms. From the result inferred that the controller acts faster
and maintain the load voltage while the load current increases. The results obtained from various
patterns of carrier’s shows that the THD value of output voltage is efficiently reduced in variable
frequency SVPWM controlled seven level inverter. By using constant frequency carriers, the
number of switching of the upper and lower switches is higher than the intermediate switches. To
overcome this, variable frequency triangular carrier is used in which the frequency of the carrier is
increased properly to balance the number of switching for all the switches.
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