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ABSTRACT

Inverters are able to produce single or three phase AC voltages from a constant or variable DC voltage. There are
several algorithms to control output voltage. In addition to the desired output harmonic, each algorithm produces
unwanted harmonics at Voltage Source Inverter (VSI) output voltage. In case of reducing low order harmonics,
Space Vector Pulse Width Modulation (SVPWM) is more effective than other PWM algorithms such as trapezoidal,
sinusoidal, harmonic injected, delta and phase shifted PWM.

One may use different strategies to implement SVPWM algorithm in case of sector utilization in each switching
period. Different strategies may be of relative advantages and disadvantages with respect to each other. In this paper,
we propose five different strategies to synthesize the same output voltage using SVPWM. Then, we will introduce
the best algorithm, with respect to different indices such as Total Harmonic Distortion (THD), Distortion Factor
(DF), conduction loss, switching loss and the ratio of the main harmonic to other harmonic components. It is also
shown that by selecting an optimized and appropriate Switching State (SS) for SVPWM, the harmonic orders, which
are the multiples of the frequency index (FI), are eliminated. Then, to investigate the impact of variations of the
capacitor’s voltage and switching frequency on power quality criteria, the most appropriate and optimized SS is
applied to a 3P three-level (3L) Neutral-Point-Clamped (NPC) VSI to supply a 3P load. At the end, we will show
experimental results of the implemented laboratory prototype on a three phase load to demonstrate validity of our
simulations and control algorithm.

KEYWORDS: two level inverter, conduction loss, switching loss, harmonic distortion index, space vector pulse
width modulation.

1- INTRODUCTION

A Voltage Source Inverter converts input DC voltage to an AC voltage with desired amplitude and frequency.
Capability of changing output frequency and amplitude with low distortion is one of the main characteristics of a
good inverter. Variable output voltage is obtained by changing input DC voltage or inverter gain (ratio of output AC
voltage amplitude to input DC). In general, inverter gain is changed by PWM technique. Among many different
PWM techniques, SVPWM is more effective in terms of reducing harmonic distortion of output voltage.

Since electrical ratings of power electronic devices are limited, utilization of multilevel structures to implement
high power inverters is inevitable. The multi-level converter is an interface between the power network and the
capacitor bank and controls the electrical energy exchange between them. In addition to obtain high powers in
electronic converters, some of other advantages of multi-level topologies are reduction of voltage on each switch,
decreasing or eliminating lateral equipment, decreasing switching frequency, decreasing THD, decreasing switching
losses, and decreasing the output current ripple. Multi-level converters, on the other hand, have some disadvantages
associated with their use, some of which are increase in complexity of the control systems, the number of power
electronic devices, and the asymmetry of the capacitor voltages during charge and discharge [17-21]. However, the
trend toward increasing the speed of electronic processors and the steady decrease in the cost of power electronic
devices, coupled with the ability to implement advanced modulation methods such as the SVPWM, encourage
engineers to ignore the disadvantages of multi-level converters [22-25]. NPC is one of several multi-level structures
that we have used in this paper.

The structure of this paper is as follows: In Section 2, the principle of space vector pulse width modulation is
presented. Also, the SSs of SVPWM are presented and studied. In Section 3, we will introduce our proposed
SVPWM techniques. In section 4, we will simulate and discuss about behavior of the most appropriate and
optimized SS from other strategies. In Section 5, we will show experimental results of our work and compare it with
our simulations. These results will validate our ideas and simulations.

*Corresponding Author: Mohamad Reza Alizadeh Pahlavani, Islamic Azad University of Iran, Boroujerd Branch

7632



Pahlavani and Vaneqi, 2012

2- Space vector pulse width modulation
Figure 1 shows schematic of a two-level inverter that was considered in this research. The inverter feeds a 3-
phase R-L load through a filter. The filter is used to eliminate high-order harmonics. It is noted that some parts of the
LOHs are mitigated by applying SVPWM.
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Figure la: 3 phase two-level inverter
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Figure 2b: LC filter and load
Regarding fig. 1, it is evident that

Vio = (sti - 1)(Vdc/2) i=a,b,c (1)

When top switch of one leg is closed, sw; is 1 and when the bottom switch is closed, sw; is zero. It is evident that
both switches of one leg should not be closed at the same time to prevent capacitor short circuit. Assuming balanced
and symmetrical output voltage for inverter, one may write the following relations:

Vin = Vio = Vo €3]
V;1n+Vbn+Vcn =0 (3)

where V;, and V;, for i=a, b, c are the line voltage to the inverter’s neutral point voltage and the line voltage to load’s
neutral point voltage.
Substitution of eq. 2 in eq. 3 yields:

Vno = (Van + Vbn + Vcn)/3 (4)

And substitution of equations 1 and 4 in eq. 2 yields:

Van 2/3 -1/3 -1/371[2sw, -1

vy, | = Lde [—1/3 2/3 —1/3] [2st - 1] (5)

Ven -1/3 -1/3 2/3 1l2sw.—1

Using park’s transformation in stationary reference frame (wt=0), we have:
Vet = Vi + Vg =2 (Vap + @Vl +a2V,,) (6) @ = 027/ ™)
E = gvdc (SWa + aswy, + aZSWC) (8)

We have only eight switch combination for a 3P VSI. These switch combinations have been shown in fig.2.
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Figure 3: Different switching states

Table 1 summarizes SSs and their corresponding output phase and line voltages.

Table 1: eight switching states of a two level inverter
Voltage Vectors  Switching Vectors  Line to Neutral Voltage Line to Line Voltage

a b c Van Vbn Vcn Vab Vbc Vca
Vo 0 0 0 0 0 0 0 0 0
Vi 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
V3 0 1 0 -1/3 2/3 -1/3 -1 1 0
\2 0 1 1 -2/3 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
\'%: 1 1 1 0 0 0 0 0 0

Regarding different switching states that have been shown in fig. 2 and table 1, eight space vectors are obtained.
From fig. 2 it is evident that V, and V7 produce zero voltage vectors at the output of inverter and cause load short
circuit. Thus we have 6 nonzero (active) vectors. These vectors, divide the locus of @ to 6 equal parts. The
corresponding space vector is shown in fig. 3.
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Figure 4: Space vector of a 2 level inverter

Let’s consider figure 3 more closely. Since all triangles within this hexagon are equal with each other, we
consider the first one. Fig.4 shows the first triangle of fig.3.
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For example if we want to produce average of desired output voltage in the first sector, we have to use V,,V; and
V, vectors and we have

Vier dt = [V, dt + Vydt+ [V, dt
o Voer dt = [ Vidt+ [ Vodt+ [ Vi dt (9
TVeer = T, V; + TV, (10)

By performing algebraic operations, in this sector we have:

Ty = V3T |Vier] Sin(2-a) /Vye (11)

T, = V3T|Vseg] sin(a-52n) £V, (12)

mr=1letl o —p (13)
(§Vdc)

In the above relationships:

MI: modulation index,

Ts: switching period,

f: frequency of output voltage,

n=1,..., 6 is the number of space sector,

T, and T, : presence time of V; and V, respectively.

Since the triangles are equal with each other, we can generalize the above equations to other sectors. It must be
mentioned that in each time, using a=wt=2xft, one may determine the sector number.

Usually, the average value of the output voltage @ is computed from the linear composition of the vectors of
the triangle in which @ is located; therefore, several SSs can be defined to generate the same @ In the next
section we introduce our proposed algorithms.

3- Investigated switching states

Depending on TO, T1 and T2 distribution, we consider five switching SVPWMs in this research. These SSs have
been shown in tables 2 to 6. It should be mentioned that to minimize switching losses, the distribution of TO is
performed such that no more than one transition occurs in each switching period.

Table 2: SVPWM1 switching states of 2L NPC VSI
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As seen in these tables, exactly one transition happens in each sector (for each Ts). In this research SSs that cause
increase in switching loss or displacement in switches are avoided.

4- SIMULATION AND DISCUSSION

Using M-file in MATLAB software, the state equations of the system shown in  Fig. 1 were implemented in
order to obtain THD and calculate power loss at the upper switch in one leg. We assumed harmonic order to be 50
and the parameters of the studied system are:

L¢ = 800uH, Ljgaqg = 2mMH,Rjgaq = 5Q,M = 0.86
V4c = 400v, f = 50Hz, f, = 30KHz, C; = 400uF
Mosfet on resistance = 10

(14)

In [8, 22-23, 29-32], we have demonstrated superiority of SWPWM3 with respect to other SVPWMs. Now we
concentrate on this algorithm and investigate its behavior more closely. This investigation includes study of variation
of output parameters of VSI (such as harmonic content and losses) with respect to variation of system parameters
(such as switching frequency, modulation index and capacitor voltage) during execution of SVPWM3. Fig.5 shows
the amplitude of line voltage harmonics. The amplitude of the main harmonic is 400V that has not been shown in
this figure. Figure 6 shows amplitude of the same harmonics for phase voltage (The amplitude of main harmonic is
250V).
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Figure 5: Harmonic content of line voltage
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Figure 6: Harmonic content of phase voltage
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As seen in these figures, the amplitude of 3 harmonic of phase voltage is about 48V. This harmonic does not
exist in line voltage.
Fig.7 shows the effect of capacitor voltage variation on line and phase voltage THDs.
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Figure 7: Effect of capacitor voltage variation on THD of line and phase voltage

Fig.8 shows conduction loss variation with variation of capacitor voltage.
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Figure 8: effect of capacitor voltage variation on conduction loss

As we expected, increase in capacitor voltage increases THD of phase voltage, line voltage and conduction loss.
Figs.9-11 show the simulation result of VSI harmonic behavior from DF and harmonic standpoints during
execution of SVPWM3. Fig.9 shows the effect of capacitor voltage variation on DF of line and phase voltages.
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Figure 9: effect of capacitor voltage variation on DF of line and phase voltage
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As shown in this figure, DF of phase voltage increases with increase of capacitor voltage while that of line
voltage is approximately constant.

After simulating harmonic behavior of VSI during execution of SVPWM3, it is time to rerun the simulation to
obtain losses. Fig.10 shows the conduction loss variation with variation of switching frequency.
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Figure 5: Effect of switching frequency variation on conduction loss.

Fig. 11 shows voltages and currents of inverter and load. As shown in this figure, transient time of this system is

approximately 30ms.
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Figure 6: voltage and current waveforms of inverter output and load

5- EXPERIMENTAL RESULTS

After completion of simulations and making sure of good behavior of SVPWM3, it is time to implement this
control algorithm and verify simulations.

The implemented hardware composes of three main parts, i.e. electronic circuits, a personal computer, and
measurement and interfacing circuits. Now we explain each one briefly.

5-1- Electronic Circuits:

We implemented the general structure of fig. 1.a. This part of hardware is composed of power electronic devices,
drivers and processor. This part executes our switch commands, so any non-optimality in case of switch, driver or
processor selection may impose unwanted distortions to output parameters and be misleading. The main features of
this part are utilization of a high speed and low drop switches together with a high MIPS processor.

5-2- Interfacing and measurement circuits

I/0 parameters should be measured and processed. Measurements were easily done with electrical sensors; but
processing the measured data requires tedious mathematical operations. Since it is not necessary to perform real-
time processes, we decided to save the data and process it later. So devising a subsystem that is capable of
measuring and transferring data to the computer was inevitable.

The main feature of this part is measurement and transfer of data with high quality and low noise.
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5-3- Computer and software
As mentioned earlier, the data was measured and saved in computer. The raw data should be processed and the
results should be analyzed by the users. A code was written in MATLAB M-file to load the data and process it.
Fig.12 shows block diagram inter-relationships of three parts of hardware.

Electronic Measurements Computer
Hardware P and Interfaces —» and Software

Figure 7: Block diagram interrelationship of project parts

Fig.13 shows the implemented laboratory prototype of VSI.

Figure 8: Implemented laboratory prototype

Fig.14 shows the output voltage (result of SVPWM3 execution) of VSI.
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Figure 14: Output voltage waveform

As shown in this figure, output voltage frequency is 25Hz which allows us to implement speed control concepts
(using this inverter as a motor drive).

Fig.15 shows simulation results for variation of line and phase voltage THD with variation of switching
frequency. Simulations begin from f; =3 KHz and end at f; =30 KHz. As shown in this figure, the amount of THD
increases with increase in switching frequency and as it is evident, harmonic distortion of phase voltage is greater
than that of line voltage. This figure also shows results obtained from measurements and process of raw data.
Measurements performed in 6 points and capacitor voltage, VDC; was 400V. The ‘+’ sign shows THD values for
line voltage while “** sign shows the value for phase voltage.
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Figurel5: Effect of switching frequency variation on THD of line and phase voltages
Fig.16 shows simulation and experimental results for DF of line and phase voltages together. This figure shows
the effect of switching frequency variation on DF of phase and line voltages. As shown in this figure, distortion
factor of line voltage is approximately constant while for phase voltage it increases as f; increases.
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Figure 16: Effect of switching frequency variation on DF of phase and line voltages.

As shown in figures 17 and 18, experimental values have small discrepancies with simulations, but their sequence
and differences (with each other) are the same as simulations.

In case of losses, since it is not possible to directly measure the switching losses, we calculate the efficiencies of
the circuit during execution of SVPWM1-5. Table 7 shows the values of efficiencies during execution of each
SVPWM.

Table 7: SVPWM1-5 efficiencies

SVPWM1 SVPWM2 SVPWM3 SVPWM4
0.85 0.9 0.85 0.87

SVPWM5
0.87

scheme
Efficiency

Since total losses (excluding switching losses) of the circuit are constant, we may use the efficiencies as an index
of switching loss. So a lower efficiency is equivalent to higher switching loss. As seen in table 9, the exact value of
loss (efficiency) does not exactly correspond to simulations (this is caused by physical phenomenon of electrical
components that could not be exactly simulated) but as it seems, the sequence and quality of efficiencies conforms
to simulations. One may reduce switching loss by utilization of soft switching techniques, so this parameter has
lower weight with respect to harmonic behavior of each switching algorithm.

6- Conclusion

To increase the quality of multilevel inverter utilization, optimization of switching strategies of SVPWM is
inevitable. SVPWM3 was chosen as the best due to its good behavior from harmonic and loss standpoints. We
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implemented our control algorithm to validate our work and verify the agreement between simulations and
experimental results. Output parameters of implemented prototype were measured and processed with computer.
Although there were some discrepancies between experimental and simulation results, the experimental results
confirmed the simulations satisfactorily.
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