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1. Abstract— Unbalanced DC currents in parallel current
source inverters cause unequal power division in the inverters,
higher harmonic content at the AC load side and generally, system
performance decline. In this paper, a novel Space Vector
Modulation is introduced for a 5-level parallel current source
inverter with DC current balance control. The method is working by
synthesizing the rotating current reference vector in the inverter’s
space vector plane with three adjacent switching vectors. One
Medium vector is employed as one of adjacent vectors to balance
the input DC currents. The switching state for each switching
vector is chosen to provide the balanced DC link currents. In
addition, lower switching frequency is achievable due to switching
design which minimizes the switching loss. Finally, effectiveness of
the proposed method is verified by simulation.
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II. INTRODUCTION

Despite the fact that voltage source inverter VSI fed drive is
widely used in industry, current source inverter CSI fed drive
finds its application particularly when fast dynamic
performance is not needed such as fans, pumps and etc. [1].

In comparison to VSI drives, CSI drives have simpler
topology with lower switch count, more friendly waveforms
and reliable overcurrent and short-circuit protection [2].

CSI drive uses GCT switches and PWM strategies are
applied to have an acceptable input and output waveforms. CSI
drive has a great harmonics performance using the SHE
switching modulation and acceptable dynamic response using
SVM strategy [1].

Different  switching  strategies make  distinctive
performances in which they may be applied in industry. It is of
a great significance to analyze each of these features in order to
use them where matched by the industry demand. Generally
speaking, SHE switching strategy provides higher harmonics
performance whereas SVM switching pattern brings higher
dynamic performance to converter. [3]

Industry demand for higher power range and superior
performance provide vast field for new converters which are a
combination of conventional converters. This way, multi-level

978-1-4577-0061-3/11/$26.00 ©2011 |IEEE

504

and multi-module converters came up. There is no doubt that
multi-level converters have become as accepted and thus
commercially available alternative [4].

The main feature of multi-level current source converters is
providing higher range of power. Employing specific
configurations and applying moderated switching modulations
brings higher performance and consequently more industry
applications. On the other hand, increased size, mass and
higher cost is inevitable. In addition, augmented control
methods must be employed to eliminate unwanted and adverse
phenomena such as circulating current and unbalance DC
currents [5-7].

In this report, a novel Space Vector Modulation SVM
switching scheme is introduced for a 5-level inverter with DC
current balance control that brings superior harmonic at higher
modulation indices and dynamic performance.

III. CIRCUIT TOPOLOGY

The employed configuration is a back to back Current
Source Converter CSC, which is constituted by a single level
Current Source Rectifier CSR and a multi-level Current Source
Inverter CSI which is built up by two parallel current source
inverters. Fig. 1 illustrates the designed model block diagram.
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Fig. 1. System Block Diagram

IV. RECTIFIER

Fig. 2 illustrates a single bridge current source rectifier
CSR.
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Fig. 2. Single Bridge Current Source Rectifier

Input is a three phase ac voltage through a three phase line
which is modeled with a resistance and an inductance in series.

A three phase capacitors is used in the input terminal of
CSR  which assists commutation process and provides
harmonic filter. However, there may be LC resonances
problem in addition to the affected input power factor. The
value of the capacitor per phase depends on the switching
frequency, the input power factor, LC resonant mode, and
required line current THD. Normally it would be in the range
of 0.3 to 0.6 pu for high power rectifiers operating with a
switching frequency of a few hundred Hz. [1]

Six switches (GCT), two switches per leg, constitute the
CSR. When the rectifier is used as a front end in high power
MYV drives, two or more GCTs can be connected in series to
prove higher range of voltage.

A dc choke L, per each dc link is required to maintain the
dc output current in an acceptable range which has less than
%15 ripples. The size of the dc choke is normally in the range
0of 0.5 to 0.8 pu. [1]

According to the application needs and limitation, including
harmonics performance and THD, dv/dt, dynamic response and
etc, one may appreciate appropriate switching modulation.
Selected harmonics elimination SHE modulation is employed
to produce the dc current and to eliminate 5™, 7™ and 11"
harmonics on the ac side.

In addition, the closed loop PI controller is employed to
maintain the dc current at the desired value (i.e. 220A) through
delay angle o control.

V. INVERTER

Two parallel single bridge inverters constitute the 5-level
current source inverter. Fig. 3 illustrates a single bridge current
source inverter CSI. Fig. 4 illustrates a 5-level current source
inverter CSIL.

Input is a dc current which comes from a rectifier through
four dc inductances L ;- Ly,.
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Fig. 4. Five-Level Current Source Inverter

When each switch changes its state from ON to OFF, the
output current of that switch decreases to zero in a very short
time. This current needs a path to continue at that short time,
otherwise, a huge voltage spike will be inducted, which causes
damage to the switching devices. So, there will be a three phase
capacitor Cyat the output of the CSI to assist a commutation of
switches. In addition, this capacitor acts as a high frequency
harmonic filter, improves the current and the voltage
waveform. For the MV drive it is in the range of 0.3 to 0.6 pu
which is set to 0.3 pu in the model.

Generally, whichever used as a switching pattern, it should
satisfy two requirements:

- The dc input current i; should be continuous.
- The ac output current i,, should be defined.

Disregard to the first requirement, causes a very high
voltage induced by the dc choke which damages switches. The
second requirement is the main objective of the current source
inverter. [1]

Obviously, with no or only one switch ON, the first
requirement cannot be satisfied. With more than two switches
on simultaneously the output current will not follow switching



pattern. It depends on load in this case. So, each switching
pattern should have two switches on, one in the top half of the
bridge and other in the bottom half, excluding commutation
intervals.

Space Vector Modulation SVM is employed to produce ac
current at the load side. The switching pattern is designed to
bring low harmonic content and high dynamic performance
simultaneously. In addition, the closed loop PI controller is
employed to maintain the output voltage at a desired value (i.e.
4160V L-L).

VI. SVM METHOD

Any designed switching scheme, whether for CSI or CSR,
must satisfy a constraint that only two switches can be at the
ON state, one connected to the positive DC bus while the other
is connected to the negative DC bus. Connecting two inverters
in parallel and under the mentioned constraint, 81 switching
states are feasible in total. Each switching state can be
represented by a vector in the converter’s space vector diagram.
It is of significance that some of the switching states result in
the same vector. Considering that, there are 19 vectors in total.
Table 1 presents more details of space vectors.

Table 1
Space Vectors
Space Vector Type Large | Medium | Small | Zero
Number of Vectors 6 6 7 1
2.
Length of Vectors —=i, I, ﬁl‘ 0
V3 3

Number of Switching States 6 12 48 15

Fig. 5 illustrates the 19 space vectors on the space vector
plane.

Fig. 5. Space Vector Diagram
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As illustrated in Fig. 5, the space vector plane is divided
into 6 sectors and each sector into 4 regions. Consequently, 24
triangular areas constitute the space vector diagram.

To produce AC current, the three phase output current is
expressed as a rotating vector [, which rotates with the

desired frequency (i.e. 60Hz). The length of the reference
vector /., represents the magnitude of the output ac current
determined by the modulation index m,, which is

I
m, =—L (1)
1

d

The angle of the reference vector 6 determiners the phase of
the output ac current. The reference vector can be synthesized
by adjacent switching vectors. Considering the triangle which
the reference vector is located in, the three nearest vectors are
chosen to form the reference vector. The dwell time of each
vector is calculated to satisfy two constraints:

_].aTa+_ijb+_jCTC:_j”)f (2)
T, +T,+T, =T, (3)

in which 7, , I, and /. are the three chosen adjacent
vectors, T,, T, and T, are the dwell times for each vector and 7
is the sampling time.

Since more than one switching state is available for Zero,
Small and Medium vectors, it is of significance to design the
most proper switching sequence which brings the identical
switching sequence in both inverters. In addition, to produce a
lower switching frequency and minimize the switching loss, the
switching sequence must satisfy the constraint that the transient
from one vector to another involves mostly one device switch-
ON and one device switch-OFF at each inverter.

VIL

However significant merits of multi-level converters bring
acceptable and practical energy conversion systems to industry,
there are some disadvantages which are in need to investigate
more and be counted on research. One of the practical
drawbacks of some multi-level current source converters is
circulating current. The circulating current will lead to
generating current harmonics and higher current distortion. In
addition, the circulating current increases total loss of the
system and it leads to unequal power division between
converters which is waste of investment and technology.
Generally, the overall system performance decline is the result
of circulating current.

DC CURRENT BALANCE CONTROL

The main reasons lead to generating circulating current are:

Different pulse width modulation techniques or
asynchronous switching strategies.

Variations in the time delay of the gating signals of
the two inverters, which affects both transient and
steady-state current balance.



Different circuit parameters, especially manufacturing
tolerance in dc-choke parameters.

Unequal ON-state voltages of the semiconductor
devices, which affects steady-state dc current balance.

The circulating current is mainly consists of zero-sequence
components. The total impedance within the zero-sequence
circuit of parallel inverter systems with common DC source is
very small, and large zero-sequence currents will be circulating
in the zero-sequence circuit.

The traditional methods to avoid circulating current is using
independent and separate ac or dc power supplies or using a
transformer in ac side of parallel converters. Applying either
solutions, being higher in size, mass and investment costs are
certain. Another traditional solution is adding a phase reactor to
configuration. Since, the reactors have lower impedance in
lower frequency low-frequency circulating current is not
attenuated. Today, using SVM modulation method without
Zero vectors is used to eliminate the impact of circulating
current. Besides, some dq axis nonlinear control strategies are
introduced to limit the zero sequence circulating current [8-9].
Generally, Elimination of circulating current is one of the most
important aspects of multi-level CSI design.

One of the features of the introduced switching modulation
is DC link current balance control, which results in circulating
current minimization.

Synthesizing Medium vectors, two switching states are
available for each vector. The Medium vectors located in even
sectors affect the magnitude of the positive DC bus currents.
On the other hand, the Medium vectors belonging to odd
sectors affect the magnitude of the negative DC bus currents. In
addition, for each Medium vector, one switching state can
make the DC current increase while the other can make the
same current decrease.

For detailed analysis suppose that the reference current is
located in the first sector and m,>0.5. The switching state

synthesizing the Medium vector I, should be chosen between
two switching states [12 16] and [16 12]. Table 2 shows the

effect of the switching states of the Medium vector [70n DC
currents.

TABLE 2
Effect of Medium Switching States on DC Currents

Switching State Load Voltage | iy | iz i | lu
[12 16] or [16 12] Vzo=Vco X | X X | X
Vso>Vco X sl« X T

[12 16]
Veo<Vco X T X )
Veo>Vco X T X d

[16 12]
Vso<Vco X | x| 7T
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As shown above, the Medium vector 7, has no effect on iy
and i;. Generally, i,; and i,; are controlled in odd sectors while
the Medium vectors in even sectors are effective on i, and iz.

At each state of choosing Medium switching states, phase
voltages and DC currents are measured. Afterward, the proper
switching state is chosen according to the measured parameters
and the designed switching sequence.

VIIIL

A. When m,>0.5

Three closest vectors are selected at each switching
moment to synthesize the reference current vector. The selected
vectors are combination of one Large, one Medium and one
Small vectors or two Small and one Medium vectors. Either
combination includes one Medium vector which is employed to
balance the dc link currents.

SWITCHING SEQUENCE

The switching sequence should be designed to minimize the
switching loss. To achieve this goal, it’s necessary to employ a
switching sequence that has only one switching in each inverter
at each switching transaction. In addition, the designed
switching sequence must bring the identical switching pattern
in both inverters.

B. When m,<0.5

The method is little bit different when modulation index m,
becomes lower than 0.5. When the reference current is located
in either inner triangles three closest vectors are two Small
vectors and one Zero vector. Since, Medium vectors are needed
to be employed to eliminate unbalanced dc current, it is
impossible to synthesize the reference current with the three
closest vectors. So, it is necessary to modify the method as it is
described in below.

Each triangular area related to lower value of modulation
index is divided to two smaller right triangles by a Medium
vector. It is possible to synthesize the reference current vector
by choosing one Small vector, one Zero vector and one
Medium vector. Unfortunately, employing the mentioned
vectors brings a high level of difference in the dc link currents
due to unsymmetrical switching in two parallel inverters. Since,
the modulation index is small and the two inverters mostly
bypass the dc current, there is not sufficient time to eliminate
the unbalanced dc currents. To solve the mentioned problem,
the switching sequence must be employed which produces the
lower dc current difference. In other words, the more
symmetrical switching sequence should be employed. To do
so, one Large vector is selected instead of the Small vector to
synthesize the dc current reference. Altogether, one Large
vector, one Medium vector and the Zero vector synthesize the
reference current at each switching period.

IX. SIMULATION

A. Waveforms

The simulation results for the output current i,, is shown in
Fig. 6 for single-level and multi-level inverters working at f=
60 Hz, T,= 1/1080 s and m,= 1.
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B. THD Comparison

Table 3 provides the THD content of the switching current
i,, comparison between single-level and multi-level inverters at
different m, values. Fig. 8 illustrates the same comparison.

TABLE 2
THD Content (OUTPUT CURRENT BEFORE FILTER CAPACITOR i,)

The simulated DC link currents are shown in Fig. 7. The
effectiveness of the method to make DC link currents balanced
is clear while the DC current balance control was activated at

t= 0.6 sec. The switching frequency is 420 Hz. The series
resistance is used in DC links to force the DC link currents

unbalanced.
iah i (A)' ‘/_ in l
T —
100 ’J‘J\u\“ {VH\’L\:\U {‘r\"'NU\MJ bk%\‘vw‘ f W\{“u\{‘k/r\n“i”u”u A ‘ﬁi\: 'ﬂ ‘u& il IWMMWMMNWWWWNW”
M‘)“VM“ ‘/l‘l‘ll‘l‘lrll‘;\ll‘l\vlt‘\lﬁ
"Q' 0‘1 0‘2 0‘3 0‘4 0‘5 0‘6 0.7 0‘8 0'9 d (SeC)

(a). Positive Bus

508

", 03 | 04 | 05 | 06 [ 07 [ 08 ] 09 1
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Fig. 8. THD Comparison (OUTPUT CURRENT i,)

Table 4 and table 5 provide the detailed THD comparison
between single-level and multi-level inverters at m,=1.

TABLE 4
THD COMPARISON (OUTPUT CURRENT i,)

THD% | 5% 70 1%
Multi-level | 2737 | 032% | 2.87% | 1.89%
Single-level | 4557 | 8.24% | 4.07% | 1.26%




TABLE 5
THD COMPARISON (LOAD CURRENT i)

THD% 5 7" 1™
Multi-level 0.67 0.12% | 0.50% | 0.12%
Single-level 333 3.19% | 0.79% | 0.08%

The proposed method produces very low distortion content
at high values of modulation index m,>0.6. At lower loading
conditions m,<(.5, the three selected vectors are not the closest
ones to the reference current vector. Consequently, the
proposed modulation produces higher level of distortion in
comparison to sample single-level inverter.

It is necessary to mention that in industrial application the
inverter works at higher values of modulation index m,.
Generally, the modulation index changes in a small range close
to m,=1 and the dc current control adjusts the load side voltage.

X.

The new SVM method is proposed in which the switching
states are chosen to synthesize the rotating reference current to
produce 5-level AC current. Novel DC current balance control
is proposed. The method employs Medium vectors to eliminate
unbalance DC link current. The simulation results validate the
proposed method. Generally, the proposed method produces a
low level of distortion for practical loading conditions. At high
modulation index m, the THD content of the switching current
is almost half in comparison to the same current of single-level
inverter.

CONCLUSION
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