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Abstract - In this work a new cell which lends itself as a
generic current multilevel one is applied to a five level current
source inverter (CSI) with output current harmonics minimi-
zation and without the use of high frequency modulation. In
this cell, inductors acting as current sources ensure equal cur-
rent division among switches. DC current balance in the induc-
tors is achieved also without closed-loop control. Two switching
strategies are used to demonstrate the performance of the cell.
The first switching strategy is called symmetric strategy. The
second one, called asymmetric strategy is suggested by the
authors. A comparison between the two strategies is also made.
Simulation and experimental results are included to show the
performance of the new cell in a current source inverter for
high power applications.

1. INTRODUCTION

The conventional association of semiconductor switches
in series or in parallel became a common practice in the
power electronics field constituting, even nowadays, an ob-
Jject of several scientific papers {1], [2]. These procedures
give feasibility to high voltage or high current applications
for which no single actual switch is able to operate. How-
ever, depending on the application and on the nature of the
adopted semiconductor device a number of requirements
must be observed in order to ensure a reasonable reliability
in using those technologies. An alternative to the simple as-
sociation of switches is the association of converters. This
technique can provide not only high power applications but
also a reduction of the harmonics content. Under this con-
cept it is possible to associate current source inverters in se-
ries [3] or in parallel [4]. Similarly, one can associate volt-
age source inverters in series [5] or in parallel [6]. Another
recent approach in the high power converters study changes
the association of converters concept into a more general
principle, by making the association of PWM cells [7]. This
concept has generated the multilevel converters designation
and has been extensively used to reduce the harmonic dis-
tortion of a converter, as well as to provide high voltage dis-
tribution among the employed cells [8]. Most of those publi-
cations have been focused the series association of cells in
such a great deal that resulted in a proposed generic multi-
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level voltage cell [9], [10]. An alternative to increase the
power capability of these converters, by paralleling the PWM
cells, has also been proposed [11]. It seems that until now
the multilevel concept has only been used to voltage source
converters, meaning a suitable way to divide the total input
voltage among a number of employed PWM cells and also
allowing voltage harmonics reduction.

In this work a recent introduced generic current multi-
level cell [12] is reshaped and adapted to be used in a five
level current source inverter. Appropriate gating strategies
provide for this new structure a balanced distribution of the
input current among the employed switches and an output
current with elimination of some harmonic components,
without the use of high frequency modulation or closed-loop
control.

The original current multilevel cell is shown in Fig.1,
where between the point A and P there is a voltage source
(or a capacitive branch) and at point C a current source (or
an inductive loop). This cell employs » PWM switches
(indicated by dashed lines) that are connected by n-/ induc-
tors which provide the current multilevel feature. This ge-
neric cell can be used in any PWM voltage-source converters
(dc-dc converters and VSI inverters). Depending on the na-
ture of the output current and on the type of the final con-
verter the PWM cells can be constituted of a variety of con-
trolled and non-controlled switches arrangements. In a buck
converter, for example, the upper switch is a controlled one
and the lower switch is a simple diode.

Fig.1 The original generic cell
The generic current multilevel cell is reshaped in Fig.2
becoming a generic current inverter cell. Also the PWM
switches have been adapted to a current source input, acting
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as a voltage bi-directional/current unidirectional switch.
Now, the generic cell is ready to be used in any current-
source PWM converter, such as a current source inverter.

2. THE FIVE LEVEL
CURRENT SOURCE INVERTER

Using the generic structure of Fig.2 one can conceive a
topology that provides up to five levels in the load current,
such as the one shown in Fig.3. The PWM switches are
made up of four couples of parallel complementary (PWM)
switches (SsSs; S7Ss s S]Sz and S3S4).

To guarantee the source current is equally divided be-
tween any two switches of the cell (Ss and S;, for example),
it is necessary, but not sufficient, that they have the same
duty cycle and the same on resistance. If they switch on and
off at the same time, the switches could be associated as seen
in Fig.4(a), where 1, represents the switch resistance and L a
lossless inductor.

However, to provide stepped waveform and consequently
harmonic reduction in the load current it is necessary one of
the switches be on while the other one is off. This situation
causes an alteration in the parallel path of Fig.4(a) since the
load branch Z;, (that is., Ry//Cy) is going to be present in one
of the paths. Suppose Ss is on and S, is off. Because of the
complementary operation of the switches, Sg is on and Sg is
off. One possible mash for the current / to flow is shown in
Fig.4(b).

1t is easy to conclude that, in steady state, the current is
going to be larger through S; than through Sg if the imbal-
ance situation described above is not compensated. To avoid
this problem two switching strategies are proposed as fol-
fows.

3. SYMMETRIC SWITCHING STRATEGY

In this strategy the switches operate with a duty cycle of
50%, as shown in Fig.5. A similar procedure has been pro-
posed to the structure in [4], as discussed in [13]. In this fig-
ure the parameter o is the angle associated to the time con-
duction delay between two switches of any inverter branch
(S, and S5, S¢ and Ss, etc.), 0; is the common conduction
angle of any two switches of the external arms (S; and Ss or
S4 and Se) and 6, is the common conduction angle of any
two switches of the internal arms (S; and S; or S4 and Se).
Note that the multilevel operation of the structure only hap-
pens for o, 6, and 6, not equal to zero. As can be seen in
this figure the gate signals require two periods of the output
current to complete a cycle. This constitutes a requirement in
this strategy and it is employed to compensate the imbalance
mentioned in the last section, as discussed at following.
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The analysis of the first eight intervals of Fig.5 shows
that inductor current balance cannot be reached for one pe-
riod of the output current, as analyzed in Fig.6 for some se-
lected intervals.

From the circuits of Fig.6 one can conclude that the load

impedance, when present in one of the branches of the cell ,
is always in series with the sharing inductance. That makes,
in steady state, the inductance current be smaller than the
one of that in the other branch. To overcome this imbalance
a switching sequence can be chosen such that the load resis-
tance, during the intermediate levels, is in the branch with
no sharing inductance. Consider the Interval II, the two
paths are made of SsS; and S;S,. The same output current
could be obtained with the switches SsS; and S;S; , and so
on for the other intervals. The two swiiching sequences are
used as shown in Fig.5. Assuming negligible ripple one can
consider I p=I1x,. The switching sequence is going to depend
on the values of 8;, 6, and a. For 0;, 6, and a of Fig.5 the
first period of the output current was provided by the follow-
ing sequence: S5S;8.8;, 855,85, SeS:8,8,, S6535,S,,
S6S55254, 555¢5,5,5 S65s81S; and S;85S,S;. The same
output current waveform could be obtained with the follow-
ing sequence: S5555,83, 85888y, $5875284. S5585254.
SeSsS8,8,, S6S:8,8;5, Ss8:8,5; and 848,85, S,
Any of those sequences alone cannot produce a current bal-
ance in the cell. However, when one is used after the other,
consecutively, as shown in Fig.5, the result is an equilibrium
in the steady state current of the cell. Of course the ripple in
the inductors current must be small, and it is going to de-
pend on the values of L, o, 8, and 6,.

A. Load Current Control

The contributions of the outer and inner inverters, asso-
ciated to the angles 0, and 6,, can be thought as two individ-
ual currents, #; and /,, that should be added to result in the
output current i,s. The equations below describe the rms
values of the individual contributions.

interval 1 »1 ( j ]-»! F
ntorval V: »m!m m
1 1
Interval VI: A
Lp S8 Zy, S1 Ln
Interval VIl

S5 S3
1 I
Lp S8 Z L S1 Ln

Fig.6 Intervals in which the load impedance is part of the cell
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As the cell supplies /;+/, to the load, and /, and 7, are out
of phase by «, the rms value of the output current is given by

I =12 +12 +21,1, coso . G)

Equation (3) shows clearly the dependence of the output
current magnitude due to the angle parameters. If 6,=0,=0
one can get

2 é-,/(l—cosu).(n—e). @)

The harmonic spectrum of i,, changes considerably for
different values of o, 0, and 6,. From [8], it can be shown
that choosing proper o, 8, and 6, two harmonic components
may be canceled.

For 6,=0,=60° and o=30°, the output current is a five
level current wave in which the 3™ is eliminated and the 5%
harmonic component is very small, as seen in the following
simulation results.

B. Symmetric Switching Strategy-Simulation Results

The performance of the five level structure, driven by the
symmetric strategy, and for |, =6, =60° and @ =30 is
shown in the next figures with the following parameters:

Lp =Ly =S0mH, roy =010, roy =10°Q,
R} =630, Cy =100uFand 1=18A.

Fig.7 to 9 show the simulation results for the above set of
parameters. From Fig.7 one can see a good current distribu-
tion among switches.

124

A1 1 (]
S 1
O,mem

12A

4 ms

7
sy 470ms 80ms 430ms 00m

Time

Fig.7-Current in the switches of some cells
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In Fig.8 it is shown the waveforms for the balance in-
ductor currents as also the voltage and current at the output
of the structure. Fig.9 shows the output current harmonic
spectrum, where can be noticed a good low order harmonics
minimization. The harmonic distortion factor is 12.1%. A
smaller index can be computed for the filtered output volt-
age: 7.4%.

4. ASYMMETRIC SWITCHING STRATEGY

Although the symmetric strategy has the advantage of
working with 50% duty cycle for any output power or har-
monic spectrum, it contributes for the increase of the current
ripple in the sharing reactors, and, as a consequence, a
higher current imbalance in the switches of the cell. This
happens because it is needed two periods of the output cur-
rent, as shown in Fig.5, to make the average sharing induc-
tor voltage equal to zero. That current ripple is given by:

AI:-V—Z-‘L-A[ o))

-200V t —t— t t

vout c
20A t — t t
N
I W W
450ms 460ms 470ms d  480ms 490ms

fout

Time

Fig.8 (a) Current in inductance Lp (b) Current in inductance Ln
(c) Load Voltage (d) Output Current
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Fig.9 Output Current Harmonic Spectrum

Where At is the interval when a balance inductor,
L=Lp=Ly is subjected to the output voltage, Vour (here as-
sumed constant during this interval). The symmetric
switching strategy shown in Fig.10 for 0,=0,=60° and
a=30°, reduces the current ripple in the sharing reactors by
half because it makes the average voltage of the inductors
equal to zero for one period of the output current. The only
inconvenience of this strategy is the asymmetric operation of
the switches. However, for low order harmonic elimination
the difference in the switches duty cycles is no more than
15%, when compared with the 50% duty cycle of the sym-
metric one. To see how this strategy works it is necessary to
analyze two intervals: IT and VI

In interval II the switches in operation are
S48y and SgS7.The load impedance is in series with induc-
tor Lp and S7. This would lead, in steady state, to an induc-
tor current smaller than 1/2. However, in interval VI the
switches in operation are: S,S, and S¢S, the load imped-
ance is, now, in series with switch Sg only. This increase the
inductor steady state current to a value higher than I/2. As
long as the time duration of interval II is the same of interval
VI, apart from the ripple in the inductor current, its average
current is I/2. The same analysis can be made for the inter-
vals IV and VIII, and the conclusion is that the average
branches impedances are the same for one period of the out-
put voltage.

A. The Load Current Control

The magnitude is controlled by changing the angle ¢, as
defined in Fig.10. The output current is maximum for ¢=0.
Naturally the harmonic spectrum of i, changes considerably
for different values of ¢.
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Fig.10 Asymmetric switching strategy for output current harmonic reduction

The rms value of the output current is given by
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B. Simulation Results

The behavior of the structure driven by the asymmetric
switching strategy is seen in Fig.11 and Fig.12. It can be
noted the smaller ripple current in the sharing inductors,
when compared to the symmetric strategy in Fig.8. That is
important for the current balance in the switches of the cell.
The ripple for the asymmetric strategy is half of that for the
symmetric one as show the simulation results. It has been
considered the same parameters for symmetric and The
simulated harmonic spectrum of the output current is very
close of that in Fig.9. The output voltage harmonic distortion
is 6.1%.

5. LABORATORY PROTOTYPE

To validate the use of the cell and to check out the simu-
lation results a laboratory prototype has been designed and
constructed as represented in Fig.13. It has to be point out
that, due to the low frequency operation of the structure
(60Hz) and the non simultaneous operation of the switches,
it was necessary a sharing inductance with a value of 45mH.
The inductor was made with silicon steel and its wiring re-
sistance measured 0.3Q. In order to ensure a good current
distribution the balance inductor resistance must have a
value much smaller than the ON resistance of the switches.

In the experimental setup IGBT’s were used as active
switches. It is interesting to note, however, that it would be a
smart choice to use GTO’s instead of IGBT’s, since no di-
odes would be necessary. Unfortunately, at the laboratory
implementation time this choice could not be made.
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Fig.11.Current in the switches of two cells
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Fig.12- Simulation results for the asymmetric strategy. (a) Current in Lp
(b) Current in Ln (c) Load Voltage (d) Output Current

The employed IGBT’s have an ON resistance of 0.12Q,
therefore smaller than that of the balance inductor. This is
the reason for the inclusion of the small resistors, r; and r,
as shown in Fig.13. Of course these resistors will cause a
decrease on the converter efficiency. For the adopted set of
parameters this reduction was about 4%, what could be
smaller if a better technique had been used to implement the
balance inductors.

Both switching strategies were stored in an EPROM
where a bit enables one or other strategy at the data bus.
Each each bit of the data bus is a 60Hz signal for the eight
controlable switches. Finally, the gate signals are isolated
and steped up to 13V by a pulse transformer-isolated circuit,

The measured output power for the structure in Fig. 13
was 1.2kW. The input current source was obtained from a dc
voltage source, Vi, in series with a 105mH inductor. Fig.14
shows the current in the switches of the structure for the
asymmetric strategy.
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Fig.13- Power circuit of the experimental setup
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Fig.15 shows the five level inverter output voltage and
current. The load is made of a parallel RC combination, be-
ing R=6.3C2 and C=100pF. The harmonic analysis yields a
5.5% and 15.5% total harmonic distortion for the output
voltage and current, respectively. The current ripple in the
sharing reactors is shown in Fig.16 for both strategies.

6. CONCLUSION

The application of a new current multilevel cell to a cur-
rent source inverter structure has been presented. The con-
cept of current multilevel converters has been introduced
here. The main advantages in the use of the new cell are the
possibility of generalization to n-level in the output current
and the need of less sharing reactors than other structures
known. The concept can be extended to a number of other
converters, such as PWM dc-dc converters. With proper
switching strategy it is possible to reduce the size of the
sharing reactors and eliminate some harmonics of the output
current without the use of high frequency modulation. All
these advantages suggest the use of the structure in high
power applications.
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