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Abstract. This paper proposes an advanced technique in generating a pure sinusoidal output
current waveform for the high number multilevel single-phase current-source inverter (CSI)
with reduced switching device count. Previous multilevel CSI development proposed a new
technique in generating pure sinusoidal output by compensating the staircase current with a
linear current. This linear current compensation intends to reduce the output filter capacitor
size without sacrificing inverter efficiency. However, this hybrid multilevel CSI would give
higher efficiency and performance if applied in high number of levels. Consequently, the
system needs high switching device count. Too many switching devices utilization will
decrease the performance and the power density of the CSI as well. Therefore, this technique is
introduced and only possible to be realized if the number of levels is higher than 5-level. By
applying multilayer stage method while managing the DC current module activation
sequences, the high number of levels CSI can be constructed with only using few DC current
modules. As a result, according to the computer comparison simulation, the implementation of
the proposed technique delivers relatively equal results compared to the conventional one just
by utilizing fewer switching devices.

1. Introduction

A multilevel inverter is a power electronic device that is capable of providing desired AC voltage level
at the output using multiple lower-level DC voltages as input. In the voltage topology, there are mainly
three different types of the multilevel inverter: 1). Diode clamped, 2). Flying capacitor, and 3).
Cascaded H-bridge [1][2]. However, this kind of multilevel inverters will encounter a problem while
supplying heavy inductive loads such as AC motors. The multilevel voltage-source inverter (VSI) does
not have robust self-protection against the short circuit load as well as having high dv/dt and di/dt
transient behaviors.

On the other hand, the multilevel current-source inverter (CSI) is less applied due to the main
disadvantages: high conduction losses and low power density. The highest efficiency can be achieved
if the multilevel CSI supplies the heavy load with high number of levels. Nevertheless, its advantage
such as having natural protection from short circuit and low dv/dt or di/dt cannot be omitted.
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Therefore, the further multilevel CSI development is still needed in to provide an alternative solution
in power electronics [3].
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Figure 1. Generalized concept of hybrid multilevel CSI.
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This paper discusses new development of the multilevel CSI with multiple DC current source type as a
dual circuit of the multilevel VSI. Recently, authors [4-8] have reported a new concept of a hybrid
multilevel CSI by incorporating stair case current wave form generator with a linear current wave
form generator as described in figure 1. However, this linear current generator has very poor power
efficiency [9]. Therefore, to reduce the losses significantly, a very a high number of levels must be
applied, so that the required linear compensation current amplitude can be generated as small as
possible.

The problem occurs when applying a high number of levels because the switching device count
linearly conforms to the number of levels. Too many utilizing the switching device will not reduce the
losses significantly and instead it will decrease the power density. Therefore, a new technique for
controlling and switching the devices to generate pure sinusoidal current output with high number of
levels by using fewer switching devices is proposed in this paper. Hence, the power density may be
improved without sacrificing the power quality and power efficiency of the system.

This paper is composed as follows: first, the operation principle and the circuit configuration of the
multilevel CSI are introduced. Next, the control and switching strategies are proposed. In order to
evaluate and compare the fundamental operation, several multilevel CSI operations are demonstrated
by computer simulations. From the simulation results, it is possible to generate pure sinusoidal current
output with a high number of levels using fewer switching devices.

2. Operation principle and circuit configuration
Firstly, the basic operation principle and the circuit configuration of the multilevel CSI are introduced
in this section.

2.1. Operation principle

As described in figure 1, the hybrid multilevel CSI consists of constant current sources, a linear
current source, switching modules, and a polarity converter (or inverter) that represented by an H-
bridge circuit. In order to simplify the circuit from the viewpoint of current generation and power
source configuration, a circuit diagram in figure 2 is presented. The DC current module block consists
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of a buck chopper-based constant current source and a switching module. Basically, the number of
CSI levels is expressed by:

Nigper = 2M +1 (1)

The M represents the number of total DC current modules and linear current generator that used in a
multilevel CSI system. Figure 3 illustrates the basic operation principle of the hybrid multilevel CSIL.
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Figure 2. Overview circuit configuration. Figure 3. Basic operation principle of the 9-

level hybrid multilevel CSI.

For this instance, the operation of 9-level CSI with 20 Amperes peak-to-peak is presented. In the case
of 9-level CSI, by using equation (1) the number of required DC current modules is four. The first
three modules are used for generating staircase current waveform, meanwhile the remaining one is
required for generating linear current waveform. After all generated currents are summed up in a DC
link node, a H-bridge is utilized to alternate the polarity of the current whenever the zero-crossing of
the reference is detected. Due to linear current utilization as compensator, a small output capacitor is
required for smoothing the waveform from high-frequency very-low amplitude ripples.

2.2. DC current module

A DC current source can be generated from DC voltage buck regulator. In order to compact the
circuit, the buck chopper circuit is combined with the switching module part. This merged circuit is
called DC current module as depicted in figure 4. The operation principle of this circuit is explained in
table 1 [4]. The buck chopper circuit consists of a controlled switch Q1, a smoothing inductor L, and a
freewheeling diode D1. The Q1 is used for converting the voltage source to a current source by
regulating the DC current flowing through the L. To reduce the smoothing inductor size L, a high
switching frequency PWM operation is applied.

The D1 is used to keep continuous current flowing through the L. The switching module part consists
of a controlled switch Q2 and two reverse-blocking diodesD2 and D3. The Q2 directs the current from
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the L whether flowing forward to the load or circulating back to the chopper. The switching module
part works based on the comparison between the absolute value of the sinusoidal reference with the
current limit of each source. Therefore, this part is driven by low switching frequency operation.

Blocking Diode

IOL Riono

Figure 4. DC current module. Figure 5. Linear current generator.

Table 1.DC current module operation principle.

Q1 Q2 Output
0 X 0
Switching 0 1L
X 1 0

2.3. Linear current generator circuit

The key feature of this multilevel CSI development is applying linear circuit as the current
compensator. The output current from this circuit is superimposed onto staircase current in order to
reshape the waveform into pure sinusoidal. As shown in figure 5, the linear current generator is
constructed from class-A amplifier with emitter-follower configuration [10]. In spite of giving better
output THD results, this circuit has an extreme low power efficiency. Therefore, in order to apply this
circuit, the generated current must be minimized as low as possible. And the only way to do is
increasing the number of levels of the multilevel CSI.

3. Proposed control and switching strategies

In order to increase the number of levels without adding more switching devices, the basic operation
of figure 3 needs to be modified. As shown in figure 2, each DC current module must have equal
current reference /rgzr and limit which are determined by the main controller as shown in figure 6. On
the other hand, the proposed method enables the reference and limit of each DC current module are
not necessarily equal. The simplest way to apply this method is by making the current reference and
limit of the next DC current module is half of the previous one as shown in figure 7. The first DC
current module is set to generate a half of /zzr, meanwhile the next module is set to generate a half of
the previous one. This process is repeated until the last utilized module.

Because of this arrangement, a multilayer stage of staircase current waveform generation is formed. It
means there is a smaller staircase current waveform inside the larger one as described in figure 8. The
largest staircase current waveform is referred as the first layer or the outmost layer. In case of hybrid
multilevel CSI, the last layer is the linear current compensator. Except the last one, each layer may
contain one or more DC current modules that depends on the design requirements.

In case of figure 7, each layer contains one DC current module. This arrangement allows the DC
current module-1 (DCM-1) to generate the current amplitude two times compared to the conventional
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method. DCM-2 generates an equal rating but with three times switching frequency. And DCM 3
generates the current with a half of the conventional method but with seven times switching frequency.
Figure 9shows the operation changes that occur as a result of implementing this method. This
proposed method also affects the linear compensator current. It generates a half compared to the
conventional method. Due to smaller amperage, the losses that dissipated by the linear circuit should
be reduced.
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— 3F
1k
a I1E
0E — | 1 1 |
[A] +
A g 373 I ﬂw l ’TH i
IM/Z et 2 %5 3 m J_|_J_|_|—|_|_|_H_‘
D 8% : I 1 + 1
e 173
= > 083
Z [SRNE
S DCM-2 Sted . .
& /4 T
@) o 10p
a Sk
8 24k
1/8 DOMES g % E 1 1 1 1
1,116 DCM- 4
§AeE
0 —le[rad] S0k |
oxr x84 38 A2 0 E s .
FIRING ANGLE Time
Figure 8. Multilayer stage of staircase Figure 9. Proposed staircase current generation.

current.

Table 2. Possible combination multilevel CSI with 4 current modules (M = 4).

Combination Number of Layers Number of Levels
3-1 2 9
2-1-1 3 13
1-2-1 3 13
1-1-1-1 4 17

Regarding to figure 7 arrangement, the possible maximum number of levels can be determined as:
Nl’evel(MAX) =2M +1 (2)

It is inferred the equation (2) enables the system by using only four current sources or module (M= 4)
can generate the multilevel current up to 17 levels.
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3.1. Multilayer stage combination

As mentioned above, the arrangement is not necessarily following the equation (2) which one layer is
performed by one DC current module. In case of high rating current application, it will be difficult to
be done because the first DC current module must employ a large smoothing inductor. Therefore, one
layer of staircase generator may be performed by more than one module. For instance, the given
system is with four DC current modules.

The possible combination to construct a multilevel CSI is shown in table 2. The first combination with
2 layers is referred as the conventional method because it follows the equation (1). The following
combinations with 3 layers are presented as alternative methods to increase the number of levels of the
CSI. The last combination with 4 layers is referred to case of figure 7 and it follows the equation (2) to
construct a CSI with the highest number of levels.
The number of levels can be calculated from such combination by this procedure:

1. Firstly, the number of layer and the possible combination are determined.

2. The combination consists of head number that refers to outmost layer, body numbers that refer

to inner layers, and the tail number that refers to the last layer and this is always one.
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Figure 10. Complete control system for the proposed method.

3. The head number and body numbers represent the number of stages which equals to the
corresponding number plus one. For example, if the head/body number is 4, then the number
of stages is 5.

4. All the number of stages that represented by the head and body numbers are multiplied and

accumulated. The tail number is neglected.

Equation (1) is then used to calculate the final number of levels.

6. For instance, the given combination of 10 current modules with 4 layers is 4-3-2-1. The head
is 4 that represents 5 stages. The first body is 3 that represents 4 stages. And the second body
is 2 that represents 3 stages. Hence, the number of levels that constructed from this
combination is [2x (5x 4 x 3)]+ 1 = 121-level.

9]
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3.2. Overview control system

Figure 10 describes the complete control system for the proposed method that conforms to the circuit
diagram in figure 7. Technically, this control scheme is divided into five sections, they are: (a) load
voltage controller, (b) buck chopper current controller, (¢) polarity inverter, (d) staircase current
waveform generator, and (e) linear current wave form generator.

4. Simulation results

In order to verify the proper operation of the proposed method, the multilevel CSI with four DC
current modules (M = 4) and with multilayer stage combination that listed in table 2 are tested and
compared by using simulation application PSIM. Prior to the simulation, several parameters are
determined as listed in table 3.

Figure 12 is the simulation result of the conventional 9-level CSI with stage combination 3-1 in two
layers. Figure 13 is the simulation result of 13-level CSI with stage combination 2-1-1 in three layers.
Figure 14 is the simulation result of 13-level CSI with stage combination 1-2-1 in three layers. And
figure 15 is the simulation result of 17-level CSI with stage combination 1-1-1-1 in four layers.

Four figures show minor differences on the AC output. The obvious differences are the staircase and
linear currents as well as the DC current waveforms. The critical differences can only be presented in

quantity measurements such as total harmonic distortion (THD) and power efficiency.

Table 3. Simulation parameters.

Parameter Value Parameter Value

DC voltage 200V DCM blocking diode 1.0 V/20 mQ
Inductor 560 uH/0.09 Q Bridge blocking diode 1.0 V/12.5 mQ
Filter capacitor 2.2 uF/1 mQ BJT hFE gain 1000

Load 5Q/1 mH BIJT bias/VcE sat 50V/1.0V
DCM IGBT Vce/Rcg ON 1.4 V/20 mQ Sense resistor 1Q

DCM IGBT Vp/Rp 1.0 V/20 mQ Operational amplifier ~ Ideal

Bridge IGBT Vce/Rcge ON - 1.8 V/20 mQ Sawtooth frequency 30 kHz

Bridge IGBT Vp/Rp 1.2 V/20 mQ Output voltage 100 V/60 Hz

T VR I=17]
=]

SSoccSS  SSSod
T TTT

and voltage
and voltage
T

Output current  Qutput current

Output current  Output current

L IAL

rrents  before filtered

---- Staircase

20F - o M aa -
Ve 3 |

zwmwvmw/\wmmwfwwmw

AAAAANA

Time [s] Time [s]

[T
SG
T

and

Linear

Staircase and
DC current [A] linear currents  before filtered
i
cws

e PN
SCUSLSLSh cwoh

DC current [A] linea

Figure 12. Conventional 9-level CSI Figure 13. 13-level CSI with 2-1-1 combination
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Table 4. Recorded data of simulation

Parameter 9-level 13-level 13-level 17-level
Layers 2 3 3 4
Stage combination 3-1 2-1-1 1-2-1 1-1-1-1
Load current 20.0 A 20.0 A 20.0 A 20.0 A
Load voltage 100.5V 100.7 V 100.6 V 100.2 V
DC current 13.0 A 125 A 125 A 12.1 A
THD-I 0.76 % 0.85 % 0.92 % 0.90 %
THD-V 1.91 % 1.95% 2.04 % 2.05 %
THD-I before filtering 2.04 % 2.04 % 2.02% 2.02 %
Efficiency 77.0 % 80.5 % 80.3 % 81.8 %
Table 5. Conventional vs proposed
13-level 13-level 17-level 17-level

Parameter . .

conventional proposed conventional proposed
Layers 2 3 2 4
Stage combination 5-1 2-1-1 7-1 1-1-1-1
Switch count 10 6 14 6
Diode count 15 9 21 9
Inductor count 5 3 7 3
Load current 202 A 20.0 A 202 A 20.0 A
Load voltage 101.2V 100.7 V 1015V 100.2 V
DC current 12.6 A 125 A 123 A 12.1 A
THD-I 1.22 % 0.85 % 1.69 % 0.90 %
THD-V 2.44 % 1.95% 328 % 2.05 %
THD-I before filtering 3.20% 2.04 % 4.59 % 2.02%
Efficiency 80.9 % 80.5 % 82.9 % 81.8 %

Table 4 shows the comparison among CSI with 3 DC current modules and a linear current
compensator, but they have different stage combination configurations. The worst efficiency was
presented by 9-level CSI with 3-1 stage combination or 9-level conventional with 77.0 % power
efficiency. The best performance was presented by 17-level CSI with 1-1-1-1 stage combination.
Despite having highest THD-V with 2.05 %, the 17-level CSI resulted the highest efficiency with 81.8
%.
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While table 5 shows the comparison of the corresponding level between conventional method and the
proposed one. It is shown the proposed method CSI didn’t give better efficiency, but it gave better
THD with fewer devices and inductors. With slightly different in efficiency, the proposed method can
be considered as a solution for constructing a multilevel CSI with high number of levels.

5. Conclusions

A new technique in generating a pure sinusoidal output current for high number of levels of the
multilevel CSI with using fewer switching devices has been presented with simulation results. By
arranging the activation of the current modules, the needs of switching devices of the multilevel CSI
can be reduced. However, due to linear circuit utilization, the efficiency of multilevel CSI that uses
some current modules never reaches 90%, although it gives very good THD results. It is better to
apply this method in a very high number of levels with many current modules, so that the linear
compensating current is extremely decreased. Moreover, in case of high current rating application, the
combination of the conventional and the proposed methods may give a solution to reduce the inductor
size for the current modules that applied in the outmost layer. Therefore, the proper selection of the
stage combination will determine the final result. In order to verify the simulations, the multilevel CSI
that controlled by using the proposed method is currently being investigated in several hardware
experimental setups.
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