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Abstract

This paper analyzes the imbalances that produce circulating currentin a system of two
three-phase VSI with SVPWM modulation that, sharing the same DC link, is connected to a
grid without galvanic isolation. This analysis has identified a principal imbalance: the
difference between the zero-vector parameters of the two inverters. This imbalance is
specific to the SVPWM modulation. The study proposes the correction of the imbalance by
measurement algorithms and Proportional Integral Control (using the Ziegler Nichols
method to tune the controller), in order to reduce or eliminate the circulation current and
increase system performance. It provides a method that does not use an equivalent circuit
or a model, determining the value of the imbalance directly and through a system output
signal. It has been used PSIM simulation program (version "9.0.3.400"), and the simulations
have been taken into account an “ideal” environment. For all simulated cases, this paper
analyzes the principal magnitudes and, to obtain the conclusions, shows power data (input
power, output power and system performance), in uncontrolled and controlled operation.
The simulations allow verifying the goodness of the proposed methods to detect, quantify,
control and correct the imbalance, and to improve the system performance.
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conversion of energy from renewable
sources (Schimpf et al., 2008; Petrone et al,,
2012; Lopez-Lapena et al,, 2012), allowing
the parallel connection of inverters the
most efficient generation profile of each
inverter throughout the day to be taken
advantage of.

When two parallel inverters are attached
without galvanic isolation (Tuladhar et al,,
1997; Mohamed, 2011; Xiao et al, 2011;
Massing et al, 2012), an internal
circulation current may appear. This
current means a loss in the system
performance, the appearance of DC
currents in the inverters and, consequently,
a malfunction of the entire system. These
phenomena appear when there are
differences that cause imbalances between
the homologous output voltages of the two
inverters (Chen et al., 2004; Chen, 2006; Yu

et al, 2007; Ye et al, 2007; Zhang et al,,
2009; Jiang et al., 2009; Ji et al., 2009;

Deshang et al., 2012; Jinwei et al.,, 2012).

System Modeling

The study has been carried out on a system
consisting of two three-phase inverters
sharing the same DC input link and
connected in parallel to a balanced three-
phase grid without galvanic isolation, as
shown in Fig. 1. The inverters are VSI, with
SVPWM modulation (Tsai et al., 2008; Ji et
al,, 2009; Mohamed, 2011; Beig, 2012). It is
usually possible to connect different power
inverters, so each one can operate at its
maximum power performance. In our
study, both inverters have the same power
performance, and the output voltage of the
system is regulated to a constant value.
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Fig.1: System Formed by two VSI Inverters Under Study with SVPWM Modulation.

Fig. 2 represents the IGBTs (Kaplar et al,,
2011) and the corresponding anti-parallel
diodes for the phase “a” of the two
inverters shown in Fig. 1.

In Table I the characteristic analyzed
variables are identified for the circuit of

Fig. 1; and in Table II, the values of the
magnitudes and the components used in
the subsequent experimental analysis are
specified.
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Fig.2: Representation of IGBTs and Anti-Parallel Diodes of the Phase "a".

Table I: Characteristic Analyzed Variables in the Study

Magnitude (unit) Description
Va, Vi, Ver (V) Output voltages of phases "a", "b" and "c" of the inverter 1.
Vaz, Vioz, Vez (V) Output voltages of phases "a", "b" and "c" of the inverter 2.
Vo, Vi, Ve (V) Load voltages of the phases "a","b" and "c"
oz, Ing, 11 (A) Output currents of phases "a", "b" and "c" of the inverter 1.
laz, Inz, 12 (A) Output currents of phases "a", "b" and "c" of the inverter 2.
Io, In, I (A) Load currents of phases "a", "b" and "c".
Icir (A) Circulating current of the system
K; Zero-vector parameter of the inverter 1.
K> Zero-vector parameter of the inverter 2.
AK Difference between the zero-vector parameters (K1-K2)

Table II: Values of the Magnitudes and Components Used in the Experimental Analysis

Magnitude Description Value (unit)
Vic DC-Link 250V
Liink Common Input link inductance of the system 500 pH
Liink Link inductance of the inverter 1. 20 pH
Liinkz Link inductance of the inverter 2. 20 uH
ClLinki Link capacitor of the inverter 1. 600 pF
Clinkz Link capacitor of the inverter 2. 600 pF
Rus, Ros, Ret Parasitic line resistorfor phases "a", “b” and “c” of the 05 Q
inverter 1.
Ruz, Rz, Rez Parasitic line resistorfor phases "a", “b” and “c” of the 05 Q
inverter 2.
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Magnitude Description Value (unit)
Lot Los, Les Line inductance for phases "a", “b” and “c” of the inverter 1.0 mH
Lz, Loz, Les Line inductance for phases "a", “b” and “c” of the inverter 1.0 mH
C Output capacitor phases “a”, “b” and “c”. 25 uF
ZLinka; . : : «.n o apm» « . » 0,0732 Q:
Zimis Zimie Link impedance to the grid for phases “a”, “b” and “c”. 300uH
Vaa, Vb, Ve Grid voltages for phases “a”, “b” and “c”. 110 V (rms)
Vcesar IGBT collector-emitter saturation voltage 2.5V
Vthp Threshold voltage of the anti-parallel diodes 0.7V
Ron-16BT IGBT ON-Resistor 0.1Q
Ron-p Anti-parallel diodes ON-Resistor 0.1Q
Fs Carrier frequency 10 KHz
Ts Period of the carrier component 104 sec
Fc Fundamental frequency 50 Hz
Tc Period of the fundamental component 2x 102 sec

Origin of the Circulating Current

In Fig. 1, one of the paths of phase "a" that
connects the output of the inverters with
the input DC link is marked. Similarly, it is
possible to identify all the paths of the
circuit. These paths allow the circulation of
internal currents, that flow over the source,
which produced power losses in each of the
inverters connected in parallel. These
currents are defined as ‘circulating
currents” (Chen et al.,, 2004; Chen, 2006; Yu
et al, 2007; Ye et al, 2007; Zhang et al,,
2009; Jiang et al.,, 2009; Ji et al.,, 2009; Chen,
2012; Jinwei et al, 2012). A difference
between the voltages of the homologous
outputs is also necessary to produce
circulating current inside in the path of the
current flow.

In the three-phase system of Fig. 1, the
equation defining the circulating current is

ICir (1):

_ (Ial_ |a2)+(|b1_ |b2)+(lcl_ Icz)

ICir 2

There are two ways to eliminate the
circulation current. The first is by breaking
the return paths, using, for example,
transformers (which is not the case of the
present study). The second is by
eliminating the voltage differences
between homologous outputs.

The present paper examines the difference
between the zero-vector parameters of the
two inverters (Zhang et al, 2009; Jiang et
al, 2009; Ji et al, 2009) such as the
phenomenon that causes imbalances
between homologous outputs of the
inverters, which in turn causes the
appearance of circulating currents. This
phenomenon is specific to the SVPWM
modulation.

Effect of the Difference Between the
Zero-Vector Parameters

When SVPWM modulation (Van der Broeck
et al.,, 1988) is used for generating control
signals in a three-phase inverter, it is a
common practice to apply a factor or
parameter that distributes the width of the
zero vectors. This method, defined as
"alternating zero-vectors”, maintains the
properties of the modulation and
eliminates  disturbances in SVPWM
sequence generation. The parameter that
allows the sequence of zero-vectors to be
distributed is defined as "K" (Van der
Boreck, 1988; Kazmierkowski et al., 1998;
Tsai et al,, 2008; Zhang et al.,, 2009; Jiang et
al, 2009; Ji et al, 2009; Hongwu et al,
2012; Beig, 2012; Das et al., 2012).

Fig. 3 shows the diagram of control signals
for the upper poles of the phases "a", "b"
and "c¢" of an inverter with SVPWM
modulation when the parameter "K" is
applied.
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Fig. 3: Sequence of control signals, for an SVPWM inverter on implementing the action of
the parameter "K".

The values of the parameters “d+”, “d2”, “do”

and “k” shown in Fig.3 are defined in (2),
(3), (4) and (5).

_ 4 N3, nm 2
d, =M 7S|n(? a(t)) (2)
d, =M % in(8(t) - (n-1) %’) 3
d, =1-M ?[a‘n(%” ~6(0) +sin(On) ~ (-1 3] (4)
k=k*d =K *11-m Ben? ' ” (5)

= 0= - 7[sm(?—6?(t))+sm(6?(t)—(n—1)§)]

Where "K" is the zero-vector parameter
(which varies between 0 and 1, and its
typical value is 0.5), "n" represents the
sector, "0(t)" the angle that the modulating
signal describes, and "M” the modulation
index.

The difference between the zero-vector
parameters of two inverters connected in
parallel without galvanic isolation is often
due to the different nominal power of each
inverter. Even when the two inverters
operate at the same power rating, the
overall impossible similarity between the
two systems results in differences in
effective K values of these inverters. There
have been many studies on the effects of
the zero-vector parameter on the
emergence of imbalances and the
appearance of internal circulating current
phenomena (Zhang et al., 2009; Jiang et al,,
2009; Ji et al., 2009).

For the circuit of Fig. 1, we suppose that the
zero-vector parameter K; for the inverter 1,
and the zero-vector parameter K; for the
inverter 2 are applied, where K; # K. Fig. 4
shows the activation signals and the
difference voltage (Vai-Vaz) for Ki<K, (Fig.
4-a) and for K;>K» (Fig. 4-b). In these
figures, we have identified three
"conduction zones" (numbered from 0 to
2). Table IIl identifies the devices that
conduct current for K;<K>, with negative or
positive direction of the load current, in
each of the zones. Table IV identifies the
devices that conduct current for K;>K>, also
with negative or positive direction of the
load current, in each of the zones. For the
case K;<K>, and also for the case K;>K, the
difference  of voltages (Vu-Vaz) is
independent of the direction of the current
“I", so (Va1-Va2) is a square pulse within the
period of the carrier signal, having a width
defined in (6):
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Aw = |AK*Ts*dy)| (6)

Where AK = (K;-K2). Therefore, the signal
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Fig. 4: Activation signals and (V.:-V.z) with a difference between the zero-vector
parameters of the two inverters.

The pulse height value is “V4” and the
width value is directly proportional to the
signal dy (4), which is not a constant value.
However, if the approximation that d is

constant and equal to its mean value, (d,),

is performed, we can accept that:

(Vo Voo 0) = * Vo™ A 17T, 70 =V, "0 K 9
Therefore, the value of AK is (8):
s - Va0 V) ®
dO *Vdc

With this AK definition, and applying the PI
control (Kazmierkowski et al., 1998; Chen
et al, 2004; Yu et al, 2007; Yang et al,
2011), the value of K can be corrected and,
consequently, we can eliminate the

imbalance which causes the appearance of
the circulating current. Fig. 5 shows the
analyzed circuit, with the applied PI control
and the correction system over K.
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Table I1I: Devices Conducting for each Zone for K;<K;
Negative direction of “I,” Positive direction of “I,”
Zone Inverter
Inverter 1 2 Inverter 1 Inverter 2
0 Sni Snz D1 Dz
1 Sni Dy D1 Sp2
2 Dp1 Dpz Sp] SpZ
Table IV: Devices Conducting for each Zone for K;>K>
Negative direction of “I,” Positive direction of “1,”
Zone
Inverter 1 Inverter 2 Inverter 1 Inverter 2
0 Sn] Snz Dn] DnZ
1 Dp1 Snz Sp1 D
2 Dp1 Dpz Sp] SpZ
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Fig. 5: Block diagram and proposed control for the imbalance between the zero-vector
parameters.

Simulation Results

We have performed the simulation using
the formulation explained before. The
models have been implemented in "PSIM"
(Professional Version 9.0.3.400).

Considerations included are that both
inverters work ideally and simultaneously,
and there are not tolerances in the passive
components. The imbalances have been
introduced in the inverter 2 so control
signals have been fed into inverter 2. The
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PI controller tuning has been performed second case, the simulation was performed
using the Ziegler-Nichols method, verifying for K;=0.5 and K>=0.8.

the  system’s  stability = with  the

corresponding  Bode  analysis.  The Figs. 6-a, 6-b, 7-a, and 7-b show the graphs
simulation is performed in the sampling of "Ieir", "las", and "I;2", when the system
period of 1 psec, with an analysis time works freely. Figs. 6-c, 6-d, 7-c, and 7-d
horizon of 0.2 sec. show the same magnitudes when applying

the proposed control and correction.
The results displayed below have been
obtained for two different cases: for K;>K>
(Fig. 6) and Ki<K: (Fig. 7). Specifically, for
the first case, the simulation was
performed with K;=0.5 and K>=0.3. For the
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leilA) La1(A), 1,5(A)
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=20 -100
» e L L W L L . L Lo e 0 002 [ 0.06 .98 2] 0.1z [ 0.16 018 02
Time (usec.) Time (psec.)
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Fig. 6: “Ici”, “Ia1” and “I,2” for K;=0.5 and K>=0.3, without control (Figs. 6-a and 6-b) and
with control (Fig. 6-c and 6-d).
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Fig. 7: “Ici”, “la1” and “I,2” for K;=0.5 and K>=0.8, without control (Figs. 7-a and 7-b) and
with control (Fig. 7-c and 7-d).

The method proposed in the present paper
obtains the imbalance directly from the
system and through the difference of the
homologous output voltages of the two
inverters, without using an equivalent
model.

Table V collects the data input and the
output power, and the performance of the
system, for the two cases analyzed. It
should be noted that the reduction of the
circulating current increases the system
performance. For the first case, in which
the initial difference between the zero-
vector parameters was 0.2, a performance

improvement of 2,96 % has been obtained.
For the second case, in which the difference
between the zero-vector parameters was
0.3, a performance improvement of 6,29 %
has been obtained. These enhancement
values are very significant because any
slight variation between the zero vector
parameters of both inverters generates not
only harmonic components at multiples of
the fundamental frequency, but also
continuous components in the output
currents and in the circulation current,
with non-negligible values. The use of
control eliminates them and substantially
increases the performance.

Table V: Power Values and Performance for the Cases Analyzed in Section V.

K1=0.5 K2=0.3 K1=0.5, K2=0.8
Parameters Without With control Without With control
control control
Input Power (W) 10.084 9.721 10.534 9.728
Output Power (W) 8.000 8.000 8.000 8.000
Performance (%) 79,33 82,29 75,94 82,23
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Conclusion

This paper has proposed a method to allow
a correction action on one inverter,
connected in parallel to another, in order to
eliminate the circulation current and
thereby increase system performance to
the maximum possible value, in case of an
imbalance in the zero-vector parameters.
The proposed procedure is not excessively
complex and does not need a high
processing capacity. The proposed method
has been validated by quasi-functional
simulation, based on a simulator already
validated with prototypes of previous
inverters.
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