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Abstract: When converters are connected in parallel, a system with some benefits, including modu-
larity and redundancy, is obtained. However, in these circumstances, circulating currents can appear
that produce some adverse effects. In this work, a study of the low-frequency circulating currents that
appear in three-phase inverters connected in parallel is performed. The study is focused on the effects
produced by the parameter mismatch, namely inductance mismatches, power imbalance, and the use
of different pulse with modulation (PWM) techniques. The nature of the circulating current produced
by each of these factors were analyzed separately. Both simulation and experimental results are
shown, which were obtained using a three-phase 10-kW prototype composed of two 5-kW inverters
connected in parallel.
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1. Introduction

The connection in parallel of converters has many advantages, such as modularity,
better thermal management, higher power capacity, redundancy, and easy maintenance [1].
When inverters have a modular implementation, a redundant system is obtained, in which
a module is easy to replace in case of failure [2], and the active modules can provide a
fraction of the nominal power of the overall system. Moreover, the power of a system
can be increased by adding new modules [3]. Another benefit of paralleling converters
is that they allow for sharing of the current among the modules, so low-power devices
that have a higher switching frequency and reduced inductor sizes can be used [4]. Fi-
nally, in some applications, such as high-power central inverters for photovoltaic farms,
the connection in parallel of inverters that manage a fraction of the full power allows
for the connection/disconnection of parallel modules, increasing the efficiency in low
power conditions [5,6].

1.1. Potential Applications of Parallel Inverters

Due to the large number of advantages resulting from the parallel connection of
inverters, this configuration has been extended to many applications, such as those de-
scribed below.

1.1.1. Active Front-End

In recent years, power electronics have had a significant impact on renewable energy
and the motor drive industry. However, the penetration of non-linear elements pollutes the
grid, increasing the distortion of current and voltage waveforms (total harmonic distortion;
THD) [7]. Therefore, it is a goal to reduce the distortion of the currents (THDi) injected into
the grid. The Active Front End is currently a standard solution to reduce the THDi of the
grid current in motor drives, grid energy storage systems, electrical vehicle chargers, etc.
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The Active Front End (AFE) is a controllable rectifier that has advantages such as a unity
power factor and very low THD;j, and it provides bidirectional power flow between AC
and DC power [8]. The use of parallel AFE converters has become more popular due to
their low cost and expandability [9].

1.1.2. Photovoltaic Inverters

In the context of photovoltaic fields, many studies have considered the use of decentral-
ized inverters connected to a single string [10]. The greatest benefit of using decentralized
inverters is the large number of maximum power point (MPP) inputs in this type of system.
However, decentralized topologies are less interesting for high-power applications due to
their high cost. As an alternative, centralized inverters are often used for high-power appli-
cations since they offer a good compromise between cost and efficiency [11]. Moreover, the
use of central inverters composed of parallel inverter modules that can be connected and
disconnected depending on the power generation is usually considered, so the performance
of the central inverter increases at low power levels. Transformerless inverters connected
in parallel can be employed to obtain a less bulky and expensive system.

1.1.3. Interlinking Converters in Microgrids

Microgrids make it possible to integrate loads and renewable energy sources at the
local level. This integration has some advantages, such as reduced greenhouse emissions,
reliable operation, reduced transmission and distribution pressure on existing power
systems, etc. [12]. Moreover, in this context, in which renewable energy generation systems,
such as photovoltaic generation systems, are becoming increasingly common at the local
level, having a hybrid microgrid allows for great energy savings by managing both DC and
AC loads/sources in independent buses, avoiding double conversions from DC to AC and
from AC to DC. The power deficits or surpluses on the DC and/or AC side can be managed
through interlinking converters. These interlinking converters can be formed by several
inverters connected in parallel, resulting in a modular system in which inverter modules
can be added in the case of increasing the maximum required power to be transmitted [13].
The parallelization of inverters also increases the resilience of the system since, in the
event of failure of one of the inverters, the power flow between the AC and DC buses can
continue, albeit with reduced power.

1.2. The Problem of Circulating Currents and the Main Contribution of This Work

However, when the converters are connected in parallel, circulating currents appear
that can produce undesirable effects in the system [14]. They are produced due to hardware
mismatches (filter inductors, power delivered by each inverter), or differences in the
control parameters, such as the modulators of the inverters connected in parallel [15].
These currents can produce adverse effects, such as current distortion, unbalanced load
sharing between modules, conduction losses in the commutation devices, and low efficiency
in the system [15,16]. Moreover, circulating currents can produce additional thermal
stress in the case of unsymmetrical load conditions, leading to the overloading of one of
the inverters [17].

Circulating currents can be divided into low-frequency and high-frequency com-
ponents [18,19]. The high-frequency component exhibits harmonics near the switching
frequency and its multiples, while the low-frequency component has harmonics near the
fundamental frequency [20].

Some studies have proposed control techniques to reduce the circulating
currents [21-26], but the origin and the nature of the problem have not been analyzed
in detail in these works. Reference [27] studied the circulating currents produced by phase
shifting between the pulse with modulation (PWM) carrier signals of two inverters con-
nected in parallel. Reference [28] studied the effects that appear when the fundamental
voltages produced by several inverters working in island mode have different phases
and frequencies.
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The main contribution of this paper is that it deepens the study of the circulation
currents that appear among several inverters connected in parallel. To achieve this goal,
the following factors are analyzed that have not been considered in previous papers:
mismatching among the phase inductances of the same inverter due to the inductance
tolerances, mismatching among the nominal inductance of all the inverters connected in
parallel, the influence of the load factor, and the use of different modulation techniques
among inverters. In addition, it is shown that only a third harmonic and its odd multiples
appear in the circulating currents when the three-phase inverters connected in parallel are
balanced, whereas components at the fundamental frequency and its odd multiples also
appear in case of power unbalances among inverters. Both simulation and experimental
results are reported to validate the study.

2. Low-Frequency Circulating Currents” Nature

For the study of the circulating currents’ nature, a 10-kW three-phase system composed
of two 5-kW inverters connected in parallel is considered. The inverters are connected to the
grid through the point of common coupling (PCC), following Figure 1. The parameters of
the inverters are summarized in Table 1. The grid filter is composed of an LCL configuration
with capacitors Cy, damping resistances R;, and single-phase inductors in the converter
side L;. A three-phase inductor L; is shared by both inverters connected in parallel. The
parameters 7, and r, are the equivalent series resistance of inductors L, and L;, respectively.
M, defines the mutual inductance of the three-phase inductor. Note that L;; and L,, are
pictured in Figure 1 since imbalances in L, inductor are considered, but the value of 7,
is maintained in all cases. The dc-link capacitors are defined as C,. In this work, the AC
voltage is set by the grid to 230 V phase-phase and 50 Hz, and the voltage in the DC bus is
fixed to 500 V.

Vg
— r%irlggl PCcC I, I—b c
[ + /\/ 77T 2- 77T 77T
v | == Ct,Rq
e T
=, i
/\/ 777 22 777

Ct Ry ?
r

Figure 1. One-line diagram of two three-phase inverters connected in parallel with LCL filters.

Table 1. System parameters.

Parameter Nominal Value Parameter Nominal Value
V-RMS

(phaie-phase) 230V My —80uH
Ve 500 V a 50 mQ)
P, 5 kW p 50 mQ)
fe 50 Hz Cr 9 uF
C, 1.2 mF Ry 440
L, 5 mH fow 10 kHz
L 320 uH

Figure 2 represents the simplified scheme of the two three-phase inverters connected

in parallel. Note that the filter capacitors, the inductance L; of the LCL filter, and the
— — —
grid voltage do not affect the circulating currents. In Figure 2, V 41, V1, V1, express
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the phase voltages given by inverter #1, while V 45, Vs, V, are the voltages given by
inverter #2. All the harmonic content is considered in these vectors. Similarly, the currents
- = — - = — —
in both inverters are represented by I 41, I g1, Ic1, I 42, I2, I 2. Impedances Z; and
—
Z, describe the impedance seen by the circulating currents.
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Figure 2. Simplified scheme of two three-phase inverters connected in parallel.

5
From this scheme, it can be noted that a circulation current I 74 appears if an im-

balance between the voltages given by voltage source mverters is produced [20]. As an

example, the circulating current that appears when V A1 and V Ap are different is expressed
by (1). The series resistance r; of the inductor L, has been omitted.

V-V

— —

IZA:M (1)
Z1+ 72>

From Figure 2, (2), and (3), the vector diagrams of Figure 3 are obtained. Figure 3a
—
shows a vector diagram of the circuit when there are current variations between I 41 and

— — —
I gp. Similarly, Figure 3b shows V 41 and V 4, when the inductance value in both inverters
is different. Then, if there is a mismatch between the current or the mductance of the
grid filters, there will be an imbalance between the voltage inverters V A1 and V A2, and
circulating currents will appear, as (1) expresses.

— —

N
Var = Ve — I a1-jwln ()

— —

.
Var=Vea— I ajwlp 3)
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Figure 3. V41 and V4, voltage variation according to: (a) current variation being I 4o > I 41;
(b) inductance variation being Lap > L,1.

Usually, the sum of the phase currents in a three-phase inverter is zero (4), but when
several inverters are connected in parallel, the sum of the phase currents is expressed by

— —
(5) and (6), where I o1 and I o, define the zero-sequence or homopolar component of the
currents, respectively.

— — —
IA+IB+IC:0 (4)
Tm+Ip+l
T+ I+ 1 077 tIp+
lmm+Ipp+1c1=3lor = 1an=101= Al 381 C1 5)
Tt Ipt1
- - - N . N " n
Tao+ I+ Ica=38lpp— Iz= Ipp = —22 382 2 ©)

The circulating current in each inverter agrees with the zero-sequence component.
When two inverters are connected in parallel, the circulating current in both inverters has
the same value but opposite signs, following (7). For n inverters connected in parallel, the
sum of the circulating currents of the inverters is zero (8).

- - -
Iz=101=—10 (7)
- - -

Iotr+Too+ 1Ton=0 8)

In a three-phase system such as that represented in Figure 2, the circulating currents
follow (9), where k represents the harmonic order; w; represents the grid frequency (first
harmonic); and @k, @p, and @cy are the phase angle of each one of the k order harmon-
ics [29].

7= ;(Z Lakcos(kwit + @ar) + Y Ink COS(k<(W1t - 2;) + (PBk> + Y Icx (k((w1f+ 2;) + fPCk)) )

k=1 k=1 k=1

It may be deduced from (9) that, when the three-phase inverter components are
balanced, assuming that Isx = Ipg = Icx = Iy and @ = @Bk = Pck = ¢k, (10) results.

-
I

z

1(& > 2 > 2
3 (Z I cos(kwlt + (Pk) + Z I} cos (k((wlt - ;T) + (Pk) + 2 I; cos (k((wlt + ;[) + (Pk>> (10)
k=1 k=1 k=1
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Solving (10) for k =1, 2 ... n, it can be noted that the components different from
k = 3 and its multiples are canceled, while components k = 3 and its multiples produce
a circulating current. Moreover, the value of even order harmonics is negligible due to
medium wave symmetry in the grid voltages and currents. Thus, the circulating currents
in balanced inverters are composed of k = 3 and its odd multiple harmonics. In other
words, if each of the inverters connected in parallel supplies the same power, the circulating
currents will only contain odd harmonic components and multiples of 3 of the fundamental
(k=3,9,15, etc.). The same conclusion is reached if non-zero phase angles of the harmonic
components are considered. In practice, the most notable component is the third harmonic,
and the others have very low values.

These harmonics produce an imbalance in the current-sharing between inverters. If the
imbalance is produced among the phases of the same inverter, the currents in the phases of
the same inverter will be unbalanced. From a practical point of view, one or more inverters
will be overloaded, so their life cycles could be reduced.

3. Simulation and Experimental Results

In this section, both simulation and experimental results are obtained, showing the
influence of the mismatches between inverters in the appearance of circulating currents.
The simulation results were obtained by means of the simulation tool PSIM™, and the
experimental results were obtained using the laboratory setup that Figure 4 shows. The
two parallel inverters were connected to an AC bus and a DC bus. The AC bus was powered
by a Cinergia GL and EL-50 bidirectional power supply, which emulates a 230-V RMS
(phase-phase) 50-Hz AC grid. In addition, a GSS Regatron power supply was connected to
the DC bus to maintain a constant 500-V DC voltage. The digital control of the inverters
was developed using a Texas Instruments TMS320F28379D dual-core microcontroller.

Figure 4. Experimental setup.

In grid-connected inverters, the control variables are usually the DC voltage and AC
currents. The AC voltage is not controlled since the inverters are working as grid-feeding.
The control structure is shown in Figure 5. This control structure is implemented in the
synchronous reference frame. The current control loops on the d-axis and g-axis regulate
the active and reactive power of the inverters, respectively. To achieve a unity power factor,
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the reference for the reactive control loops was chosen to be zero. Since this work is focused
on the analysis of circulating currents, a constant DC voltage was assumed, so the DC
voltage control loop has been omitted. In this scheme, the currents on the d- and g-axes are
defined as iy1, ig2, ig1, ig2- The current references in both channels are i*d and i*q‘, and the
duty cycles are dy1, dy2, dg1, dgo. Gi(s) is a current control regulator, kjec1 and k> are the
decoupling terms implemented between the d- and g-axes, 0,,;4 is the grid angle obtained
with a phase-locked loop, and Sgp1, San1, prl, Stn1s Sep1s Sen1, Sap2, San2, prz, Stn2, Scp2, and
Senp are the switching signals of the transistors.

Equations (11) and (12) define the decoupling terms k.1 and kg2, following [30]. In
these equations, w is the angular frequency of the grid, while ¢; and ¢, define the load
factor of each of the inverters.

_ Sapl -
la1 —5 ad San1
. S
iy — b g PWM || -PP1
. Sbnl
Itk = co Scpl
T L Scnl
6grid
_ SapZ -
la2 —» ad San2
. N pr2
I — b g PWM >
. Sbn2
IC2 - c o Scp2
T L Scn2
6grid
Figure 5. Control structure.
L @ (La+ (Lp — M) 412) a1
decl =
e Fm Vdc
w (Lg+ (Lp — Mp) 922
(La+ (Lp — Mp)=2) 12

dec2 — Fm Vdc

The nature of the circulating currents produced by inductance mismatching, the power
imbalance, and the use of different modulators was evaluated. To analyze separately the in-
fluence of each factor in the circulating currents, two inverters with the same characteristics
were employed. In each test, only one of the analyzed parameters mentioned above was
changed to evaluate its influence on the resulting circulating currents. It is worth pointing
out that, when the two inverters have identical parameters and are working at the same
operational point, there are no circulating currents.

3.1. Circulating Currents in a Balanced System

First, the circulating currents in two identical inverters connected in parallel and
with the nominal characteristics described in Table 1 were studied. Figure 6a,b shows the
circulating currents obtained in the simulation and experiment, respectively.
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Figure 6. Circulating current in a balanced system composed of two identical parallel inverters. Phase
currents of inverter #1 at the top, circulating currents in the middle and phase currents of inverter #2
at the bottom. (a) 100% load factor simulation results; (b) 100% load factor experimental results.

Figure 6a depicts the currents in phase A (red), phase B (blue), and phase C (green)
of inverter #1 (top) at full load. In the middle, the circulating currents expressed as
(ia + ib + ic) /3, which are the zero-sequence currents of each inverter, are observed. At
the bottom of this figure, the phase currents of inverter #2 are shown. It can be noted
that, if both inverters have the same parameters, the circulating currents are zero in the
whole range of power. Note that all the inductors in this test have a 5-mH inductance. This
operation mode is purely theoretical, as component tolerances and differences between
inverters will always exist, even if they are the same model from the same manufacturer.

Since in real conditions, the inductors have some tolerances, the six inductors that
were available in the laboratory were measured. The real values of these inductors are
presented in Table 2. To approach ideal conditions, the inductors were distributed among
the different phases, seeking to reduce the differences among phases, so they affected as
little as possible the circulating currents. Note that the inductor connected to the C phase
of inverter #1 L, (1 is 5.4% higher than the nominal value, and L, , is 3% lower.

Table 2. Measured values of inductances La.

Parameter Nominal Value Parameter Nominal Value
Ly a1 5.14 mH La ao 5.1 mH
Lo w1 5.14 mH Ly p2 4.85 mH
Ly 1 5.27 mH Ly 2 5.03 mH

Figure 6b shows the experimental results in which the inductors in Table 2, with
a nominal value of 5 mH and a 10% tolerance, were used. At the top of the figure are
represented the currents in phases A (orange, CH1), B (green, CH2) and C (pink, CH3) of
inverter #1. In the middle are represented the circulating currents of inverter #1 (purple,
CH?) and inverter #2 (pink, CHS8) as (ia + ib + ic). At the bottom are represented the currents
in phases A (blue, CH4), B (red, CH5), and C (orange, CH6) of inverter #2. Because the
inductors are real components, the inductance connected at each phase of the inverters
is influenced by the tolerance, so it is not possible to experimentally reproduce a case in
which all the inductances are identical. In this case, it can be noted that a circulating current
appears, which has a principal component of 50 Hz.
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The same tests were performed in the whole power range of the inverters. Figure 7
shows the 50-Hz component of the circulating currents obtained from both the simulation
and experimental results. Note that the 50-Hz homopolar component I1" is expressed in
normalized values with regard to the positive sequence fundamental component of the
inverter currents I;*. Note that the harmonic at 50 Hz obtained by the simulation is zero in
the whole range of power of the inverter.

0.8

0.6

/15" (%)

10% 20% 30% 40% 50% 60% 70%

Load Factor (%)
Simulation Experimental

80% 90% 100%

Figure 7. Simulation and experimental harmonic of 50 Hz I 1h /11" of the circulating current in the
whole power range for a balanced system.

3.2. Circulating Currents with a Mismatch between the Inductances of the Inverters

The same inverters with the characteristics of Table 1 were used in these experiments,
but the inductance L,;» of phases A, B, and C of inverter #2 was modified. To achieve
significant differences among the inductances of the inverters, additional inductors with a
nominal value of 2 mH were added to the filters, with 7 mH being the value of the total
inductance, so it is a 40% increase. In this case, L,;71 is 5 mH, and L,, is 7 mH. The simulation
results are depicted in Figure 8a. The phase currents of inverter #1 are depicted on the
top; at the bottom, the phase currents of inverter #2 are depicted, and in the middle, the
circulating currents are depicted.

NommHi-Res  Edge Ext £2.00 ¥
1.2MS/s  Auto
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Ila 11b i 0 1
2 10ms/div]
20 : i
bt \ {
= 10 v \ y \ / \ i
g 0 \ i
E i
O 10 X i
X / i
—20 f |
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:g 0.1 i, . T~ Vo /\
3 0 N " T " T} T’ | !
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Figure 8. Circulating current with unbalanced inductors between inverter #1 and #2 (L;; = 5 mH, and
Ls» =7 mH). Phase currents of inverter #1 at the top, circulating currents in the middle, and phase
currents of inverter #2 at the bottom (a) 100% load factor simulation results; (b) 100% load factor
experimental results.

In Section 2, it was indicated that harmonics k = 3 and their multiples appear in a
balanced system. In this section, it is emphasized that, although they are not of high values,
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the circulating currents under the evaluated conditions (different nominal inductances
between inverters) have as main components the harmonics of 150 Hz, 450 Hz, etc. (that is,
the components of the order of 3, 9, etc.).

The experimental results are reported in Figure 8b. As in the previous case, real
inductances were employed, with the values summarized in Table 3. The 7-mH inductances
were composed of the 5-mH inductances employed in the previous section and the 2-mH
inductances connected in series. The 50-Hz component for the experimental results, which
is represented in Figure 9a, had similar values as in the previous case since the differences
in inductance between the phases were similar. However, for the simulation results, this
harmonic was zero in the whole range of power since the inductances in the same inverter
are balanced. Figure 9b shows the 150-Hz harmonic k = 3 varying the power throughout
the range of 10-100% for both the experimental and simulation results. The percentage
value of the harmonic with respect to the fundamental harmonic of the direct sequence of
the current is represented in this figure.

Table 3. Real inductance values.

Parameter 5-mH Inductor Parameter 5-mH Inductor 2-mH Inductor 7-mH Total Inductance

Ly a1 5.14 mH Ly an 5.1 mH 2.06 mH 7.16 mH

Ls p1 5.14 mH Ly p2 4.85 mH 2.13 mH 6.98 mH

Ly c1 5.27 mH L o2 5.03 mH 2.09 mH 7.12 mH

0.6 2

_ —15
Ro4 S
p el
=02 -
= 0.5

0 0

10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Load Factor (%) Load Factor (%)
Simulation Experimental Simulation Experimental
() (b)

Figure 9. Simulation and experimental harmonics of: (a) 50 Hz LM/ *; and (b) 150 Hz I3 /I;* in the
whole range of power of the circulating current with unbalanced inductors between inverter #1 and
#2 (Ls1 =5mH and, L;, =7 mH).

From the obtained results, it can be concluded that the use of inductors of different
nominal values for each of the inverters connected in parallel does not have a significant
effect on the appearance of circulating currents.

3.3. Circulating Currents with an Unbalanced Load Factor between Inverters

In this section, load factor imbalances are considered, with inverter #1 operating at
half the power of inverter #2 in the whole range of the supplied power.

Figure 10a,b shows, respectively, the simulated and experimental phase currents and
the circulating currents. The load factor of inverter #1 is 25%, and that of inverter #2 is
50% for both the simulation and experimental results. For the same reason previously
outlined, the 50-Hz component does not appear in the circulating current obtained by
the simulation because no differences among the phase inductors of each inverter were
considered. In the experimental results, in which the real inductors of Table 2 were used,
the 50-Hz harmonic of the circulating currents exists, as Figure 11 shows. This figure shows
the 50-Hz and 150-Hz harmonics of the homopolar component, which are expressed as a
percentage of the fundamental positive sequence component of the phase current. The load
factor represented on the x-axis is that of inverter #2.
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Figure 11. Simulation and experimental harmonics of: (a) 50 Hz I 1M/ *; and (b) 150 Hz I3h /I * in
the whole range of power of the circulating current with unbalanced load factor between inverter
#1 and #2.
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From the obtained results, it can be concluded that the power imbalance between
the inverters connected in parallel does not have a significant effect on the appearance of
circulation currents either. Actually, the effect of considering different inductances in the
inverters is similar to the effect obtained by unbalancing the currents supplied by each
inverter. Both factors produce a different voltage decease in the grid connection impedances
of each inverter, which is the cause of circulating currents.

3.4. Circulating Currents with a Mismatch between the Inductances of the Same Inverter

To evaluate the influence of a serious mismatch among the phase inductances of each
inverter, the configuration that Table 4 shows was implemented. The nominal value was
used in the simulations, while real values were employed in the experiments.

Table 4. Value of inductances I, with a 40% imbalance in phase A of inverter #2.

Parameter

Nominal Value

Real Value Parameter Nominal Value Real Value

Lu_a 1
Lu_b 1
Luﬁc 1

5mH
5mH
5mH

5.14 mH
5.14 mH
527 mH

7 mH
5mH
5mH

716 mH
4.85mH
5.03 mH

Lu_uz
La_b 2
La7c2
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Figure 12 shows the simulated (a) and experimental (b) circulating currents between
inverters. It may be noted that the phase A current amplitude of the second inverter is
approximately 8% lower than those of phases B and C. In contrast, phase A of inverter #1
presents an 8% increase.

Figure 13 details the 50-Hz harmonic value of the circulating currents in the whole
power range. As explained before, the 50-Hz harmonic appears due to the phase inductance
mismatch. Harmonics of 150 Hz, 250 Hz, 350 Hz, etc., also appear, but their value is
negligible compared to the 50-Hz component.
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Figure 12. Circulating current with a 40% increase in the inductance of phase A of inverter #2. Phase
currents of inverter #1 at the top, circulating currents in the middle, and phase currents of inverter #2
at the bottom: (a) 100% load factor simulation results; (b) 100% load factor experimental results.
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Figure 13. Simulation and experimental harmonic of 50 Hz I 1h /1" in the whole range of power of
the circulating current with a 40% increase in the inductance of phase A of inverter #2.

It can be concluded that the tolerance of the inductors of the same inverter has an
appreciable effect on the appearance of circulating currents, which mainly present large
fundamental harmonics (50 Hz in the case under study) that increase as the power of the
inverter increases. In practically the entire power range, this harmonic represents 6% of the
inverter current, which has a clear, negative effect on the parallelized system by notably
increasing the current flow through each module, without this current reaching the grid.
It should be noted that, in this case, a nominal inductance of 5 mH was defined, and a
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7-mH inductance was considered in phase A of inverter #2, representing a variation of
+40% with respect to the nominal value. These values were those available in the laboratory
to perform the experimental tests. However, the results obtained allow for predicting
the perverse effects that would appear when considering a tolerance of the inductors of
approximately £16%, considering that the nominal value is 6 mH, and 5 mH-7 mH are
the extreme values in the range of expected variation. Considering that the tolerance of
power inductors has typical values of 20% and even higher, it follows that this factor can
produce the appearance of a significant 50-Hz harmonic in the circulating currents.

3.5. Circulating Currents with Different Modulation Techniques between Inverters

In this section, the effects of using inverters that implement a different type of PWM
modulator are studied. This use could occur in practice, for example, if one of the inverters
is installed some time after the other to extend the power supply. In this case, if the inverters
are of different models and manufacturers, the type of PWM modulation used by each
could be different. To evaluate this scenario, it is considered in this section that inverter #1
uses a symmetric space vector modulator (SVM), while inverter #2 works with a sinusoidal
PWM (SPWM). This case is considered to be particularly disadvantageous for the reasons
detailed below [31]. Symmetric SVM is usually used in three-wire three-phase inverters,
and it produces a third harmonic of zero-sequence in phase voltages, which disappears in
phase-to-phase voltages. Sinusoidal PWM does not introduce any homopolar component in
the phase voltages. Consequently, when inverters that operate in parallel implement these
different types of modulators, a large zero-sequence voltage component appears in the
phase voltages of the inverter controlled by SVM that is not compensated for by the phase
voltages of the sinusoidal PWM inverter. As a result, a very large zero-sequence circulating
current appears, which is only limited by the impedances of the loop. It should be noted
that this phenomenon does not appear if both inverters implement sinusoidal PWM and
neither if both are controlled by symmetric SVM. If both inverters implement SVM, the
homopolar components generated by the modulator in the phase voltages of each inverter
are compensated for by the voltages generated by the other one. The study could also be
extended by considering different types of SVM modulators (asymmetric, discontinuous
sequence, etc.), but it is considered sufficient to evaluate the worst case described since the
rest of the cases will present a certain influence on the currents of circulation but always a
much smaller influence than the extreme case evaluated.

Figure 14 shows the simulated (a) and experimental (b) circulating currents between
the two inverters. In this case, the 150-Hz component of the circulating current is very
high, about 4 A in amplitude, in the whole range of power. This component has a value
of approximately 25% of the fundamental positive sequence at nominal power, and it
considerably increases at light power. Specifically, with a 10% load factor, the circulating
current has a value of 225% with regard to the fundamental component of the phase currents.
Figure 15a,b expresses the value of the 50-Hz and 150-Hz harmonics of the circulating
currents in percentages with regard to the fundamental component of the phase currents.
It is worth noting that a 450-Hz harmonic also appears, which is represented in Figure 15c,
because the third harmonic introduced by symmetric SVM is not perfectly sinusoidal, but it
is a triangular component, adding higher-frequency harmonic components, of which only
the order 9 harmonic is considered to be relevant.

As can be seen in Figure 14a,b, due to the harmonics contained in the circulating
currents, there is great distortion in the phase currents of both inverters. These currents
could stress both the filter components and the power stage semiconductors.

From the obtained results, it can be concluded that the use of very different PWM
modulators has a great effect on the appearance of circulating currents, which only depends
on the mismatch between the phase voltages generated by the inverters. Therefore, they
practically do not vary with the load factor.
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Figure 14. Circulating current with SVM in inverter #1 and SPWM in inverter #2. Phase currents

of inverter #1 at the top, circulating currents in the middle, and phase currents of inverter #2 at the

bottom: (a) 100% load factor simulation results; (b) 100% load factor experimental results.
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inverter #2.

3.6. Current Sharing in Dynamic Conditions

Experimental results were obtained in dynamic conditions performing load steps of
the load factor. The following figures show the phase currents in inverters #1 and #2 (upper
and lower waveforms, respectively) and the resulting circulating currents (in the middle).
Figure 16 shows the circulating currents when inverter #1 is working at 25% of the load
factor and inverter #2 is working at 50%. A load step is performed in which inverter #1 is
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working at 50% of the load factor and inverter #2 is working at 100%. Figure 17 shows the
circulating currents in dynamic conditions with a load step from 50% to 100% in the case in
which an imbalance in the inductance value of phase A of the second inverter exists. Finally,
Figure 18 shows the phase currents and the circulating currents in dynamic conditions
when inverter #1 is controlled by SVM and inverter #2 by SPWM.

As indicated in previous sections, in most cases, circulating currents are directly
proportional to the load factor, as in the cases of Figures 16 and 17. However, the circulating
currents are constant and especially large when inverter #1 is controlled by SVM and
inverter #2 by SPWM (Figure 18).
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Figure 16. Experimental circulating current with a load step from 25% to 50% in inverter #1 and from
50% to 100% in inverter #2. Phase currents of inverter #1 at the top, circulating currents in the middle,
and phase currents of inverter #2 at the bottom.
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Figure 17. Experimental circulating current with a load step from 50% to 100% when the inductance
of phase A of inverter #2 is increased by 40%. Phase currents of inverter #1 at the top, circulating
currents in the middle, and phase currents of inverter #2 at the bottom.
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Figure 18. Experimental circulating current with a load step from 50% to 100%when inverter #1 is
controlled by SVM and inverter #2 by SPWM. Phase currents of inverter #1 at the top, circulating
currents in the middle, and phase currents of inverter #2 at the bottom.

4. Circulating Currents in Photovoltaic High-Power Applications

In the introduction, the advantages were described of implementing centralized in-
verters in megawatt photovoltaic fields by connecting photovoltaic inverter modules that
handle a fraction of the generated power in parallel. These advantages include scalability,
redundancy, and a certain degree of fault tolerance.

For the study of circulating currents in large power photovoltaic inverters, a 2-MW sys-
tem composed of four modules, each of 500 kW, is considered. Figure 19 shows the scheme
of the photovoltaic inverters connected in parallel, and Table 5 shows the parameters of the
high-power system.
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Figure 19. High-power photovoltaic inverters connected in parallel.
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Table 5. Parameters of the high-power photovoltaic inverters.

Parameter Nominal Value Parameter Nominal Value

V¢-RMS (phase-phase) 400 V M, —15 uH

Vi [650-820] V M, 0

P, 500 kW a 1 mQO

fs 50 Hz 1y 1 mQ

Co 15 mF e 1mQO

Ly 160 uH Cf 500 uF

Ly 60 uH Ry 0.120Q

L¢ [2.5-50] uH fow 2 kHz

M, —40 uH

Current (A) Current (A)

Current (A)

t(A)

Curren

Figure 20. Circulating currents in high-power photovoltaic farms. From top to bottom, phase currents

Current (A)
o
A

Figure 20 shows the circulating currents that appear in a 2-MW photovoltaic system. A
10% tolerance in the inductances of the filters is considered since it is the most realistic im-
balance that can appear in these systems, in which generally all the modules are desired to
be equal. In Figure 20, the phase currents of all the inverters are represented from #inverter
1 at the top to inverter #4, and at the bottom, the circulating currents are represented.
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in inverters #1, #2, #3, and #4 and circulating currents.

Since a 10% tolerance in the inductances of the filter has been considered, the circulat-
ing currents have a large first harmonic. The circulating current in inverter #1, which is

NG 0.75 0.8
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the largest, has a value of 6.5% with regard to the fundamental components of the phase
currents. Note that, in this case, in which more than two inverters are connected in parallel,
the circulating currents do not have the same value. However, the sum of the circulating
currents is zero.

5. Discussion and Comparison with Previous Works

Table 6 compares the results obtained in this work with those presented in previ-
ous works.

Table 6. Comparison with previous works.

Inductances Inductances . .
Mismatches (Different Load Factor Voltage Voltage (Same Phase Shift Modul.a tion
Frequency Phase PWM Technique
Inverters) Inverter)
Results obtained in this work
Lt/ 0.01% 0.644% - - 6.68% - 0.98%
I3h /It 0.03% 0.44% - - 0.007% - 35.41%
I RMS 0.057 A 0.08 A - - 0.697 A - 3.14 A
THDiI Ia 0.58% 1.25% - - 0.64% - 30.91%
Previous work [27]
Lt/ - - - - - 1.83% -
LM/t - - - - - 6.25% -
I; RMS - - - - - 0.88 A -
THDi In - - - - - - -
Previous work [28]
nh/nt - - . - - - -
LM/ - - - - - - -
I RMS - - 0.096 A 0.24A - - -
THDi In - - - - - - -

As previously highlighted in Section 3, the use of inductances with a different nominal
value in the LCL filter among inverters produces a low third harmonic component in the
circulating currents. A higher value of the circulating current is obtained by imposing a
different load factor on the inverters. By unbalancing the inductances between the phases
of an inverter, a high first harmonic appears in the circulating current. Finally, the use of
different modulation techniques (SPWM and SVM) between inverters produces a large
value of both the RMS circulating current and distortion of the phase currents. The THDi
reaches a value of 31%, so the power factor of the inverters is significantly degraded.

For the sake of enriching the overall conclusions, the results obtained in this work
were compared with those of previous works, as Table 6 shows. In particular, the following
were represented: the 50 Hz I} and 150 Hz I3" homopolar components of the circulating
currents, expressed in normalized values with regard to the positive sequence fundamental
component of the inverter currents I;*; the RMS value of the circulating currents; and THDi
of the inverter phase currents.

Note that the relative influence of each parameter has been considered when compos-
ing the table. Thus, the table represents, starting on the left, the parameter that produces
the least important effects and, ending on the right, that with the greatest effects. Regarding
the results of previous works, Table 6 shows the worst case produced by a phase shift
between the carrier signals of PWM modulators, following [27]. The effects produced by a
difference between the phase and the frequency of the voltages of islanded inverters can
also be seen in Table 6, as presented in [27]. Percentage values were used in all cases to

ensure a fair comparison. Where results were not available, this fact has been indicated
by a dash.
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Summing up, this work is an extension of the previous literature regarding the study
of circulating currents among several inverters connected in parallel. Other factors have
been considered that were not previously studied.

6. Conclusions

The main original contribution of this work is a detailed study of the low-frequency
circulation currents that can appear between inverters connected in parallel in both AC
and DC buses, showing that, for the cases in which the currents in the phases of each
of the inverters are balanced, the circulating current presents harmonics of order k = 3
and their multiples, while in systems in which an inverter has unbalanced phases, a
significant component appears in the circulating currents at the fundamental frequency.
The study evaluated the influence of several factors on low-frequency circulating currents:
inductance mismatching between the phases of an inverter and between different inverters
(different nominal inductance from one inverter to another), power imbalances, and the
use of different PWM modulations. The results confirm that the use of inductors of
different nominal values and different load factors between inverters produces insignificant
circulation currents that are practically negligible. However, variations in the inductance of
the grid filter between phases of the same inverter due to the tolerances of the components
produce an imbalance in the inverter currents, in turn causing the appearance of circulating
currents with a notable component at the fundamental frequency. The first harmonic
component of these circulating currents is proportional to the load factor of the inverters
since the current imbalance is greater as the power increases, and in the case under study,
this circulating current has a value of 6% with regard to the phase inverter current. Finally,
it has been shown that a factor that causes the appearance of high-circulation currents
between inverters is the use of different PWM modulators. Specifically, it has been verified
that the use of a sinusoidal PWM modulator in one of the inverters and SVM in the other
one causes a large circulating current due to the homopolar third harmonic component that
is generated by the SVM modulator in phase voltages. In the case under study, the third
harmonic component of the circulating current represents 25% with regard to the positive
sequence fundamental phase current at nominal power, and it increases considerably at
low power, i.e., 225% at 10% of the load factor. This circulating current produces a great
distortion in the phase currents, reaching a value of THDi = 30.91%.
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