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Common-mode Voltage Reduction for Inverters Connected in Parallel

Using an MPC Method with Subdivided Voltage Vectors
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Abstract — This paper presents a model predictive control (MPC) method to reduce the common-
mode voltage (CMYV) for inverters connected in parallel, which increase the capacity of energy storage
systems (ESSs). The proposed method is based on subdivided voltage vectors, and the resulting
algorithm can be applied to control the inverters. Furthermore, we use more voltage vectors than the
conventional MPC algorithm; consequently, the quality of grid currents is improved. Several methods
were proposed in order to reduce the CMV appearing during operation and its adverse effects.
However, those methods have shown to increase the total harmonic distortion of the grid currents. Our
method, however, aims to both avoid this drawback and effectively reduce the CMV. By employing
phase difference in the carrier signals to control each inverter, we successfully reduced the CMV for
inverters connected in parallel, thus outperforming similar methods. In fact, the validity of the
proposed method was verified by simulations and experimental results.

Keywords: Parallel-connected inverters, Grid-connected inverters, Common-mode voltage, Model

predictive control, Phase-shifted carrier.

1. Introduction

Recently, the demand for the use of renewable energy
sources, such as solar, wind, and biomasses, has rapidly
increased given the depletion of existing fossil fuel
deposits and environmental pollution. However, these
sources might be unpredictable and unreliable due to
changing environmental conditions. In this regard, energy
storage systems (ESSs) are used for storing the power
generated by these sources in battery systems. In addition,
ESSs connected to the grid are used for storing the
additional power when its cost is low, such as at night.

Furthermore, ESSs connected to the grid can improve
the energy quality and maximize its efficiency by supplying
the stored power whenever required. The ESS is usually
composed of two-level inverters for power conversion, given
their many advantages including reduction of production
costs and varied applicability. Various studies on grid-
connected ESSs using two-level inverters were performed
for various applications. For instance, grid-connected high-
capacity ESSs to store extra power are required in industrial
applications [1-5]. To extend the capacity of ESSs sharing
a common grid, methods for connecting the inverters in
parallel can be used [6-10]. For this application, the three-
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phase output of the connected inverters results in grid
currents that are the sum of the currents of all inverters and
should be accurately controlled.

In general, grid currents of ESSs are regulated using a
proportional-integral (PI) controller [11]. However, this
type of controller uses the pulsation of input/output currents,
which generates high noise levels at the ESS output [12].
This problem can be solved by decreasing the system
response time and increasing efficiency. For instance,
model predictive control (MPC) is more reliable and
accurate than other methods such as PI control. However,
the conventional MPC algorithm increases the total
harmonic distortion (THD) of grid currents in the inverter,
because it generates one state change per sampling period
[13-21]. According to the IEEE standard on the subject, the
THD of the grid currents should not exceed 5%.

To reduce the THD of the grid currents in the system
using the conventional MPC, an algorithm with subdivided
voltage vectors was proposed [22, 23]. For this MPC
algorithm, the optimum voltage vector is obtained from the
subdivided voltage vectors. The reference voltage vectors
have a more sinusoidal shape than those in the conventional
MPC algorithm; thus, the THD decreases.

However, a common-mode voltage (CMV) is generated
at the ESS inverters. The CMV can cause multiple problems
such as leakage currents, a faulty activation of the current
detection circuit, and radiation of electromagnetic
interference noise in the system [24]. Many filtering
methods for the inverter output were studied to reduce the
CMV. However, these methods present some disadvantages
including the increased volume, weight, and cost of the
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system because of the additional LC filters. In addition,
several PWM methods to decrease the CMV were studied
[25-29]. Most of them focus on removing the zero-voltage
vector from the PWM switching, thus reducing the CMV.
However, the complexity of the control system is highly
increased. Moreover, the THD of the grid currents also
increases given the active-voltage vectors used to substitute
the zero-voltage vectors.

In this paper, we propose a reduction method for the
CMV in parallel-connected inverters using an MPC
algorithm with subdivided voltage vectors. This method
aims to effectively reduce both the CMV and the THD of
the grid currents. The validity of the proposed method is
verified through simulations and experimental results.

2. Topology and Control Method for Two-Level
Inverters in Parallel

2.1 Topology

Fig. 1 illustrates a grid-connected ESS composed of two
inverters in parallel. The inverters share a common DC bus
and are connected in parallel to extend the ESS capacity for
high-power applications. Each inverter has filtering
inductors for connection to the grid. In addition, the DC
bus is divided to deliver positive and negative voltages and
has a neutral point (O). A controller area network (CAN) is
used for communication between the inverters.

2.2 Conventional MPC algorithm

In ESSs as that shown in Fig. 1, the PI controller is
generally used to control the grid currents, but it presents
disadvantages such as pulsation. On the other hand, an
MPC can overcome the drawbacks of the PI controller. In
addition, MPC allows to operate in real-time reference
tracking and produce minimum error. The MPC algorithm
is useful to predict the next state of the system based on a
model. In particular, the system model for a three-phase
two-level inverter is defined as
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Fig. 1. Parallel-connected two-level inverters

v:Ri+Lﬂ+e, e))
dt

where v, i, and e represent the inverter voltage, grid current,
and grid voltage vectors, respectively; R and L are the filter
resistance and inductance, respectively. In order to express
(1) in discrete time, the forward Euler method is used, and
the corresponding equation for the system current is
defined as

i(k+1):i(k)+%(v(k)—Ri(k)—e(k)), @)

where T and k represent the sampling period and switching
step, respectively. Considering all the possible combinations
of switching, eight voltage vectors can be obtained as
shown in Fig. 2(a). Therefore, the eight current vectors are
predicted from (2). To determine the optimum voltage
vector in the possible voltage vectors, a cost function can
be given by

g:

i (k1) =iy (k1) +

i (k+1)=1, (k+1). @3

where i/¥(k+1) and i/¥(k+1) are d-q axis reference
currents. Additionally, i,(k+1) and i, (k+1) are d-q axis
predictive currents depending on the possible voltage
vectors in the d-g stationary reference frame. As a result,
the optimum voltage vector minimizing the cost function
can be obtained [31-33] and it is applied to the inverter
during the 7.

In the conventional MPC algorithm, the grid current and
grid voltage are measured after the switching state is
applied. Additionally, the predictive currents for all the
possible switching combinations are obtained. Through the
calculation of the cost function, the optimum voltage
vector is determined and the switching state depending on
the optimum voltage vector is stored.

2.3 MPC algorithm with subdivided voltage vectors

The conventional MPC algorithm provides low-quality
grid currents because only eight voltage vectors can be

V 3 F /_‘ V_n' V’

(a)

Fig. 2. Space vector diagram of (a) conventional MPC
algorithm and (b) proposed MPC algorithm with
subdivided voltage vectors
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Fig. 3. Block diagram of the proposed MPC algorithm with
subdivided voltage vectors in a grid-connected
inverter

obtained from the switching states of the inverter, as shown
in Fig. 2(a). Consequently, only one switching state can be
active in a control period. On the other hand, we propose
an MPC algorithm with subdivided voltage vectors to
control the inverters. The cost function for the proposed
MPC algorithm with subdivided voltage vectors is equal
to that of the convectional MPC algorithm as in (3). By
using these vectors, the cost function can determine more
reference voltage vectors than the conventional MPC
algorithm.

The research on the MPC using the subdivided voltage
vectors have been extensively studied [34]. In [34], the
space vector diagram is divided into 54 sectors as
equilateral triangle. However, in case the voltage vectors
are excessively divided, it causes the computation load for
determination of the optimal voltage vector using the cost
function in the MPC algorithm. Contrary to the other
research, in this paper, the space vector diagram for the
proposed MPC algorithm is divided into 12 sectors as
shown in Fig. 2(b). In this case, each sector is formed to a
right-angled triangle and the trigonometrical function can
be used to calculate the voltage vectors. Therefore, the
calculation of the voltage vectors is simple. It will be
described later.

Fig. 3 shows the block diagram of the proposed MPC
algorithm with subdivided voltage vectors in a grid-
connected inverter. These vectors provide several inter-
mediate voltages, as shown in Fig. 2(b). Moreover, the
vectors can be used to find the optimized voltage vector
in the proposed MPC algorithm. The reference voltage is
determined from the cost function, as shown in Fig. 3.
The subdivided voltage vectors have a relation of symmetry
among them, and can be obtained by using subdivided
voltage vectors of Sec;, Sec,, and Sec;.

Fig. 4 shows the voltage vectors of Sec,;, Sec,, and Sec;
divided N times. Through the subdivided voltage vector
of Sec,, it is possible to obtain those of Sec,, Sec,, and
Secy by using symmetrical relationships. The values of the
subdivided voltage vectors are defined by (4), (5), and (6)
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Fig. 4. Subdivided voltage vectors of (a) Sec,, (b) Sec,, and
(c) Sec;

for each sector in the d—q axes [22, 23].
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where x; and y; are the coordinate values of each sector, N
is the number of subdivided voltage vectors, and Vp is the
DC-link voltage. Among the subdivided voltage vectors,
the optimum voltage vector is obtained and applied to the
inverter switching by using space vector modulation
(SVM). The different voltage vectors allow an increase in
the control switching. Consequently, the quality of the grid
currents is higher than that obtained from the conventional
MPC algorithm. In addition, the THD of the grid currents
is reduced by using the MPC algorithm with subdivided
voltage vectors [22, 23].

3. CMYV in Two-Level Inverters

The CMV usually appears in ESSs using inverters. The
CMV of a two-level inverter is the potential between the
star point of the load, such as the grid or a motor, and the
neutral point O of the DC bus. Given that the inverter does
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Table 1. CMV magnitude according to the switching state

Inverter pole voltage

Switching state Veu
VAU VBO VC()
Vo - VDC/Z - VDC/2 - VD(;/2 - VD(;/Z
V] VD('/Z 'VDC/2 -VD(;/2 -VD(j/G
v V2 Vicl2 -Vpcl2 Vpcl6
Vs -Vpcl2 Vpcl2 -Vpcl2 -Vpcl6
V4 -Vpcl2 Vipcl2 Vpel2 Vicl6
Vs -Vpcl2 -Vpcl2 Vpcl2 -Vpcl6
Vs Vpc/2 -Vpcl2 Vibcl2 Vpcl6
V; Vpcl2 Vpcl2 Vicl2 Vpcl2

not produce a sinusoidal supply to the load, it always
generates CMV variations with peak amplitudes that reach
up to =Vp/2. The CMV in a two-level inverter is the
average value of the three output voltages generated by the
inverter, defined as

1
Ve = E(VAO +Veo+Vco), @)

where Vag, Vpo, and Vg are the output voltages of the
inverter to the neutral point O of the DC bus.

Table 1 lists the CMV magnitude at various switching
states of the inverter. It corresponds to =V5-/6 in the active-
voltage vectors and +Vp/2 in the zero-voltage vectors.
Therefore, in order to reduce the CMV, the zero-voltage
vectors need to be suppressed.

However, the CMV for two-level inverters connected in
parallel is different from that of a single inverter. In fact,
this CMV is the average value of the six output voltages,
provided that two inverters are connected in parallel (see
Fig. 1):

1
VCM :E(VAO + VBO +VCO + VA’O +VB'O +VC’O) ) (8)

where Vao, Vio, and Ve are the output voltages of
Inverter 2 to the neutral point O of the DC bus, as shown in
Fig. 1. Given that the voltage terms for the CMV in (8) can
be either positive or negative, V- can be zero. This is the
basis for CMV reduction methods. These methods have
been applied [25-29], but at the expense of a decrease in
the quality of the grid currents given the elimination of the
zero-voltage vectors. On the other hand, this paper
proposes a CMV reduction method for inverters connected
in parallel that aims to maintain a good quality of these
currents, as presented in the following.

4. Proposed CMYV Reduction Method

As mentioned above, the conventional CMV reduction
methods generally focus on eliminating the zero-voltage
vectors. Hence, these methods require additional active-
voltage vectors to eliminate and replace the zero-voltage
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Fig. 5. Block diagram of the proposed CMV reduction
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Fig. 6. Comparison of switching signals depending on
Carrier 1 and Carrier 2

vectors. Consequently, they increase both the control
system complexity and the THD of the grid currents. On
the other hand, the proposed CMV reduction method is
easy to apply, and it effectively solves the problem of the
increased THD if compared to conventional reduction
methods based on MPC algorithms.

The conventional MPC algorithm generates one
switching state per sampling period. Hence, the carrier
wave is not used for inverter switching. The proposed MPC
algorithm with subdivided voltage vectors generates a
stationary reference frame of d—q axes voltages through the
corresponding cost function as shown in Fig. 5.

As mentioned above, the reference voltages of each
inverter are obtained by the MPC algorithm with subdivided
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voltage vectors, which are compared with the carrier
wave of each inverter through a coordinate transformation.
Each inverter connected in parallel, which is considered in

the proposed MPC algorithm, has individual carrier signals.

Fig. 6 shows the comparison of the switching signals of
each inverter. The carriers (i.e., Carrier 1 and Carrier 2) are
shifted by 180°, in order to operate with phase difference.
The reference voltage vectors (i.., Varer, Vrep, aNd Virer)
are compared to the carriers. Therefore, the switching
signals (i.e., Sap, Spp, and Sc,) of Carrier 2 are generated
with the corresponding phase difference to those (i.c., Sap,
Spyp» and Sc,)) of Carrier 1.

The pole voltages (i.e., Vao—Va0, Veo—Vpo, and Veo—
Vo) of each phase are also generated with a difference of
180° for each inverter. As a result, the CMV (V) average
value of the pole voltages is reduced by the proposed
method. In addition, the grid currents of the inverters have
a connected in parallel, the grid currents are the sum of the
output currents of each inverter. The switching ripple at the
grid side has two times the switching ripple of the output
currents in each inverter.

On the other hand, in the proposed reduction method,
the switching ripple of Carrier 2 also occurs in a shifted
position. Hence, the switching ripple of the grid currents
decreases when the currents from the inverters are
combined before entering to the grid side. Consequently,
our method shows lower switching ripple in the grid
currents than conventional CMV reduction methods based
on MPC such as the active zero-state PWM (AZSPWM)
algorithm [35-37] or methods considering the CMV factor
in the cost function [38-40]. However, the proposed method
cannot be applied to the conventional MPC algorithm
because it performs one switching per sampling period
without considering the carrier wave. To overcome this,
Fig. 5 shows a block diagram for the implementation of the
proposed method, where each inverter is controlled using
the MPC algorithm with subdivided voltage vectors, and
the carrier waves of the inverters have a phase shift of 180°
to reduce the total CMV in the system.

5. Simulation Results

In order to demonstrate the operation of the proposed
CMV reduction method in a system composed of two
parallel-connected two-level inverters, we performed a
simulation using the PSIM software. The simulation

Table 2. Simulation parameters

Parameter Value
DC-link voltage 300V
Grid phase voltage 90 Vims
Control period 100 ps
Switching frequency 10 kHz
Fundamental frequency 60 Hz
Filter resistance R 0.1Q
Filter inductance L 10 mH
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parameters are listed in Table 2. We compared the proposed
method with two other methods, namely, the convectional
MPC algorithm with the CMV factor in the cost function
and the AZSPWM algorithm.

Fig. 7 shows the simulation results for the conventional
MPC algorithm using the CMV factor in the cost function.
Fig. 7(a) and Fig. 7(b) show the grid currents (i.e., /a4 Igg,
and I¢,) and CMV of the total system. The reference g-axis
currents of each inverter are controlled to a peak of 10 A.

The output-phase currents of each inverter are combined
prior to their injection into the grid side. V), is reduced by
adding the CMV factor in the cost function of the
algorithm after 0.3 s. In this case, V¢ is reduced from
2Vpe!3 to Vpe/3. However, the THD of the grid currents
increases from 8.7% to 12.1%, as seen in Fig. 7(a), because
active-voltage vectors are used with exception of the zero-
voltage vectors, given the CMV factor in the cost function.

0.2 0.24 0.28 0.32 0.36 0.4
Time (s)

Fig. 7. Simulation results of CMV reduction using MPC
with CMV factor in the cost function: (a) grid
currents and (b) CMV

0.2 0.24 0.28 0.32 0.36 0.4
Time (s)

Fig. 8. Simulation results of CMV reduction using
AZSPWM for MPC with subdivided voltage vectors:
(a) grid currents and (b) CMV
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Fig. 9. Simulation results of the proposed CMV reduction
method using MPC with subdivided voltage vectors:
(a) output current of Inverter 1, (b) output current of
Inverter 2, and (c) grid current
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Fig. 10. Simulation results of the proposed CMV reduction
method using MPC with subdivided voltage
vectors: (a) grid currents and (b) CMV

Fig. 8 shows the simulation results of the CMV reduction
using the MPC algorithm with subdivided voltage vectors.
After 0.3 s, the AZSPWM algorithm is applied. In this case,
an algorithm to improve the THD is used, and the magnitude
of V¢, is reduced from Vi to Vip/3. However, the THD of
the grid currents increases from 4.4% to 5.9% because the
active-voltage vectors are used instead of the zero-voltage
vectors.

Fig. 9 and Fig. 10 show the simulation results of the
proposed CMV reduction method for the two inverters
connected in parallel. The MPC algorithm with subdivided
voltage vectors was used for control. The reference g-axis
currents of both of inverters are controlled to a peak of
10 A, as shown in Fig. 9(a) and Fig. 9(b), and the resulting
grid currents reach a peak of 20 A, as shown in Fig. 9(c).
Carrier 2 has a 180° phase difference with respect to

§ Carmer] \CafjrierZ
(a) 0.5 A'AY
0 ¥
05 VAI‘(‘[
400
300 Vi Va
(b) 200 ﬂ
w | } Hlili
0
300 .
200 i Ve : T
(©) 100 NI 2T
0.3808 0.3812 0.3816 0.382

Time (s)

Fig. 11. Simulation results to analyze the proposed
method: (a) comparison of carriers and reference
voltage, (b) pole voltages of phases 4 and A', and
(c) CMV

03 0.3002 0.3004 0.3006
Time (s)

Fig. 12. Simulation results of the output currents for each

inverter

Carrier 1 after 0.3 s. Vao—Vao, Veo—Veo, and Veg—Veo
corresponding to each phase are generated with a 180°
difference among them as well. This results in a Vgy
reduction from Vpc to Vpe/3, as shown in Fig. 10(b). In
addition, the grid currents show lower switching ripples
than those obtained with the other methods. The THD of
the grid currents decreases from 4.4% to 3.1%.

Fig. 11 shows simulation results to analyze the proposed
CMV reduction method. Fig. 11(a) shows the two carriers
(i.e., Carrier 1 and Carrier 2) corresponding to each
inverter and the reference voltage of phase A4 (V). Fig.
11(b) shows the pole voltages of phases 4 and A4' (i.e., Vi
and ¥V, according to Carrier 1 and Carrier 2. Fig. 11(c)
shows the Vo, of the system with the 180° phase
difference. Both V, and V,, respectively related to Carrier
2 and Carrier 1, operate with a phase difference of 180°
between them.

Fig. 12 shows the output currents of each inverter after
0.3 s. Through the proposed reduction method, the
switching ripples are also generated with a 180° phase
difference. Therefore, the grid currents that correspond to
the sum of the output currents of each inverter show lower
switching ripples than the cases where our method is not
applied.
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Fig. 13. Experimental setup

TELEDYNE LECHOY
P B

10 ms/div

Fig. 14. Experimental results for the parallel inverters
operation without using the proposed method

156.225
156.221
1.43817

Fig. 15. THD analysis of the grid currents and the
efficiency for the inverters connected in parallel
without using the proposed method

6. Experimental Results

Besides simulations, we also conducted experiments to
verify the proposed CMV reduction method. Fig. 13 shows
the circuit used in the experiments to connect two inverters
in parallel.

The circuit is composed of two control boards, DC-link
capacitors, and two-level IGBT modules. The control boards

1218 | J Electr Eng Technol.2018; 13(3): 1212-1222
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Fig. 16. Experimental results for the parallel inverters
operation using the proposed method
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Fig. 17. THD analysis of the grid current and the efficiency
for the inverters connected in parallel using the
proposed method
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Fig. 18. Experimental results of the output currents for
each inverter
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are based on DSP controllers (TMS320F28335) from Texas
Instruments. The experimental setup parameters are also
those used for the simulation and listed in Table 2. A
CAN is used for communication between Inverter 1 and
Inverter 2.

Fig. 14 shows the experimental results for the parallel
inverters operation without using the proposed method.
The MPC algorithm with subdivided voltage vectors is
used as control algorithm. The phase current (/,) of
Inverter 1 was controlled to a peak of 2 A; hence, the grid
current (/,,) reached a peak of 4 A. The V¢, variation
ranged from 0 V to 300 V.

Fig. 15 shows the THD analysis of the grid currents and
the efficiency for the inverters connected in parallel. The
THD in the grid current of phase 4 (I;q;) reached 9.369%
without using the proposed CMV reduction method.
Additionally, the efficiency (n,) of the inverters connected
in parallel is 92.066%.

Fig. 16 shows the experimental results for the parallel
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inverters operation using the proposed CMV reduction
method and MPC with subdivided voltage vectors as the
control algorithm. The reference g-axis currents of both
inverters were controlled to a peak of 2 A, and the
corresponding IAg reached a peak of 4 A. The phase
difference between carrier signals resulted in a decrease
of V¢, variation from Vpe to Vp/3, with values ranging
from 100 V to 200 V.

Fig. 17 shows the THD analysis of the grid currents and
the efficiency for the inverters connected in parallel when
applying our proposed CMV reduction method. The THD
in the grid current of phase 4 (Iq) reached 4.484%.
Additionally, the efficiency (n,) of the inverters connected
in parallel is 92.499%. Consequently, these grid currents
showed lower switching ripples than those without using
the proposed method, and the THD decreased from 9.369%
to 4.484%.

Finally, Fig. 18 shows the experimental results of the
output currents for each inverter. As shown in Fig. 12,
the switching ripples are generated with a 180° phase
difference by the proposed reduction method.

7. Conclusion

In this paper, the reduction method for the CMV in
parallel-connected inverters using the MPC algorithm
with subdivided voltage vectors is proposed. In the ESS,
the MPC algorithm can be used to control the grid
currents instead of the PI controller. The conventional
MPC algorithm increases the THD of the grid currents
because it generates one switching state per sampling
period. Therefore, in this paper, the MPC algorithm with
the subdivided voltage vectors is used for the quality
improvement and the THD reduction of the grid currents.
However, in the proposed MPC algorithm with subdivided
voltage vectors, the CMV is increased due to the zero-
voltage vectors. Therefore, we proposed a CMV reduction
method using the phase difference among carrier signals.
The proposed method not only reduces the CMV but also
the THD of the grid currents. In other words, in order to
achieve the technical results such as the reduction of both
the CMV and the THD of the grid currents in the parallel-
connected inverters, the phase difference among the carrier
signals is most important compared with the MPC and
subdivided voltage vectors. Additionally, the subdivided
voltage vectors are required to reduce the THD of the grid
currents. In this paper, the phase difference among carrier
signals and the subdivided voltage vectors should be
integrated to achieve the CMV reduction additionally as
well as the THD reduction of the grid currents in the
parallel-connected inverters. In the tested system with
two inverters, the phase difference was 180° between the
carriers for state switching. The proposed method
successfully reduced the CMV variation from Vp to Vp/3.
In addition, the switching ripples of the grid currents were

reduced along with the corresponding THD of the grid
currents. Moreover, this method can improve the system
durability and we verified its ease of implementation.
The validity of the proposed method was verified by both
simulation and experimental results, outperforming similar
methods.
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