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Abstract—Increasing world electrical energy demand make
necessary to develop new efficient and reliable schemes for power
injection to the existing grid under distributed generation frames.
In this work a novel DC-AC control scheme is proposed, which
is based on one hand, on several 2L-VSI working together as
a multi-modular converter in a parallel switching connection
topology in the power converter stage and, in the other hand, a
control strategy using two loops, an internal based on predictive
voltage control and another external applying a PR current
control, achieving THD levels lower than 1% for the injected
current, accomplishing with the international standards for these
kind of applications.

Index Terms—Current injection, distributed generation sys-
tems, multi-modular VSI, parallel switches, predictive voltage
control.

I. INTRODUCTION

IN the last decades, different renewable energies, such as:
micro-hydro, solar, wind farms, etc [1]–[3], have been

studied in order to use them in isolated or grid-on electric
systems. In every case, power converters are often used as a
fixed power source [4]–[6]. These converters have to secured a
controlled active and reactive power flux, reduce the harmonic
content in currents and voltages, reduce the resonance effect
and secure a good grid synchronization, in case of distributed
systems. To accomplish these requirements, different control
techniques have been studied, such as proportional integral
(PI) control [7], proportional resonant (PR) control [8], pre-
dictive control [9], etc, and in many cases, they are combined
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with modulation techniques, such as: pulse width modulation
(PWM) [10], space vector modulation (SVM) [11]–[13], etc.
However, the majority of power converters are commonly used
as a fixed power source, which complicates the scalability
in terms of energy conversion system, mainly in applications
where an extension of the system, based on renewable ener-
gies, is planned in order to respond efficiently to an increase
in demand associated with a variation in load requirements.

This paper presents the design of the architecture of a multi-
modular power converter to obtain scalable power, where each
module consists in a three-phase voltage source inverter (VSI),
with a novel control scheme based on two close loops, which
consist in an internal predictive voltage control and an outer
PR current control. This feature is interesting in applications
where power converters with reduced volume, high energy
density and a good availability are required.

This paper is organized as follows: the proposed current
control scheme is shown in Section II. In Section III, the
model predictive control (MPC) applied as a voltage con-
trol is presented. Section IV describes the reference voltage
generator stage. Section V depicted some experimental results
for parallel connected switches. The grid connection process
are described in Section VI. Obtained simulation results are
shown in Section VII regarding transient and steady-state
performance. Finally, conclusions are presented in the last
section.

II. PROPOSED CURRENT CONTROL SCHEME

As it is shown in Fig. 1, the proposed control scheme
consists of several two level VSI (2L-VSI) modules working
together, where every switch is connected in parallel with the
corresponding switches on other VSI dividing the circulating



currents by “n” (where n represents the number of modules)
allowing, for example, the increase of power capability of the
whole system, or to decrease the charge for every leg allowing
the use of smaller semiconductors for the same rated power. In
this case, the switching signal is the same for every module,
that is, the same commutation pattern is applied in every
VSI connected in parallel such as the commutation occurs
at the same time achieving a multi-tracking configuration
for the circulating current. The mentioned configuration will
be treated in a more detailed way in Section V and some
experimental results using parallel switches will be depicted
in terms of the circulating currents behavior in order to validate
the proposed scheme.

The DC source comes from a 2.4 kW solar photo-voltaic
(PV) system at the input of the power converter and a
LC filter at the output being the capacitor voltage (vo) the
output signal that must be controlled in order to achieve an
interconnection to the grid. A bypass switch is needed to
connect the generation system with the grid in the common
coupling point (PCC) once both stages were synchronized. The
control consists of an inner predictive voltage control (PVC)
stage with a fast transient response and an outer PR current
control plus a feed-forward control to generate the reference
for the voltage control stage. The feed-forward control comes
from a voltage reference generator that takes the phase of the
grid voltage (vg) from a phase-locked loop (PLL) generating a
synchronized signal with the grid as the desired output of the
converter stage. At the beginning, the desired injected grid
currents (ig) must to be set to zero as well as vg and vo
should be the same, then the PR output will be zero at the
starting point. Once both voltages have been synchronized,
the bypass connects the generation stage with the grid and
the current can be controlled by setting the desired current at
the input of the PR controller. The PVC selects the optimal
switching combination, in every sampling time, to control
the output capacitor voltage that generates the desired current
injection. In the next section the implemented PVC technique
is depicted.

III. PREDICTIVE VOLTAGE CONTROL

MPC strategy consists on predicting the future behaviour
of the analyzed system for each possible input state based on
dynamic equations which define it, and picking the best state
which fulfills the desired output. In this way, the first step to
apply this control is to obtain the system model.

Fig. 1. Proposed control scheme.

A. Power Converter Model

The scheme of a basic module of the converter is shown in
Fig. 2, which is composed of a DC source, a 2L-VSI and an
output LC filter.

The 2L-VSI is one of the most used topologies in the
literature [13]–[15]. In this case, it is possible to define a
switching function as Sx ∈ {1, 0} where x denotes each phase
(x = a, b, c). Given that each leg is conformed by two switches
that should be activated in a complementary form to avoid
short-circuits between the terminals of the DC source vdc, the
valid switching states are the following:

Sa =

{
1, if S1 = 1 and S4 = 0,
0, if S1 = 0 and S4 = 1,

Sb =

{
1, if S2 = 1 and S5 = 0,
0, if S2 = 0 and S5 = 1,

(1)

Sc =

{
1, if S3 = 1 and S6 = 0,
0, if S3 = 0 and S6 = 1.

Only eight switching states are valid for the 2L-VSI. Like-
wise, it is possible to synthetize the voltages at the points a, b
and c regarding the point N (vaN , vbN y vcN ) depending on
the switches of the 2L-VSI and vdc as:

vaN = Savdc, vbN = Sb, vdc, vcN = Scvdc. (2)

In order to determine the effective voltages applied for each
phase (i.e., from a, b, y c to n), the common mode voltage
vnN must be subtracted from the equation (2). It is possible to
determine vnN in a simple way by applying Kirchhoff voltage
law as follows:

vnN =
vaN + vbN + vcN

3
. (3)

So, the effective phase voltage is given by:

van = vaN − vnN , vbn = vbN − vnN and vcn = vcN − vnN .
(4)

By applying Clarke’s transformation [16] to each valid state
of the 2L-VSI module, it is possible to represent the space
vector graph which is depicted on Fig. 3 showing the eight
valid voltage vectors in the α− β plane.

LC filter2L VSI

Fig. 2. Conversion module topology.



B. Output Filter Model

As can be seen in Fig. 2, the 2L-VSI module is connected to
a load through an LC output filter. Each converter leg possess
an inductor Lf and its corresponding leakage resistance Rf
and a capacitor Cf . By considering the inductor currents iL
and the capacitor voltage vo as state variables of this second
order system and assuming that the parameters are equal for
the three legs, the system dynamic in α−β plane is given by:

Lf
diLαβ
dt

= vαβ − voαβ −Rf iLαβ , (5)

where vαβ corresponds to one of the valid vectors shown
in Fig. 3. On the other hand, the dynamic behaviour of the
capacitor voltage is defined as follows:

Cf
dvoαβ
dt

= iLαβ − igαβ . (6)

In this way, the state space representation of the system is:

dx

dt
= Ax+Bu, (7)

where

x =

[
iLαβ
voαβ

]
, A =

[
−Rf

Lf
− 1
Lf

1
Cf

0

]
,

u =

[
vαβ
igαβ

]
y B =

[
1
Lf

0

0 − 1
Cf

]
. (8)

The previous equations define completely the continuous
model for the LC filter by considering the output voltages of
the 2L-VSI vαβ and the load currents igαβ as inputs.

C. Discrete Time Model of LC Filter

The discrete model of the system is given by:

x(k + 1) = Adx(k) +Bdu(k), (9)

being Ad = eATs , Bd =
∫ Ts

0
eA(Ts−τ)Bdτ and Ts corre-

sponding to the sampling time. Thus, by using a discrete model
that describes the system it is possible to predict the states of
vo e iL as follows:

iL(k+1) = a11iL(k)+a12vo(k)+ b11v(k)+ b12ig(k), (10)

Fig. 3. Valid vectors α− β plane.

vo(k+1) = a21iL(k)+a22vo(k)+ b21v(k)+ b22ig(k), (11)

siendo

Ad =

[
a11 a12
a21 a22

]
,Bd =

[
b11 b12
b21 b22

]
, (12)

where k is the actual instant time and k + 1 indicates the
beginning of the next sample instant. Through the previous
equations it is possible to predict the inductor currents values
and the voltage output to implement the MPC.

D. Predictive Voltage Control

The basic operating principle of the algorithm is the follow-
ing: first, at the beginning of the sampling instant, new mea-
surements of vo, iL and ig are obtained. These measurements
define the starter point from which the algorithm predicts the
future trajectory of the state space variables by considering
(10) and (11), for each feasible voltage vector. Every predicted
value is evaluated with a pre-designed cost function (CF),
and the vector with the lowest CF is applied to the 2L-VSI
switches. The presented technique, in this section, is based on
the proposed control in [17], [18]. The selected cost function
is the following:

g = (v∗oα − voα)2 + (v∗oβ − voβ)2 + λdgder, (13)

being v∗oα and v∗oβ the desired voltages on the α − β plane
and defining:

gder =
(
Cfωrefv

∗
oβ − iLα + igα

)2
+ (Cfωrefv

∗
oα − iLβ + igβ)

2
.

(14)

The term gder is introduced with the purpose of correcting
the incapacity of the classic predictive control of tracking the
capacitor voltage derivative resulting in a high total harmonic
distortion (THD), creating an ideal regulator which controls
the voltage capacitor and its derivative effectively. The effect
of the derivative term is controlled with a weighting factor λd.

This strategy is based on the evaluation, at every sampling
instant, of the cost function g for all the valid vectors and to
apply the vector which minimizes the CF in the next sampling
instant achieving a desired voltage tracking.

IV. OUTER CURRENT CONTROL LOOP FOR REFERENCE
VOLTAGE GENERATION

As mentioned above, the proposed scheme is based on
the implementation of two control loops, an internal loop
corresponding to the predictive voltage control and an external
loop that generates the voltage reference to inject a controlled
current into the grid. In Fig. 1 the external control loop is
shown where the difference between the injected current ig
and the desired current i∗g is calculated to be applied as the
input of a PR controller [19] which output is added to a feed-
forward control signal vref which is used at system startup
to synchronize the output voltage of the conversion stage
vo with the grid voltage vg so as to be connected through
a bypass. This generated reference voltage is the input to



the voltage predictive control block to calculate the optimum
vector to be applied. The voltage vref is generated from the
measurement of the phase of the grid θ obtained from the PLL
and the amplitude of the signal of the grid. The value of i∗g
is determined from the current amplitude and phase according
to the desired active and reactive power.

Once the desired currents generate the desired voltages
and the predictive voltage controller selects the vector to
be applied, the same commutation signals are applied to
every module generating several paths for the current to be
splitted from the total flow decreasing the thermal stress and
providing an increased power management capability. In order
to validate the idea of using the same commutation signal to
control parallel switches to split the circulating current, in next
section experimental tests of the proposed parallel topology are
depicted.

V. EXPERIMENTAL TEST OF THE PROPOSED PARALLEL
SWITCHES TOPOLOGY

The proposed topology implies the application of the same
switching signal to every module of the converters hoping
that the current splits to every path and the reaction to
contingencies is based on the capability of the system to
manage the additional current in case of broken switch for
example. In this section a brief study of the behavior of parallel
switches is presented.

In order to verify the parallel operation of several modules
of the VSI converter, an experimental test bench has been
designed. The test circuit can be seen in Fig. 4. The circuit
shows the modular interconnection of the first branch of three
identical VSI converters connected in parallel. Each branch is
composed of two switches in parallel and in the same way each
switch of the converter branch is parallel to each other. The
circuit is connected at the input to a DC voltage source and
at the output to a resistive load. By means of this design, an
analysis is carried out that consists of controlling the switches
through the same signal for each VSI converter where the
behavior of the current delivered by the first branch of each
converter is studied to show how the flow is splitted and how
it behaves under faults in any switch.

Fig. 5 shows the setup test implemented in order to evaluate
the operation of several modules of the VSI converters in
parallel connection. The figure shows the electronic boards of
each branch of the converters, in modular form, the DC input
source and an oscilloscope. The main components, used in the
implementation of the VSI converter, are: a) for the switch the
SiC MOSFET power semiconductor CAS120M12 from the

Fig. 4. Tests circuit diagram.

Fig. 5. Experimental test setup.

manufacturer CREE, b) the IR2110 driver for the control of
the trip signal of the switches, and c) fiber optic transceivers
HFBR-0500Z for signal reception of programmable control
devices. In the circuit the measurements of the output current
of each branch of the converters were made, represented in
Fig. 4 by iL(1), iL(2) e iL(3) respectively. The sum of these
currents is represented by iL and it corresponds in turn to the
current that passes through the resistance R.

The waveforms of the currents iL(1), iL(2), iL(3) e iL can
be seen in Fig. 6. It is observed that initially each current
of each branch of the converters are very similar, 2.5 A pk-
pk respectively, while the total current iL displayed by the
channel 4 of the oscilloscope showing a value of 7.5 A pk-pk
(i.e. three times the current in every branch as is expected),
being an expected behavior. Further on, it is possible to
observe the moment of fault over the path of the current iL(3),
corresponding to the extraction of the third VSI converter of
the system. At that instant, the magnitude of the current iL(3)
is evenly distributed in the currents iL(1) and iL(2) as shown
in Fig. 6, and also, for the transient, the current iL over the
load R does not present disturbances.

These results allow to confirm the feasibility of using
parallel switching configuration with the same commutation
signal achieving a multi-tracking operation that can manage

Phase failure

Fig. 6. Switching waveform of the current of three branches of the VSI in
parallel.



Fig. 7. multi-modular DC-AC converter scheme.

contingencies and even increase the power supplied capability
of the whole system adding more modules depending on the
demanded energy.

Fig. 7 shows the multi-modular configuration for three
parallel VSIs that will be used on the final implementation
of the proposed grid connected generation system.

VI. GRID CONNECTION PROCESS

The grid connection process is performed as follows:
1) The predictive voltage control is used to generate an

output voltage (vo) synchronized with the grid voltage
(vg), that is, the voltage of the capacitor is synchronized
with the grid in order to be connected on the CCP.

2) Next, once the voltages are equal, the bypass is used to
connect the systems with the reference current (i∗g) set
to zero.

3) Finally, the feed-forward signal can be set to zero and
all the reference voltage comes from the PR controller,
then it is possible to select the desired injected current
(ig).

Based on the above described procedure, it is possible
to evaluate the proposal performing some simulations using
MATLAB/Simulink environment.

VII. SIMULATION RESULTS OF THE PROPOSED GRID
CONNECTED GENERATION SYSTEM

The multi-modular grid connected generation system con-
sists on three modules (i.e. as shown in Fig. 7) under the
control scheme depicted on Fig.1 and with the parameters of
Table I. In Fig. 8 the interconnection process and the behavior
under steps of desired currents are shown. At the beginning,
the injected current is zero because the generation system is
not connected to the grid and the output voltage (vo) is still
in synchronization process regarding the grid voltage (vg).
This process takes around 0.14 seconds. After 0.2 seconds,
the bypass connects the output capacitors with the grid but
ig is still set to zero generating a short transient during the
connection instant. Then the system is ready to inject the

TABLE I
SIMULATION PARAMETERS.

Simulation parameters

Parameter Symbol Value Unit

Grid voltage vg 311 Vp
Grid frequency fg 50 Hz
DC link voltage vdc 700 V
Leakage inductor resistance Rf 10 mΩ
Filter inductance Lf 2.4 mH
Filter capacitance Cf 24 µF
Sampling time Ts 25 µs
Sampling frequency fs 40 kHz
Derivative control weighting λd 0.2
PR proportional control constant kp 10
PR integral control constant ki 1500
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Fig. 8. Injected current and output voltage of the proposed control scheme.

desired current (at this point it is possible to set the feed-
forward control to zero gradually changing kf from 1 to
0, being careful not to generate high current pikes). At 0.3
seconds the desired current i∗g is set to 5 amps, then at 0.35
seconds is set to 10 amps and finally, at 0.4 seconds is set to
15 amps. During this current steps it is possible to appreciate a
good tracking of the reference. The THD oscillates from 0.33
to 0.9 % in the injected current. The tracking error during the
input step, applied at 0.4 seconds, is shown in Fig. 9 where the
transient stage can be measured to be around 30 milliseconds
approximately. That is due to the use of the PR controller
in the outer loop. In this case it is possible to use the inner
predictive voltage control since this technique presents a fast
transient response compared with the PR controller.

Besides the current tracking test, an under failure test has
been performed and the results are reflected in Fig. 10. In
this Figure it is possible to appreciate the behavior of the
multi-modular converter at the moment of a failure occurs.
As it can be seen, the circulation current is homogeneously
distributed between every switch (some minimal differences
can be found in the experimental implementation due to the
parametric variation between different Sic-MOSFET devices).
iL1, iL2 and iL3 correspond to the circulating current through
modules 1, 2 and 3, respectively. iL corresponds to the total
current supplied by the converter to the output filter and finally,
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Fig. 10. Current behavior under a phase failure.

ig is the total injected current. At 0.5 seconds, a failure in the
module 2 is simulated, it is seen that the path was broken and
iL2 goes to zero. In order to hold the injected current ig , the
current splits between iL1 and iL3 such a way that the effect
of this disconnection is negligible. These results are consistent
with those observed in the experimental tests of the section V.
Concerning the voltage, it presents a THD around 0.77 % that
is a good value, this due to the derivative control term added
to the classic PVC.

VIII. CONCLUSION

The main contribution of this paper lies on the proposal
of a novel injected current control strategy based on two
control loops with a multi-modular VSI converter topology.
The multi-modular topology provides more energy availability
due to the possibility of splitting the current between several
paths at the moment that a failure occurs. Moreover, this
topology provides in turn scalability in the implementation due
to the parallel topology shows a good performance sharing
the same commutation signal which means it is feasible to
connect the necessary number of modules in order to provide
and manage the desired power. The control strategy shows a
good performance for current tracking, error signals and THD

reduction, accomplishing with all the international standards
related to this kind of application.

REFERENCES

[1] W. Xiao, M. S. El Moursi, O. Khan, and D. Infield, “Review of grid-
tied converter topologies used in photovoltaic systems,” IET Renewable
Power Generation, vol. 10, no. 10, pp. 1543–1551, 2016.
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