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ABSTRACT

This paper proposes an active and reactive power control stra-
tegy based on predictive control approaches applied to grid-
connected renewable energy systems. To accomplish this a
multi-modular matrix converter topologies are used in combi-
nation with a simple but efficient grid synchronization strategy.
The theoretical performance analysis is performed considering
a six-phase wind energy generator system interconnected with
the grid. Results based on a MATLAB/Simulink simulation
environment are discussed and the most relevant characteristics
of the proposed control technique are highlighted considering
the total harmonic distortion and the mean squared error as a
parameters of performance.

Keywords: Predictive control, matrix converters, renewable
energy systems, multiphase induction generator.

1. INTRODUCCION

In the last years the interest in power generation from re-
newable energy sources has experienced a significant growth,
mainly justified by the reduced environmental impact generated.
Renewable energy systems (RES), such as solar photovoltaic
(PV), micro-hydraulic and wind energy systems are widely
used as an alternative to the traditional systems. A very active
research area in the field of RES are focused in the multiphase
wind energy generator (MWEG) systems [1], [2]. In particular,
MWEG systems with multiple three-phase windings are very
convenient for wind turbine (WT) applications, due to important
aspects especially for high-power safety-critical applications
such as performance, reliability, smooth torque and partition
of power [3]. In MWEG, the six-phase wind energy generator
(SpWEG) with two sets of three-phase stator windings spatially
shifted by 30 electrical degrees and isolated neutral points
is probably one of the most widely discussed topology with
fully rated back-to-back converter system to grid-connected
applications [4]-[6]. Consequently with the development of
multiphase topologies and drives, recent research efforts have
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been focused in the development of a flexible power interface
based on a modular architecture capable to interconnecting
different renewable energy sources and load, including energy
storage systems to the electrical grid. These efforts converge in
the multi-modular matrix converter (MMC) topologies whose
the main feature is the ability to provide a three-phase sinusoidal
voltages with variable amplitude and frequency using fully
controlled bi-directional electronic switches without the use
of energy storage elements [7]. These characteristics makes
plausible the use of MMC in applications where are required
high power density and compact converters such as SpWEG
systems, constituting an attractive alternative if it is compared
with conventional converter topologies [8], [9].

The main contribution of this paper comparing with the previous
works will focus on a theoretical performance analysis of a
MMC combined with a SpWEG scheme in order to ensure an
efficient active and reactive power control from the generator
side to the grid side. Each module of the MMC architecture are
connected in cascade to the independent three-phase windings of
the SpWEG. A model-based predictive control (MPC) technique
is used to predict the effects of future control actions in order
to minimize a defined cost function. The control criterion will
be the active and reactive power control.

This paper is organized as follows: Section 2 describes the
mathematical model of the MMC. Section 3 presents a detailed
description of the MPC control strategy. Section 4 discusses the
simulation results and a performance analysis of the proposed
predictive control technique using the total harmonic distortion
(THD) and the mean square error (MSE) as a parameters
of performance. Finally, the main remarks are summarized in
Section 5.

2. POWER CONVERSION MODEL

The proposed topology consists of two three-phase matrix
converter (MC) modules connected to the SpWEG by using
a passive (LC) input filter and then connected to the grid
by an output filter, as it was shown in Fig. 1. Each one of
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Fig. 1. Proposed multi-modular matrix converter and power control topology applied to the six-phase wind energy generator.

these modules is represented by the power electronic scheme
of Fig. 2. In this case, generated voltages by the SpWEG are
indicated as Vi;, V4; and V,; where j € {1,2} depending
of the corresponding module. In the same way, the generated
currents are indicated as I.;, I,; and I,,;. The output currents
of the input filter are indicated as Ic., Ie, and Ic., respectively.
Input voltages of the MC are Veu;, Veo; and Ve ;. The output
voltages of the MC respect to the corresponding SpWEG neutral
point (N1 or N2) are Vonj, Vi, and Ven;. Moreover, output
currents are Joqj, Iop; and Ioc;, respectively. Finally, the output
filter voltages (that are connected to the grid) are Voanj, Vobn;
and Voch~

M

The MC power topology is composed of nine bi-directional
power switches, which can generate 27 switching states [10].

/ N Nij 0cN j
If the three-phase vectors of voltages and currents are defined Voanj & Voun; X Vet
: Output Filter :
AST
Vi Vew; Vang Fig. 2. Model of the power systems.
Vij=1| Vuj Vii =1 Veus Voi=1| Veny |(1)
Vw; Vews Ven;
! “l N Szy must satisfy the following condition:
Iuj Ieuj Ioaj
I; = | I, Lij = | Iev; Ij = | I ?2) Suy + Suy + Swy =1 y € {a,b,c}. 5)
ij Iewj Iocj

The dynamic model of the passive output filter is defined as:
then the following vectorial equations relate the input and output

voltages or currents in terms of the switching states of the MC: Voj — Voni = Ly, dd]‘t’j + Ryoloj 6)
Vi =58 Vij, Lj=S" I, 3) where:

Voan;

being S the instantaneous transfer matrix, defined as: Voni = | Voeny 7
Voc j
Sua Sub Suc v

S=1 Sva S Sve ) is the voltage vector measured from the end of the output filter

Swa  Swb  Swe to the corresponding neutral point N; of the SpWEG.

where the S;, element has a binary value, corresponding to the
state of the single switch.

In order to avoid short circuits on the input side and ensure an
uninterrupted current flow on the load side, the switching signals
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In the case of the input filter, the dynamic behavior can be di-
rectly modeled by using the space-state representation approach

as:
d [ Vi Vij Vi
AN Vi | g | Vi | g, | Ve 8
dt{fsj} {Isj]jL {I} ®
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where:

0 & 0 —&
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Iy Iy Ly

being Ly and C; the filter inductance and capacitance, respec-
tively, and Ry is the leakage resistance of L.

3. PROPOSED CONTROL METHOD

A. Predictive model

The MPC technique uses a model of the real system to predict
the future behavior of the variables to be controlled. The
inherent discrete nature of power converters simplifies the MPC
optimization algorithm to the prediction of the system behavior
only for the set of feasible switching states. This approach is
known as finite control set MPC, and it has been successfully
used in several power converter applications and topologies [11].

The discrete model of the system using the forward Euler
discretization is defined as follows [12]:
= R} 1y 0 1 (Vi (B) = Vs ()
fo fo

(10)
where Ty, is the sampling time, I,;(k) and Von;(k) are
measured, and V,; (k) is calculated for all switch combinations
to predict the next value of the output currents and evaluate the
cost function in order to select the optimum solution.

Loj(k+1) = (1

B. References generation

Active and reactive power references in currents terms are
defined by the following equations [13]:

% 2 Vsa 2 Vsp

no2 e pey 2 Ve o
! 3v§a+v§g +3v§a+vsﬂQ an
and 5 5
S VsB * Vsa *
— 2 U8 pr 2 Usa 12
'8 3 v, +v2g 302, JFUSBQ (12)

where P and Q7 denote the active and reactive power refe-
rences, respectively, while vs, and v,g are the grid voltages in
stationary reference frame (o — ).

C. Cost function

The cost function can be defined as a deviation between the
references and predicted currents and is normally defined as
follows:

J =] eialk+1) > + || eiq(k +1) ||? (13)
where
Il eia(k + 1) || = da(k + 1) —ig(k + 1) ||
| eig(k +1) || =[l iq(k + 1) —ig(k +1) |

| . || denotes vector magnitude, and iz, (k + 1) and 4} (k + 1)
are vectors which contain the reference and prediction currents,
respectively in the dynamic reference frame (d — ¢). The
predictions are based on the current states and control efforts.
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Fig. 3. Block diagram of a PLL with special design of the compensator.

D. Digital PLL implementation

The dynamic performance of the proposed PLL is highly in-
fluenced by the compensator G(z), Fig. 3 shows the proposed
PLL diagram block. Considering that the reference signal is
the grid voltage in d axis, and since the loop gain includes
an integral term, § must track the constant component of the
reference signal with zero steady-state error. However, to ensure
zero steady-state error, the loop gain must include at least two
integrators. Therefore, G(z) must include at least one integral
term, that is, one pole at z = 1. The other poles and zeros
of G(z) are determined mainly by the closed-loop bandwidth
requirements of the PLL and stability indices such as phase
margin and gain margin, according with the procedure described
in [14]. Due to the fact that G(z) is controllable, the transfer
function can be expressed into controllable canonical form as
follows:

x(k + 1) = [F]5><5 [x(k)]s’)xl + [D}5><1 [e(k)]s’)xl (14)

w*(k) = [Chxs [X(k)]le 15)

where the matrix [F|sxs5; and the vectors [D]sx1, and [Clixs
define the dynamics of the PLL compensator [G(z)]. The set of
state variables are defined as follows:

25 -22 09 -02 0.01
1 0 0 0 0
Flyus=| 0 1 0 0 0 (16)
o 0 1 0 0
o 0 0 1 0
D],.,=[1 0 0 0 0] (17)
[Cliys=[17 -57 81 —58 1.6 ]. (18)

This state-space realization is called controllable canonical form
because the resulting model is guaranteed to be controllable.

E. Optimizer

The optimization process is performed by evaluating the cost
function for each valid switching state. The search space given
by the set of possible vectors can be defined as ¢ = j’",
where ¢; and ¢, are the number of the matrix converter input
and output phases, respectively. For the particular case of a
three-phase grid-connected system, the search space is defined
by 27 possible vectors for performing the control law. The
optimization algorithm selects the optimum vector S°P* which
minimizes the cost function J, as detailed in Algorithm 1.
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Algorithm 1 Optimization algorithm

1. Initialize J} := 00, J? := 00
2. Compute MMC input voltages (Eqn. 2)
3. while i < ¢ do

4. Compute MMC output voltages (Eqn. 3)

5. Compute the prediction of the states (Eqn. 10)
6. Compute the cost function (Eqn. 13)

7. if J1 < J; then

8. JY e, S S,

9. end if

10.  if J» < J2 then

11. erJg, S;ptesi

12. end if

13. 1=1+1

14. end while
15. Apply the optimum vector S°P* € {S9P*, S9P*}

4. SIMULATION RESULTS

The MMC has been modeled in MATLAB/Simulink in order to
validate the proposed control scheme, considering the electrical
parameters that are shown in Table I. Simulations have been per-
formed to show the accuracy of the MPC technique. Numerical
integration by means of the first order Euler algorithm has been
applied to obtain the evolution of the controlled variables. Fig. 4
shows the accuracy of the proposed method and the voltage and
current behavior at the point of common coupling (PCC). Fig. 4
(upper) shows the instantaneous active power reference change.
The active power reference was initially set to 4,000 W and
after ¢t = 0.06 s, the value of the power reference was changed
to 2,000 W. It can be seen that the output power follows its
reference value, similar results are obtained at ¢ = 0.12 s and
t = 0.18 s. On the other hand, Fig. 4 (middle), shows the
tracking current dynamic performance for a step of the active
power reference. As can be seen the dynamic response during
the transient is very fast and the steady-state error is near to zero.
Finally, Fig. 4 (bottom) shows the current and voltage behavior
in the PCC. When the reference power decreases, the current
amplitude decreases, keeping constant the voltage value.

To evaluate the proposed control performance the THD,
Eqgn. (19), and the MSE, Eqn. (20), are used as a figures of
merit.

TABLE I
ELECTRICAL PARAMETERS

SpWEG MPC Power Control

PARAMETER SYMBOL VALUE UNIT
Electrical signal frequency fs 50 Hz
Grid voltage signal amplitude Vs 380 \%
Input filter resistance Ry 0.5 Q
Input filter inductance Ly 04 mH
Input filter capacitance Cy 25 uF
Output filter resistance Ry, 4.7 Q
Output filter inductance Ly, 3 mH
Switching period Tm 20 us
Active power reference P* 4,000 w
Reactive power reference Q* 0 VAR
60 SYSTEMICS, CYBERNETICS AND INFORMATICS
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Fig. 5. Performance analysis: (upper) grid current, (bottom) grid current
THD.

THD = (19)

MSE(V) = (20)
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where N is the number of vector elements, ¢, is the amplitude
of the fundamental frequency of the analyzed current, ¢; are
the current harmonics and ¥ represents the difference between
the measured value and reference value of the analyzed signal.
In Fig. 4 (middle) it can be also appreciated that the currents
fluctuate slightly due to the switching electronic components of
the MMC, generating a small harmonic distortion. For an active
power of P* = 4,000 W and a switching period of 20 ps. It
can be seen that the THD is always below 5 %. Similar results
are obtained for B and C phases. MSE was quantified on steady
state, between the reference and measurement currents in (d—q)
reference frame, and the obtained value is 0.0952.

5. CONCLUSION

In this paper an active and reactive power control strategy
based on the predictive control approaches applied to grid-
connected SpWEG systems has been proposed. To achieve the
instantaneous power control, a MMC architecture has been
used in combination with the predictive control. The simulation
results confirm the capability of the proposed predictive control
technique mainly in terms of low harmonic distortion, and
also showing an acceptable dynamic response when a multi-
step power references is applied. Finally, the proposed control
technique has proved to be viable providing an unity power
factor allowing independently active power control.
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