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Abstract—Finite-control-set model-based predictive current
control (FCS-MPCC) technique is distinguished by a variable
switching frequency which causes high harmonic distortion a
low sampling frequency. This latter could be considered an
undesired behavior for active power filter for grid-connected
applications. To overcome this issue, this paper proposes a
modulated FCS-MPCC applied to a three-phase four-wire active
power filter based on H-bridge converter. Simulation results
are developed to demonstrate the efficiency of the proposed
modulated FCS-MPCC comparing with classic FCS-MPCC, thus
concluding the advantages and limitations of each technique at
transient and steady states.

Index Terms—Active power filter, current control, H-bridge
converter, model predictive control.

NOMENCLATURE
APF Active power filter.
CHB Cascade H-bridge.
FCS-MPCC Finite-control-set MPCC.
MPCC Model-based predictive current control.
PCC Point of common coupling.
STATCOM Static compensator.
THD Total harmonic distortion.
Cae dc-link capacitor.
Ga> Gbs 9e» Gn FCS-MPCC cost functions.
i, 1%, ¢, i Power grid phase currents.
ve, vb, s Power grid phase voltage.
1%, iz, 15, 17 Load phase currents.
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STATCOM phase currents.

STATCOM phase current predictions.
STATCOM currents in the « — 8 — 0
subspace.

STATCOM current references.

Ve, vg, Vg STATCOM phase voltages.
N Number of cells.
P Instantaneous active power reference.
Py Instantaneous active power O sequence.
Q7 Instantaneous reactive power reference.
QL Instantaneous reactive load power.
T Clarke’s transformation matrix.

I. INTRODUCTION
APFs based on H-bridge converters equipped with

SiC-MOSFETs switching devices have several advantages

978-1-5386-2910-9/18/$31.00 ©2018 IEEE

such as the possibility of scalability, modular structure and
high switching frequency [1], [2]. Due to these advantages,
SiC-MOSFETs H-bridge converters have attracted the atten-
tion of the research community and currently, they are con-
sidered as a real competitive topology in the new generation
APF for grid-connected converters [3], [4].

Nowadays, FCS-MPCC is applied with success in complex
power electronic applications such as APFs [5], multiphase
machines [6], matrix converters [7], among others. The easy
inclusion of non-linearities and constraints, as well as its fast
dynamic response, makes FCS-MPCC an alternative to classic
control methods. Moreover, thanks to the improvement of the
microprocessor technology, the implementation of FCS-MPCC
algorithm could be performed at higher sampling frequency
[8], [9]. However, one of the main disadvantage presented by
FCS-MPCC is its variable switching frequency produced by
the optimal voltage vectors. This issue may produce current
ripple with high peaks in the current to the converter output
and power losses [10], [11].

In this context, this article proposes a modulated
FCS-MPCC method applied to a four-wire three-phase APF
based on two-level H-bridge converters operated at fixed
switching frequency through a switching pattern [12], [13].
This allows a better distribution of switching in the power
semiconductor devices, thus reducing power losses and the
current ripple in the output current of the converter and
reducing the THD injected into the electrical power grid [14],
[15]. To check the feasibility of the proposal, a comparison
is made with the classic FCS-MPCC and the modulated
FCS-MPCC, simulation results are presented using the MAT-
LAB/Simulink tool. This paper is organized as follows: Sec-
tion II describes the three-phase four-wire CHB STATCOM
topology. In the same section, the classic FCS-MPC is also
introduced. Then, Section III exposes the proposed modulated
FCS-MPCC strategy. Section IV illustrates the performance
of the proposed techniques considering the simulation results.
Finally, the conclusion is presented in Section V.

II. SYSTEM DESCRIPTION

The system under study is a three-phase four-wire APF
based on CHB connected in parallel to the electric power grid
as shown in Fig. 1. The APF consists of four independent
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Fig. 1. The control scheme of the proposed modulated FCS-MPCC.

CHB cells with dc-link corresponding to the phases a, b, ¢ and
n [16], [17]. Each CHB cell contains four switching devices
SiC-MOSFET (which can operate up 100 kHz) connected in
H-bridge Sy, to control each cell, being f the phase (f = a,
b o ¢), x cell number in each phase and y the switching device
in each cell (y = 1, 2, 3 or 4). Table I shows the permitted
combinations of the activation signals of the switching devices
and the voltage vectors at the output of the converter, for
the case of phase a, for example. The analysis is similar for
the other cells avoiding the short circuit in the dc-link. The
dynamics of the system model is obtained using the Kirchhoff
circuit laws. The unbalance of the three-phase voltages of
the electrical power grid, as well as the capacitance and dc-
link voltages, are beyond the scope of this document, and
only the equilibrium conditions are considered to obtain the
system model. The STATCOM based on the CHB converter is
connected to the PCC. Then, applying the laws of Kirchhoff
for the ac side of STATCOM, the following equations are
obtained:

TABLE 1
POSSIBLE COMBINATIONS OF ACTIVATION SIGNALS
Sai1 [ Saiz [ Saiz [ Saia 02
T 0 0 T | Toae
1 1 0 0 0
0 0 1 1 0
0 1 1 0 | —vae
dlg —1/L a R i® S a
dt - / f (Us —Lf il = Ne Olgy Udc)
dib b -b b
dtc :1/Lf( szszfnchzyvdc) W
di¢ .
e /Ly 0~ Ry e Seay )
di?
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dt Cdc ¢ Rdc Cdc
d’USC — Sbﬂ?y ib o vgc
dt C(dc ¢ Rdc Cdc (2)
dvﬁc — Scmy i€ — véc
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dvgc SCIZ] T vgc
— 1 —
dt Cdc ¢ Rdc C'dC

being Rq4. a resistor connected in parallel to Cg. that
concentrates the overall losses in the dc side and Ry, Ly are
the resistance and inductor, respectively, that work as a filter
at the output of the CHB.

A. Classic FCS-MPCC strategy

Classic FCS-MPCC uses the mathematical model of the
system, namely predictive model, to predict its future behavior.
In this case, the differential equations of the system in the ac
side is represented by the following equations:

d'a
= ULy (vf vl — Ry i)

% = 1/Lj (’Ub — ’Ub — Rf ib)
dt S c (& (3)

dlg C C «C
E = 1/Lf(vs _vc_Rch)'
da?

& =1/Ly (v7 — v = Ry 7).

Then, the predictive model can be obtained by using a
forward-Euler discretization method due to its simplicity.
However other discretization methods can be used such as



the matrix factorization introduced by Cayley-Hamilton. The
discrete-time model is given by [18], [19]:

iran = Av ity + Ts/Lg (U?[m - U?[k])
i1y = Av ity + Ts/Lg (Ug[k] - vi’[k]) @
lepatg = A1 icpy + T/ Ly (“ﬁ[k] - “§[k1)
teppgrin = At iy + T/ Ly (“?m - ”?[kl)
being A; = (1 — Rgf*

In the case of a current control, the typical cost function is
defined as the difference between reference currents and the
predicted currents [20], [21]:

9o =|| ig* - %?[kﬂ] ||2

g0 =l %f; - %g[kJrl] H2 )
ge =|| ig* - %2[k+1] ||2

gn =l Z'?* - %::L[k-i-l] H2 :

Next, the cost function is evaluated for each switching states
and for each phase. The switching state that minimizes the
cost function is applied to each phase of the CHB STATCOM
during the next sampling time causing a variable switching
frequency for each phase.

B. Current reference generation

For the evaluation of the cost function in (5) is necessary
the current references. For simplicity, the phase currents and
voltages are translated to the o — 8 — O subspace by using
Clarke’s transformation matrix:

1 -1 _1
Zlo 4 o
T=y/| 0 ¥ —v3 |,
ol I (
V2 V2 V2

Then, the current references in v— 3—0 subspace in function
of active and reactive power are:
Vs P
—Vsa Q:

]t
izﬁ (Vsa)? + (vsp)? | Vsp

and 7%, simplified is:

]. )

ivg =1r0 (®)

Then the STATCOM does compensate the alternate part
of the active power and the instantaneous reactive power
reference can be written as [22], [23]:

P =—Pp ©)
(10)

Qi =—QL =Vsa i18 — Vg iLa

(1)

. )
Py = —Pro = —irovso

where ()1, and Pr( are compensated by the CHB STATCOM
system. The STATCOM phase currents references used in the
optimization process are:

-a -
Zi ) lea

h* _ — -k

10 =T log (12)
c* %

(2 Leo

III. PROPOSED MODULATED FCS-MPCC STRATEGY

This predictive control strategy uses two active vectors in
conjunction with a switching pattern Fig. 2, therefore it can
be seen as space vector modulation. This method first follows
the same procedure as classic FCS-MPCC strategy explained
in the previous section. After the evaluation of the current
predictions (4), currents references (12) and cost function (5),
the optimum voltage vector is located in sector given by the
two active vector nearest to the optimum switching state. Then,
the proposed method evaluates the cost function, namely A;
and ), of each active voltage vectors. Next, the duty cycles
are computed by solving the following equation:

T1 T2

—~ =
K/ +EK Do =T, (13)

By solving (13) it is possible to obtain the expression for
K and the expressions for the duty cycles for each vector, that
are given as:

T A2
1 f—
M+ o
N (14)
To = .
D VNI

Then, according to these expressions, the new cost function,
which is evaluated at every sampling time for each phase, is
defined as:

)\:Tl )\1+7‘2 )\2. (15)

Finally, the optimization algorithm selects the optimum
vector S;pt for each firing signals of each cell by the
evaluation and minimization of the predefined cost function
represented by (15). To make the thing clearer, Algorithm 1
summarizes the optimization process.

(%1 !

Fig. 2. Switching pattern of the proposed modulated FCS-MPCC.
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Fig. 3. Current reference generation for the FCS-MPCC.

Algorithm 1 Optimization algorithm of the proposed current
controller

1. Initialize g2 := 00, g% := 00, g¢ := 00, g7 := 00, := 0
2. Compute the STATCOM current references (7).
3. while n < ¢ do

4. Sf,ijeS}’iJVi&jzl, 2,3

5. Compute the STATCOM prediction currents (4).
6. Compute the cost function, (5).

7. if g% < g¢ then gl g%, SP' S,
8. end if

9. if g < g then gt gt S S,
10. end if

11.  if g° < g¢ then g5 g, S S,
12. end if

13.  if g" < g then gy g, SP Sy,
14. end if

15. n:=n+1

16. end while

17. Compute the new cost function and duty cycles (13)-(15).
18. Applied optimal switching states following the switching
pattern, Fig. 2.

IV. SIMULATION RESULTS

This section theoretically verifies the performance of the
proposed modulated FCS-MPCC by using MATLAB/Simulink
simulation tool. A numerical integration based on Odel Euler
was used for the calculation of step by step variables in the
time domain with a relative tolerance of le-6. The electrical
parameters, as well as the FCS-MPCC parameters using for the
simulations, are shown in Table II. The system is first operated
with balanced load (from ¢t = 0 s to ¢ = 0.04 s) when suddenly
the load changes from Ry = 23.2 () to Ry, = 46.4 €2 in phase
“a”. Note that the two-level CHB STATCOM is connected at
t=0.1s.

Fig. 4(a) and Fig. 4(b) show the active and reactive
compensation (above figure), the APF output current (mid-
dle figure) and the output voltage of the CHB STATCOM
(lower figure), for classic FCS-MPCC and the proposed mod-
ulated FCS-MPCC, respectively. It can be noticed that both
controllers show a fast dynamic response and good reactive
power compensation in the power grid Q, = 3 000 VAR to a
mean value to zero. However, the classic FCS-MPCC shows
a higher ripple in the current injected to the grid ¢ as well
as in the reactive power. Moreover, the proposed FCS-MPCC
gives better current tracking and a fixed switching pattern of
the output voltage of the CHB STATCOM.

TABLE 11
PARAMETERS DESCRIPTION

two-level CHB STATCOM

PARAMETER SIMBOLS VALUE UNIT
Electric frequency on the power grid fe 50 Hz
Voltage of electric power grid Vs 310.2 \%
Filter resistance Ry 0.09 Q
Filter inductance Ly 3 mH
dc-link voltage Vde 342 v
Load parameters
Load resistance Ry, 23.2 Q
Neutral load resistance Rin 1 Q
Change Load Ry, 46.4 Q
Load inductance Ly, 55 mH
Predictive control parameters
Sampling frequency fs 40 kHz
Sampling time Ts 25 s
Active power reference Pr —Py, w
Reactive power reference QF —-Qr VAr
Zero sequence instantaneous power P —Pro w

Considering the THD as a parameter of performance, the
proposed controller gives a THD=3.64% while the classic
FCS-MPCC gives 16.78% as shown in Fig. 5 (bottom). This
improvement meets the grid-connected codes related to the
limits of the low-order harmonics that can be injected into
the power grid. An improvement in the grid current is also
introduced by the proposed controller, as can be seen in Fig. 5
(above).

Finally, Fig. 6 shows the neutral current elimination
of the proposed modulated FCS-MPCC, a neutral current
compensation of 4.5 A peak to peak can be observed at a
mean value of zero in the power grid.

V. CONCLUSION

In this paper, a modulated FCS-MPCC is proposed in
order to provide a constant switching frequency of the
power switching devices (i.e. SIC-MOSFETs). This strategy
is applied as a current regulator of a two-level three-phase
four-wire CHB STATCOM. As observed from results, the
proposed controller provides also a fast dynamic response
and easy inclusion of constraints as classic FCS-MPCC,
compensating the reactive power and eliminating the neutral
current. Nonetheless, the proposed controller also provides
a reduction of the current ripples as well as a reduction
of the THD (around 13.14 %), compared with the classic
FCS-MPCC.
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