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Abstract—In this paper an indirect model predictive current  switching state of the converter at every sampling time. In
control strategy is proposed. The proposed method simplifeethe  each sampling period, a given reference is compared with
computational cost while avoiding the use of weighting facirs. these predictions. Then, the switch state, which generates

Weighting factors are an issue for model predictive controlin th inimal bet th f d th dicti
a direct matrix converter due to the large number of available € minimal error between {ne reference an € prediction,

switching states and necessity to control both input and ogut Will be the one chosen to be applied in the next sampl!ng

sides of the converter. instant. Recently, the MPC applications are mainly focgisin
Keywords—active damping, current control, matrix converters,  on multilevel converters [5], [6], shunt active power fiktd],

predictive control, finite control set model predictive cortrol, PWM rectifiers [8], permanent magnet machines [9], as well

fictitious de-link. as matrix converters [10]-[12] among others.

NOMENCLATURE In [13], the STATCOM applications are using MPC in a
i.  Source current [is isp isc]T DMC to compensate 'Fhe 'Iagging power fagtor loads. Another
vs  Source voltage [vsa Vs Vst interesting MPC appl|cgt|on is p_resented in [;4], where the
i Input current liaip ic]” DMC MPC technique is fully implemented in a FPGA,
vi  Input voltage [va vp ve|T reducing the complexity of hardware implementation as well
iqe  Fictitious de-link current as allowing fully parallelgd contrgl Calculan-ons.
vge  Fictitious de-link voltage However, t_here are still some issues which are regarded as
i, Load current [ia i ic]T an open topic for research even though the vast amount of
veo Load voltage [va vp ve]T progress of MPC for. power converters. The input flltgr reso-
i*  Load current reference  [i it i*]” nance due to the variable switching frequency is considered
C; Input filter capacitor be one of these issues. Since only one vector is chosen in one
Ly Input filter inductor sampling period in the classical MPC, the variable switghin
Ry Input filter resistor frequency operation will cause high ripple on the contiblle
R Load resistance variables, especially when the resonance frequency ohhe i
I Load inductance filter is close to the average switching frequency, which wil

affect the system performance as well as damage both the
input and source currents waveforms.

The direct matrix converter (DMC) features many advan- In order to solve issues such as computational cost, weight-
tages such as high power densities as well as harsh pressinmgdactor selections and the input filter resonance due ¢o th
and temperatures operating capability in comparison to tbperation at variable switching frequency, this paper psas
traditional back-to-back converter [1], [2]. The DMC prdes an indirect model predictive current control strategy.
bidirectional power flow and controllable input power facto The idea consists in emulating the DMC as a two stage
as well as sinusoidal input and output currents ability. converter linked by a fictitiousic-link allowing a separated

Many modulation and control techniques have been sumad parallel control of both input and output stages, angjdi
cessfully applied to the DMC, the most frequently used atke use of weighting factors. The method is enhanced with an
Alesina -Venturini, Pulse Width Modulation (PWM), Spaceactive damping implementation which consists of mimicking
Vector Modulation (SVM) as well as Direct Torque Controdamping resistor in parallel to the capacitor of the inpuefil
(DTC) and Model Predictive Control (MPC) techniques [3].
The MPC technique has become a real alternative for the
power converter modulation and control [4]. The mathenadtic The DMC topology is presented in Fig. Il. Thig to ac
model of the system is used in the MPC technique to predmbwer converter includes nine bidirectional switches \Wwhic
the performance of the variables to be controlled in eacidl vatonnect the input side directly to the output load side witho

|. INTRODUCTION

Il. MATHEMATICAL MODEL OF THEDMC



a dc-link storage device. An input filter is connected between

the ac source and the bidirectional switches for two reasons:

o To prevent over-voltage hazard caused by the fast com-
mutation of currentd;, which produces short-circuiting

;o)

the impedance of the power supply.
o To eliminate the high-frequency harmonics inside the

input is. S )

P

SB(

Some rules have to be followed when operating the DMC
converter: the load current cannot be interrupted abrughily
to the inductive nature of the load, and as the presence of
capacitors in the input filter, the switches operation c&anno ia iy
short-circuit two input lines. These rules can be expressed © ©

(1)

The input and output variables relations are defined by:
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Fig. 1. Power circuit of the direct matrix converter.

vo =T v;

(2)
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whereT is the instantaneous transfer matrix defined as:

SAa SBa SCa
Sab Sy Scw
SAC SBC SCC

i; = T i,

DMC

T = (4)

Equations (2) and (3) are the foundation of the whole mod- p

ulation and control techniques, which can achieve the éésir
output voltages by choosing the appropriate combinatidns o
switch states ON and OFF. i
There are some techniques that use the concept of fictitious
dc-link in order to simplify the modulation and control of _

(BC)

(AC)

V3
(010)

Va4

(011)

Fictitious Converter

Fig. 2. Representation of the fictitiouk:-link concept for the DMC.
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the DMC. This idea was proposed by Rodriguez in the 80’s
to modulate the DMC in a simple way [1], [15]-[17]. The _
method consists in dividing the converter in a current seurqé‘;)
rectifier and a voltage source inverter linked by a fictitious

is

ig
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de-link such as represented in Fig. II. (CB)y

The rectifier have six active current space vectors assakia
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tFig. 3. Current and voltage space vectors of the fictitiousveder. Left:

which are represented in Fig. 3 (left), which are also festur current space vectors for the fictitious rectifier, rightitage space vectors

in Table I. The inverter have associated eight voltage spdegethe fictitious inverter.
vectors which are represented in Fig. 3 (right) and Table
II. The technique modulates both converters separately, bu
considering the relationship between both stages. Thisvall

that one stage of the converter can be controlled by one

TABLE Il

#| Si1 Siz Siz Sia Sis Sie |

Vab

Ubc

Vea |

VALID SWITCHING STATE ON THE FICTITIOUS INVERTER

lde

modulation or control technique and the other stage by @moth bt 1000 vae 0 vae| e
. . 2 1 1 1 0 0 O 0 vge “Vde| tatip
which could be different. 3] 001 1 1 0 0| -vae vae 0 i
4 0O 0 1 1 1 0 Ve 0 wvge 1ptic
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Ill. I NDIRECT MODEL PREDICTIVE CONTROL METHOD
FOR THEDMC WITH ACTIVE DAMPING IMPLEMENTATION

The main idea of the MPC for the DMC is represented
in Fig. 4, where both input and output stages are controlled
simultaneously using a predictive model of the instantaseo



reactive input power and a predictive model of the loabPC for the DMC. The idea of this proposal is to separate
currents. the control of both input and output fictitious stages of the
converter in order to avoid complex and large calculatiors a
2 AC as well simplify the controller while avoiding the use of the
Source weighting factors.

A. Control of the Rectifier

The control diagram of this stage is represented in Fig. 5. In
3¢ the mathematical model of the rectifier stageslink voltage

vq4. 1S Obtained as a function of the rectifier switches and the
input phase voltage; as follows:

Vde = [ Sr1— Sra Srz — Sre Sps — Sr2 ] Vi (6)

and the input current$; are defined as a function of the
rectifier switches and théc-link current:,. as:

Predictive
Model

Filter

Cost Functi ! Sp1 — Sra

ost Function - . .

Minimization 1 = Sp3 — Sre ldc (7)
S’I‘5 - Sr2

As shown in Fig. 3(left) and Table I, there are six active
current space vectors which correspond to the valid switchi
states of the rectifier. The proposed scheme indicated irbkig
is to control the input side of the DMC with all valid switclgin
Predictive state and the mathematical relationship between input and

LAJeRlC] output voltages and currents.
Similarly to the classical predictive strategy in the DMC,

the rectifier includes ad.C filter on the input side which is
Load g f needed to prevent over-voltages and to provide filteringhef t
high-frequency components of the input currents produged b
L the commutations and the inductive nature of the load. The
) ) o prediction model of the source current is as follows:
Fig. 4. Classic predictive current control strategy for BiIC.
dig 1 Ry,
- ) . . o L_(Vs—Vi)—L—ls (8)
These predictions are compared with their respective-refer t f f
ences in a single cost functign which is normally expressed dv; 1 .. .
as: T C_f(ls — i) ©)

9 = Dio(k+1) +AAgs(k+1) (5) Since the predictive controller is formulated in discrete

timing, a discrete time model is necessary for the load-

where )\, is the weighting factor for the minimization of the ue > ,
instantaneous reactive power, so it is necessary to deternfionverter system. By considering the guidelines preseinted

the weighting factor in order to provide more priority to fhe L+8] for the current and voltage predictions, it is possitde
stantaneous reactive input power or the load currents. dte cd€fine the cost functiop, associated to the input control in
function is evaluated for each of the twenty-seven avasladine @~/ plane:
switching states of the DMC, and the optimal switching state g, = [v,,(k + 1)iss(k + 1) — veg(k + 1)isa(k + 1)?
which will be applied to the converter in the next sampling (10)
instant, is selected by minimizing the cost function. c | of the |
In this method two main issues are observed: first, tl% ontrol of the nyerter _ _
correct selection of a suitable weighting factor value is-ne In the mathematical model of the inverter stageslink
essary in order to prioritise the control of the instantarseocurrent is obtained as a function of the inverter switches an
reactive input power or the load currents and second, as the load current, as follows:
input stage and the output stage of the DMC are controlled c _ _ T
. . lde = [ Sl S’L Sl }lo (11)
simultaneously, and a large amount of twenty-seven availab . _ .
switching states is considered at every sampling time, mugan(_d the load voItage_0 are defined as a function of the inverter
fast microcontroller is required for such high computasibn switches and théc-link voltage vy, as:
cost. L _ g
. : . Si1 — Si
In order tp §9Ive thgse issues, in this paper we use the Vo = | Sis—Sis | vac (12)
concept of fictitiousdc-link in order to propose an indirect Sis — S;
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Fig. 5. Indirect predictive control strategy for the fiditis rectifier.
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Fig. 6. Indirect predictive control strategy for the fiditis inverter.
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Fig. 7. Active damping implementation.

Finally, the associated cost functigip for the output stage

in -3 plane is defined as:
9i = lig —dalk+ P +[i5 —ig(k+1)>  (15)

The control diagram of this inverter stage is represented in
Fig. 6. In order to enhance the performance of the system and
to mitigate the potential resonance of the input filter esit
by potential harmonics in theac source and the converter
itself, in this paper we add an active damping technique to
the predictive controller of the inverter, by modifying the
load current reference as shown in Fig. 7 and indicated in
[19], [20]. In this method, we use a virtual harmonic resisti
damperR,, which is immune to system parameter variations,
in parallel with the input filter capacitorS, to suppress the
system harmonics without affecting the fundamental compo-
nent. The converter draws a damping current proportional to
the capacitor voltage, which is extracted by the convetsetf
emulating the damping resistanég as indicated by:

. Vi
e = o (16)

The main advantages of this active damping implementation

are as follows:

« Easy to implement.

« Do not affect the efficiency of the converter.

o Do not involve additional measurements or any modifi-
cation to the predictive algorithm.

C. Relationship between the fictitious converter and the DMC

As in a real scenario, the switching signals are applieddo th
switches of DMC, making it necessary to adapt the switching
states of both input and output fictitious stages to the real
signals. As shown in eq. (2) and eqg. (3), the relations batwee
the input and output variables of the DMC are defined with
the instantaneous transfer matfix Based on the fictitious
definition, dc-link voltagev,,. is obtained from the input phase
voltagesv; in eq. (6), and the load voltage, is obtained from
de-link voltage vg. in eq. (12). In summary:

Sil - S’L4
Vo = Si3 - Si6 [ Srl - Sr4 Sr3 - S’I‘G Sr5 - Sr2 ] Vi
Sis — Siz
(17)

By assuming a passiv®L load, the mathematical loadand thus the relationship between the switches of the DMC

model can be defined as:

_ e [ Saa ] ‘m— )(rl— 0]
Vo =1L 7 + Rio (13) o (s, 4)( 6)
Based on these definitions, the output current can be ob- Sca (Sir — Sia)(Srs — Sra)
tained using a forward Euler approximation in eq. (13), such Sab (Siz = Si6)(Sr1 — Sra)
as: Spy | = | (Sis — Sie)(Srs — Sre) (18)
io(k + 1) = c1vo(k) + calo (k) (14) gib ES? gg - 3
where,¢; = Ts/L and c; = 1 — RT /L, are constants SBe (Sis — 2)( 6)
dependent on load parameters and the sampling fime | Sce | | (Sis = S8i2)(Srs — Sra2) |

and fictitious converter is given as:




IV. RESULTS

In order to validate the effectiveness of the propose
method, simulation results in Matlab-Simulink were catrie (g)
out in both steady and transient conditions. The simulatic
parameters are shown in Table Ill. Fig. 8 and Fig. 9 sha
simulations results for the proposed indirect predictioa-c
troller. Beforet = 0.06[s], the control strategy is evaluated
without the active damping implementation.

10r

-10

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

400

TABLE Il 200
PARAMETERS OF THE IMPLEMENTATION (b)
Variables | Description | Value |
Vs Amplitude ac-voltage | 311 [V]
Cy Input filter capacitor 21 [uF]
Ly Input filter inductor 400 [H] i i i i i i i
Ry Input filter resistor 0.5 [] 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
R Load resistance 10 [©2] Time [s]
L Load inductor 10 [uH]
Ts Sampling time 30 [us] Fig. 9. Simulation results of the proposed method. Before0.06 [s] with-
Simulation step 1 [us]

out active damping, after = 0.06 [s] with active damping implementation:
(a) load currentd, [A] and its referencesdo ™ [A]; (b) load voltagev, [V].

30
ol damping method. In Fig. 8(b) it can be observed that the
1ok commutated input curremnfy, which is given as function of the

@ , DMC switches and the load currerits A highly satisfactory

tracking of the load currentk, to its respective references

-10f o L . . .
0l i} is noted in Fig. 9(a) with a sinusoidal waveform and a
20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ THD of 0.86% and 1.26% before and after the implementation
0.02 003 004 005 006 007 008 009 01 ofthe active damping strategy, respectively. In this céee t

reference is established d$=16[A]@30Hz. In Fig. 9(b) is
also observed the load voltage which is given as a function of
the DMC switches and the input voltages

30
20
10

V. CONCLUSION

This paper has presented an indirect model predictive cur-
rent control strategy with minimization of the instantanso

0.06 0.07 0.08 0.09

Time [s]

0.1

Fig. 8. Simulation results of the proposed method. Before: 0.06 [s]
without active damping, after = 0.06 [s] with active damping implementa-
tion: (a) source voltages 4 [V/10] and source current; 4 [A]; (b) capacitor

reactive input power for a direct matrix converter wich has
been enhanced with an active damping implementation. The
method uses the idea of fictitious-link in order to separate
the control of both input and output stages of the converter.
By doing this, it is possible to reduce the complexity of the

voltagev.4 [V/10] and input current 4 [A]. control, but also avoid the calculation of a suitable weiiggt

After ¢ — 0.06[s], the control strategy is evaluated withfactor for the control of both instantaneous reactive input

the implementation of the active damping technique. In Fi§oWer and load currents variables. o _
8(a) one can observe a source curfantin phase with to its _ At the same time, with the active damping implementation,
respective source voltage 4 but before the implementation!t is pos§|ble to mitigate the_resonances of _the mput filter
of the active damping method, this current is highly distdrt N POth input currents and input voltages, improving the
with a THD of 61.10%. After the implementation of the active P€formance of the full system. By considering the proposed
damping method, the source current is improved obtainifja{€9y, & new alternative has emerged for the control tf bo
almost a sinusoidal waveform with a THD of 8%3 The the inputand load currents in a direct matrix converter.
effect and performance of the input filter is also reflected in
this figure where the high order harmonics present in Fig.
8(b) are eliminated as expected. The effect of the input filte The authors would like to thank the financial support of
resonance is also evident in the capacitor voltage wavefoRmograma en Energias CONICYT - Ministerio de Energia
va, Where beforet 0.06[s] presents also an oscillationENER20160014 and FONDECYT Regular 1160690 Research
but it is improved with the implementation of the activeProject.
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