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Abstract—This paper presents a detailed description of Fité
Control Set Model Predictive Control applied to pover
converters. Some key features related to this methology are
presented and compared with model predictive contdobased
space vector modulation methods. The basic modelgtinciples,
control diagrams, and simulation results are preseted to provide
a comparison between them. The analysis is perforrdeon a
three-phase/ two-level voltage source inverter, wbi is one of the
most common converter topologies used in industryAmong the
conclusions are the feasibility and great potentialof Finite
Control Set Model Predictive Control due to the adanced signal-
processing capability, particularly for power systens with a
reduced number of switching states and more complited
principles.
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|. INTRODUCTION

The raising number of Distributed Generation (2@&)ms
new strategies for the operation and managemethieodrid to
sustain or enhance the power quality and religbilihe power
electronic technology plays a keyle in industrial applications
such as integration of Renewable Energy SourceSg¢RBto
the grid. Power electronics have gone through st fa
development, generally due tcadvances in power-
semiconductor switches along with high performaoestrol
algorithms [1]. Therefore, to achieve high perfonoes,
converter  topologies, modulation  strategies,
synchronization schemes, and control algorithmsulshde
considered. The control structure of a grid cotedc
converter is generally divided into two control o The
outer control loop is dedicated to adjust the dk-icapacitor
voltage. The inner one concentrates on either itngckhe
current or instantaneous active and reactive pogferences.
In both scenarios, indirect control approachesluiiog the
space vector modulation scheme, have been appligthugh
these methodologies bring some benefits, complexdioate
transformation is required and much regulation réffs
essential to guarantee the system stability [2].

Direct Power Control (DPC) pursues to control a eow
converter by employing the active and reactive pewas
control variables. The conventional DPC is basedsionilar

grid

concepts as Direct Torque Control (DTC) for the onafrives
[3]. DPC has turned into one of the popular constohtegies
due to its simplicity, outstanding transient pemfance, and
robustness. Although DPC directly selects the posweitch
states to follow the desired active and reactivevgys, the
resulting switching frequency is varying [4-6].

Predictive algorithms have also been engaged tocomee
the varying switching frequency problem of the D§ttategy.
The Model Predictive Control (MPC) is able to woskith
system nonlinearities and constraints instantarigoBssides,
MPC can be applied easily in Multiple Input-MulépOutput
(MIMO) systems as well as single Input-Single Outf&ISO)
systems. Yet, a precise system model is an eskentgoply
MPC.

MPC techniques applied to Power Electronics can be
classified into two types: Finite Control Set MPECS-MPC)
and Continuous Control Set MPC (CCS-MPC). In thesFC
MPC approach, it takes benefit of the limited numioé¢
switching states of the power converter to solvee th
optimization problem. Alternatively, in the CCS-MP&
modulator produces the switching states from thaticoous
output of the controller [7]. In general, MPC e\atle, at each
sampling instant, an optimal control problem ovefirdate
prediction horizon. This optimization obtains antiol
control sequence for the whole prediction window.
Succeeding to the receding horizon principle, athilg first
control act of this optimal sequence is appliedh® system.
At each sampling instant, this procedure is regkasing new
state estimations or measurements [8].

This paper presents a description of FCS-MPC agplieyrid-
connected DC/AC power converter, which provides
optimization method to control the active and ri@cpowers.
The MPC operating principle is introduced in Sectih A
Two-Level three-phase Voltage Source Inverter togplis
employed to implement MPC, in Section Ill. Sectitvi
shows model predictive control based on Space Vecto
Modulation (MPC-SVM) for a three-phase inverter ngsi
direct power control and SVM switching strategy. eTh
performance comparison of MPC versus MPC-SVM cdntro
techniques is presented in Section V. Finally, i8acvI is
devoted to the conclusion.
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[I. FCS-MPCOPERATINGPRINCIPLE

A. FCS-MPC Algorithm

Finite Control Set Model Predictive Control (FCS-GIP
takes the advantage of the discrete nature of powmrerters
to moderate the MPC calculations with reduced cdatfn
time. As there are finite numbers of switching etain a
converter, the prediction procedure will be seldctierough
minimizing the cost function. Fig. 1 shows the mégatures
of this control scheme.

Assuming that the state variablegk) is obtainable
through measurement and estimation, which provithes
current plant information, at the sampling instantt > 0,
the current state variabbg(k) is used to predict its future
values. In one sampling time ahead, the predictide s
xp;(k + 1) can be obtained based on a prediction fungtjon
for each possible control s&t i 1,...,n as follows,

xpi(k +1) = fp{x(k), S}, for i =
wheresS; is the i-th control set. A cost functigfy can be
defined to select the optimal control set, basedhendesired
reference value™, as follow,
Ji = f[{x (e + 1), xp;(k + 1)}, fori=1,...,n
The sampling timeT, is small enough in comparison with
the system dynamic behaviour, hence the futurereete

value,x™(k + 1), is anticipated to be same as the actual value

x*(K). In other words, the reference is assumed todnstant
overT,. The assessment of the cost function with the
predictions will causa different costs. Certainly, the control
action will be chosen as the one which leads tonti@mum
cost (min{J;}, fori = 1,...,n). A typical representation for

cost functiory; would be the error between the predicted value

and the reference,

Ji=lx™ (k +1) = xpi(k + D 1)

The error in one sampling period is defined by Whjch
can be calculated as an absolute value, square valategral

xp,(k+1) is the closest to the refereneg(k + 1) ;
therefore, S, is the optimum vector and applied at the

sampling timek. Subsequently the same principle applies, that

is, S;is selected and applied at the sampling tiné. In the
ideal theoretical case, we assume the variables lman
measured, predicted, and controlled instantly atsampling
time k. However, it is not realizable in real-time applioas,
and this problem can be overcome if a one-stepydeda
considered.
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Fig. 2. Theoretical operating principle of FCS-MPC

B. FCS-MPC Challenges

As stated before, different variables can be inedhn a
cost function. They can even have different natuesinits
(active and reactive powers, current, voltage,@viilg losses,
etc.). Since some variables have completely differalues

value. Although, the absolute error and squared error givéhan others, this can cause coupling effects aatiations in

similar results when a single-term cost function used,
squared error grants a better tracking when the foostion
includes additional terms. The choice of cost fimcis one
of the most important stages in the design of arCvdnce it
allows not only to select the control objectives tbfe
application, but also to include any required caaists. For
example, in FCS-MPC, switching losses can be cbeatrdy
adding another term to the cost functjpnLastly, the optimal
switching state,,,) that minimizes the cost function will be
nominated as the next switching state [2].

To further show how the algorithm works, Fig. 2 \wko
the system behaviour in time and space vector septations,
respectively. Based on the case in Fig. 2, theiged value

the significance of one variable than the otherghi& cost
function. A straightforward way to address thiuesss to add
a coefficient or weight factor for each variable the cost
function. The method of finding weighting factor anly
empirical (i.e. try and error). Another approachr fo
compensating the unit difference is normalizing heac
component (per unit value) in order to eliminateirthunit
effects.

Moreover, in terms of prediction horizon, there ne
theoretical boundary to the number of predictidmes tan be
executed. It is anticipated that with longer prédit horizon,
more knowledge of the system is reflected in th& Ganction.
Nevertheless, practical implementations are rdsttiby the



computational requirements of the algorithm, whigfil
enforce a maximum number of achievable predictjerEl].

[ll. MODELING THE SYSTEM

The two-level three-phase voltage source inver2&r3P
VSI) is one of the most common converter topologissd in
industry. Additionally, it depicts a general arrangent and
operating principle that can be simply applied ttheo
converter topologies. Hence, 2L-3P VSI is seledtedhis
paper to describe the basic principles of MPC imwgro
electronics applications.
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Fig. 4. The states of an inverter output voltage

A. Model of Grid-Tied Operation

The topology of a 2L-3P grid-tied VSI is illusteatin Fig.
3. It has six power switch-diode combinations, #88T has
been selected as a power switch. For an n-phaseveh-|
converter, the total number of possible switchitades isz".
Thus, eight possible switching states can be fdon@L-3P
VSI. The output voltage space vectors generatedthsy
inverter are defined by

= g(V(lN +a VbN + QZVCN) (2)

. 2T,
fori = 1,...,n wherea = /3. Then, by evaluating each
of the switching states in (2), eight voltage vestocan be
generated by the inverter, consisting of six acfiveé — V6)
and two zerdV0,V7) voltage vectaras depicted in Fig. 4.

As space vector analysis is a good method in dalsimplify
three phase equations to a single equation, thbemeattical
equation of the grid-connected system will be

Vi=L%C+ Rig+V,

(3)
where V; 7, and I, represent the inverter terminal voltage,
phase currents and grid voltage respectively. Tthenstate-
space model can be written as

% = Ax + Bu 4)
where,
X = [loq ioﬁ Vga Vgﬁ]T ’ [ Vie Viﬁ] 5)
N 20
L L
R 1 1
A=| 0 —7 -1 ,B=[0 + (6)
0 0 0 —w 0 o
0 0 w 0 0 0
Note that herel, , i, , and V; are in the stationary
transformation o-f frame (Clarke transformation). By

discretizing the system state space model, thedutalue of
output current can be estimated. Backward Eulehatkhas
been used for discretizing the plant [12, 13].His tway, the
future value of the system inputs is used to ptetthe future
value of the controlled variables. If the systemnaiyics is
described by:

= = f(xu) 7)
wherex andu represent the controlled variable and input, then
a backward Euler can be applied as

xtk+1) =xk)+T, f(x(k +1),utk + 1)) (8)

B. Flexible Power Regulation

To help improve the system stability and power iyal
flexible active and reactive power regulation hatee be
gained. Hence, the goal of MPC is to control thevacand
reactive powers. The MPC chooses the optimal velizgtor
sequence in order to control the power flow throtiyh VSI.
This strategy requires a predictive model of th&antaneous
power evolution. In the stationary reference frame g and
for a balanced three-phase system, instantanedive and
reactive powers injected into the grid by grid-cected
inverter system can be defined as

(e B = (o) 2] %) -
(l@,a(m) e (goa(k))]
V5 (k) tog (k)

y= (P(k + 1)) 3 ( Voa Vgﬁ) (ioa(k +1)

Qk+1)) 2 \Vyp Vo) ioﬁ(k+1)) (10)

€))
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Fig. 5. Block diagram of flexible power flow

The block diagram of the direct power MPC in a 2-3
VSI is depicted in Fig. 5. Moreover, the contraj@ithm of
FCS-MPC is illustrated in Fig. 6. The current amdl goltage
are measured at the same instant and used asptliefan a
predictive model that computes the valuePadndQ at the
next sampling time for each of the possible switghstates of
the inverter. The cost function is defined as

J=[P =P+ DP+[Q - Qk+D]>  (11)

The predictions are then evaluated so that thechiniy
state, which minimizes the cost function, is applie the
converter.
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TABLE 1. Parameters of the System

Filter resistance R 0.51Q
Filter inductance L 4.8 mH
Grid voltage 1A 100V
Dc source voltage V. 250V
Voltage frequency  f 50 Hz
Sampling period T 50us

C. Smulation Results

Simulations of a 2L-3P VSI with RL filter and load
carried out using MATLAB/Simulink and State-spacedal
of the plan is discretized by selecting BackwarteEmethod.
The model is shown in Fig. 6. The system parametees
listed in Table 1.

Fig. 7 illustrates the performance of controlleitially the
active and reactive powers are set to zero. Whide dctive
power reference is decreased from 0 to — 3 kWG& 8.and is
back to 0 W at 0.04 s. After that, the active porederence is
increased to 1 kW and then is kept at 0 W, whenessitive
power reference is changed to -1, 0, and 1 kVAReetvely.
It can be seen that the proposed MPC strategy miese
excellent tracking.
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Fig. 7. Simulation results of FCS-MPC
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IV. MODEL PREDICTIVE CONTROLBASED SVM

A. Space Vector Modulation

Space vector modulation (SVM) is an algorithm fhe t
control of pulse width modulation (PWM). In the SVM
technique, a reference voltage space vektois provided,
from which the switching patterns can be generatdm: six
non-zero voltage vecto¥1 — V6) can have the positions as
shown in Fig. 8, forming a regular hexagon. Witle thix
active vectors, the area between any two adjacectoks is
defined as a sector. The remaining two zero sp&wtoKs
create no output voltage, and therefore they remaaTigin in
a-f plane defining no sector. At any timé; is estimated by
two active space vectors and a zero pace veéfprifdVg

components of * at angle9).



TABLE II. Switching Pattern for Sector |
Switch Vv, VvV, V, V, V, V, V,
Sa 0 1 1 1 1 1 0
Sy 0 0 1 1 1 0 0
S, 0 0 (0] 1 (0] 0 0

Fig. 8. Basic vectors and sectors

For example, as can be seen in Fig. 8ifis in Sectot
the voltage vector can be expressed as

T1V1 + T2V2 = TS V* (12)
V= /Vaz + Vg2 (13)
tang = £ (14)

a

where (i—1)%<0<i.% for i=1,...,n (number of

sectors). Switching time duratioffig, T, andT, at any instant
can be attained in (15-17) foe= 1,...,n as follow,

T, = % Ts.sin(én —-0) (15)

T, = f’v*' T,.sin(0 — =m) (16)
dc

Iy=T,-T,-T, 17)

The order of ON and OFF of the top three switcherikl
satisfy the following principle: only one of the ptathree
switches can change the switching status, for aharfgone
basic voltage vector to another vector. The VSI suilitch six
times in one cycle. For example, given the voltagetorV*
in Sector | as shown in Fig. 8" is made up of
vectorsV,, V4, V, ,V, Vo, Vy and V, . Corresponding switch

S., Sp, S values and switching function waveforms for Sector

I are shown in Table Il and Fig. 9.
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B. A Combined MPC-SVMAlgorithm

The objective of this section is to present a difmver
control scheme of three-phase inverter based amioation
of MPC and SVM (MPC-SVM) approaches. The MPC
technique operates with constant switching freque®¢M.
For this purpose, an MPC principle is developedatzulate
the required inverter average voltage vector, t@éeerated
during each switching periotk, to cancel out both active and
reactive power tracking errors at the end of eaaimming
period. The computed inverter average voltage vedto
a — B reference frame, is converted into a sequence of
switching states (adjacent voltage vectors) by medrSVM
technique.

The MPC-SVM based power control block is shown in
Fig. 10. At the beginning of each sampling tiffie the
inverter voltage vector is computed. After that,Nsvhethod
is used to generate a sequence of inverter swicétites, to
attain the control objective with constant switchinequency.
This technique has no need for a Pl controller. SVM
compared to conventional Sinusoidal PWM methbds
optimum switching patterns and good dc-link voltasggup.
The cost function (10) is used for minimizing theroe
between the predicted output and reference. Themaptalue
of cost function is determined and the correspapdiontrol
action,V (k), from the control action séf, = [000 001 010
011 100 101 110 111], is applied across VSI in the next
sampling instant. Note that in each sampling pergaght
predictions are performed and eight cost functicare
evaluated before selecting the control acti®n,for the next
sampling instant. This method has been appliedvédtage
source rectifiers (VSRs) in [14] .

C. Smulation Results

Based on the block diagram of MPC-SVM, the model of
MPC-SVM control system in Fig.10 is built in
MATLAB/SIMULINK environment and the parameters used
in this simulation are tabulated in Table 1. Thecdéte-time
model of the plant is used to predict the behaviolithe
voltage reference vector. Fig. 11 shows the perdmae of
MPC-SVM controller. To improve the performance, the
model should be estimated more accurately. Noté tihe



performance of MPC-SVM is sensitive to the paramsets
load and filter, particularly to the filter inductee.
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Fig. 11. Simulation results of MPC-SVM

V. COMPARISON

MPC controller selects the most appropriate voltageor
based on a cost function rather than a look-upetaibltage-
orientation direct power control could not achidhe same
performance even if the sampling rate is highertyJpower
factor can be achieved by both methods but FCS-MRible
to track the reference more accurately, as shoviaign12.
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Fig .12. Simulation results for unity power fact@jFCS-MPC (b)MPC-SVM

VI. CONCLUSION AND FUTURE WORK

In this study, a model predictive control baseditdin
control set technique is applied to a voltage seunverter
with DPC strategy. It can reduce the enormous tations in
the online implementation of MPC. The simulatiorsuits
show the proposed method leads to the good perfar@saof
the power tracking ability in both steady and tiant state.
The proposed control strategy can be used as aaj@oatrol
approach for distributed generation units to achigrid-tied
operation. By changing the cost function propedifferent
control objectives can be fulfilled.

As a broad conclusion, the MPC-DPC approach could

become an alternative of voltage oriented coneohhiques
for line-connected convertershis control method is powerful

and is able to control various types of convertpiotogies and
variables without the need of additional
techniques or internal cascade control loops. FEE:NMakes
the benefit of the discrete nature of power cormrertand
advancement of the microprocessors in order to ceedhe
amount of calculations. For the future work, imprayvpower
quality and system stability through multi-objeetivcost
function will be investigated. Furthermore, longegiction
horizons will be explored. It is expected to desesthe power
ripples considerably for adequate long horizons.
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