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Abstract— A Matlab/Simulink model for the Finite Control Set Model Predictive current Control FCS-MPC based
on cost function optimization, with current limit constraints for four-leg VSI is presented in this paper, as a new
control algorithm. The algorithm selects the switching states that produce minimum error between the reference
currents and the predicted currents via optimization process, and apply the corresponding switching control signals
to the inverter switches. The new algorithm also implements current constraints which excludes any switching state
that produces currents above the desired references. Therefore, the system response is enhanced since there is no
overshoots or deviations from references. Comparison is made between the Space Vector Pulse Width Modulation
SVPWM and the FCS-MPC control strategies for the same load conditions. The results show the superiority of the
new control strategy with observed reduction in inverter output voltage THD by 10% which makes the FCS-MPC
strategy more preferable for loads that requires less harmonics distortion.

Index Terms—current control, current constraint, finite set, four-leg inverter, model predictive control, SVPWM.
problem. The predictive control strategies can be
classified into:

L. INTRODUCTION 1. Hysteresis predictive control.

In the last few years, predictive control took a 2.Trajectory predictive control.
large interest in the design of modern power 3.Dead beat predictive control.
electronics controllers. The principle of operation 4.Model predictive control.
of this type of control depends on the system Model Predictive Control (MPC) represents a
model, to predict the next action of the controlled more flexible approach when compared to the
variables, and then the controller uses this other three types, because it uses a minimization
prediction with predefined optimization process cost function and it doesn't require a modulator to
to compute optimal control commands. generate the desired voltage.

Many advantages made the predictive Model Predictive Control (MPC) represents a
control more attractive to control power more flexible approach, because it uses a
converters, the simple principle of operation, easy minimization cost function and it doesn't require a
to achieve, and it can be implemented with modulator to generate the desired voltage[l].
various types of voltage source converters, as a Related to the advantages of MPC over other
drawback it needs a large number of calculations, classical control methods; it is employed widely
but using high speed computers can solve this in controlling traditional power converters
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besides multilevel converters [2-4]. The main
factor that distinguishes the MPC, is the necessity
to deal with one control loop (load currents),
where the error between the predefined references
and the predicted values of load currents is
minimized. In this work, finite control set MPC
strategy with current constraints is presented to
control the four-leg VSI.

II. FINITE CONTROL SET MPC (FCS-MPC)
OPERATION PRINCIPLE

In power converter, the discrete nature of the
signal is obvious in its work; a finite number of
switching states is used to produce the desired
output. The MPC simply predicts the next action
of the system, according to each possible
switching state; these predictions are then used to
calculate a cost function in optimization process.
Eventually, the switching state that gives the
minimum error (i.e. minimum cost function) is
selected as a switching command. This process is
called Finite Control Set MPC (FCS-MPC)[5].
The control problem of the voltage source
inverter can be reduced to find the proper
switching action S(t), this action is the gate
switching command signals. These signals
produce the system variable y(t), which is close to
the required reference y*(t). If y(tx) is the value of
y(t) during the sample time T, and considering a
finite number of switching control actions of (n),
Fig.1 shows the FCS-MPC  operation
principle[1,5]. S; is the switching control action,
where (i=1,...., n), y(tx) is the measured value,
ypi(tk+1)=fp{y(tk),Si} for (i=1,.., n), where f, is
the prediction function which is used to compute
all the possible predictions of the system
transitions. The prediction function (fp) 1s derived
from the discrete system model and its
parameters. The close switching action to the
reference y*(t) is selected in the next step. The
comparison is achieved by using a cost (decision)
function f,, which depends on the reference, and
the prediction values, and represented by:

g, {y" (b Dy, (4D}
When Ts is small enough compared to the
system dynamic, the reference value is considered

fori=1,..., n.
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constant during one sample periody’(t,+1) =
v (t). The cost function f, can be represented by
the absolute error between the system prediction
value and the required reference value. This
process leads to (n) cost functions, since there are
(n) predictions. Therefore, the switching control
action that produces minimum cost function is
selected as the command signal.

In Fig.1 the predicted value y , (tt1) is the

most proper prediction, since it is the nearest
value to the reference value y (t+1).
Accordingly, the switching control signal Ss that
produce Y3 (t+1) is selected, and applied at this

period. Similarly, S, which produce ypz(tkﬂ) is

selected during the next sample time. An FCS-
MPC that is included in simple system control
block is shown in Fig.2[6].

Ts | TS
Ypi(tis1)

Vpi(tie2)
2(tis2)

YpZ(tkH)

Vpa(tir2)
an(tkH) an(tk+2)

4 i1
Fig.1 FCS-MPC operation principle.
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Fig.2 FCS-MPC control block diagram.
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III. FOUR-LEG VOLTAGE SOURCE INVERTER
MODEL

The Four-leg Voltage Source Inverter VSI
represents the best choice when dealing with
unbalance and /or non-linear loads. In addition, it
provides neutral connection between three-phase
load and supply source without using any
transformer[7]. This type of inverters has 16 (2*)
of switching states compared with traditional 8
(2%) switching states in three-leg inverter.
Flexibility, the wide range of applications, the
good quality of outputs, and the ability of dealing
with zero sequence current/voltage, all can be
achieved with this type of inverters[8]. The four-
leg VSI with L filter and neutral connection is
shown in Fig.3. The first step of deriving the
mathematical model of the inverter is by
describing the dependence of the load voltages on
the switching signal commands.

P

SNoSy S S

loc

vvvvvvvv

R

load
L s sy o

Fig.3 Four-leg VSI topology with L filter.

The inverter switches perform the connection
between points P and N (positive and negative of
the dc source) and the three-phase load terminals.
S1, Ss, Ss, and Sy represent four switching control
commands, which produces 16 (2*) switching
states[9,10]. These switching states are shown in
Table-5.1. The analysis of this type of inverters
can be simplified by using resistive load with R-L
filter; the control strategy can be extended to
more complex loads.

This is shown in Fig.3 where, L¢ represents the
filter inductance, Ry its resistance, and R is the
load resistance. The four-leg voltages are
measured with respect to point N (dc source
negative point) are:
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Table-1Switching states of the four-leg VSI.

Vector | Leg | Leg | Leg | Leg | Van | Von | Van
a b c n

Vo 0 0 0 0 0 0 0
Vi 0 0 0 1 -E -E -E
V, 0 0 1 0 0 0 E
V; 0 0 1 1 -E -E 0
V., 0 1 0 0 0 E 0
\ 0 1 0 1 -E 0 -E
Vs 0 1 1 0 0 E E
V; 0 1 1 1 -E 0 0
Vs 1 0 0 0 E 0 0
Vo 1 0 0 1 0 -E -E
Vio 1 0 1 0 E 0 E
Vi 1 0 1 1 0 -E 0
Vi 1 1 0 0 E E 0
Vis 1 1 0 1 0 0 -E
Vi 1 1 1 0 E E E
Vis 1 1 1 1 0 0 0

VaN S

VbN S;

veu| |5 | B (1)

VaN _S7

The inverter output voltages supplied to the
filter can be expressed as:

Van Sl - S7
[Vbn‘ = S3 - S7 .E (2)
Venl LS5 -,

Applying Kirchhoff's voltage law on the circuit
in Fig.3:

. di
VaN:(Rfa+Ra) 10a+Lfa ﬁ + ViaN \

: dig
V=R Ry )ioh Ly =2 + Vo )

dige

VcN:(Rfc+Rc)ioc+Lfc ? + ViaN

where,

Ry, R, and Ry, are filter resistances for phases
a, b, and c.

L, L, and Lg are filter inductances for phases
a, b, and c.

1oa, 1ob, and 1o are the load currents for phases a,
b, and c.

Using Eqgs.(2) and (3), the inverter output
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voltages are:

dloa

Van (Rfa+Ra) 10a+Lfa

d10
Vo= (be+Rb)lob+Lfb .

4)
dloc
Ven™ (Rfc+Rc)1oc+Lfc
This can be written in a matrlx form as:
di,
Vo=(ReHR)ig+HLe 2 .
where,

V0=[Van Vbn Vcn]T

)

io:[ioa iob ioc]T
R=[Rs, Ry, Re]”
Lf: [Lfa Lfb Lcnfc]T

The neutral current is expressed as follows:
ln:i0a+ iob+ ioc (6)
The continuous time load current can be found
by solving Eq.(5) as follows:

dig 1 )

20 Vo ReAR] (7

IV. FCS-MPC CURRENT CONTROL BASED ON

CoST FUNCTION OPTIMIZATION WITH CURRENT
CONSTRAINT.

The finite control set MPC based mainly on
optimizing the cost function. This strategy founds
large power electronics applications in the last
few years, due to its easy concept understanding,
high-speed, and the ability to deal with
nonlinearities and system constraints[9]. The
block diagram of this method is shown in Fig.2.
The main steps, which are implemented in this
method, are measuring the load current at the kth
period, generating a load current reference
depending upon the required application, and
finally the discrete predictive model is
constructed. The discrete model is derived from
the continuous model, which is described in the
previous section.

In this work the model discretization is achieved
by using the first-order approximation for all the
derivatives, which results in acceptable
accuracy[6,7].
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dip _ o (kD -ig ()
P — 3
Substituting Eq.(8) in Eq.(7) results:

iyt D= Yo (0 (0 (9)

Lﬁ-(Rf—I-R)T

Equation (9) shows that, the predictive load
current at the (k+1) instant requires load's current
measurement, and load voltage at the k™ instant.
The load voltage vo(k) depends upon the
switching signals, and the d.c source voltage E.
The proposed algorithm computes all the 2* (16)
switching possibilities shown in Table-1 for v,(k),
to obtain sixteen different values of 1,(k+1). The
FCS-MPC algorithm selects the switching state in
the k™ instant, that produces the minimum error
between the computed predictive load current
io(k+1) and the reference load current i, (k+1) at
the (k+1) instant. The selected optimal switching
state is applied to the system, as a switching
control signal through the whole (k+1) period.
This comparison process can be achieved by
using the cost function (g), which represents the
minimum absolute error as follows:

g(c+1)=]|ig (k+1)-ig (k1) ||
=[iga (k+1)-igq Ckt D |+l (k1) -igp G+ D |

|56 (ke 1D -ige (kD (10)

The cost function equal to zero (g=0), when the
output load current reaches its reference value.
The purpose of the cost function is to reduce the
error into zero value. In addition, any constraints
such as current limits, switching reduction, etc.
can be considered in the cost function, to enhance
the system performance. In a dynamic system,
when the references obtained at the k™ instant, an
extrapolation of these references to the next
instant (k+1) is applied. This accomplished before
using them in the cost function. However, if the
sampling time T is less than or equal to 20us, no
extrapolation is needed[11], and
io (K)=i, (k+1)[7].
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Input measured load current iy(k).

v
Input reference load current i(,*(k) &

E
v

Input vo(i) & S, Sis, Sis, Si7

fori=1... 16 (Table-1)
v

Apply Sioptls Siopﬁv SioptS, Siopt7

v

A

L¢

T,
i (k+1)= u D+
okt 1) Lfr(RﬁrR)TSVO(I) LARAR)T,

i (K)

Select =il o

gopt:min{gi}’ i=1.....16

Fig.4 Flow-chart of the current control FCS-

MPC algorithm.

A flow-chart of the current control FCS-MPC
algorithm is illustrated in Fig.4.

The proposed algorithm can deal with predicted
load current limits, by using the function(f) as a
cost function constraint, any value of the
predicted load current that exceeds the limit,
makes the cost function g(k+1) equals to infinity,
which result in exclusion of this cost function
value and the corresponding switching state from
the optimization process.

V. SIMULATION OF FCS-MPC CURRENT
CONTROL BASED ON COST FUNCTION
OPTIMIZATION WITH CURRENT CONSTRAINT
FOR FOUR-LEG VSI.

The Matlab/Simulink implemented model of
the FCS-MPC current control for the four-leg VSI
is illustrated in Fig.5. the system parameters are:
R=0.7Q, X=15mH, R;=10Q, Ts=20usec. The
inverter subsystem block, consists of two main
subsystems blocks, see Fig.6. The first subsystem
is (inverterl), which represents the four-leg
inverter. SEMKRON (SKMS50GAL12T4) IGBT
is selected as a switch, using its current data (fall
time, rise time, and tail time) in inverter model
(IGBT block) simulation and circuit design. The
inner details of this subsystem are shown in Fig.7.

Ly, Rp
L pp .—f.w.f—.D

—b Loy e o Rio : iR
I, Ph—— et =) RoFR SR
I, Phde—— S ot—[ !
"Invener

Fig.5 Implemented Matlab/Simulink model of
FCS-MPC current control for four-leg VSI.

S
S;
Ss
S
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Se
S
Ss

IO&

s——.@
- (Des —D
ob :

Inverter]

MPC

Fig.6 Subsystems contained in inverter
subsystem block.
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MPC is the second subsystem. The three-phase
reference currents generated in this subsystem,
with the measured three-phase currents
represent the input data, to a Matlab M-file
program, which embedded in (mpc1l) S-function
block. The program executes the FCS-MPC
algorithm described earlier, see Fig.4.

R e 1

I N =) b o

%Eﬂﬁi%ﬁ

Fig.7 Four-leg
(Inverterl).

L,
LA
4

inverter subsystem block

The outputs of the S-function block, provides
the switching control signals to the inverter, the
inner diagram of this subsystem is shown in
Fig.8. These signals represent the switching
state that produces an optimal cost function (i.e.
minimum error between the predicted and the
reference values) at the (k+1) instant.

>SS,
»(2DS;
loa
(é N ’ LEDRY
E iob
.o »(1) S
[ 100 '

n lk S-Function "{NOT - :
(k) b

ioe(k) B NoT

T

T

P hoT

aa

Fig.8 MPC subsystem block.

V1. SIMULATION RESULTS

Matlab/Simulink program is used to simulate
the FCS-MPC current control, based on cost
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function optimization with current limit constraint
for four-leg VSI. The simulation is implemented
with balanced and unbalanced loads, steady state
and transient conditions, minimum absolute cost
function is considered. The three-phase output
voltages, load currents, and neutral current In for
balanced load, are shown in Figs.9-11. These
figures demonstrate the main features of the four-
leg inverter and the validity of the proposed
algorithm to control this type of inverters.

Figures 12-14 show a comparison between the
output load currents and the reference currents.
As seen in these figures the predicted output load
currents tracks the reference currents precisely,
and appear to be almost identical. The inverter
output voltages, before the L-R filter stage are
shown in Fig.15.

ANAAAA A AN
SV VY

-100

) oo 0.02 003 0.04 0.05 0.06
Time (sec)

Three-phase 1oad voltages (volf)
>

Fig.9 Three-phase output load voltages.

The inverter output voltages vector trajectory, in
o, B, and y coordinates, are shown in Fig.16, this
figure shows the outperformance of the proposed
algorithm and its similarity to the SVPWM, the
voltage vector takes circular shape when the load
is balanced.

10

INVAAA A AN
VY

0.01 0.02 0.03 0.04 0.05 0.06
Time (sec)

Three-phase load currents (Amp ).
>

Fig.10 Three-phase output load currents.
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Phase b

Phase a
Time (sec)
Phase ¢

Time (sec)

(10A) o3erj0A Oseyd (1]0A) o3e1[0A OSBYJ (310A) 28e1j0A 2sBYq

load and filter parameters. The simulation result
shows clearly the superiority of the proposed
FCS-MPC algorithm with less THD by 10%.
Fig.15 Inverter output voltages before the filter.

distortion of the inverter output voltage, for
SVPWM and FCS-MPC algorithm, with the same
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algorithm selects optimal switching state that
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produces minimum cost function this is shown in
Fig. 17. Figure 18 shows the total harmonic
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Fig.20 Output load current (in blue) and
reference current (in red) with balanced load and

unbalanced reference currents condition.
In Fig.22, three-phase load currents are shown,

although unbalanced load is used in simulation,
50

Time (sec)

Fig.18 THD for FCS-MPC and SVPWM.
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balanced three-phase load currents are observed,
since the load currents track the balanced
reference currents. Figure 23 shows a comparison
between the reference currents and the load
currents with balanced reference currents and
unbalanced load currents condition. The
presented results show that load currents match
the reference currents in this condition. The
neutral current is shown in Fig.24, this current
acts like the neutral current for balanced load.

Neutral current (A
S
T~
—
~—
—
~——

-2

-4

-6
0.01 0.015 0.02  0.025 0.03  0.035 0.04

Time (sec)
Fig.21 Neutral current with balanced load and
unbalanced reference currents.

ANAAAAAN
VY VYV

0.01 0.02 0.03 0.04 0.05 0.06
Time (sec)

0.045 0.05  0.055 0.06

10

Three-phase load currents (Amp.).
n
=]

Fig.22 Three-phase output load currents with
unbalanced loads and balanced reference currents
condition.

The final case study is the step change in
reference currents. Figure 25 show the reference
current with output load current for the three

o -
/

Loa

A

o

Load Current (Amp.).
& S
L]

| \
| EEAV/ENAV

0.01 0.02 0.03 0.04 0.05 0.06
Time (sec)

Phase a
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ANENA

Load Current (Amp.)
—
L]
——
L]
a—
L]

0.01 0.02 0.03 0.04 0.05 0.06
Time (sec)

Phase b

Load Current (Amp.)
L]
—
L]
r—
]
—

0.01 0.02 0.03 0.04 0.05 0.06
Time (sec)

Phase ¢

Fig.23 Output load current (in blue) and reference
current (in red) with unbalanced load and
balanced reference currents condition.

The load currents track and match the reference
currents immediately without any overshoot. The
effectiveness of the algorithm is observed, it is
robust against the transient step change of the
reference currents. The neutral current for the
previous condition is shown in Fig.26, this
current acts as that for balanced load, except at
the step change instant.

S

Neutral current (A).

0 0.01 0.02 0.03 0.04 0.05 0.06
Time (sec)

Fig.24 Neutral current with unbalanced load and
balanced reference currents.
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Fig.25 Output load current (in blue) and reference
current (inred)  with step change in reference
current.

Neutral Current (Amp.).
N
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0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (sec)

Fig.26 Neutral current with step change in
reference currents.

A simple comparison between the results
obtained from this new FCS-MPC algorithm and
the SVPWM strategy that implemented in the
literature[12] can be summarized in Table-2.
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Table-2 Comparison between the two performances of
FCS-MPC and the SVPWM.

FCS-MPC SVPWM
1- Simple and easy 1- Complex and
modeling. difficult modeling.
2- The program 2- Long time for
executing time is executing.
fast. 3- Larger THD by
3- Less THD by 10%. 10%.
4- Better system
response than the
SVPWM.

VII. CONCLUSIONS

In this work a Matlab/Simulink model for the
FCS-MPC current control based on cost function
optimization, with current limit constraints for
four-leg VSI is presented. The algorithm uses the
finite possible 16 switching states generated by
the four-leg inverter, to predict the load currents
at each sampling period. The algorithm compares
the predicted currents with predetermined
reference currents, and selects the switching state
that produces minimum error (minimum cost
function). In the next step, the algorithm applies
the switching signals that produce optimal
switching state, to inverter IGBT switches. The
simulation results confirm the validity of that
algorithm. Comparison made between the
SVPWM and the proposed current predictive
algorithm for the same load conditions, the results
show the superiority of the new algorithm with
observed reduction in inverter output voltage
THD.

In addition, a current limit constraint is added
to the cost function, which provides better
performance to the algorithm, since it eliminates
any deviations or overshoots.

Different cases are studied to confirm the
robustness and effectiveness of the proposed
algorithm, such as balanced loads with
unbalanced references, unbalanced loads with
balanced references, and transient step change in
current references. The simulation results in all
the above cases show that the load current track
and match its reference without deviations or
overshoots.
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