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ABSTRACT The Finite control set model predictive control (FCS-MPC) is recently introduced to control
inverters without the modulation stage. The absence of the modulation stage gives an unpredictable
performance of the control system. In this paper, the performance of FCS-MPC is assessed by comparing
with PID control which is based on Scalar Pulse Width Modulation (PWM). The two control techniques are
applied for load voltage regulation of the autonomous four-leg voltage source inverter (FLVSI). Practically,
the predictive control requires a large number of calculations, resulting in high computation time and delay.
In this paper, a new finite control set model predictive voltage control (MPVC) algorithm is proposed to
predict the load voltages for 15 switching states instead of 16 switching states for reducing the computation
time required for the control algorithm. Moreover, the algorithm is optimized by removing the repeated
computations and the delay is compensated using the two-step prediction horizon principle. An accurate
discrete-time state-space model of the autonomous FLVSI with output LC-filter is used for predicting the
load voltages considering the neutral inductance and damping resistance of the LC filter. A simple PID
control scheme with decoupled feedforward voltage and current loops is used in the DQO reference frame,
while MPVC operates in the ABC reference frame. The simulation and experimental results are used to
show the full assessment of the MPVC. The prominent outcomes show the ability of the proposed MPVC
algorithm to provide high power quality under unbalanced and non-linear load conditions with high stability
and robustness.

INDEX TERMS FCS-MPC, four-leg VSI, predictive voltage control, inverter, load unbalances, PWM, PID
control, computation time reduction.

I. INTRODUCTION

Recently, power converters are considered as the main
electric power components in providing good power qual-
ity in various electric power systems [1]. In Autonomous
power supply systems (APS), the power generation is lim-
ited and the loads can be asymmetrical or non-linear.
Low power quality issues have recently gained consider-
able attention due to its effects on electric and electronic
equipment, such as overvoltage, vibration, overheating, and
etc [2], [3].
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For handling these issues, the three-phase four-leg volt-
age source inverter (FLVSI) is introduced. The fourth leg
of this topology provides the neutral line, giving a high
ability of per phase voltage control. This topology doesn’t
require large and high-cost DC link capacitors because the
percentage ripple of DC link voltage is lower than that
in the other inverter topologies. Furthermore, the FLVSI
has found widespread applications, such as uninterrupt-
ible power supplies, electric vehicles, distributed generators,
renewable power sources, active filters, micro-grids, and
etc [4]-9].

Recently, the Finite Control Set Model Predictive Control
(FCS-MPC) is gaining a high interest in power electronic
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applications due to its ability to deal with the discrete nature
of the electronic devices, and its simple conception and
implementation [10], [11]. Unlike the conventional control
techniques, e.g. PID and PR control techniques, FCS-MPCy
can control the inverter without modulation stage and has no
need for parameter tuning. This control technique is away
from the conventional control problems, such as the windup
and the variables decoupling. Furthermore, the performance
of the FCS-MPC can be flexibly adjusted by changing its
objective and constraints in its control algorithm [12]-[15].
All these advantages enable the FCS-MPC to be an alternative
tool to control the power converters.

Basically, the FCS-MPC control technique can be applied
as a model predictive current control (MPCC) to control
the output inverter current or as a model predictive voltage
control (MPVC) for controlling the voltages of the loads
connected to the inverters.

To assess the FCS-MPC performance, comparative analy-
ses of MPVC and MPCC with the classical control techniques
were carried out in the literature. MPCC is compared with PI
control and hysteresis control for FLVSI [16] and three-leg
VSI[17]. The work in [18] evaluates the robustness of MPCC
against the deviation of system parameters in comparison
with the PI control. In [19], MPVC performance is eval-
uated in comparison with carrier-based PWM for FLVSL
The comparative studies for MPVC in literature are lack of
case studies under inductive loads, non-linear loads, transient
conditions, and did not give a view of the f; variation of the
MPVC in the comparative analyses. All the mentioned gaps
are assessed and discussed in this work. One of the main
contributions of this work is to fill the gap in this research
area.

The FCS-MPC technique has some drawbacks, such as:
1) The performance of the FCS-MPC depends on the accu-
racy of the system model. 2) Due to the absence of the modu-
lation stage, the FCS-MPC operates under variable switching
frequency (f;); this affects the load harmonic spectrum and
filter design. 3) The FCS-MPC requires a large number of
calculations, resulting in high computation time (CT) for the
algorithm implementation that requires high-speed micropro-
Cessors.

To mitigate the mentioned drawbacks, researches are
presented in literature to improve the performance of the
FCS-MPC. The work in [20] improves the MPVC robustness
against model mismatches by using the Kalman filter-based
observer. The work in [21] improves the steady-state perfor-
mance of the MPVC by modifying the cost function to track
both the voltage reference and its derivative simultaneously.
A number of FCS-MPC algorithms are proposed in literature
to reduce the switching frequency variation [22]. These Fixed
switching frequency FCS-MPC algorithms require additional
calculations which increase the time burden of the algo-
rithms [23]. The Fixed switching frequency issue is not con-
cerned in this paper.

It is well known that the FCS-MPC algorithm should be
implemented in short sampling time to achieve the required
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control performance [24]. This is a significant challenge for
the control realization due to the large number of calculations
required for the FCS-MPC algorithm. The CT reduction of
MPCC algorithm in [25] is based on avoiding the prediction
of the voltage vectors that are far from the desired voltage
vector, resulting in a reduction of the time required for the
voltage prediction. This method is used only for T-type three-
level inverter, which limits its applications. However, for
the three-leg VSI, the method in [26] is based on selecting
between only two switching states (SS)s instead of 8 SSs
in the optimization problem of the MPCC algorithm. The
control algorithm is implemented in the Simulink-Real-Time
system with a high sampling period of 100 us. In [27], a
double-CPU, namely FPGA plus DSP controller, is employed
to implement the MPCC algorithm in parallel calculations,
so as to reduce its CT, without considering the CT reduction
in the FCS-MPC algorithm itself. The CT issue of the MPVC
is efficiently resolved in [28] by combining the MPVC with
artificial Neural Networks but this method is not experimen-
tally validated.

In this paper, a new MPVC algorithm is proposed to
reduce its CT. In the proposed algorithm, the load volt-
age prediction is performed for 15 SSs instead of 16 SSs
in the FLVSI connected with output LC-filter. Moreover,
the algorithm is optimized by removing the repeated com-
putations without affecting its performance. The proposed
algorithm reduces the CT by 56% and can be experimen-
tally implemented with minimum sampling time which is
equal to 25 us. Moreover, the optimization principle of the
proposed MPVC algorithm is simple and can be applied
for any inverter topology. The two-step prediction horizon
principle, proposed in [29], is applied to compensate the
time delay which can be induced in the MPVC algorithm
implementation. As MPVC depends on the system model,
an accurate system model is needed. Therefore, this algo-
rithm uses a novel discrete-time model with considering the
neutral inductance L, and the damper resistance R; of the
LC-filter connected to the inverter. The performance of the
MPVC is fully assessed by comparing it with PID con-
trol based PWM. The comparative study has been carried
out to test the two control techniques in steady-state, and
transient conditions. Moreover, the robustness analyses have
been performed for the two control techniques against the
load variations and system parameters deviations. The PID
control scheme with two decoupling feedforward voltage and
current loops in the DQO reference frame (SRF) is presented,
while MPVC operates, in this paper, in the ABC reference
frame (NRF).

Therefore, the contributions of this paper can be pointed
out as follows:

1. A full assessment of the FCS-MPC as a voltage
control in comparison with the conventional control
technique (PID-control) with considering robustness
analyses.

2. Accurate system model with considering L, and Ry
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FIGURE 1. The FLVSI connected with LC-filter and loads.

3. Effective reduction of the CT of the control algorithm
to be experimentally implemented with minimum sam-
pling time.

The rest of the paper can be organized as follows. Section II
elaborates on the discrete predictive modeling of the FLVSI.
Section III describes the proposed MPVC algorithm. The
stability analysis of MPVC is studied in section I'V. Section V
presents the scheme of the PID control. The simulation
and experimental results considering the steady-state, tran-
sient, robustness, and stability analyses are presented in
sections VI and VII. In conclusion, the research findings are
recapitulated.

Il. SYSTEM MODEL

The FLVSI topology in APS is depicted in Fig. 1. The
LC-filter is used for filtering high order harmonics. The
neutral inductor L, is utilized to mitigate the oscillations
of the neutral current [30]. A damping resistance Ry is
added to improve the system stability at the resonance of the
LC-filter [31]. The renewable power generation and storage
systems of the autonomous power supply system can be
replaced by an ideal DC voltage source V. with internal
resistance Rj.

Generally, the FLVSI has 16 SSs. Every SS provides a
certain output phase voltage as shown in Table 1. S, Sp, Sc,
and S, are the control signals of the upper switches. It can be
noticed that the last two SSs in Table 1 provide zero vector
states where the four legs are short-circuited. The output
voltages can be expressed as follows:

ean = (Sa — Sn)Vic, (D
epn = (Sp — Su)Ve, )
ecn = (S¢ — =SV 3)

where V. is the input DC voltage. For simplification, the out-
put inverter voltages, load voltages, output inverter current,
and load currents, respectively, can be expressed in vectors
as:

e = [ean €bn  €cn ]T , “4)
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TABLE 1. Switching states Of FLVSI with the corresponding output
voltage.

Sa Sb Sc Sn Can Chn Cen
1 1 0 0 0 Vie 0
2 0 1 0 0 0 Ve 0
3 1 1 0 0 Ve Ve 0
4 0 0 1 0 0 0 Ve
5 1 0 1 0 Vae 0 Vae
6 0 1 1 0 0 Vae Vie
7 1 1 1 0 Ve Vae Vae
8 0 0 0 1 Ve Ve Ve
9 1 0 0 1 0 Ve Ve
10 0 1 0 1 Ve 0 Vie
11 1 1 0 1 0 0 Ve
12 0 0 1 1 Ve Ve 0
13 1 0 1 1 0 Ve 0
14 0 1 1 1 Ve 0 0
15 1 1 1 1 0 0 0
16 0 0 0 0 0 0 0
v="[va w v] . ®)
i= [ioa lob loc ]T s (6)
ip=[ia i ic] @)

Using differential equations, the system model can be derived
as follows:

R'+Ldi+ +L—di"+R' )
= 1 _— s

¢ ar VT gy T e

.. dv

l=lL+CE +V/Ry, 9
in = ioa +iob +ioc (10)

By solving Eq. (8) and Eq. (9), this model can be repre-
sented in a state-space presentation as:

T[] o

where:
—I/R;C I1/C
A=| L7'R :
T ieq T Teq Theq lgye
-1
B = |:L01 O/C:| , (12)
eq 6%6
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FIGURE 2. Block diagram of FLVSI controlled by MPVC.

1 1
Lg=|1 2 1|xL Rg=|1 2 x R
1 1
(13)

where 0 and I are third-order zero and unit matrices, respec-
tively. In this paper, the filter and the neutral line inductances
are assumed to be equal (L, = L and R, = R). From the
continuous state-space model in Eq. (11), the discrete system
model can be derived as follows:

vik+1) | v(k) e
|:i(k+1):|_Q[i(k)]+J|:iL(k):| (14
where:
_ a1 g2 _
0= [% QJ = exp {AT} (15)
I /B - S DU
J = []3 J.J =A"(Q —Isx6)B (16)

T is the sampling time, and k is the discrete sampling
instant. From the discrete system model in (14), the predicted
load voltage vector can be obtained for each SS as following:

vk 4+ 1) = q1v(k) + q2i(k) + jie + joiL a7

For each SS, e has a new value according to Table 1, conse-
quently the predicted load voltage has different values for the
16 SSs.

Ill. PREDICTIVE VOLTAGE CONTROL ALGORITHM

The block diagram of the FLVSI controlled by MPVC
approach is shown in Fig. 2. The algorithm of the MPVC can
be briefly described in the following steps:

o Measure the load voltage, load current, output current
vectors.

« Predicted the load voltage for each SS using eq. (17)

« Evaluate the objective function (g) is calculated for each
given predicted value of the load voltage
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Measure i(k), iL(K), V(k) |

Set the initial values for

¥
| Set g =0 and gopr = © | the objective function

| Get e(m) from Table 1

Set initial value for the
switching states counter

I,—

Predict the load voltage vector
v(k+1) using (17)
1

Calculate the objective function (g) by
as)
!
Store the optimal value
If (g<gopt) then gopt = g and mopt = m

Wait for the next
sample period

Apply optimal switching state
S(mopt) = (Sa, Sb, Sc, Sn)

FIGURE 3. Flowchart of the MPVC algorithm.

o Select the best SS that gives the minimum value of the
objective function;

« Finally, the selected SS is applied to the FLVSI switches.
This algorithm is performed for each sampling interval
using the flowchart depicted in Fig. 3.

The objective function can be defined as follows:

g = (i —valk + 1))* + (v} — vp(k + 1))?
+OF —velk + 1)* (18)
where v,*, vp*,v.* are the reference phase voltage. v,(k-+1)
vp(k+1), vo(k+1) are the predicted load voltages which are

derived from the discrete system model. The objective func-
tion is the error between the reference and the predicted value
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FIGURE 4. Timeline of control system based FCS-MPC for each sampling period in case of (a) one-step prediction horizon

(b) two-step prediction horizo.

of the load voltage. The MPVC will be in NRF to control the
load voltages independently.

A. TWO-STEP PREDICTION HORIZON FOR DELAY
COMPENSATION

In practical implementation, a delay time is provided by the
sensors and the analog to digital converters (ADC) which are
used to measure the required signals for the control algo-
rithm. After the measurement procedure, the control algo-
rithm requires a CT to perform a number of calculations
to apply the new SS. Therefore, there will be a significant
delay between the starting of the signal measurement and the
instant of application of the new SS, as shown in Fig. 4a,
resulting in high harmonic distortions in the controlled
signals.

To compensate this delay, the two-step prediction horizon
principle proposed for the MPCC in [29] will be applied
for the proposed algorithm. This compensation is based on
predicting the load voltage for two-step prediction (k + 2),
and the chosen SS will not be applied in the current interval
but at the beginning of the next sampling period, as shown
in Fig. 4b. In this way, the control algorithm is modified as
follows:

1- Start the sensing and ADC procedure.

2- While the ADC procedure is running, apply the
SS which is calculated in the previous sampling
period.

3- Calculate the load current for the next sampling period
using the Lagrange extrapolation method:

ip(k +1)=4ipr(k) — 6ip(k — 1)
+aip(k —2) —ip(k —3)(19) (19)
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4- Predict the load voltage and output inverter current for
two-step prediction horizon as follows:

vk +2) vk + 1) e
. = . . 20
Lw+m] QL&+D i+ ] 20
where v(k+1) andi(k+1) are the predicted load voltage
and inverter current which are calculated in the previous
interval.

5- Select the best SS according to the following objective
function:

g=[i—vak +)V +[Vi—w Gk +2]
+ v —ve (k+2)] @)

B. THE OPTIMIZED MPVC ALGORITHM

It is the fact that with decreasing the sampling time (Tf),
the FCS-MPC algorithm shows better performance.
To decrease Ts, high-speed microcontrollers are required
to perform a large number of calculations in lower time,
resulting in high cost. On the other hand, the MPVC algo-
rithm can be optimized to reduce its CT without affecting
its performance or changing the available microprocessor.
Firstly, the control algorithm will search in 15 SSs instead
of 16 SSs by combining the two zero vector states (15th
and 16th SS in Table 1) in one zero vector state and choose
between them randomly, as shown in Fig. 5.

Secondly, some calculations in the voltage prediction don’t
need to be performed for every SS. To optimize the time
required for the voltage predictions, eq. (17) can be rewritten
as:

valk 4+ 2)

vk +2)=| vk +2) | =0, +jie (22)
velk +2)
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1

| Get e(m) from Table I |«——
¥

Predict the load voltage
vector v(k+2) using (22)
¥

Calculate the objective function
(g) by 21)

Store the optimal value
If (g<gopt) then gopr = g and mopt=m

Select randomly
mopt = 15 or mopt = 16

Wait for the next sample period

FIGURE 5. Flowchart of the proposed MPVC algorithm.

where:
QV(I

O,=| 0w | =qvk+1)+qitk + D+jpirtk+1) (23)
QVC

Qy is calculated only for one time every sampling interval.
However, the MPVC algorithms in Fig. 3 and Fig 5 show
the same performance in simulation because they are ideally
simulated. The proposed MPVC algorithm has the superiority
to be practically implemented.

IV. PID CONTROL STRUCTURE

The PID control is a classic linear control, which is widely
used in power electronic applications. In this work, the PID
control scheme is developed to control the FLVSI. This con-
trol operates in the SRF to regulate the controllable variables
in the DC condition. This scheme consists of an outer voltage
control loop to regulate the load voltages and inner current
control loops to provide the control commands for the scalar
PWM. To enhance the PID control reliability, the coupling
between the D and Q coordinates is compensated by using
decoupling feedforward voltage and current loops as shown
in Fig 6.
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To transformation of the system variables from NRF to
SRF reference frame can be expressed as:

€d €an Vd Va
eq | = T | ep |, vg | = T w |, 24)
€o | | €cn Vo | Ve |
id ] i loa iLd ] ig ]
ig | =T i |, |irg | =T ip (25)
iO _ | ioc iLO _ ic _
where:
cos(wt) cos(wt —2m/3) cos(wt+2m/3)
T = - | —sin(wt) —sin(wt—2x/3) —sin(wt+27/3)],
31 12 12 12
(26)

where w is the angular frequency. The system model in the
SREF is presented as follows:

eq iq d iq —lg Vd
eg | =2R| iy +2LE ig |+l | ig |[+]| v |,
eo | iy iy 0 Vo
(27)
iq ird 4| v Vd —Vy
ig | = | iLg +CE vg |+| vg | /Ra+@C | vy
io | iro ) Vo 0
(28)

where wL and oC are the cross-coupling terms between D
and Q axes in the SRF.

V. CURRENT CONTROL LOOP
From Eq. (27), the voltage drop between the inverter and
loads can be presented as:

Vid iq d id
v | = 2R\ g | +2L— | g | 29)
Vfo io io

The PID controller, in the current control loop, can be
used to regulate the voltage drop basing on inductor current
feedback, i.e.

Vd i; — g
\}fq — (kp + ki/s + kds) l; — iq s (30)
VFO iz’; — i

where i;, i; and ié are reference values for the inverter output
currents. The eq. (27) can be rewritten using eq (30) as:

ey i; — iy
eq | = (ky +ki/s+kas) | iy —iq
€0 l'g — g
—iq Vg
4wl | id |+ |ve |, G
0 Vo
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A. VOLTAGE CONTROL LOOP

In the voltage control loop, the PID-controller can be applied
to provide the references for the current in the shunt element
of the LC-filter according to the load voltage feedback:

*_

d | v Vd Vi —Va
CE vg |+| vg | /Ra= (k,,v+k,~v/s+kdvs) vz; -V
Vo Vo vy — Vo

(32)

where vj; ,v¥and vé are the reference values for load voltages.
By substituting Eq. (32) in Eq. (28), we have:

*_

i ird Vi — V4
iz = iLq + (kp +ki/s + kds) vj; — Vg
i iro Vg — Vo
—v,
+wC | vy (33)
0

By using equations (31) and (33), the block diagram of the
APS with the PID control scheme can be depicted in Fig. 6.
As shown in Fig. 6, the output signals of the current control
loop (eq, €4, and ep) are transferred to the NRF and applied
to the scalar PWM which is sufficiently described in [32].

VI. STABILITY ANALYSIS OF THE PREDICTIVE CONTROL

The stability analysis used for MPCC in [33], [34] is
employed in this work to validate the stability of the proposed
MPVC. The block diagram of the APS with MPVC control
system is depicted in Fig. 7a. The impedance of the load is
represented by Z; . The first-order transfer function of MPVC
can be presented by the time constant (7,4) and the gain
(Kppvc). The time constant corresponds to the equivalent
time delays of the control algorithm execution and ADC,
the time constant can be expressed by T,, = 0.857; [33].
The gain Ky;pc can be defined by the amplitude ratio of the
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FIGURE 7. APS with MPVC (a) A simplified block diagram(b) Nyquist
diagram (c) Bode diagram.

measured and reference voltages and is considered as a unity.
The LC-filter parameters and load impedance are presented
in Table 2.

The Nyquist criterion and Bode plot are employed to val-
idate the stability of the control system. Fig. 7b shows a
Nyquist plot of the open-loop transfer function of the system
where the path is in the clockwise direction and located at the
right half of the axis s = —1 which ensures the closed-loop
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FIGURE 8. Bode diagram of APS with PID.

TABLE 2. System parameters.

Parameters Values
DC input voltage of the inverter Vi = 640 V
The internal resistance of the Ro=0250
nput source
Sampling time Ts =20 ps
DC-link capacitance Cac = 1000 pF

L=25mH, C=80pF, R
=0.02Q, Rd=150Q
Zr: R =10Q, Lr=1
mH

LC-filter

Standard Load impedance

stability of the system. The Bode diagram is shown in Fig. 7c
which reveals the stability of the system with a phase margin
of 68 degrees.

To check the relative stability of the MPVC algorithm in
comparison with the PID control, the phase margin of the
system with the PID control is estimated using the bode
diagram shown in Fig. 8. The PID control design and tuning
is discussed exhasivly in []. The phase margin of the PID
control is 66.5 degree which is slightly lower than those of the
MPVC; this reveals that the relative stability of the MPVC is
higher than PID control.

VII. SIMULATION RESULTS

The assessment of the MPVC is performed in MATLAB /
SIMULINK software by comparing its performance with the
PID control scheme. Three analyses are carried out: 1) steady-
state 2) transient 3) robustness against load and parameters
variations. The system parameters are listed in Table 2.

A. STEADY-STATE PERFORMANCE
Five load cases are applied in the steady-state mode:
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TABLE 3. Load parameters.

Case Load impedance
1) Balanced resistive load Ra=Rp=R:=15Q
Ri=Rp=R:-=10Q
Los=Ly=Lc=20 mH
Ra=5Q, Ry =10Q, Rc =0
R:=5Q, Ry=10Q, Rc =0
La=10mH, L, =30mH
L' =50 mH, R,'=20 Q,
Rpi'=1 Q, Rp2'=60 Q,

2) Balanced inductive load
3) Unbalanced resistive load

4) Unbalanced inductive load

5) Non-linear unbalanced

C»=3000 uF,
load Le'= 20 mH,
R./=70 Q, C.'= 5000 uF
La’
a
Ra’
Rur
b
R TCI’ ’
C
n

FIGURE 9. The topology of the three-phase non-linear unbalanced loads.

1) Three-phase balanced resistive load;

2) Three-phase balanced inductive load;

3) Three-phase unbalanced resistive;

4) Three-phase unbalanced inductive load;

5) Three-phase unbalanced nonlinear loads as depicted

in Fig. 9.

The parameters of the mentioned load conditions are given
in Table 3.

The load voltages, the load currents, and the DC-link volt-
age under the five load conditions are shown in Fig. 10. To
assess the performance of the control techniques, the %THD
of the load voltages, the voltage ripple in the DC link (%
AVy.), the phase voltage unbalance factor (PVUF) [35] and
switching frequency (f;) are used as performance indexes and
evaluated for all load cases as shown in Table 4.

It can be observed that the MPVC and PID control can
regulate the load voltage with low harmonic distortion for
symmetrical, asymmetrical and nonlinear loads.

Compared to PID control, the MPVC provides lower har-
monic distortion under resistive load conditions; the total
harmonic distortion (%THD) is lower than 1%. The %THD
with MPVC is higher in the case of inductive and non-linear
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TABLE 4. Comparative analysis with PID control.

MPVC PID control
Case | £,(Hz) | %AVdc THD % PVUF 7. (Hz) % AVdc THD % PVUF
Da db Oc Da Db Dc
1 3754 0.3248 1.01 1.01 1.01 0.2248 4000 0.2004 1.29 1.3 1.26 | 0.1815
2 2071 0.6160 3.2 3.2 3.2 0.9592 4000 0.1971 14 1.4 1.4 0.1524
3 3968 1.7164 0.76 | 0.96 | 0.96 0.2007 4000 1.5411 1.45 1.47 1.44 | 0.1218
4 2177 1.6084 374 [ 336 | 3.74 1.8977 4000 1.0109 1.49 1.48 1.45 | 0.3219
5 2436 0.8668 2.13 | 2.06 | 235 0.9426 4000 0.7095 1.62 1.5 1.54 | 0.0575
TABLE 5. Comparative analysis with MPVC presented in [37].
Load MPVC % THD e(V) UA(V)
condition algorithm D, [0 D, D, D, D, D, D,
Case 1 Proposed | 0.85 0.85 0.84 1.3774 1.2966 1.3172 309 309.2 309.1
[37] 1.10 1.05 1.07 2.9364 2.9354 2.9354 309.4 309.4 309.2
Case 2 Proposed | 1.34 1.34 1.18 2.1212 2.1755 2.0028 308.1 308 308.2
[37] 1.55 1.74 1.70 4.3647 4.2601 4.2601 307.8 307.6 307.6
Case 3 Proposed | 1.76 1.72 1.76 2.5589 2.6846 2.6805 307.4 307.2 307.2
[37] 2.34 2.32 2.15 6.5723 6.4987 6.4987 305.6 305.7 306.7

loads, but not more than 4%. This may be due to the delaying
behavior of the inductive current which reduces the prediction
accuracy of the load voltage.

The % AV, is a significant factor for designing the
DC-link capacitor [36]. Higher % AV, requires a larger
DC-link capacitor, and consequently higher cost is required.
However, the % AVy. is higher in MPVC than PID control
for all case studies, due to the f; variation of MPVC. The
difference in % AV, between MPVC and PID-control is
small which is more evident in Fig. 12b. The PVUF value is
lower than 2% for both control techniques. It is noticed that
the PVUF is lightly higher with MPVC than with PID control
under all load conditions.

An additional comparison is performed between the pro-
posed MPVC algorithm and the simulation results presented
in the [37] and enlisted in Table 5. To attain fair comparison,
the LC-filter parameters, the DC-link voltage, the overall
DC-link capacitance, and the three load cases given in [37] are
considered in this study. The comparison is applied according
to the evaluation criteria presented in [37] which are the
9%THD, the error between the RMS values of the load voltage
and its reference (e,), and the amplitude of the fundamental
voltage (Ur). However, the inverter topology used in [37]
is a three-level VSI. The two-level FLVSI provides lower
%THD due to the accurate model employed in the proposed
predictive voltage control algorithm. Moreover, the proposed
algorithm has higher Uy values and lower e, than that in [37];
this shows that the proposed algorithm has a higher ability of
reference tracking.

B. TRANSIENT PERFORMANCE

Fig. 11 shows the load voltages and currents for MPVC and
PID control at the moment of step-change from no-load to a
resistive load (R, = Ry = R, = 10 2). The results show that
the MPVC provides a faster dynamic response, compared to
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PID control. The settling time of this step response is 3 ms
in MPVC, while in PID-controller the settling time of the
step response is 4 ms. It can be noted that the fast transient
performance of the MPVC is possible due to the absence
of the modulation stage. In no-load condition, the MPVC
provides higher THD than PID. Therefore, there are some
oscillations at the transient period of the MPVC.

C. ROBUSTNESS ANALYSES

Two robustness tests are tested to appraise the effect of load
variation and the change of LC-filter parameters on the pro-
posed MPVC and PID control performance. The evaluation
criterions of these tests are the average %THD, %AV,
and f;. In the robustness test against the load variation,
the load active power demand changes from zero Watt to
80 kW with a step change of one kW in four cases of unity,
0.9, 0.8 and 0.7 power factor. For the second robustness test,
the filter inductance is ranged from 1.5 to 3.5 mH with a
step change of 0.2 mH and the filter capacitance from 50 to
100 uF with a step change of 5 uF. It can be noted that the
load parameters are not considered in the proposed predictive
model, whereas the standard impedance of the load is consid-
ered in the PID control design which is (R, = 10 @, L; =
1 mH). Moreover, the predictive model and PID controller
recognized the standard value of the LC-filter parameters
which are 2.5 mH and 80 uF.

Fig. 12a shows the %THD variation with changing load
power and power factor for MPVC and PID. The deviation
of %THD from no-load to high load is lower in MPVC than
that in PID under various power factors. It can be indicated
that the proposed MPVC has more robustness against load
variations than PID. The %AV, variation for MPVC and
PID control under load change is shown in Fig. 12b. The load
variation has a little impact on the % AV, for the two control
techniques.
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FIGURE 10. Load voltages, load currents, and DC-link voltage of APS under (a) load case 1 (b) load case 2

(c) load case 3 (d) load case 4 (e) load case 5.
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FIGURE 11. Voltage and load currents of APS in the transient mode of (a) MPVC and (b) PID control.

High f; leads to high switching losses of the inverter and
overheat. Furthermore, the high variation of f; makes the
design and choice of the LC-filter more complex. However,
the MPVC operates with a variable f;. The f; is limited by
the sampling time, as shown in Fig. 13, and does not exceed
5500 Hz in resistive and inductive loads. Fig. 13 shows the
variation of f; with the change in load power and power
factor. In case of resistive load condition, with increas-
ing the load demand, the f; increases abruptly but is lim-
ited to a value of 5500 Hz. The f; is limited by the sam-
pling frequency because the control algorithm is repeated at
each sampling period. The f; is calculated for each switch
by calculating the number of repeating changes in the SS
of the switch for one second, and then the average f; is
chosen [38].
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As the predictive model control depends mainly on the
LC-filter parameters, two operating conditions are considered
in the robustness test against LC-filter variation:

- CF: changing the filter parameters while the system
model is not changed. In this case, the mismatch is presented
between the actual parameters and the model parameters.

- CCF: changing the filter parameters and accordingly
changing the system model at the same time.

Fig. 14a and 14b show the %THD of MPVC under
LC-filter parameters variations in CF and CCF modes,
respectively. In the case of CF, the %THD surface is lower
than 5%, and the mean value of the THD variation is 2.0288%
which is very close to the mean value of the % THD in CCF
mode which is 1.1156%. The same test is applied to PID
control as shown in Fig. 14c. The %THD surface of PID is
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FIGURE 12. The effect of load change on (a) %THD and (b)% AVdc.
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FIGURE 13. The fs considering the load power and power factor
variations.

located between the two surfaces of %THD of MPVC with
a mean value of 1.4954%. The %AV, for MPVC variation
against the change of filter parameters in CF and CCF modes
are shown in Fig. 15a and 15b, respectively, and for PID
control in Fig. 15c. The filter parameters have little effect on
MPVC and PID performance. From these analyses, it can be
observed that the MPVC has good robustness against filters
parameters variations, like PID controller, although it is a
model-based control technique.

However, it is well known that the f; of MPVC is limited
by the sampling frequency due to the fact that the control
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algorithm is repeated at each sampling period. The following
analyses are studied to show how the f; is changing according
to the LC filter parameters. The f; variation of MPVC under
changing LC filter parameters for CF and CCF modes are
depicted in Fig. 16a and 16b, respectively. The f; deviation
from lower to higher LC filter parameters is from 1500 to
5500 Hz in CF case and from 3500 to 4500 Hz in CCF case.
Therefore, the f; variation in CCF mode is lower than that in
CF mode by 75%. It can be highly observed that the variation
in filter inductance has a less impact on the f; than the filter
capacitance variation.

VIIl. EXPERIMENTAL RESULTS

To test MPVC experimentally, an APS project containing a
three-phase FLVSI with an output LC filter has been built
in the laboratory. The control algorithm is realized in the
microprocessor module STM32F769BIT6 (216 MHz). The
reference voltages are defined in the microcontroller memory.
The current sensors LEM GAS 25-NP are used to provide
the measured analog current signals for the microcontroller.
Nine measuring channels are designed, Operational Ampli-
fiers with analog low-pass filters, to scale the analog sig-
nals of currents and voltages according to the analog input
ratings of the microcontroller. Considering the safety issues,
the experiments are performed under low voltage level, the
DC-link voltage is equal to 60 V and is provided by two
30 V power supplies connected in series. Therefore, the load
voltage signals are directly sent to the measuring channels
without using voltage transducers. The analog to digital con-
verters are combined in the microcontroller integrated circuit.
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FIGURE 14. The %THD variation against the LC-filter parameters for
(a) MPVC (CF), (b) MPVC (CCF), and (c) PID.

The output signals from the microcontroller are sent to the
switching devices (MOSFET IXFN110N60P3) through the
Gate Drive Circuits. The waveforms of the three-phase load
voltages and currents were displayed on a LeCroy Wave
Runner oscilloscope. Another DC power supplies i used for
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supplying the measuring and control circuits. The parameters
of the system are shown in Table 7. The real view and
the schematic diagram of the developed project are shown
in Fig. 17.
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TABLE 6. Comparizon between FCS-MPC algorithms for computation effort reduction.

The proposed | Ts (us) | CT (us) Inverter topology Number of SS | Control platform
algorithm in:
This paper 25 12.3 FLVSI 16 DSP STM32F769BIT6 (216 MHz)
[24] 33 14 Three-leg VSI 8 DSP TMS320F28335 (150 MHz)
[25] 83.3 242 T-type three-level VSI 27 DSP TMS320F28335 (150 MHz)
[26] 100 | ---- Three-leg VSI 8 Simulink-Real-Time system
[27] 20 8 FLVSI 16 double-CPU:
FPGA EP4CE115F2317 (472.5 MHz)
DSP TMS320F28335 (150 MHz )
[28] 30 - Three-leg VSI 8§ | e
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FIGURE 16. The fs variation of MPVC against the LC-filter parameters in
(a) CF case and (b) CCF case.

TABLE 7. Experimental parameters.

Parameters Values

DC input power supply Vi =60V, Pdc =720 Watt
Sampling time T,=25pus

DC-link capacitance Cye = 800 pF

LC filter R=0.19Q, L=1mH, C=90 pF

Due to the time optimization performed for the proposed
MPVC algorithm, the CT of MPVC is reduced from 28 us
to 12.3 us with a reduction equal to 56%. This gives the
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FIGURE 17. The experimental setup (a) real view (b) schematic diagram.

opportunity to decrease the sampling time to its optimal
value for the algorithm implementation. To select the best
value of sampling time, the effect of sampling time on the
control performance is analyzed and shown in Fig. 18. The
switching frequency has an inverse relation with the sampling
time, while the %THD has a proportional relation. It can
be determined that the MPVC gives the best performance at
Ty, = 25 us. If the Ty is lower than this value, the switch-
ing frequency will be greatly increased resulting in high
switching loss and overheating. If T is higher than 25 us,
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FIGURE 19. The topology of the three-phase nonlinear load and its
experimental setup.

the f; will be slightly decreased but the load voltage will be
more distorted. Therefore, the sampling time selected for the
algorithm implementation is (Ty = 25 us).

Table 6 shows the comparison between the proposed algo-
rithm and the other FCS-MPC algorithms which are consider-
ing the CT reduction. It can be noted that, as the number of SS
increases the algorithm requires longer CT. With increasing
the microprocessor speed, the CT decreases. From Table 6,
it can be determined that the CT of the proposed algorithm
is lower even than the algorithms which are applied for the
8-SS three-leg VSI. However, the microprocessor in [27] is
about three times faster than the available one in this work.
The CT of the proposed algorithm is comparable with that
in [27].

Three case studies are performed to assure the effectiveness
of the MPVC algorithm in steady state operation with:

1- Unbalanced inductive load (R, =6 2, R, =9 Q2,Rc =
12, La =2 mH, Ly, = 3 mH, L; = 4 mH).

2- Non-linear load.

3- Resistive load step-change
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FIGURE 21. Experimental results in case of three-phase non-linear load
(a) load voltages (b) load currents.

The nonlinear load available in the laboratory consists of
resistive load with rectifier and LC-low-pass filter (Ly =
1.3 mH, C; = 1400 uF, R, = 102); the topology of this
load is shown in Fig. 19.

The waveforms of load voltages, load currents and neutral
current in case of the three-phase unbalanced inductive loads
are shown in Fig.20a, Fig.20b and Fig.20c, respectively. The
results show that the load voltages quite accurately follow the
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reference voltages with low distortion. As shown in Fig. 20b,
the load currents are different and are determined by the total
load demand of each individual phase; this causes the current
to flow in the neutral wire as shown in Fig. 20c.

The experimental results which are shown in Fig. 21 con-
firm the abilityof the MPVC to handle the nonlinear loads.
However, load currents are completely distorted due to the
nonlinearity behavior of the load. The MPVC provides sinu-
soidal load voltage with very low harmonic distortion.

The transient test which is performed in the simulation
section is repeated experimentally with an unbalanced resis-
tive load (R, = 5 Q, R, = 102, and R, = o0), see
Fig. 22. The step-change is experimentally occurred by an
automatic power switch. The experimental results assure the
fast dynamic reaction of MPVC with a low overshoot level.
The recovering time is about 3 ms and a voltage dip 10% of
the peak value. It can be observed that spark may be provided
inreal switching, resulting in current pulses before closing the
switching contacts completely. However, this phenomenon
does not affect the load voltage which is robustly regulated
by the proposed MPVC algorithm.

IX. CONCLUSION AND RECOMMENDATIONS
In this paper, MPVC is used to control the load voltage of
FLVSI with output LC-filter in APS. An accurate discrete
state-space model is presented, including the neutral line
inductance and the damper resistance of the LC-filter. The
performance of the MPVC is studied in a full comparative
study with a PID-controller for voltage control of autonomous
FLVSI. The advantages of MPVC technique can be pointed
out as follows:
o The MPVC control scheme is simpler and consists of
one control loop.
o The MPVC can operate in NRF and has more ability to
control each phase independently.
o This control technique does not need parameter tuning
in the designing procedure.
o The MPVC has a faster transient reaction.
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o The MPVC provides lower distortion in the load voltage
with resistive load.

o The %THD and % AVc have lower variation under the
load change.

o The robustness of MPVC is high and comparable with
the PID control.

The computation time required for the MPVC implemen-
tation is high, resulting in higher sampling time and lower
performance of this control technique. In this paper, to reduce
the CT required for the MPVC algorithm, a simple modifica-
tion is performed to the MPVC algorithm to predict 15 volt-
age vectors instead of 16. The proposed MPVC algorithm
is time optimized by removing the repeated and additional
calculations without affecting the control performance. The
CT is reduced by 56 % and the algorithm can be realized
with a minimum sampling time of 25 us for the available
MiCroprocessor.

The experimental results confirmed the simulation results
that the proposed MPVC algorithm is able to handle unbal-
anced and nonlinear loads with high quality and fast transient
response.

After an exhaustive research, it is determined that further
research is recommended in the future work to discuss and
resolve the following research issues of the FCS-MPC tech-
nique:

e Most of the FCS-MPC algorithms are proposed for
the applications of the stand-alone inverters such as
in stand-alone microgrids, Uninterruptible Power Sup-
plies, and APSs, the power-sharing issues of the
multi-inverter situation are not perfectly investigated in
the literature.

« Future research should concentrate on the application
of FCS-MPC as a hierarchical control of microgrids
containing more than one inverter with considering the
primary, secondary and tertiary control levels.

« More methods of time optimizations and reduction are
required for the FCS-MPC algorithm to be effectively
applied for multilevel inverters which have a large num-
ber of SSs and for the inverters which are used in 400 Hz
power systems, such as aircrafts.
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