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Abstract: Finite control set model predictive control (FCS-MPC) has been widely investigated in
recent years due to its ability to handle optimization problems with multiple control objectives in
a diverse variety of systems. Moreover, its direct implementation in digital-based systems has made
it an attractive strategy in static power converter applications. However, its characteristics such as
variable switching frequency and spread harmonic spectrum limit the use of standard MPC due to
power losses, audible noise, steady-state performance, and resonances. To mitigate these problems
and extend the FCS-MPC applications to new areas, this paper proposes a new hybrid predictive
control scheme, capable of achieving a harmonic spectrum distribution similar to that obtained with
a pulse-width modulation scheme. The proposed strategy is based on a system model to generate
an optimization, and, at the same time, an input restriction in the cost function of the standard
FCS-MPC. This new approach is validated through experimental tests carried out in a grid-connected
Cascaded H-bridge inverter.

Keywords: FCS-MPC; switching frequency; predictive control; spread spectrum; grid
connected inverters

1. Introduction

The use of model predictive control (MPC) has been extended to applications related to power
converters in the last 10 years due to its simple implementation and ability to handle multivariable
optimization problems in a diversity of systems [1-3]. The predictive controllers use the system
discrete model to select the converter optimal input that allows for achieving the best system behavior
in the desired prediction horizon. This optimal behavior depends on desired control objectives and
system constraints. Because the number of available converter’s inputs is finite, it is common referring
to these controllers as a finite control set MPC (FCS-MPC) [4].

FCS-MPC strategies, despite being widely used in diverse applications, still have several
challenges to be solved such as its variable switching frequency and its spread harmonic spectrum,
among others [5-8]. FCS-MPC lacks a modulation stage, which means that it has neither a fixed
voltage pattern nor control of the switching frequency, thus increasing the number of states changes
and generating an unwanted spread of voltages and currents harmonics. Both characteristics give
rise to significant inconveniences related to power losses, audible noise, large dv/dt, low steady-state
performance, and resonances, which limit the use of the strategy or hinder its application [9-15].

Various works have been proposed in the literature to mitigate the spread spectrum problem.
Early works suggest using an input restriction in the FCS-MPC cost function to penalize the input
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change regarding the previously applied input [16]. These solutions allow for reducing the switching
rates and shift the harmonic spectrum to lower frequencies; however, they increase the steady-state
error and retain the spread spectrum characteristic. In the same line, in [17], it is proposed to include a
control objective to penalize future changes on the converter’s inputs. The results show a harmonic
spectrum well defined at high frequency but with a bipolar phase voltage, which is not suitable for
high power applications. On the other side, more successful strategies have been those that include
a modulator in the control algorithm, generally based on space vector modulation (SVM). In [18],
a modulated model predictive control (M2PC) approach is proposed where a deadbeat solution is used
to find the optimal voltage input, and an FCS-MPC strategy is used to find the associated converter’s
states and duty cycles for the SVM stage. Despite the excellent results achieved, which allow fixing the
harmonic spectrum at 5 kHz, the proposal has a high switching frequency and a high computational
burden. Other work with a similar approach is [19], where a double optimization is used to eliminate
the deadbeat solution dependency. One optimization is used to find the converter’s states, and the
other to calculate the optimal duty cycles. Finally, the inputs are applied by means of an SVM stage
using the calculated duty cycles and states. The achieved harmonic spectrum is highly concentrated
around 10 kHz, but the spectrum distribution is similar to [18]. To avoid using an SVM stage,
a conventional FCS-MPC is implemented in [20]. In that work, the voltage reference is generated
from a deadbeat controller, and a control objective is used to reduce the converter average switching
frequency on steady-state. The proposal improves the steady-state performance of conventional
FCS-MPC. Still, it requires a high computational burden due to the fuzzy logic stage used to calculate
the weighting factors on the cost function.

Another alternative for fixing the harmonic spectrum is directly using the deadbeat solution
through a modulation stage, as shown in [21,22]. These solutions allow the concentration of the
harmonic spectrum in the desired frequency, but it is achieved with a high control effort resulting in
an aggressive voltage response. Furthermore, characteristics such as (i) optimization between multiple
control objectives or (ii) the possibility to easily applying restrictions over the converter inputs are not
available, as in an FCS-MPC controller.

This work proposes an FCS-MPC strategy that allows distributing the harmonic spectra in a similar
way to a PWM scheme. To this end, a linear model of the system is used in order to determine the
optimum input that the converter has to apply to obtain a specific operating point, and this information
is used to generate an input constraint in the standard FCS-MPC scheme. The strategy allows for
reducing the number of commutations, fix the harmonic spectra, and eliminate the jumps between
nonadjacent voltage levels—which stresses the converter semiconductors—without greatly increasing
the computational cost of the strategy, and only adding one weighting factor to the cost function of
the conventional strategy. To illustrate the proposed strategy, a grid-connected cascaded H-bridge
converter interfaced through an inductive filter will be used [23]. In this converter, it is necessary to
ensure an even power distribution among cells, a feature not directly addressed with conventional
FCS-MPC schemes [24], but one that can be naturally achieved with the proposed strategy.

The paper is organized as follows: Section 2 introduces the cascaded H-bridge (CHB) inverter
used to explain the proposed FCS-MPC scheme. In Section 3, the proposed scheme to fix the switching
frequency and the harmonic spectrum is presented. This is made for an arbitrary converter and
the studied CHB. Section 4 shows a steady-state and dynamic performance comparison for the
conventional and proposed FCS-MPC. The results are discussed in Section 5, and the main conclusions
of this work are summarized in Section 6.

2. Cascaded H-Bridge Converter

A single-phase cascade H-bridge inverter, connected to the grid through an inductive filter,
has been chosen to explain the proposed theoretical approach. The power converter system is shown
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in Figure 1. Throughout the paper, scalars will be denoted in italic, whereas matrices and vectors will
be denoted in bold. The system model is given by the following continuous-time system:

Git) 1 R
dt Lf ¢ f

()= L2170~ 20, 0

where i is the filter current, v, the converter output voltage, v,y the grid voltage, and {R¢, L¢} the
resistance and inductance of the output filter, respectively. The output voltage v, can be rewritten as
the sum of the output voltages of the n. cells which form the converter as

20(t) = 3 0e(), )
i=1

with v, ; the output voltage of an arbitrary cell i. Because the cells are built with H-bridge inverters,
their output voltage can be one of the values shown in Table 1. This output voltage can be rewritten

through the switching function f;,(-) of the H-bridge inverter and the applied state s; = [s;; sZ,i]T of
cell i, as

¢,i(t) = (51,i(t) =82,i(1))vac(t) = fr(si)vac(t), 3)
with
fr(si) = (s1,i() = s2,i(1)), 4)

and where {s;;,5,;} are the semiconductors’ gating signals of cell i. Replacing (3) in (2), the CHB
output voltage is

0o(t) = 3 Fra(si)oaea(h). )
i=1

Equation (5) shows that the CHB output voltage is a function of the states applied to the H-bridge
inside each cell. As each H-bridge can take four possible states, the CHB converter has 22" available
states [25].

In order to design a discrete current controller, the system described in (1) can be discretized
through the Euler forward approximation as

ip(k+1) = agif(k) +bgvo (k) + eqvgria(k), (6)
where 7 £(k+1) is the estimated filter current for the sampling time k+1, and

R 1 1
adzl—TsL;,bd:Tst,ed:—Tst. @)

In the following section, the discrete-time model described in (6) will be used to show the operation
of conventional FCS-MPC and to propose a predictive scheme that fixes the harmonic spectra to
a desired frequency.

Table 1. Admissible states for H-Bridge inverter.

S1 So Do

1 0 +04.
0 0 0
1 1 0
0 1 —04c
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Figure 1. Cascade H-bridge converter. (a) standard topology; (b) grid connected single phase CHB.

3. Proposed Predictive Control

3.1. Conventional FCS-MPC

FCS-MPC schemes use a discrete-time system model to estimate future behavior within a given
prediction horizon. Their objective is to identify the optimal input v, oyt that will result in the best future
performance, considering the control objectives and constraints imposed by the system. In particular,
the discussion will be restricted to the simplest MPC scheme, using a prediction horizon equal to
one [1-7]. From the discrete-time model derived in Section 2, the prediction model (6) is evaluated
for each valid state of the CHB inverter. The selected state (input) is the one that allows achieving
an optimum value in the desired cost function, given the imposed control objectives. In this work,
the filter current tracking will be considered as a control objective. This can be expressed as

Ji = (iprep(k+2) - i (k+2))%, ®)

where i fref is the filter current reference. The input v, that generates the lowest value of (8) is
applied in the next sampling time. Figure 2 shows the associated algorithm flowchart.

The described scheme shows that the controller does not have an explicit memory of the previously
applied states, and therefore there is no prescribed switching pattern in the selection of the optimal
state. This provokes a variable switching frequency with spread harmonic spectra [26]. Such operating
conditions are not suitable for applications susceptible to problems like resonance, audible noise,
semiconductor stress, and variable switching losses [9-15].

Several works have been proposed in the literature to reduce and/or fix the switching frequency
in FCS-MPC based schemes [15-22]. Among these, the simplest proposal in terms of implementation
and computational burden is shown in [16,26]. This consists in the addition of a new term in the cost
function, which seeks to penalize the state change with respect to the state applied in the previous
sampling time. This term can be defined as

As = [3;(j) - i (k)] [s:(j) - s:(K)], )
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where s;(j) is one of the N available converter states and s;(k) is the converter state applied in the
current sampling time. The resulting cost function used to track the reference current while reducing
the state commutations is

Ji = (iprep(k+2) = ip(k+2)) + AcAs, (10)

where A is the weighting factor related to the input restriction. When A. increases, the predictive
controller tends to select the same switching state applied in the previous sampling time. This reduces
the number of state transitions between adjacent sampling times. However, the steady-state error
increases given that the control objective associated with A; has a higher preponderance over the
control objective related to tracking error. Thus, the value of A, is assigned by the controller designer
according to the importance he gives to the input restriction.

%l Measure if(k),vgria(k) |
v

| Apply sope(k) |
v

bty () 1 Cavga(l) |

~
—
—
-
~—
~
<
—
—
-~
—

+

Si,opt (k)

Figure 2. Conventional FCS-MPC flowchart applied to a grid-connected CHB inverter.

The input restriction shown in (9) seeks to maintain the applied state for the highest number of
sampling times possible. However, the input selection considers only the immediate previous state
and not the complete sequence of previous inputs. This prevents the existence of a fixed switching
pattern within a fundamental signal period and, consequently, a harmonic spectrum centered around
a particular frequency.

To overcome these problems, this work proposes a simple predictive controller that uses the
linear system model to define a new input restriction in the cost function of an FCS-MPC controller.
The scheme allows for achieving a harmonic spectrum with a distribution similar to a PWM scheme
without the use of multiple weighting factors or complex algorithms.

3.2. Proposed FCS-MPC

In an FCS-MPC controller, the system input is calculated in each sampling time regardless of the
previously applied inputs. Thus, it is not possible to ensure a defined steady-state switching pattern
to achieve a fixed switching frequency and a defined spectrum. Meanwhile, in modulated control
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schemes, the switching frequency and harmonic distribution are defined by the carrier signal frequency
used to calculate the semiconductors’ gating signals. Despite these features, these control schemes
generally have a slower dynamic response when compared to FCS-MPC schemes and need a more
elaborate design process.

This section shows how it is possible to use a modulation stage to impose a fixed switching pattern
on an FCS-MPC scheme, without losing its features such as fast dynamic response, optimization,
and decoupled response, among others. To achieve these objectives, the proposal uses the system
model (such as conventional FCS-MPC) to generate an input restriction in the FCS-MPC cost function.
This restriction is calculated following the next steps:

e Step 1:

The system model is used to calculate the converter modulator signal m,.¢ that allows the
system to work at a steady state in the desired operating point defined by the reference. To calculate
m,. ¢, only the fundamental component of the system variables should be considered, neglecting the
switching harmonics. Consequently, the following system model at fundamental frequency is used:

Xa(k+1) = Agxa (k) + Bgua (k) + Eqp, (K), (11)

where x,(k), u,(k), p,(k) are the vectors associated with the average values of the state variables,
inputs, and disturbances at fundamental frequency, respectively; and the values of A, B;, E; depend
on the system parameters and sampling time T;. From (11), it is possible to calculate the input that
allows the system to work at the desired operating point x,.f,(k) imposed by the reference as

ua,ref(k) = Ba_ll (iref,a (k + 1) - Adxref,a (k) - EdPa (k)) (12)
Finally, the converter modulator signal m,,.¢ can be calculated from the average input u, ,.r as

1
mref(k) = mua,ref- (13)

The modulator signal m,,s can be a vector or scalar depending on the number of phases of the
power converter. This solution does not equal the deadbeat solution shown in [20], as (13) does not
depends on the current value of the system’s variables but instead on its desired values.

e Step 2:

The modulator reference m,, s is modulated to obtain the discrete converter inputs. This step can
be implemented using standard modulation methods such as SPWM or SVM. The selected modulation
method defines how the proposal fixes the value of the switching frequency; e.g., in an SPWM scheme,
the switching frequency is defined by the carrier frequency. The output of this step corresponds to the
converter state s/, formed by the gating signals to the converter’s semiconductors, which allow the
system to operate in the desired operating point in steady-state.

e Step 3:
ef

The converter state s/ is used to calculate the reference switching function s; £ associated with
the power converter. This is defined as

s (k) = £(s"/ (), (14)

where f(-) corresponds to the converter switching function that defines the relation between the DC
and AC voltage as a function of converter state, e.g., for an H-bridge converter f(-) is the difference
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ef

between the gating signals as shown in (4). The reference switching function s: f is used to generate
the following input restriction in the conventional FCS-MPC scheme

Ny = Y185~ FGITISLY - Fs())] (15)

Finally, the cost function used in the proposed FCS-MPC is
Ji= (xref(k +2) - f‘ref(k + 2))T(Xref(k +2) - ’N‘ref(k +2)) + AsASprom- (16)

Figure 3 shows a flowchart of the proposed FCS-MPC algorithm. The cost function consists of two
terms: one associated with the tracking error and one to the error concerning the proposed switching
function. In a transient regime, the term associated with the tracking error has a higher preponderance
than the term to concentrate the harmonic spectrum. This is true, if and only if, the value of weighting
factor A; is correctly calculated. If the value of A; is too high, the dynamic response will be defined
by the term AsAsyum that corresponds to the open-loop system response. In the opposite case, if the
value of A; is too small, the dynamic response will be fast, but the system performance in steady-state
will be equal to a conventional FCS-MPC controller. In a steady-state, the magnitude and phase of
the tracking error are constant; therefore, the choice of the optimal state depends mainly on the term
Aspwm- This means that, to minimize the cost function (16), the states selected by the MPC should be

the closest ones to sgef , which are obtained from the modulation of the m,,; signal. Thus, the switching
frequency and the distribution of the harmonic spectrum are determined by the modulation stage used
to generate the converter gating signals. Finally, it is assumed that the system parameters are well
known, which is a reasonable assumption as the proposal works in parallel to an FCS-MPC controller
that necessarily requires knowing the system parameters to ensure a good performance [26].

Conventional FCS-MPC Proposed input constraint
—>| Measure x(k),p(k) | Xri‘(k)

v

| Apply uope (k)

| Calculate my,..f (k)
according to (13)

v

Calculate the converter states
s™f (k) through modulation

|Delay compensation [26] |

| Prediction stage | 3
+ ref
Optimization stage |<7 Calculate s (k)
| P | & from converter states
Uopt (K)

Figure 3. Proposed FCS-MPC. Red boxes indicate new or modified stages.
3.3. Proposed Scheme Applied to Single Phase CHB Converter

As shown in the previous section, the proposal does not change the flowchart of the conventional
FCS-MPC, independently of the power converter used. This allows for using the scheme in any
power converter that operates with conventional FCS-MPC. As a case study, the proposal is applied
to a single-phase CHB converter, which was presented in Section 2. When an FCS-MPC algorithm is
used in this converter, it is necessary to include an additional stage to ensure even power distribution
among the cells [24]. Using the proposal, this feature can be naturally achieved with a fixed switching
frequency and a concentrated harmonic spectrum. The steps described in Section 3.2, and applied to
the CHB converter, correspond to
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e Step 1:

Using (6), it is possible to calculate the average input m,,¢(k) that allows the system to work at
the desired operating point in steady-state. Considering the average system model, it is feasible to
represent the output voltage as a function of the modulation signal m (k) and the number of cells 7, as

00 (k) = m(K) 3 0ge. (17)
i=1

Replacing (17) in (6), the following expression is obtained:

;f(k + 1) = adzf(k) + bdm(k) + edvgrid(k)/ (18)

where the DC voltages sum has been included in b; and the system variables now represent their
average values. From (18), m(k) can be rewritten as a function of state variables and system
disturbance as

m(k) = b7 (75 (k + 1) - agis (k) - eq0gria (K)). (19)

Finally, it is expected in steady-state that the filter current be equal to the desired reference, hence (19)
can be rewritten as

mref(k) = b;l(;f,ref(k + 1) - adif,ref(k) - edvgrid(k))r (20)

where the filter current i¢ has been replaced by the desired filter current reference on steady-state and
the input m(k) has been renamed as m1,,¢. This corresponds to the average input that allows the system
in steady-state to work at the desired operating point.

e Step 2:

The modulation signal calculated in (20) is modulated through phase-shift PWM (PSPWM).
This modulation technique allows an even power distribution among cells if the DC voltage of each
one are equal [23]. The output of this step corresponds to the firing signals {s; ;, s ;} associated with
the semiconductors of cell 7, as an example, Figure 4a shows the calculation of the semiconductor’s
gating signals for the cell 1. In each sampling time, the values of the signals s1 1 and s, ; are calculated
and used to generate the state vector s;ef .

The comparison between m,,¢ and the carrier signal can generate at most two transitions in
each signal 511 and sy 1. Because these signals are sampled or calculated each sampling time, it is
possible that there are one or two transitions between samples if the sampling time is high (Figure 4b).
When one transition occurs in the middle of a sampling time, its value will be naturally considered in
the next sampling time. In the proposal, one change between samples is not a problem because the
strategy is not allowed to change between samples as an FCS-MPC controller is used (its output can
only change at the sampling times). When two transitions occur, the switching function associated
with the cell will be the same in two consecutive sampling times. This condition is a problematic issue
because the proposal seeks to impose a PWM waveform, and losing pulses results in changes in the
desired harmonic spectrum. However, both issues can be avoided increasing the ratio between the
sampling and carrier frequency, e.g., for a carrier frequency of 550 Hz and a sampling time of 10 kHz,
there are 18 samples per carrier period, which translates to a resolution of 0.1 ms.
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e Step 3:

The reference switching function of each cell is calculated as

s;‘}{i = fH(S:ef) =51,i = S2,i (21)

with {s1 ;, 5, ;} the gating signals of an arbitrary cell i calculated in step 2. Then, the following input
restriction on the conventional FCS-MPC cost function can be calculated:
& e f 2
Aspwm = Z;(sz,i_fH(s(]))) ’ (22)
1=
where j is one of the N states of the power converter evaluated in the cost function. Finally, the cost
function implemented is

] = (if e (k+2) = ip (k +2))* + AsAS prom. (23)

The resulting algorithm is shown in Figure 5. In each sampling time, the FCS-MPC controller selects
the state that minimizes the cost function J. Because in a steady-state, it is expected that the reference
tracking term is close to zero, and the selected state will depend mainly on the proposed input
restriction. Thus, the FCS-MPC controller will select the state that generates the closest converter
switching function to the one proposed by the input restriction.

Carrier
Y

Unipolar
PWM

Carrier

Signal
51,1

A

Signal
52,1

Sampling time:  (k—1) (k) (k+1)(k+2)(k+3)(k+4) (k+5) (k=1) (k) (k+1) (k—1) (k)

s [s 11 o] 1] [1] (1] [o] [t
s f— {:i] : [0] [0] [0] [1] [0} [O} [O} Intersample change Change not detected
(a) (b)

Figure 4. Proposed FCS-MPC applied to grid-connected CHB inverter. Modulation stage.

ref .

(a) Calculation of s, ; (b) sampling time issues.

ifrer(F) Calculate my..f(k)
— i - N Reference
according to (20) dulation sienal
: myef(k) modulation signa
Unipolar .| Unipolar | Phase shifted
modulation modulation carriers
cell 1 cell 2 cell n,
gref — S1,1 gref — 51,2 gref— -81.np State of
! S2,1 $2,2 e [S2,n, each cell
A 4 A4 v
ref _ prerefy oo Reference switching
Ssfi = F(877) = 81 = 824y i = 1me function of each cell
To FCS-MPC gref [9 ;e gef 17
cost function sf sfl “sf2 . Ssfine
(a)

Figure 5. Cont.
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+ rz f(k) +
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Si,opt = Sz (J
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Figure 5. Proposed FCS-MPC applied to grid-connected CHB inverter. (a) input restriction generation;
(b) proposed algorithm flowchart where the red label indicates new or modified stages.

4. Experimental Results

The experimental set-up used to test the proposal corresponds to a grid-connected single-phase
CHB, Figure 6. Each cell of this converter was built with an H-bridge module FPF1C2P5BF(07A fed by
a constant DC source. The CHB converter is connected to the grid through an inductive filter and a
link transformer. The system parameters are shown in Table 2.

Cell 1

Cell 2

Cell 3

1/

/8

(a) (b)

Figure 6. System used for the experimental tests. (a) electrical diagram; (b) experimental setup.

The FCS-MPC algorithms were implemented in a dSpace MicroLabBox with a sampling frequency
fs of 10 kHz. In the case of the proposal, a carrier frequency of 11 per unit (p.u.) was selected,
which allows for fixing the harmonic spectrum at 22 p.u. The H-bridge modules were modulated using
unipolar SPWM. The weighting factors used in the proposed FCS-MPC controller were calculated
using the branch and bound method described in [26,27].

The stationary and transient response of the proposed algorithm is compared with the response
of a conventional scheme using a strategy to achieve even power distribution among cells [24].
First, experimental tests in the steady state were performed to compare the harmonic spectra and
average switching frequency per semiconductor (ASF) of the conventional strategy with the proposed
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strategy. For comparison purposes, the ASF of both schemes is compared with the achieved using
an ideal modulation scheme with the same carrier frequency as the proposal. The ASF for a carrier
frequency of 11 p.u. is 1.1 kHz. Afterwards, the dynamic response of both strategies is tested for a
step-change in the output current reference from 1.5 A to 3.5 A. Finally, the response of the system
under a parameter mismatch of 100% is presented for the conventional and proposed schemes.

Table 2. System’s parameters.

Features Description Value
Vge Cells DC voltage 30V
Ugrid Grid voltage 120V
Ry Filter resistance 0.6 Q)

Ly Filter inductance 20 mH
ferid Grid frequency 50 Hz

fs Sampling frequency 10 kHz

fe Carrier frequency 550 Hz

4.1. Steady-State Performance

Figure 7 shows the steady-state performance of the system with conventional FCS-MPC for
a current reference of 3.5 A. The average value of each cell output voltage is similar among them, due to
the use of the strategy presented in [24], Figure 7a. These values are summarized in Table 3. The sum
of these voltages generate the typical 7-level waveform in the output of the CHB converter, Figure 7b;
while the current tracks the reference with an error of 4.85% at the fundamental frequency. Figure 7c
shows the typical spread spectrum obtained with a conventional MPC scheme, with concentrations
around fs/11 and fs/6. The average switching frequency per semiconductor (ASF) is equal to 1.97 kHz,
which is 79.6% higher than the achieved using a modulated scheme with a carrier frequency of 11 p.u.

S
S

40
20
0
20
-40

Voltage(V)

Voltage(V)

40
20
0
-20
-40

0 5 10 15 20 25 30 35 40

Voltage(V)

ifref(t)
A

0 5 10 15 20 25 30 35 40

40
20
0
20
-40

Voltage(V)

Time(ms) Time(ms)

(a) (b)

Figure 7. Cont.



Energies 2020, 13, 5475 12 of 18

e
9

02 N "Uc,l(f)‘
—01 I | ! ] | | | |
Tl i AL o b
g 0 <
T o0 10 20 30 40 S0 60 70 8 90 100
g 03
S . . . . . . . .

"8 02 |Uo(f)|

£

o 0.1 !

o

Y | Y R T TP R

E 0 10 20 30 4 50 6 70 8 9 100

%'00.3 . . . . . . . —

=1 Ll (I
0.1

=

0 4 50 6 70 80 %0 100
Frequency(p.u.)
(c)

=3
=+
1)
S

Figure 7. Experimental results for conventional FCS-MPC [24]. (a) cell voltage; (b) output voltage and
current; (c) key-waveforms harmonic spectra.

Table 3. Fundamental cell voltages (50 Hz) p.u. w.r.t DC voltage.

Voltage Conventional FCS-MPC [24] Proposed FCS-MPC

Ve 0.929 0.959
Ven 0.931 0.935
Ve3 0.937 0.935
o 2.797 2.829

Figure 8 shows the steady-state performance of the proposal operating with a carrier frequency of
11 p.u. The fundamental output voltage of each cell is similar (Table 3), Figure 8a, with a converter
output voltage of 7-levels as the conventional FCS-MPC, Figure 8b. The output current follows the
reference with an error at the fundamental frequency of 5.71%. Figure 8c shows the key harmonic
spectra for the proposed FCS-MPC. The proposal allows for obtaining a well-defined harmonic
spectrum around twice the carrier frequency for the cell output voltage—while, in the case of total
output voltage, the harmonics are concentrated around six times the carrier frequency, due to the phase
shift modulation used. The average switching frequency of the proposal is 1.2 kHz, which is 40% less
than conventional scheme and 9% higher than a modulated scheme with the same carrier frequency.

Table 4 shows the associated THD for both controllers studied. The results show that the proposed
method has a higher THD than conventional FCS-MPC because the harmonic spectrum of the proposal
is closer to the filter cut-off frequency. Although the THD increases, the system still works with low
current distortion, a fixed harmonic spectrum, an even power distribution, and can operate with
a lower average switching frequency than conventional FCS-MPC.

Table 4. Key waveforms THD% until harmonic 51 p.u.

Signal Conventional FCS-MPC [24] Proposed FCS-MPC

Ve 32.32 49.22
Ven 33.16 47.78
Ve3 30.90 47.19
Vo 9.92 10.34

iy 1.04 1.32
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Figure 8. Experimental results for proposed FCS-MPC. (a) cells voltage; (b) output voltage and current;
(c) key-waveforms harmonic spectra.

4.2. Dynamic Performance

The proposed strategy is tested for a step-change in the current reference of 133%, from 1.5 A
to 3.5 A at t = 20 ms, as shown in Figure 9. The conventional and proposed FCS-MPC show a
similar dynamic performance, which can be seen in Figure 9a,b, respectively. This can be inferred by
comparing the output voltage applied by the CHB converter in both cases. For instance, the results of
Figure 9c show that, immediately after the current step-change, both strategies select the same voltage
vector. Finally, Figure 9d shows the voltage harmonic spectrum for the proposal associated with cell
number 1, before and after the current change. It can be seen that the proposal allows for fixing the
harmonic spectrum around twice the carrier frequency, independently of the change on the system
operating point and without requiring to change the associated weighting factor.

4.3. Parameter Sensitivity

In this section, the sensitivity of the conventional and proposed FCS-MPC under a change of 50%
in the inductance value is evaluated. The change is made at t = 40 ms from an inductance value of
10 mH to 20 mH while the current reference is set at 3.5 A. The initial value of the inductance used
for both FCS-MPC algorithms is 10 mH. The results achieved for this test are shown in Figure 10.
The conventional scheme tracks the reference, despite the change in the inductance value, with an
error at fundamental frequency of 0.15 A before the change and 0.17 A when the inductance value
is 20 mH, Figure 10a. In the case of the proposal, Figure 10b, the error at 50 Hz before and after the
change are 0.1 A and 0.2 A, respectively. These results show that the proposal allows for fixing the
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harmonic spectrum and switching frequency, without considerably altering the conventional FCS-MPC
performance under parameter mismatch.
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Figure 9. Experimental results for a current reference step-change from 1.5 A to 3.5 A. (a) conventional
FCS-MPC [24]; (b) proposed FCS-MPC; (c) voltage states (zoom); (d) cell 1 voltage spectrum, before and
after the change.
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Figure 10. Experimental results for a step-change of +100% from 10 mH to 20 mH on the filter
inductance value at t = 40 ms. (a) conventional FCS [24]; (b) proposed FCS.
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5. Discussion

Conventional FCS-MPC schemes have drawbacks related to the variable switching frequency
when used on static power converters. One of them is their characteristic spread spectrum,
which, depending on the application, can make it an unsuitable strategy [9-15]. A variety of strategies
have been proposed to improve the switching characteristics in converters that use FCS-MPC [16-22].
In order to achieve control schemes that concentrate the harmonic spectrum, the previous approaches
allow for defining the switching frequency at the cost of more complex algorithms, either increasing
the model dependence, or sacrificing the characteristics that distinguish direct predictive control from
modulation-based schemes.

The proposed scheme includes an input constraint that, in contrast to [16], does not seek to
penalize the state change with respect to the previous input. Instead, it seeks to penalize the state
change with respect to the optimum obtained from the modulation of the input calculated by (20);
which corresponds to the required input in steady state to track the imposed reference. Greater weight
is placed on the input constraint by increasing the value of A, in other words, to the state obtained from
the modulation stage. However, given that this state is an optimum one for that particular sampling
instant, there is no degradation to the current tracking due to the selection of this input. In the case of
a conventional input constraint, as the objective is not to change the input, it is not possible to ensure
that the input applied in the last sampling instant minimizes the cost function in the current sampling
time, increasing the tracking error of the desired variables.

The experimental results show that the proposal allows for achieving a concentrated spectrum
in a steady state, similar to a PWM scheme, and a dynamic performance such as the one obtained
with a conventional FCS-MPC strategy. In addition, it has a similar performance when compared to
the conventional case in terms of error at fundamental frequency. While the proposal has an error of
5.71%, the conventional case has an error of 4.78%. This increase is produced because the FCS-MPC
controller must select the state based on two control objectives. In other words, the selected state
is not necessarily the same optimal state as when only the reference tracking control objective is
used. The same argument explains the behavior when parameter mismatch is present, where both
strategies show a similar performance, but the proposal shows a slight increment in the error at
fundamental frequency.

The implementation of the proposal requires calculating or measuring the outputs of the
modulation stage each sampling time to perform the proposed input restriction. As the measurements
are made at intervals multiples of T, the resulting PWM pattern (in a fundamental period) is equal
to the one obtained when comparing the signal m,,; with a carrier signal generated by software
with a resolution of fs/f.. This means that the harmonic distribution achieved with the proposal
depends on the resolution of the carrier signal, or equivalently, its ratio with respect to the sampling
frequency. Thus, for a higher carrier signal resolution, a better representation of the PWM pattern and,
consequently, a closer harmonic spectrum to the one of a modulated scheme.

In terms of computational burden, the proposed scheme has a computation time of 13.3 us,
which is 0.7% (just 0.1 us) higher than the conventional FCS-MPC using [24] (13.2 us). The additional
time is due mostly to the calculation of the triangular signal (via a look-up table) and the input at
fundamental frequency m,,¢; both signals are required to calculate the proposed input restriction.
However, this time can be improved because it depends on the used hardware, the modulation scheme
selected, and on how the required signals are calculated.

The disadvantages of the proposed scheme are related to: (i) the availability of a representative
model of the system, and (ii) the capacity of the hardware required to obtain an adequate resolution
for the carrier signal. In the first case, like any predictive control strategy, it is necessary to have a
good representative model to operate the control scheme correctly. In the second case, the resolution
of the carrier signal is subjected to the required frequency to set the harmonic spectrum. In the second
case, the sampling frequency used depends on the carrier signal frequency. The experimental results
were obtained using a sampling frequency of 10 kHz for a carrier frequency of 550 Hz which results in
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a carrier resolution of 18 point per period (0.1 ms). The sampling time must be selected in order to
mitigate or avoid the problems described in Figure 4b regarding the resolution of the PWM signal used
to create the input restriction. Hence, a good selection of the ratio between the sampling frequency and
carrier frequency (fs/fc) ensures a harmonic spectrum closest to the one achieved with a modulated
scheme. A high ratio allows for a good representation of the PWM signal, while a small ratio, such as
the minimal theoretically acceptable by the Nyquist frequency (fs/f: = 2), may not be sufficient to
detect a change in the PWM signals. The selection of the sampling frequency also depends on the
available hardware used for implementation, as a high sampling frequency reduces the time available
for the algorithm’s execution.

Finally, a comparison between the proposed strategy and previous schemes can be observed
in Table 5. In this table, characteristics like dynamic response, optimization, and spread spectrum,
among others, are compared for different FCS-MPC control schemes. These features allow a qualitative
comparison of them.

Table 5. Comparison among classical linear controller, proposed scheme and previous FCS solutions.

Feature Conventional FCS-MPC  Proposed FCS-MPC Period Control [17] M?PC [18] Notch Filter [28]
Switching frequency depends of Sampling frequency Carrier v* frequency ~ Weighting factor tuning ~ SVM frequency Filter tuning
Dynamic response Fast v/ Fast v/ Fast v/ Fast v/ Medium
Spread spectrum High Low v/ Medium Medium Low v/
Implementation Simple v/ Simple v* Medium Medium Medium
Even power distribution (CHB case) No Yes v No Yes v No

6. Conclusions

This work has introduced a new approach to mitigating spread spectrum harmonics and fixing
the switching frequency in conventional FCS-MPC schemes. The implemented strategy allows for
obtaining a harmonic spectrum similar to that achieved by a PWM strategy with unipolar modulation.
The proposed control scheme presents a competitive dynamic performance, comparable to that
obtained by conventional predictive control, through a simple and intuitive implementation that
requires neither increased computation burden nor a formal modulation stage to apply the states
of the converter. The strategy has been evaluated under a variety of operating conditions in a
grid-connected CHB inverter. Experimental results demonstrate a satisfactory steady-state performance
with an even power distribution among cells, with a reduced average switching frequency and a fixed
harmonic spectrum.
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