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Abstract: In this article, a finite control set-model predictive control (FCS-MPC) with variable
sampling time is proposed. A zero-voltage vector appears in the dead time between specific voltage
vectors, resulting in an unintentionally large common-mode voltage. Herein, a large common-mode
voltage was suppressed, and the load current was controlled using a voltage vector combination
that did not cause a zero-voltage vector in dead time. Additionally, to improve the total harmonic
distortion (THD) of the load current, the intersection of the predicted current and the command
current by all the volage vectors (VVs) in the combination is confirmed. The VV where the intersection
occurs is selected as the optimal VV. This optimal VV is applied to the point where the predicted
current and the reference current intersect. The applicable range of the sampling time should be
selected by considering the calculation time and number of switching. Through the proposed FCS-
MPC strategy, not only can the common-mode voltage be limited to within £Vdc/6, but an improved
THD can also be obtained compared to the existing method using fixed sampling. The proposed
method was verified through PSIM simulation and experimental results.

Keywords: voltage source inverter (VSI); finite control set-model predictive control (FCS-MPC);
common-mode voltage (CMV)

1. Introduction

Voltage source inverters (VSIs) have recently been widely utilized in various energy
conversion systems. VSIs, comprising advanced power switching devices, offer improved
power quality based on rapid switching operations [1-5]. However, as the switching
operations of VSIs accelerate, the issue of common-mode voltage (CMV) tends to increase.
Therefore, various approaches have been proposed to reduce the CMV in VSI systems.

One method for suppressing CMYV is the use of an active CMYV filter [6]. However,
hardware solutions, including active CMYV filters, require additional auxiliary components,
such as common-mode transformers or additional switches [7,8]. Consequently, the system
volume increases, and the optimal design of the filter becomes complex. Because of these
demands, it has not been considered an attractive option.

Alternatively, finite-control set-model predictive control (FCS-MPC) has been studied
as a way to reduce CMV without additional hardware. All switching states of the two-level
voltage source inverter (2L-VSI) and CMV voltages are shown in Table 1. Zero-voltage
vectors (ZVVs) induce peak CMV; thus, CMV can be mitigated by excluding the ZVV
and synthesizing the reference voltages. To replace ZVVs, voltage vectors (VVs) with the
same magnitude and opposite direction can be used [9]. However, an indiscriminate VV

Energies 2024, 17, 1443. https:/ /doi.org/10.3390/en17061443

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17061443
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4625-3404
https://doi.org/10.3390/en17061443
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17061443?type=check_update&version=1

Energies 2024, 17, 1443

20f19

synthesis without consideration of the dead time interval can lead to unintended peak
CMV occurrences.

Table 1. CMV in 2L-VSI.

\'AY Switching State (S, Sp, Sc) 1 CMV Level

ZVV Vo (0,0,0) —Vie/2
V1 (1,0,0) —Vy./6

VZ (1/ 1/ O) +Vdc/6

Vs 0,1,0) —Vi/6

Non-ZVV Vs ©,1,1) V. /6
V5 (0/ 0/ 1) _Vdc/6

Vs 1,0,1) +V4./6

ZVV Vs 1,1,1) +Vy./2

ISii=abc)isa switching function that takes on the values “1” or “0”; if Sa = 1, the upper switch turns on and
the lower switch has the complementary value.

In [10], reference voltages were synthesized, excluding vector transitions that induce
peak CMV during the dead time interval. In this case, as the number of available non-ZVVs
decreases, the total harmonic distortion (THD) of the load current increases.

In [11-18], the CMV was reduced using a fixed switching frequency. With a fixed
switching frequency, lower THD can be achieved with higher switching frequencies, but,
unfortunately, switching losses increase simultaneously. In the case of FCS-MPC, where
switching vectors are determined at each sampling period, increasing the sampling fre-
quency also leads to an increase in switching losses.

This article proposes a CMV reduction strategy based on variable sampling frequency
FCS-MPC. Considering the dead time interval and excluding cases where the peak CMV
occurs during vector transitions, a limited number of VV combinations are used to reduce
the CMV. The cost function is constructed based on the predicted errors in the d-axis and
g-axis, and the intersection of the reference current and the predicted current is predicted
to determine the next sampling point. Because the predicted current error has a minimum
value at the intersection point, the proposed variable sampling method can achieve a
low THD for the load current. Consequently, the proposed method can minimize CMV
between +V;./6 and —V;./6 and achieve lower switching losses and THD compared to
fixed sampling frequency methods.

The remainder of this article is organized as follows. Section 2 reviews current control
using FCS-MPC for conventional CMV reduction methods. Section 3 presents VV com-
binations that do not induce peak CMV, while considering the dead time interval. The
proposed CMYV reduction strategy based on the variable sampling frequency FCS-MPC
is described in Section 4. The simulation results and experimental findings validating
the proposed FCS-MPC strategy are presented in Sections 5 and 6, respectively. Finally,
Section 7 concludes this article.

2. Review of Conventional FCS-MPC for CMV Reduction
As shown in Figure 1, the CMV is represented based on the pole voltages v, vy, and
Uen Of the VSI:
vem = (Van + Uy + Ven) /3. (1)
The stator voltage equation of a permanent magnet synchronous machine (PMSM)
drive system, which includes stator impedance, is expressed as follows:

) di
vs = Rgi + Ls% + E, (2)

where R, Ls, and E; represent the stator resistance, stator inductance, and back electromo-
tive force (EMF), respectively. In this case, because the FCS-MPC is based on a discretized
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model, the differentiation of the load current is approximated using Euler’s approximation
as follows: g k1) — (k)
1 i(k+1)—1
—=— 3)
dt TS

where i(k) represents the k-th sampled current, and T; indicates the sampling period.

DC-link
O
_+_
1 SHFSsHFSHE
T a M M i"
van/ b iy (
Vdc??'g_‘:_v{_____ A —r-
\\k ~~ | Ven C ip \
——— \\ T T e -
—T ~
S, 153.5,1K % S, 4
N
c —— — —

Figure 1. CMV in 2-level voltage source inverter.
By substituting (3) into (2), the predicted future current can be obtained as follows:

Rs-Ts

S

) X0 + T 0u(6) ~ Ex(k), @

i(k+1):<1—

By applying seven VVs to the k-th sampled v(k), seven future currents can be predicted.
The predicted future currents can be substituted for the d-axis and g-axis predicted currents,
and the current error is the difference between the i(k + 1) and the reference currents along
each axis. Therefore, cost function g can be expressed as follows:

g =liglk+1) —ig(k+1)[ +|ig(k+1) —ig(k+1)|. )

Selecting the vector that minimizes cost function g and applying it during the sampling
period minimizes the error between the predicted future currents and actual sampled
currents at each sampling instance. Figure 2 illustrates reference values i, Fodr i, Fegr
predicted d-axis and g-axis current waveforms resulting from various VVs.

However, using the ZVV to synthesize the reference voltages leads to a peak CMV.
Therefore, to limit the magnitude of CMV to |V,./6|, only a non-ZVV was applied to
synthesize the reference voltages. Figure 3 shows the future predicted currents along the
d-axis with the ZVV and two non-ZVVs applied, respectively. When the ZVV was applied,
the future prediction error, represented by Er7,,,,_;, was smaller than the errors Err,_;
and Erry_g when the other two non-ZVVs were applied. This suggests that the ZVV is
the optimal VV. However, to mitigate CMYV, an alternative, Vy, is applied. The intentional
application of a non-ZVV results in significant current ripple and current error compared
with the optimal VV. Therefore, the THD of the load current increased.

To reduce current ripple, two methods have been proposed: applying a high sampling
frequency and synthesizing two non-ZVVs within a single sampling interval. Figure 4
depicts the predicted current waveforms for both methods. When setting a short sampling
period, the inverter outputs the optimal VV with the minimum cost function at each sam-
pling instance, resulting in a low current ripple and current error, but incurring significant
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switching losses. In addition, synthesizing two non-ZVVs within one sampling interval
also increases the switching losses owing to VV changes.

d-axis current [A] = - Applying voltage vector V. q-axis c‘L{rrent [A] — : Applying voltage vecior V,
'y — : Applying voltage vector V, — - Applying voltage vector V,
— : Applying voltage vector V, — - Applying voltage vecior V,
oI SeltcSN .y jaeeeeeea,
ik+1) : predicted d-axis current et ) ) &7 Tt
SN .. Iq(k+1) : predicted q-axis current . %
[ T Irer \
- . i s | Time[s] "L d
Lora .= _e” " T % N *. .:
R S i/ j
v ig(k) : d-axis current at T, NS V. . K -
v k) £ - 0 1ig(k) : q-axis current at Ty, e 3 Time [S]
I ] 4 Al d ;: 4 Y H 4 »
—ph ' li iod o (kD)™ _th 4 h . X VX m
=)% T, sampling perio T,+ T, F*D k=) T, £" sampling period T+ T, (kD
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Figure 2. Predicted d-axis and g-axis currents by VVs: (a) predicted d-axis currents and (b) predicted
g-axis currents. * expresses the reference value.

d-axis current [A] — : Applying Non-Zero Voltage Vector V,

-
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Figure 3. Future predicted current applying ZVV and two non-ZVVs, respectively. * expresses the
reference value.
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Figure 4. Cont.
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q-axis current [A]
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Figure 4. FCS-MPC for reducing current ripple: (a) applying a high sampling frequency and
(b) synthesizing two non-ZVVs within one sampling interval. * expresses the reference value.

3. Consideration of the Dead Time Interval

Despite excluding the ZVV from the reference VV synthesis process to mitigate the
CMYV, an unintended peak CMV occurred when the circuit was configured with the same
switching states as the ZVV during the dead time interval. Therefore, the peak CMV could
not be completely eliminated without considering the dead time between switching state
transitions. Therefore, it is necessary to consider the vector transitions that result in the peak
CMV. For instance, Figure 5 illustrates the VV transition where the switch state becomes V
(0,0,0) during the dead time. During the switch state V1 (1,0,0), S1 is on, whereas S¢ and S
are on. During the dead time interval from V; (1,0,0) to V3 (0,1,0), S and Sg turn off. In this
case, both the top and bottom switches of phase a are off, and the current i, flows through
the reverse-parallel diode at S4. Therefore, during this dead time interval, the CMV has a
peak value of V. /2. Table 2 lists the VV transitions that result in the peak CMV during
the dead time. As shown in Table 2, the peak CMV occurs during transitions between odd
or even vectors. Hence, to eliminate the peak CMYV, the algorithm should be designed to
alternate between odd and even VVs for the output. Figure 6 shows all the VV transitions
with a CMV of |V,./6|.

V:(1,0,0) Dead Time, Vy(0, 0, 0)
o,
S |
P Ly _,la
d ~ N — o N\ ™ 'e)
+Val2 7 i iy
n$::_f_V(_;f[2f’,. N /_Vﬂzﬁ' N——"—0
™~ ~ Vdc/Z c < le ___Vdc/z c qlc—
S6_| SZ‘I S2 _I
O
(@) (b)

Figure 5. VV transition where the switch state becomes V| during the dead time: (a) circuit configu-
ration for V1 and (b) circuit configuration for dead time interval between V7 and V3.
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Table 2. VV transitions that result in peak CMV during the dead time.

Present VV Vi Vs, V3
Future VV Vs, Vs V4, Ve Vi, Vs
Present VV Vy Vs Ve
Future VV Vo, Ve V1, V3 Vo, Vy

Figure 6. All the VV transitions with a CMV of |V,./6|.

4. Proposed FCS-MPC with Variable Sampling for CMV Reduction

In this section, we propose the FCS-MPC for CMV reduction based on variable sam-
pling, aiming not only to improve the current THD, but also to reduce the number of
switching events compared to fixed sampling methods. This section establishes how the
cost function has its minimum at the intersection of the reference current and future pre-
dicted current, and the sampling time when the cost function is minimized by considering
both d-axis and g-axis.

4.1. Minimum Value of Cost Function in Proposed Method

Figure 7 shows both cases where intersections between the predicted future current
and the reference current are present and absent. In cases where there is no intersection
within the sampling interval, maintaining the existing sampling period yields the smallest
cost function value. Conversely, when there is an intersection, the smallest cost function
value is attained at the intersection point P,. Therefore, P, yields the smallest current ripple
and current error.
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Figure 7. Cases where intersections between the predicted future current and the reference current
are present and absent: (a) intersection absent and (b) intersection present.

4.2. Calculation of Variable Sampling Period

The intersection between the predicted future current and the command current was
obtained using the error equation. Expressing the current as a function of time using (2)
yields the following:

) . _Rs k) — Es(k _R

i(t) = ifh) xce BT 4 BB (g femy, ©®
Rs

where i(k) represents the initial value of the current, i.e., the currently measured value.

Defining the current error equation over time as (7), the current error equation can be

expressed as (8):

Err(t) = i*(t) —i(t), @)
Err(t) = i*(f) —i(k) x e L = ¢ M(l —eE ), (8)

where i*(t) denotes the reference current. Therefore, the intersection point Tv between the
predicted future current and commanded current is expressed as follows:

L iy

R (e - B0 ©)

Ty
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However, because current control occurs on both the d-axis and g-axis, consideration
of both axes is necessary. Figure 8 illustrates a scenario with an intersection on only one
axis. When the current error on the g-axis was zero, the error on the d-axis was significant.
Thus, because the errors on each axis are independent, effectively reducing the current
ripple requires sampling when the sum of the errors on both axes is minimized. The current
error equations for each axis are as follows:

Rs — _Rs
Erra) = i3(0) gy x e 574 P BB (1) g
S
_Rs k) — Es(k _Rs
Errg(t) = i5(t) —ig(k) x e Lqu+w<1—e LqTf‘). (11)
S

=) = : Non-zero voltage vecter V, 4, Vi 4,

’y Inapplicable Range , , Applicable Range
= a
) '
3 a -
: r,

§ . b-d
) ! :
@ : i
g 0- t : » Time [s]
ST | a LErres
= : E
- " 3
5 v !
§ ; ; Erry.,
D I* O E E 4
g ! :
L o  Errg

. ; ; > Time [s]

l:k 4+ T, bt T 4+ T,

Figure 8. Interval in which variable sampling can be applied.

The time T, at which the sum of the current errors is minimized can be found through
differentiation and is expressed as follows:

T, iy (t) —ia(k) x Ja+ig (t) —iq(k) x ]‘1, (12)

a6 = (a(k))’]

where J;(k) and J, (k) are

_ Rs xig(k) — vy 4(k) + Es (k)
- 5

Ja (k) ’ (13)
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Rs x i,(k) — k) + Es5(k
]q(k) _ X q( ) zzs;( ) q( )

(14)

4.3. Applicable Range of Variable Sampling

To implement a variable sampling period, the computations involved in predicting
future currents must be considered. Without considering the time required for computation,
outputting VVs at the points of the minimum cost function may degrade the current
characteristics. Figure 8 illustrates the interval in which variable sampling can be applied.
For instance, if the point with the minimum cost function is within an inapplicable region,
sampling should occur at t; + T,,;,,, the point within the applicable range that minimizes
the cost function, to prevent degradation of the current characteristics. Therefore, in this
case, the sampling period was set to T,;,,. Conversely, if the point with the minimum cost
function is within the applicable region, sampling is performed at t; + Ty, which is the
computed sampling point. Therefore, the sampling period was T.

The FCS-MPC algorithm incorporating the proposed variable sampling period is
depicted in Figure 9. First, the MPC computation was performed considering only four
specific non-ZVVs. Then, the intersection between the command current and the predicted
future current was confirmed. If there were no intersections, the sampling period was set
to Ts. If there was an intersection, T,,;;, and T, were compared to determine the sampling
period. In this article, the default Ts was set to 100 [ps], and T},;,, was set to 50 [ps].

1

| P = the number of voltage vectors having the crossing point

Mearsure i(k)

Calculate the T, with the minimum error between
the reference current and the predicted current in the T

If T < Tiny Ty = Tonin

Wait for next
Sampling instant

Apply optimal vector V,,
during T,

Apply optimal vector V;
during T,

Figure 9. FCS-MPC algorithm for CMV reduction with proposed variable sampling period.

5. Simulation Results

The proposed FCS-MPC method was simulated using a surface-mounted perma-
nent magnet synchronous motor (SPMSM) drive system with the Power SIM program at
750 [rpm], with g-axis current references set to 0 [A], 6 [A], and 7.5 [A]. The simulation
parameters are presented in Table 3. The fixed sampling was simulated at 10 and 20 kHz,
and the sampling frequency for the proposed method was between 10 and 20 kHz. The sim-
ulation results are presented in the following order: FCS-MPC for current control, FCS-MPC
excluding ZVV, FCS-MPC excluding ZVV considering dead time (sampling frequencies: 10
and 20 kHz), and the proposed FCS-MPC with a variable sampling frequency between 10
and 20 kHz.
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Table 3. Simulation parameters of proposed FCS-MPC method.

Parameter Description Value Unit
Ve DC-Link Voltage 70 \%
Prate Rated Power 1.1 kW
Wrate Rated Speed 1500 rpm
Ligte Rated Current 9.5 A
Trate Rated Torque 7.0 Nm
[4 Number of Poles 24 -

Rs Stator Resistance 0.18 (@)
Lg Stator Inductance 34 mH
Peak Line-to-Line
Vik [krpm Back EMF Constant 435 V/krpm

5.1. FCS-MPC for Current Control

Figure 10 shows the simulation results of MPC with both ZVVs and non-ZVVs ap-
plied. The sampling frequency was fixed at 10 kHz. Figure 10b represents the magnified
waveforms of the highlighted part in Figure 10a. Because the FCS-MPC for current control
utilizes all applicable VVs, it always outputs the optimal VVs with the minimum cost
function, resulting in a current THD of 4.7%. Figure 10c illustrates the CMV from 0.1 t to
0.3 t when the g-axis current reference is 6 [A]. As ZVV usage and transitions between VVs
were not considered, the CMV ranges up to the maximum value of £70/2 [V]. In the case
of MPC, where VVs are used without restriction to synthesize the reference VV, a low THD
can be obtained; however, it should be noted that a peak CMV occurs.

i ..
1 6 [A] 7.5 [A] el
i um‘ﬂuu i d?ﬁiﬂn mﬂ i mm”
=3 uwlwnnl o R R <
- il nw{m;v it \" ” l \ ! :M\‘ il H\l’n\ il | T
g !
£ i [L Wi i IR mH‘VH i qﬂ”m\” L H | &
Q-5 | ﬂfwjﬁ,‘ sy ©
SR f | -6[A]
LN
T8 o1 02 03 04 05 T 01z 014 016 018 02 022 024 026 028 03
Time [s] Time [s]
(a) (b)
60 CMV
702 IV 706 V)

Voltage V]

A [T
JUNTAANIT ﬁIWHINHIWHI\HUIIMHIHHUHH AN

| \H
S

- 60

01 012 014 016 018 02 022 024 026 028 03
Time [s]

(©)

Figure 10. Simulation results of FCS-MPC for current control with both ZVVs and non-ZVVs applied:
() iq, ip, and i¢; (b) magnified waveforms of (a); and (c) CMV.
5.2. FCS-MPC Excluding ZVV

Figure 11 shows the simulation results of FCS-MPC using only non-ZVVs. The sam-
pling frequency was fixed at 10 kHz for comparison with that described in Section 5.1.
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15

10

Figure 11b shows that the current THD is 6.1%, which is higher than that shown in
Figure 10b. Because of the process of synthesizing the reference VV excluding ZVVs,
VVs other than ZVVs were selected as the optimal VV and applied, leading to increased
current error. This means that VVs with larger cost functions than those in Section 5.1 are
selected as the optimal VV.
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- 70/6 [V)

T
LA B EHT
[
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0.1 0.12 0.14 0.16 0.18 0.2 0.22 024 026 0.28 0.3
Time [s]

()

Figure 11. Simulation results of FCS-MPC using only non-ZVVs: (a) i, ip, and ic; (b) magnified
waveforms of (a); and (c) CMV.

Figure 11c shows the CMV when synthesizing the command voltage excluding non-
ZVVs. Excluding ZVVs reduced the occurrence of CMV with the maximum value of
+70/2 [V]. However, because vector combinations with the same circuit as ZVVs were not
excluded during the dead time interval, the resulting peak CMV remained unresolved.

5.3. FCS-MPC Excluding ZVV with the Consideration of Dead Time (Sampling Frequencies:
10 kHz, 20 kHz)

Figure 12 shows the simulation results of FCS-MPC using only non-ZVVs and con-
sidering the dead time interval. In addition, simulations were conducted by changing the
sampling frequency to 10 and 20 kHz to compare the results with varying sampling fre-
quencies. Figure 12a represents the simulation results for a sampling frequency of 10 kHz.
Only four VVs are available for synthesizing the reference voltage. Therefore, VVs with
larger cost functions than those in Section 5.2 must be selected. For example, when v(k) is
V1, v(k + 1) should be selected from V1, V,, V4, and V. This is because the selection of other
VVs may induce the peak CMV. Therefore, although peak CMV removal was possible, it
resulted in a high THD of 7.8%. Figure 12b shows the simulation results when the sampling
frequency was increased to 20 kHz to reduce THD. Owing to the higher sampling frequency,
the THD of the load current decreased by 3.08% to 4.72% compared to when the sampling
frequency was 10 kHz. However, in the case of the FCS-MPC, an increase in sampling
frequency implies an increase in switching frequency. Therefore, changing the sampling
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frequency to 20 kHz increased the switching losses compared with having the sampling

frequency at 10 kHz.
s— — 1§ —
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Figure 12. Simulation results of FCS-MPC using only non-ZVVs and considering the dead time
interval: (a) simulation results with a sampling frequency of 10 kHz and (b) simulation results with a
sampling frequency of 20 kHz.

5.4. Proposed FCS-MPC for CMV Reduction with Variable Sampling Frequency

Figure 13 shows the simulation results of the FCS-MPC for CMV reduction with the
proposed variable sampling frequency. As shown in Figure 13b, the THD of the load
current is improved by 2.92% to 4.88% compared with the conventional method with a
fixed sampling frequency of 10 kHz. Furthermore, Figure 13c shows that the proposed
method utilizes only non-ZVVs and considers the dead time interval to output future
VVs. Therefore, it can perfectly eliminate the peak CMV. Figure 13d shows the ramp
function, which resets at each sampling point, and the value before the reset indicates
the variable sampling period. The proposed method determines the sampling period
between the minimum value of 50 [us] and the maximum value of 100 [us], and the
determined sampling period is when the cost function has a minimum value for both
the d-axis and g-axis errors. Therefore, the current error is minimized at the determined
sampling points, resulting in a low THD. Consequently, compared to the conventional
method with a fixed sampling frequency of 20 kHz, although the THD increased by 0.16%,
it had fewer switching.
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Figure 13. Simulation results of FCS-MPC for CMV reduction with the proposed variable sampling
frequency: (a) iy, iy, and i; (b) magnified waveforms of (a); (¢) CMV; and (d) sampling period.

6. Experimental Results

To validate the performance of the proposed FCS-MPC method, experiments were
conducted using a motor-generator (M-G) set. Figure 14 illustrates the M—G set and 2L-VSI
used in the experiment. The experimental parameters were identical to the simulation
parameters, and the proposed algorithm was implemented using a TMS320F28377S from
Texas Instruments (Dallas, TX, USA). Using the proposed method, the load motor (DC
motor) was controlled in the speed control mode, whereas the target motor, a PMSM, was

controlled in the torque control mode.

DC MOTOR & PMSM|
M-G Set

Figure 14. Experiment equipment and 2L-VSL

3-Phase 2-Level Voltage Source Inverter |

A 88
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6.1. FCS-MPC for Current Control

Figure 15 shows the experimental results for the FCS-MPC with current control at
750 [rpm]. Figure 15b shows a magnified waveform of Figure 15a. As shown in Figure 15,
the FCS-MPC for current control determines the optimal VVs without constraints on the VV
selection. Therefore, the THD of the load current was 5.4%. Figure 15c¢ illustrates the CMV
of FCS-MPC for current control. Due to unrestricted VV selection, peak CMV occurring at
the ZVV or dead time intervals is not mitigated, resulting in =Vdc/2 being observed.
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Figure 15. Experimental waveforms for FCS-MPC for current control: (a) i, ip, ic, and sampling

signal; (b) magnified waveforms of (a); and (c) CMV.

6.2. FCS-MPC Excluding ZVV

Figure 16 shows the experimental results for FCS-MPC, excluding the ZVV, in the
reference VV synthesis. As shown in Figure 16b, which is an enlarged waveform of
Figure 16a, this method excludes the selection of the ZVV in the reference VV synthesis
process, resulting in larger current errors compared to the method that synthesizes using
all VVs. Consequently, it exhibited a the load current THD of 7.1%, which was 1.7% higher
than that of the FCS-MPC for current control. Figure 16¢ illustrates the CMV of the FCS-
MPC excluding the ZVV. In comparison with Figure 15¢, although fewer occurrences of
peak CMYV were visible owing to the exclusion of the ZVV in the command VV synthesis,
the complete elimination of the peak CMV was not achieved, as it still includes cases with
CMV during dead time intervals.
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Figure 16. Experimental waveforms of FCS-MPC excluding ZVV: (a) i, iy, ic, and sampling signal;
(b) magnified waveforms of (a); and (c) CMV.

6.3. FCS-MPC Excluding ZV'V with the Consideration of Dead Time Interval (Sampling
Frequencies: 10 kHz, 20 kHz)

Figure 17 depicts the experimental results of FCS-MPC for CMV reduction using only
non-ZVVs, considering dead time intervals, with a sampling frequency of 10 kHz. This
approach synthesizes the reference VVs, excluding ZVVs. Additionally, by excluding the
switching state transitions that cause the peak CMV during the dead time interval, the
options for selecting future VVs were minimized to four. Therefore, as shown in Figure 17a,
the THD of the load current is relatively high at 7.9%.

Figure 18 depicts the experimental results of the same FCS-MPC implementation as
shown in Figure 17, but with an increased sampling frequency of 20 kHz. Compared to the
case with a sampling frequency of 10 kHz, the THD of the load current decreased from 2.9%
to 5.0%. However, this reduction was accompanied by an increase in CMV fluctuations
and switching frequency.

All possible cases in which the CMV occurred were excluded from both sets of experi-
ments presented in this subsection. Therefore, the CMV is always limited to approximately
£13.3 [V], rather than £V ;./2 or £V, /6, ensuring that the CMV does not reach +V;./2 or
Vi /2.
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waveforms of (a); and (c) CMV.
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6.4. Proposed FCS-MPC for CMV Reduction with Variable Sampling Frequency

Figure 19 illustrates the experimental results of the FCS-MPC with the proposed
variable sampling frequency for CMV reduction. As shown in Figure 19a, the proposed
approach predicts and measures the points with the smallest current errors on the d-axis
and g-axis, thereby ensuring a low THD. Consequently, the THD of the load current with
the proposed approach was 5.1%, which is 2.8% lower than that shown in Figure 17a. In
Figure 19b, though slightly higher by 0.1% compared to that in Figure 18a, the sampling
period is variable between 50 and 100 [ps], and there are fewer switching than in Figure 18b.
Moreover, to limit the CMV to within £13.3 [V], the number of selectable future VVs was
maintained at four. Thus, as shown in Figure 19¢, applying the proposed method results in
a maximum CMV of [ +13.31 [V].
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Figure 19. Experimental waveforms of the FCS-MPC with the proposed variable sampling frequency
for CMV reduction: (a) ig, ip, ic, and sampling signal; (b) magnified waveforms of (a); and (c¢) CMV.

Figure 20 presents a comparison of the THD of the load currents for various FCS-
MPC methods implemented through simulation and experimental results in this article.
When compared to the FCS-MPC method for CMV reduction with a sampling frequency
of 10 kHz, both in the simulation and experimental results, the THD of load currents with
the proposed method decreased by over 2.8%. While the THD of the load currents slightly
increased by approximately 0.1% compared to that of the FCS-MPC method for CMV
reduction with a sampling frequency of 20 kHz, the switching state changes decreased
from 92 to 76 per load current cycle.
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Figure 20. FCS-MPC algorithm for CMV reduction with proposed variable sampling time.

7. Conclusions

This article proposes a variable sampling frequency-based FCS-MPC method with
CMYV reduction. For reference VV synthesis, both ZVV and VV transitions with the same
circuit as the ZVV during the dead time interval were excluded. As a result, although the
number of selectable future VVs decreased to four, it was possible to eliminate the peak
CMV. Additionally, by confirming the intersection of the reference current and the predicted
future current and deriving the point where the cost function composed of the d-axis and
g-axis current errors is minimized, sampling is changed to that point. As shown in Table 4,
this variable sampling compensates for the increase in the THD of the load current caused
by the reduced options for the future VVs by up to 2.8% compared to a fixed sampling
frequency of 10 kHz. Moreover, compared to a fixed sampling frequency of 20 kHz, it
has a slightly higher load current THD, and the advantage of reducing the number of
switching state changes by 16 per cycle of load current. The performance of the proposed
FCS-MPC was validated by comparing it with the simulation and experimental results of
conventional methods. The proposed method provides a good solution for reducing the
current THD and minimizing the switching frequency.

Table 4. Comparison between conventional and proposed methods.

Excluding ZVV Excluding ZVV Variable Sampling

Methods Current Control Excluding ZVV and Con51fier1ng and C0n51f:'ler1ng Frequency
Dead Time Dead Time (Pr a
(10 kHz) (20 kHz) opose
THD of Load 5.4% 7.1% 7.9% 5.0% 5.1%
Current
Switching State 46 47 45 9 76
Changes
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