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Abstract—The predictive current control (PCC) strategy has
been widely applied to three-level neutral-point-clamped (3L-
NPC) inverters to regulate the load current and balance the
capacitor voltage. However, evaluating all 27 switching states in
each sampling period imposes a significant computational
burden. At the same time, current quality is sensitive to selection
of weighting factors when multiple control objectives are
simultaneously considered. To overcome these limitations, this
paper proposes two methods, namely predictive current control
with vector selection Table | (PCCT1) and vector selection Table
Il (PCCT2), in which only a subset of pre-selected switching
states is employed for prediction and optimisation, thereby
eliminating the need for weighting factor tuning in the cost
function. As a result, computational complexity is significantly
reduced and system stability is enhanced. The proposed PCCT
methods demonstrate superior performance compared to
conventional PCC under various operating conditions, ensuring
accurate current tracking and consistent capacitor voltage
balancing.

Index Terms—3L-NPC inverter; Pre-selection
Predictive current control; Computational
function.

vector;
burden; Cost

I. INTRODUCTION

The three-level neutral-point-clamped (3L-NPC) inverter
has been extensively used in various applications, including
motor drives [1]-[3] and renewable energy systems [4]-[7].
Despite its well-known advantages, reliable operation of the
3L-NPC inverter requires addressing two fundamental
control challenges: load current tracking and DC link
capacitor voltage balancing. Current tracking ensures
accurate load current regulation under varying operating
conditions, while voltage balancing maintains equal voltage
distribution across the DC link capacitors. Conventional
solutions typically integrate current controllers with
modulation  strategies to address these challenges
simultaneously [8], [9]. However, their design is often
complicated and the resulting performance strongly depends
on system dynamics. Moreover, modulation strategies that
guarantee capacitor voltage balance remain difficult to
achieve [10]-[12].

In recent years, model predictive control (MPC) has
emerged as a promising solution for power converters and
motor drives, due to its intuitive formulation and flexibility
of implementation [13]-[16]. MPC generally involves two
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fundamental steps: (i) predicting system behaviour based on
a discrete-time model, and (ii) optimising a cost function to
select the most suitable switching state. This approach allows
for the direct incorporation of multiple control objectives and
constraints, while being inherently compatible with digital
control platforms. Consequently, predictive current control
(PCC) has been widely adopted for 3L-NPC inverters to
simultaneously regulate load current and balance capacitor
voltages [17]-[21]. In such schemes, the cost function
typically includes both current error and capacitor voltage
error, while all 27 switching states of the inverter must be
evaluated. However, the large number of candidate states
leads to high computational complexity, which limits the real-
time applicability of PCC.

To mitigate this problem, several approaches have been
explored, such as the use of virtual voltage vectors [22]-[24]
or triangular zoning techniques [25] to reduce the number of
candidate states. Another effective strategy is the use of
vector selection tables, where appropriate voltage vectors are
pre-selected before predictive evaluation. This concept has
already demonstrated promising results in voltage source
inverters [26] and matrix converters [27]. Another research
direction [28] proposes a novel predictive control architecture
for three-level NPC inverters that reduces computational
complexity and mitigates common-mode voltage. This
approach utilises a statistical vector selection strategy to
narrow the search space and enhance control performance,
validated through simulations and experimental results.

To address the limitations mentioned above, this paper
proposes two predictive current control schemes with vector
selection tables (PCCT1 and PCCT2) specifically designed
for 3L-NPC inverters. In the proposed schemes, only a subset
of pre-selected switching states is considered during the
prediction process, thereby avoiding the exhaustive
evaluation of all 27 states. This approach not only reduces
computational complexity but also eliminates the need for
weighting factor adjustment in the cost function. The vector
selection tables are constructed so that the selected voltage
vectors inherently fulfil either the current tracking or the
capacitor voltage-balancing requirement, thus mitigating the
dependence on weighting factor selection. As a result, the
proposed PCCT schemes ensure accurate current tracking and
consistent capacitor voltage balancing, while significantly
improving computational efficiency and robustness
compared to conventional PCC. The simulation results
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validate the effectiveness of the proposed methods under
various operating conditions.
Il. THE SWITCHING STATES AND OUTPUT VOLTAGE
VECTORS OF 3L-NPC INVERTER

The topology of the 3L-NPC is depicted in Fig. 1. This
inverter has three-phase legs, and each phase leg has four
switches, S;., Soxr Ssxr Sax With x = {a, b, c}. Switching
states P, O, and N, as listed in Table I, can be used to describe
the operating status of the switches in the 3L-NPC inverter.
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Fig. 1. The topology of the 3L-NPC inverter.

The output voltage of the 3L-NPC inverter can be
calculated by switching states and the DC voltage E = V¢ /2
vxZ = (Slx - S4x ) E. (1)

The output voltage vector of the inverter is defined as

follows

V= %(Vaz +av,, +a’v, )

(@)

Equations (1) and (2) show that the output voltage vectors
can be calculated from the switching state of the 3L-NPC
inverter.

TABLE |. THE SWITCHING STATE OF THE PHASE LEG.

Switching State Six Sox Sax Six Uy,
P 1 1 0 0 E
) 0 1 1 0 0
N 0 0 1 1 -E

The inverter’s switching state is produced by combining
the switching states of its phase legs as in Table I. The 3L-
NPC inverter creates 27 switching states. Each switching
state produces an output voltage vector. These 27 switching
states correspond to 19 voltage vectors, which are listed in
Table I1. The voltage vectors include six small vectors (V,
..es V), six medium vectors (V, ..., V43), six large vectors
V43, ..., Vig), and three zero vectors (Vop, Voo, Von)-
Because each small vector has two switching states, one with
P and the other with N, it can be further divided into P-type
small vectors (V4p, ..., Vgp) and N-type small vectors (Vqy,
soey VGN)'

Table 1l also lists the operating states of switches S,, and
S.x corresponding to the switching states. This information is
important to represent the voltage vectors through the
switching states as described in (1) and (2). The positions of
the vectors are mapped onto the (af}) coordinate system, as
depicted in Fig. 2.

TABLE II. THE SWITCHING STATES AND THE ACTIVE OUTPUT VOLTAGE VECTORS.

Voltage vector Switching State Sia | Ssa | S1p | Sap | Sic S4c Vil 0; Vi=v,+jvg
Vopr PPP 1 0 1 0 1 0 0 - 0
Voo 000 0 0 0 0 0 0 0 - 0
Von NNN 0 1 0 1 0 1 0 - 0
Vip POO 1 0 0 0 0 0 2E/3 0 2E/3
Vin ONN 0 0 0 1 0 1 2E/3 0 2E/3
Vap PPO 1 0 1 0 0 0 2E/3 /3 E/3+V3E/3
Von OON 0 0 0 0 0 1 2E/3 /3 E/3+V3E/3
Vip OPO 0 0 1 0 0 0 2E/3 21/3 —E/3 +jV3E/3
Vin NON 0 1 0 0 0 1 2E/3 2m/3 —E/3 +jV3E/3
Vap OPP 0 0 1 0 1 0 2E/3 n —2E/3
Van NOO 0 1 0 0 0 0 2E/3 n —2E/3
Vsp OOP 0 0 0 0 1 0 2E/3 —2m/3 —E/3—jV3E/3
Vsy NNO 0 1 0 1 0 0 2E/3 -2m/3 —E/3 —jV3E/3
Vep POP 1 0 0 0 1 0 2E/3 -1/3 E/3-jV3E/3
Ven ONO 0 0 0 1 0 0 2E/3 -/3 E/3 —jV3E/3
v, PON 1 0 0 0 0 1 2V3E/3 n/6 E +jV3E/3
Vg OPN 0 0 1 0 0 1 2V3E/3 /2 j2V3E/3
Vo NPO 0 1 1 0 0 0 2V3E/3 51/6 —E +jV3E/3
Vio NOP 0 1 0 0 1 0 2V3E/3 —51m/6 —E —jV3E/3
Via ONP 0 0 0 1 1 0 2V3E/3 —1/2 —j2V3E/3
Viz PNO 1 0 0 1 0 0 2V3E/3 /6 E — jV3E/3
Vis PNN 1 0 0 1 0 1 4E/3 0 4E/3
Via PPN 1 0 1 0 0 1 4E/3 n/3 2E/3 +j2V3E/3
Vis NPN 0 1 1 0 0 1 4E/3 21/3 —2E/3 + j2V3E/3
Vie NPP 0 1 1 0 1 0 4E/3 n —4E/3
Vi NNP 0 1 0 1 1 0 4E/3 —-n/3 —2E/3 — j2V3E/3
Vig PNP 1 0 0 1 1 0 4E/3 —2m/3 2E/3 — j2\3E/3
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Based on the results in Table Il and Fig. 2, the voltage
vectors of the 3L-NPC inverter can be classified into four
groups:

1. Zero vectors, with an amplitude of 0;

2. Small vectors, with an amplitude of 2E/3, including six

P-type vectors (Vp, ..., Vep) and six N-type vectors (Vy,

e Ven):

3. Medium vectors, also with an amplitude of 2v/3E/3,

consisting of vectors V; to V4,;

4. Large vectors, with an amplitude of 4E/3, consisting of

vectors V43 to Vyg.

Zero vectors are defined as the switching states in which
all three legs are identical, namely (PPP), (OOQ), and (NNN).
Large vectors correspond to switching state combinations
composed exclusively of P- or N-type states. A total of 12
small vectors exist, characterized by switching state
combinations that include the O state together with either P-
type or N-type states. If the combination contains only O and
N states, the corresponding small vector is classified as an N-
type small vector; conversely, if the combination contains
only O and P states, it is classified as a P-type small vector.
Medium vectors are defined as the switching states in which
all three states differ, yielding six possible combinations that
correspond to six medium vectors.

Vis Vsopn Vi

NPN PPN
V3 V2
Vo OPO PPO
NPO NON OON
\&
Vis OPP

NPP NOO,

PON
Vo
PPP
NNN
Vs
Vio oor Vi

NOP NNO ONO PNO

NNP PNP
V7 Vi ONP Vi

Fig. 2. Spatial distribution of vectors in the aff plane. The PCC scheme for
3L-NPC inverter.
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I1l. THE PCCT1 SCHEME FOR THE 3L-NPC INVERTER

The PCC scheme for the 3L-NPC inverter is illustrated in
Fig. 3. Similar to conventional predictive control, the 3L-
NPC inverter predictive current control involves two
fundamental steps:

1. Predicting the current value;

2. Solving the cost function optimisation problem.

In this case, the predictive control algorithm must address
both load current tracking and DC link capacitor voltage
balancing simultaneously. To achieve these objectives, the
PCC scheme uses the objective function defined in (3) [17],
18]

g =i (k+1)=if (k+1)| +[iy (k+1) =i} (k+1)|+
+A|AV, (k+1)|,

©)

where:
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—ig(k+1),i3(k + 1) are the predictive values of the

reference current on the (0f) coordinate system, at the

(k+1) sampling time;

—ig(k +1), ig(k + 1) are the predictive values of the

currents on the (af) coordinate system, at the (k+1)

sampling time;

- AV, (k+1) =V, (k+1)—V,(k + 1) is the predictive

value of the capacitor voltage error;

— A is the weighting factor of the cost function.

The remaining problem of this control scheme is to
calculate the predicted values of the load current and the
voltage capacitor error.
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Fig. 3. The PCC scheme for the 3L-NPC inverter.

A. Predictive Model of Load Current

Consider the case of a 3L-NPC inverter with an RL load.
The output current vector equation is written as in (4) [17]

LA g

it (t)+v(t), (4)

where v(t) is the voltage vector of the 3L-NPC inverter,
where R and L represent the load resistance and inductance,
respectively, and i(t) is the load current vector

i(t) ()

§@+%+#Q.

Using the Euler approximation method for (4), the discrete
model of the load current is described below [17]

[ L.
=i
T

The predictive value of the load current is determined by

applying (6). The predictive values of the currents in the
coordinate system (af) are calculated as in (7)

[L
T

If the sampling time T is small enough, then iz z(k + 1) =
igp(K).

T

e

(k)+v(k+1)}. (6)

T

i? (k+1)=
2, (k+1) RT +L

ia,ﬂ(k)wa,ﬁ(ku)}. @
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B. Predictive Model of Capacitor Voltage Error
Capacitor currents are given by:

. av,,
ICl(t)zCF, (8)
. dv,,

leo (t)=CT- 9)

Applying the forward Euler approximation to (8), (9)
yields the discrete updates:

Vcl(k+1):vc1(k)+£icl(k), (10)
Vc2(k+1):V02 (k)+%|c2(k) (11)

Subtracting (11) from (10) gives the predictive update for
the capacitor voltage error

T

AV, (k+2) = AV, (K)+ = 80 (k), (12)

where AV.(k) =V (k) =V (k) and Ai.(k) =i, (k) —

i (k).
Capacitor currents are obtained from load currents and
current switching state as:

iy (K) =ige (k) =S, (k)= Spi, (k) =S, (k),  (13)
ic2 (k) =lge (k)_s4ai (k)_S4bib (k)_S4cic (k) (14)
Subtracting (14) from (13) yields
Ai (k) =—(Sp +S4a )iy (K)—(Sy, +Sap )iy (K)—
—(Sy +S40)i; (k). (15)

Note that the DC link current i (k) cancels out in (15).
Therefore, the predicted capacitor voltage error (12) does not
depend on i ., and an additional sensor to measure i . is not
required under the present modelling assumptions.

IV. THEPCCT1 ScHEME FOR THE 3L-NPC INVERTER

In this section, the PCCT1 scheme for the 3L-NPC inverter
is presented, as illustrated in Fig. 4. In this method, the
voltage vectors are pre-selected through the vector selection
Table 1. The table is constructed based on the RL load
characteristics and ensures that the selected vectors inherently
satisfy the current tracking requirement. Consequently, the
cost function in this scheme only includes the capacitor
voltage error term, as given in (16), thereby eliminating the
need for weighting factor selection in the objective function

g, =[AV, (k+1)|. (16)

The pre-selection vectors are based on current information
at the load current. Suppose that the sampling time T is small
and RT < L, the RT component in (7) can be ignored.
Equation (7) is rewritten as follows

33

T

i(fﬁ(k+1)—iaﬁ(k)=Evaﬁ(k+1). (17)

The auxiliary variables d,, and d are defined as follows:

(18)
(19)

From (17)-(19), some conclusions can be obtained as
follows.

—Ifi;(k) > i,(k) ord, > 0, then it must be guaranteed

that i¥(k + 1) > i, (k). From (17), the control vectors

selected must have a component v, (k + 1) > 0.

—Ifi;(k) <i,(k) ord, <0, then it must be guaranteed

that i¥(k + 1) < i, (k). From (17), the control vectors

selected must have a component v, (k + 1) < 0.

—1f ig(k) > ig(k)or dg > 0, then it must be guaranteed

that ig(k+ 1) > ig(k). From (17), the control vectors

selected must have a component vg (k + 1) > 0.

= Ifig(k) < ig(k) ordg <0, then it must be guaranteed

that ig(k+2) <ig(k). From (17), the control vectors

selected must have a component vg (k + 1) < 0.

From the four conclusions obtained above and observing
Table 11, the vector selection Table I is easily established as
Table II1.
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Fig. 4. The PCCT1 scheme for the 3L-NPC inverter.

TABLE IIl. THE VECTOR SELECTION TABLE OF THE PCCT1

SCHEME.
dg >0 Vap, Vo, V7, Via Vep, Von, Via, Vig
dy <0 Vip, Van, Vo, Vs Vsp, Vsn, Vi Vir

At each control cycle, the PCCT1 scheme employs four
vectors, consisting of a small P-type vector, a small N-type
vector, a medium vector, and a large vector. This selection
significantly reduces the computational burden of the control
structure. However, the use of a limited number of vectors
inherently narrows the control range of the system.
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V. THEPCCT2 SCcHEME FOR THE 3L-NPC INVERTER

Figure 5 illustrates the PCCT2 scheme, in which voltage
vectors are selected through the vector selection Table Il. This
table is constructed on the basis of the analysis of the impact
of voltage vectors on capacitor voltage balancing. The
selected vectors inherently ensure that the capacitor voltages
are maintained within a hysteresis band defined by the
hysteresis controller. Consequently, the capacitor voltage-
balancing requirement is excluded from the cost function,
which only needs to address the current tracking objective.
Therefore, the need for weighting factor selection in the cost
function (20) is also eliminated

9, = [i; (k+1)=i? (k+1)|+
+iy (k+1)—=ip (k+1).

(20)

3L-NPC |

el —

M

Ba

i (k)
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%/' oFds

Vector Selection
Table

Minimizationof | #k 1)

cost function

Vve(k) /,
Veofk)

Fig. 5. The PCCT2 scheme for the 3L-NPC inverter.

i'(k+1)
—- |

i(k)
Bl

Equation (12) is transformed

%Aic(k).

AV, (k+1)-AV, (k) (21)

From (21), the capacitor voltage error at the next sampling
instant is determined either by the sign of the capacitor
current error Ai, or, equivalently, by the switching states of
the power devices together with the sign of the load current.

From Table Il and (15), the switching states corresponding
to the zero vectors and the large vectors result in Ai; (k) = 0.
Therefore, these two groups of vectors do not affect the
capacitor voltage error at the next sampling instant.

The groups of small and medium vectors produce Ai.(k)
with a value equal to the load current, and the specific cases
are listed in Table 1V.

TABLE IV. SPECIFIC CASES OF Ai.(k) PRODUCED BY SMALL
AND MEDIUM VECTOR GROUPS.
Voltage Vector
Vle V4Pv Vﬂr Vll
VZNv V6Pr V7r VlO
VZP: VSN: V‘)r VlZ
VlPr V4N
V3Nr V6P
VZNv VSP

Inthe PCCT2 structure, a deadband controller is employed,
with AV (k) as its input. The deadband is defined as (—¢, €),
and the controller output is dv.

Based on the control law:

—If dv = —1, AV.(k) must increase; therefore, voltage

vectors are selected to ensure AV (k + 1) > AV (k);

— Conversely, if dv =1, AV.(k) must decrease; thus,

voltage vectors are chosen to guarantee AVq(k +1) <

AV (k).

Based on these observations and the information
summarised in Table IV, the voltage vector selection for the
PCCT?2 structure is presented in Table V. In all selection
cases presented in Table V, the zero vectors and large vectors
are always included. Therefore, only the small and medium
vectors are explicitly listed, while the zero and large vectors
are implicitly understood to be consistently selected.

TABLE V. THE VOLTAGE VECTOR SELECTION FOR THE PCCT2 STRUCTURE IS PRESENTED.

dy

dy =1

ip>0,i,>0,i, <0

V1Nl VZN! V3Nl V4-P: VSP! V6P! V7, VB: Vl()v V11

VlPl VZP: V3p, V4-Nv VSN: VGN! Vg, V12

iy >0,i, <0,i, <0

V1N' I/ZNJ V3PJ V4Pl VSP' V6N' V8' V11

VIP' V2P' V3N' V4N' VSN' Vep, V9' V12, V7, V10

ig>0,i, <0,i.>0

VIN' VZP' V3Pl V4Pl VSN' V6Nl VSI V‘)' Vlll VIZ

Vip,Von, Van, Van, Vsp, Ver, V7, V1o

iy <0,i, <0,i, >0

lel VZP: V3P: V4-Nv VSNI VGN! Vg, V12

V1Nr VZN! V3Nr V4.p, V5p, V6P! V7, Vg, VlOv V11

iy <0,i, >0,i, >0

V1p, VZPI V3N' V4Nl VSN' V6P' V‘)' I/12' V7' V10

Vin,Von.Vip, Vap, Vsp, Ven, Ve, Via

ip <0,i,>0,i, <0

V1, Von, Van, Van, Vsp, Ver, V7, V1o

VIN' VZP! V3Pt V4P' VSN' V6Nt VB! V9t Vllt V12

VI.

At this stage, a comparative analysis between the
conventional predictive current control (PCC) strategy and
the proposed control schemes is conducted through
simulation. The DC link voltage of the inverter is set to
Vpe = 600 V with a capacitance of C = 470 uF. The load
consists of a resistor and an inductor with respective values
of R=10Q and L = 10 mH. The sampling time is fixed at
T = 10 ps, while the reference load current is defined at a
frequency of 100 Hz. Considering the operation within the
linear modulation region, the maximum load current that the

RESULTS AND DISCUSSION

34

three-level neutral-point-clamped (3L-NPC) inverter can
deliver is approximately 25.4 A. The PCC scheme is
evaluated for three distinct values of the cost-function
weighting factor to investigate the trade-off between current
tracking accuracy and capacitor voltage balancing.
Specifically, simulations are performed with A = 0.1, 4 = 1,
and A = 5 under identical operating conditions. Comparative
assessment is carried out using performance metrics such as
transient tracking error, steady-state error, harmonic
distortion, and the degree of capacitor voltage balance.
Based on the aforementioned system parameters, several
scenarios are considered to investigate the performance of the
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control schemes, as presented in the following section.

A. Performance under Reference Variations

In this section, the performance of the PCC, PCCT1, and
PCCT2 schemes is evaluated in a representative scenario
involving variations in the reference current. This case is
selected to examine the dynamic tracking capability of the
schemes, thereby providing insight into both transient and
steady-state behaviour. Specifically, the reference current
frequency is fixed at 100 Hz, with its amplitude initially set
to 2 A and increased to 10 Aatt = 0.05 s.

Figures 6(a) and 6(b) present the current responses of the
a- and B-axis components, i, and ig, at t = 0.05 s following
a step change in the reference amplitude. The plots compare
the transient behaviour for all combinations of the three cost-
function weighting factors (A = 0.1, 1, 5) applied to the PCC,
PCCT1, and PCCT2 control schemes. The results highlight
differences in tracking speed, overshoot, and settling between
the schemes and weighting choices.

ialpha-PCC-lamda=0.1
ialpha-PCC-lamda=1
ialpha-PCC-lamda=5
ialpha-PCCT1
ialpha-PCCT2

Current (A)

/

0.06

0.054 0.056 0.058

Time(s)

@

0.05 0.052

ibeta-PCC-lamda=0.1
ibeta-PCC-lamda=1
ibeta-PCC-lamda=5
PCCT1

PCCT2

Current(A)

0.0495 0.05 0.0505 0.051 0.0515 0.052 0.0525 0.053 0.0535
Time(s)

(b)
Fig. 6. Transient responses of the load currents at t = 0.05 s under a step
change in the reference amplitude: comparison of PCC with cost-function
weighting factors A = 0.1,1, 5, PCCT1, and PCCT2: (a) a-axis current (i,);
(b) B-axis current (ig).

It is noted that in the Clarke transformation, the a-axis
component corresponds exactly to phase-a current (i, = i,).
Therefore, when the amplitude of the reference current is
varied, i, immediately reflects this change. In contrast, iz is
a linear combination of i, and i;, which are phase-shifted by
120 °. Consequently, the adjustment of i, requires a transient
process governed by the load dynamics before reaching the
new steady-state value.

The transient responses of i, and ig in Figs. 6(a) and 6(b)
are nearly identical for the PCC, PCCT1, and PCCT2
schemes. This can be explained by the fact that all three
methods utilise the complete set of voltage vectors to
synthesise the desired voltage. Therefore, within the
adjustable range, they are capable of producing equivalent
instantaneous voltage levels during transients. As a result, no
significant differences are observed in the transient behaviour
when the load current reference is varied.
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Figure 7 illustrates the capacitor voltages V., and V,
obtained for different weighting factors 4 in the PCC,
PCCT1, and PCCT2 schemes. This analysis is conducted to
investigate the influence of A1 on the capacitor voltage-
balancing performance of the control schemes considered.
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Fig. 7. Capacitor voltages V, and V,: (a) PCC with 2 = 0.1; (b) PCC with
A =1, (c) PCC with 1 = 5; (d) PCCT1; (e) PCCT2.

The results in Fig. 7 indicate that the capacitor voltages
remain balanced even when the reference current amplitude
changes, across all three control schemes. For the PCC
scheme, although the capacitor voltage balancing is
maintained for different weighting factors (1 = 0.1, 1, 5), the
peak-to-peak fluctuations of V., and V,, vary depending on
the operating point and the selected A, as shown in Figs. 7(a)—
7(c). The simulation results reveal that as the weighting factor
A increases, the peak-to-peak capacitor voltage decreases.
This behaviour occurs because, with larger A, the objective
function assigns greater priority to capacitor voltage
balancing.

For the PCCT1 scheme, the capacitor voltages remain
nearly constant and exhibit a flat profile, as illustrated in Fig.
7(d). This behaviour can be explained by the fact that, at the
operating point considered, the scheme predominantly
employs zero vectors and large vectors, which do not induce
variations in the capacitor voltages. However, this also
implies that the inverter does not fully exploit the benefit of
reduced voltage stress that can be achieved by using multiple
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voltage levels.

The capacitor voltages in the PCCT2 scheme are shown in
Fig. 7(e), where the values are maintained within the range of
approximately 299 V-301 V. This is due to the hysteresis
band used in the controller, which is set to +1 V. The use of
the hysteresis band results in slower voltage variations,
thereby reducing the fluctuation of the capacitor currents.

B. Current Tracking Performance of the Control Schemes

In this section, the tracking performance of the control
schemes is evaluated in five cases, including the PCC scheme
with different weighting factors (4 =0.1,1,5) and the
PCCT1 and PCCT2 schemes, tested at different load current
operating points. The simulation results in Figs. 8-12
comprise six subplots, labelled (a) through (f). Subplots (a),
(b), and (c) depict the current responses, while subplots (d),
(e), and (f), respectively, present the capacitor voltages
corresponding to the current cases in (a), (b), and (c).

In the simulation results of the load currents, the black
dashed lines represent the reference currents iz and iz, while
the red and blue lines denote i, and iz, respectively. In the
simulation results of the capacitor voltages, the blue curve
represents the voltage across the capacitor C;, whereas the red
curve represents the voltage across the capacitor C,.

The simulation results in Figs. 8-10, parts (a), (b), and (c),
illustrate the responses of i, and iz when the reference current
amplitudes are setto 5 A, 10 A, and 25 A, respectively, with
weighting factors 4 = 0.1,1,and 5 in the PCC scheme. The
results indicate that the tracking performance is highly
dependent on both the operating point and the selected
weighting factor. Although A = 0.1 yields the best tracking
capability, a transient tracking error remains at the 10 A
reference amplitude, where the actual current fails to follow
the reference precisely. In particular, for A = 1and 4 = 5, the
tracking quality significantly deteriorates as the current
amplitude increases, especially beyond 20 A. Therefore, it
can be concluded that the PCC scheme cannot fully satisfy
the tracking control objective across the entire operating
range.

Furthermore, the simulation results in Figs. 8-11, parts (d),
(e), and (f), show the waveforms and peak-to-peak values of
the DC link capacitor voltages. In the PCC scheme, the
voltage imbalance of capacitor becomes more pronounced

when the weighting factor A is small. For instance, in the case
of 2 = 0.1 with a reference current of 10 A, the capacitor
voltage deviation reaches up to 16 V. This phenomenon can
be explained by the fact that a smaller weighting factor
prioritises the current tracking objective in the cost function
over capacitor voltage balancing. This conclusion is further
supported by the cases of A = 1 and A = 5, where the voltage
deviation of the capacitor is significantly reduced compared
to A2 =0.1; however, the current tracking performance
degrades under high load currents.

Figures 11 and 12 present the simulation results of the
PCCT1 and PCCT2 schemes, respectively, under different
load current levels. Although PCCT1 achieves excellent
tracking performance, its operating range is limited to 0 A—
15 A and it fails to operate properly at higher load currents.
In contrast, the PCCT2 scheme maintains stable tracking
across the entire operating range, including high current
levels.

Figure 11 presents the simulation results of the PCCT1
scheme at operating points of 5A, 10 A, and 15 A. The
results demonstrate that the tracking performance of PCCT1
is excellent throughout the low-current range, as illustrated in
Figs. 11(a) and 11(b). However, when the operating current
exceeds 15 A, such as at 20 A in Fig. 11(c), the actual current
begins to deviate and fails to track the reference accurately.
The capacitor voltage results indicate only minor imbalances,
remaining within 2 V across the considered operating range.
The observed capacitor voltage characteristics, as well as the
limited current regulation capability of PCCT1, can be
attributed to the reduced number of voltage vectors utilised in
this control scheme compared to alternative approaches.

Figure 12 presents the simulation results of the load
currents and capacitor voltages under the PCCT2 scheme.
The tracking control objective is effectively achieved across
the entire operating range, while capacitor voltage balancing
is maintained within the hysteresis thresholds of the
controller. These results highlight that PCCT2 provides
significantly greater stability compared to the other two
schemes.

Figure 13 presents the THD indices of phase-a, phase-b,
and phase-c currents, respectively, under different operating
points and for five cases: PCC with weighting factors
A=0.1,1,5,PCCT1, and PCCT2.
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Fig. 8. Simulation results of the PCC scheme with cost function weight 1 = 0.1: (a)—(c) Currents i, iz for reference amplitudes of 5 A, 10 A, and 20 A; (d)-

(f) Corresponding capacitor voltages: C; (blue) and C, (red).
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control schemes.

The results indicate that in the PCC scheme, reducing A
improves current quality, as reflected by a lower THD.
However, this improvement comes at the expense of
significantly increased peak-to-peak capacitor voltage, as
shown in Fig. 7. The PCCT1 scheme achieves the best current
quality among the three; nevertheless, its operating range is
limited, and when the load current exceeds approximately
15 A, the tracking capability deteriorates, leading to
waveform distortion and a rapid increase in THD. In contrast,
the PCCT2 scheme maintains stable current quality with
THD comparable to that of PCC at A =0.1. This highlights
the superior advantages of PCCT2 over conventional PCC,
providing equivalent current quality with reduced
computational burden and better capacitor voltage balancing,
as demonstrated in Fig. 7.

VII.

This paper has successfully developed two control
schemes, PCCT1 and PCCT2, which adopt a pre-selection
strategy of voltage vectors before being utilised in current
prediction calculations. The vector selection tables in each
scheme are designed on the basis of different mechanisms:
PCCT1 relies on predicted current comparison, whereas
PCCT2 emphasises capacitor voltage balancing. As a result,
the computational burden is significantly reduced;
specifically, PCCT1 requires only four switching states,
while PCCT2 employs at most 17 switching states.
Furthermore, the need to select weighting factors in the cost
function is completely eliminated in both schemes, thereby
simplifying the design and implementation of the controllers.

The simulation results demonstrate that both the PCCT1
and PCCT2 schemes achieve stable and robust current
tracking, whereas the tracking performance of the PCC
scheme varies significantly with the operating point and the
weighting factor of the objective function. In terms of load
current quality, PCCT1 provides the best performance, but
with a limited operating range due to the reduced number of
vectors employed. In contrast, PCCT2 achieves a current
quality comparable to PCC with a small weighting factor A,
while also ensuring the balancing of the capacitor voltage
within the hysteresis band. Conversely, the PCC scheme may
lead to considerable capacitor voltage errors.

CONCLUSIONS
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