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ABSTRACT

This paper presents an enhanced model predictive current control (MPCC) strategy designed to
eliminate zero-sequence voltage (ZSV) and reduce current harmonics in nine-switch inverter (NSI)
systems driving open-end loads. The proposed approach begins by formulating a control set
comprising seven voltage vectors that inherently produce zero ZSV, ensuring effective ZSV
elimination. Within each sample period, three of these voltage vectors are ideally used to further
improve output current performance. Simulations utilizing PSIM software are used to verify the
effectiveness of the proposed method.

Keywords: Model predictive current control (MPCC), nine-switch inverter (NSI), zero-sequence
voltage (ZSV), current harmonics.

1. INTRODUCTION

Three-level inverters have several important advantages over traditional two-level inverters, such
as a lower dv/dt, less switching stress, less total harmonic distortion (THD), a smaller filter size, and
less electromagnetic interference (EMI) [1]. These benefits have driven the widespread adoption of
three-level inverters in various industrial applications, including motor drives, power quality
improvement, electric vehicles, uninterruptible power supplies, and wind energy systems [2-3]. The
three-level neutral-point-clamped inverter (3L-NPC), the three-level flying-capacitor inverter (3L-FC),
the three-level T-type inverter (3L-T type), and the dual two-level inverter with an open-end load are
some of the most well-known three-level inverter topologies [4-7].

Among these, the dual-inverter topology (Figure 1) stands out due to its enhanced DC voltage
utilization, increased modulation flexibility, and straightforward fault-tolerant operation [8]. However, like
other three-level inverters such as 3L-NPC, 3L-FC, and 3L-T type inverters, the dual-inverter topology
requires 12 active switches, leading to increased complexity and cost. To address this limitation, Z. Yu et
al. [9] introduced the nine-switch inverter (NSI) for open-end loads (Figure 2), which reduces the number
of active switches to nine, simplifying control circuitry and lowering system costs.

Like the dual two-level inverter system driven by a single DC source, zero-sequence voltage
(ZSV) has an impact on the NSI for open-end loads. The presence of ZSV leads to zero-sequence
currents (ZSC), resulting in increased power losses and distorted output currents [10]. Thus, eliminating
the ZSV component is critical for improving the performance and efficiency of NSI systems.

Model predictive current control (MPCC) has recently emerged as an effective and
straightforward strategy for controlling voltage source inverters (VSIs) [11-12]. MPCC operates by
using the system's discrete-time model to predict output currents for all possible voltage vectors. It
selects the optimal vector by minimizing a predefined cost function, ensuring superior current control.
This approach has been successfully applied to various three-level VSIs, including the three-phase 3L-
NPC inverter [13], the three-phase 3L-T type inverter [14-15], and the five-phase three-level inverter
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[16]. The popularity of MPCC is a result of its theoretically straightforward implementation, robust
handling of nonlinearities and constraints, and quick dynamic responsiveness.
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Figure 1. Dual two-level inverter fed open-end load
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Figure 2. Nine-switch inverter fed open-end load

Despite its advantages, the application of MPCC for controlling NSIs with open-end loads remains
unexplored in existing literature. Moreover, conventional MPCC methods [17] cannot simultaneously
achieve reduced output current ripple and ZSV elimination, highlighting a key limitation.

To address these challenges, this paper proposes an enhanced MPCC approach for NSIs supplying
open-end loads. The primary objectives are to eliminate ZSV components and reduce harmonic currents.
The proposed method begins by devising a control set of seven voltage vectors, each characterized by
zero ZSV. A reference voltage vector is then introduced to eliminate the need for current prediction
calculations. Additionally, three voltage vectors are employed within each sampling period to enhance
output current performance.

Table 1. Switching states of each leg of the NSI

Switching Sxi Sx2 Sx3 Umo Uno
State (X=A,B,C) (X=A,B,C) (X=A,B,C) (m=ai,b1,c1) (n=az,bz,c2)
2 1 1 0 Ve Ve
1 1 0 1 Ve 0
0 0 1 1 0 0

2. CONVENTIONAL MPCC FOR NSI FED OPEN-END LOAD

2.1. Circuit structure

Figure 2 illustrates the power circuit of the NSI supplying a three-phase open-end load. This
topology comprises three inverter legs powered by a dc-link voltage Vi.. As shown, each phase of the
load is connected to the upper and lower terminals of two separate inverter legs, providing flexibility in

voltage generation.
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Each inverter leg incorporates three switches, whose operation adheres to two critical switching
constraints [9]:

1. All three switches in a single leg cannot be simultaneously active, preventing short circuits
across the DC bus.

2. At least two switches in the same leg must remain active to maintain continuous current flow
through the inductive load.

These constraints result in three permissible switching states for each leg, enabling safe and
efficient operation, as summarized in Table 1. Compliance with these constraints results in three
permissible switching states for each leg, facilitating safe and efficient operation, as shown in Table 1.

Consequently, the NSI can produce three levels of output voltage (Vdg,o,—Vdc) based on its switching
states. The phase voltages (U HUU C) of the NSI are determined by the following equation:

U,= U% = UalO _UbZO

Uy= Ub,b2 = Ublo - Uclo (D

U, = lecz = Uc,O - Uazo

Each leg of the NSI can operate in three distinct switching states, leading to a total of 27 possible
switching combinations. Each combination corresponds to a specific voltage vector, which is
transformed into the af coordinate frame using the Clarke transformation [8]:

V=(U, +e*"U, +¢*"U, ) )

The 27 voltage vectors are categorized into four groups based on their magnitudes: zero vectors,
small vectors, middle vectors, and large vectors, as illustrated in Figure 3. The corresponding ZSV

components Uy, for these vectors are calculated using the equation:

U +U,+U,
3
Details are presented in Table 2. The inherent ZSV component generated by the NSI results in a

A3)

Vasy =

Z8C i,,,. , as expressed by:
Table 2. Voltage vectors of the NSI fed open-end load
Magnitude Voltage Magnitude
o v e v
Voltage Switching State of 7, Vector Switching State of 1,
Vector Leg | Leg | Leg Leg | Leg | Leg
a b c a b c
7 Vo 0 0 0 0 Vi 0 0 1
veuter e 2 T2 [2 0 sl o110
Vis 1 1 1 Vac Vs 0 1 2
V2| 0 0 2 Vo 1 0 0 p
Vs 0 2 0 Vis 1 2 0 T’
Middle | Vs | O 2 2 2V, 0 Viz| 1 2 2
Vector | Vis| 2 | 0 [ 0 g Viel 2 | 0 | 1
Small 20,
Voo | 2 0 2 Vector Vas | 2 1 2 3
Vag | 2 2 0 Vos | 2 2 1
V4 0 1 1
v 0 2 : Ve Vio| 1 0 1
Large A 3 Viz | 1 1 0 w,
Vector Vii ! 0 2 3 Vi 1 1 2 3
Vie | 1 2 1
Var | 2 1 0 7 2 1 1
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i +i +i
. _a b c
Izsc = 3

where i,, ip, and i. denote the output currents of phases a, b, and c, respectively.

“

The presence of ; introduces additional power losses and distorts the output currents [10].

zZsC

Consequently, eliminating ZSV is crucial for improving system performance and efficiency.
2.2. Conventional model predictive current control
Figure 4 illustrates the block diagram of the conventional MPCC approach for an NSI supplying

an open-end R-L load. For analytical simplicity, the load is modelled as an R-L circuit, as this can be
readily extended to motor control applications [10, 14].

Vor
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ip (k+1) _
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Figure 4. Block diagram of conventional MPCC
method

Figure 3. Space vector diagram of NSI fed open-
end load

Using Kirchhoff's voltage law, the continuous-time model of the NSI fed open-end R-L load is
described as:

di.
U=Ri+L—,i=(a,b, 5
; I 7 i (a c) (5)

where L and R represent the load inductance and resistance, respectively. The Clarke
transformation reformulates the model in the af reference frame as:

di
U, =Ri, + L%
t

. (6)
U,=Ri, +L di
s s dt
By applying the forward Euler approximation method with a sampling time of 7y, the discrete-

time model is obtained as:

L+ Lo,

()

ib(k+1)=(1—RLTS]ib(k)+ZSUb(k)

The objective of the conventional MPCC is to ensure that the output currents closely follow the
reference current. To achieve this, a cost function is defined as:

g=(i, (k+1) =i, (k+ 1)) + (i, (k+1) =iy, (k+1))  (8)
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The best voltage vector that minimizes the cost function is identified and used during each sample
interval. This ensures minimal current errors and effective operation of the NSI.

3. PROPOSED MPCC FOR NSI FED OPEN-END LOAD

The conventional MPCC method, which employs a single voltage vector for controlling the NSI,
is limited in its ability to simultaneously eliminate the ZSV component and reduce harmonic currents.
To address these shortcomings, this paper presents an enhanced MPCC strategy specifically designed
for an NSI supplying an open-end load. The primary goals are: i) eliminate the ZSV component, and ii)
minimize harmonic currents.

The proposed strategy introduces a control set comprising seven voltage vectors, each ensuring a
zero ZSV component, and employs three voltage vectors during each sampling period to improve output
current performance.

Switching S
h Sequence RN °_{ > —AAN—
Generation
Duration —\ : :
Times Nine-Switch Three-Phase
Calculation Inverter Open-End R-L Load
ﬁi Va,b'ref (k) l (k)
Three Voltage Sector Predictive ohe
Vectors e Determinati | —
Determination Sz L Model (9) |l
L oprer (K +1)

| 7 Voltage Vectors

With Zero ZSV

Figure 5. Block diagram of proposed MPCC method

The block diagram of the proposed method is presented in Figure 5. The implementation
procedure of the proposed method can be summarized as follows:

Step 1: Measure the output currents i,, is, and i., and determine the reference output currents
Lares Upref-

Step 2: Compute the reference voltage vector using Equation (9) and determine its corresponding
location.

Step 3: Select three voltage vectors from the set of seven voltage vectors with a ZSV component
based on the location of the reference voltage vector.

Step 4: Calculate the duration times of the three selected voltage vectors using Equations (10),
(11), and (12).

Step 5: Generate the appropriate switching sequence to control the NSI.

Table 3. Selected three voltage vectors according to sector

Sector Voltage Vector Sector Voltage Vector
Vo(000) Vo(000)
1 Vis(200) 4 Vs(020)
V20(202) Vs(022)
Vo(000) Vo(000)
2 V18(200) 5 V2(002)
V24(220) Vs(022)
Vo(000) Vo(000)
3 Vs(020) 6 V2(002)
V24(220) V20(202)
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To eliminate the requirement for current prediction calculations, a reference voltage vector is
derived directly from the discrete-time model of the system as:
L RT -L
V . \k)=—i, (k+1)+———i (k
aref( ) Ty aref( ) T; a( )
L RT -L ®
Vﬂref(k):Fiﬁref(k”)* T iy (k)

s s

The proposed method selects three voltage vectors closest to the reference voltage vector in the
af-frame to enhance current performance while maintaining a zero ZSV component. These vectors are
determined based on the reference voltage vector's sector, as illustrated in Figure 6 and outlined in Table 3.

A novel cost function is formulated to calculate the execution time for each voltage vector. For a
selected voltage vector V;, the cost function is given by:

Vrer (k)_Va(k)‘+‘Vﬂref (k)-7, (k)‘ (10)

For example, in Sector 2, the selected vectors are Vis, V24, and V5. The cost function values
associated with these voltage vectors, g;s, 224, and gy, are defined as Equation (11):

B

gnew =

Voy

Vs  Sector 3 Sector 2 Vi
Vagrer (K)

Sector 4

Vg

Vs Sector 5 Sector 6 ™V
L 05T, ! 05T, . 4 05T, % 05T, |
be i 0 0 s 0 0 i
Figure 6. Selected voltage vectors of the Figure 7. Generated switching sequence in sector 2
proposed MPCC method with the proposed MPCC method

8is =|Vares (k) ~Vise| * |V/iref (k) - U18/3|

8 = Varef(k)_VMa +|Vﬂref(k)_U24ﬂ| (11)

80 = |Varer (k) ~Veu| |Vﬂref (k) - U0ﬂ|

Each voltage vector's execution time is inversely proportional to the value of its cost function,
as shown:

tVutVz:oTS
t by, Fht L

VIS VZ4
A/ (12)

CH I

VlS VZ4 VO V24 VO Vls

t, =
Vis

tVl 8 tV24 TY

+1,t

t

¢ v

¢

+1,t
Vs Vg = Vo Vg~ T g

To control the NSI, a switching sequence is created once the three voltage vectors and their
corresponding execution times have been established. Figure 7 illustrates the switching sequence for
Sector 2 under the proposed MPCC method.
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By integrating a reference voltage vector approach, voltage vector selection based on proximity
in the af-frame, and optimized execution times, the proposed MPCC strategy significantly improves
current performance and eliminates the ZSV component.

4. SIMULATION AND RESULTS

To validate the performance of the proposed MPCC method, simulations were conducted using
PSIM software. The simulation parameters were as follows: dec-link voltage Vi = 100V resistive load
R =13Q; inductive load L = 15mH; output frequency reference f..,= 5S0Hz. A comparative analysis was
carried out among three MPCC methods:

1.  Method I: Conventional MPCC without considering ZSV components.
2. Method II: Conventional MPCC designed to eliminate ZSV components.
3.  Method III: Proposed MPCC method.
The results are presented in Figures 8, 9, and 10, with dynamic performance comparisons in Figure 11.

Figure 8 illustrates the steady-state performance of Method 1. The output phase current i, shows
significant distortion. The ZSV component /sy remains non-zero due to the inclusion of voltage vectors
(V1, V3, Vg) with non-zero ZSV components in the control set. A prominent zero-sequence current izsc
is observed, resulting in additional power losses and degraded system performance.

i %

AYS

THD =45.5% 2A/div 10ms/div 20V/div 10ms/div
(@) (b)

lzsc

AN A e M et A b AN

1A/div 10ms/div

(©

Figure 8. Simulated results of Method I: a) Output phase current ia, b) ZSV component Vzsv,
and ¢) ZSC component izsc

Figure 9 presents the steady-state waveforms for Method II. The output phase current i, exhibits
significant ripples. The ZSV component Vzsy successfully eliminated by using only voltage vectors with
zero ZSV. The zero-sequence current izsc effectively eliminated. Despite its ability to eliminate Vzsy
and izsc, Method II suffers from high output current ripple due to the use of a single voltage vector
throughout the entire sampling period.

Figure 10 illustrates the steady-state performance of Method III. The output phase current i,
demonstrates reduced ripple compared to Method II, resulting in a smoother waveform. The ZSV
component Vzsy completely eliminated by employing three voltage vectors with zero ZSV per sampling
period. The zero-sequence current izsc eliminated effectively. The proposed method achieves superior
performance by reducing harmonic distortion and mitigating ripple in the output current, underscoring
its advantages over Method II.

Figure 11 shows the dynamic response of three MPCC methods during a step change in the output
current reference from 2.5 A to 4.5 A. As observed in Figure 11, all three methods exhibit comparable
responses to the current reference variation. However, the proposed MPCC method demonstrates
superior output current quality compared to the other approaches studied. Specifically, as shown in
Figure 11(a), Method I results in significant output current distortion due to the use of voltage vectors
containing a non-zero ZSV component as the input control set. In contrast, the proposed method
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achieves a sinusoidal output current with reduced ripple relative to Method II, which can be attributed
to its utilization of three voltage vectors with a zero ZSV component within each sampling period.

i I,
THD = 6.2% 2A/div 10ms/div| | THD =2.4% 2A/div 10ms/div
(a) (2)
VZSV VZSV
20V/div 10ms/div 20V/div 10ms/div
(b) (b)
Lo Iysc
1A/div 10ms/div 1A/div 10ms/div
(©) ()

Figure 9. Simulated results of Method II: a) Output

Figure 10. Simulated results of Method III: a) Output

phase current i, b) ZSV component Vzsv,

] phase cutrent ia, b) ZSV component Vzsv,
and ¢) ZSC component izsc

and ¢) ZSC component izsc

To assess the impact of model parameter mismatches on the performance of the proposed control
method, a series of simulation tests were conducted, considering variations in load resistance and
inductance. Specifically, five cases were examined to evaluate the effects of these mismatches:

Case 1: Accurate R and accurate L.

Case 2: 85% of accurate R and accurate L.
Case 3: 115% of accurate R and accurate L.
Case 4: Accurate R and 85% of accurate L.
Case 5: Accurate R and 115% of accurate L.

As shown in Figure 12, the THD performance across these five cases exhibits minimal variation
with respect to changes in load resistance and inductance. These results indicate that the proposed
control scheme effectively mitigates the adverse effects of model parameter mismatches.

The simulation results validate the effectiveness of the proposed MPCC method. By leveraging
three voltage vectors with zero ZSV in each sampling period, the proposed method eliminates Vzsy
and izsc, reduces output current ripple, and improves THD compared to conventional methods.
Moreover, its dynamic performance is on par with the conventional approach, further demonstrating
its practical advantages.

5. CONCLUSION

This paper presented an enhanced MPCC strategy designed to eliminate the ZSV component
and improve output current performance in a NSI driving an open-end load. The proposed method
leverages a control set of seven voltage vectors, each characterized by a zero ZSV component,
effectively eliminating ZSV-related issues. To further enhance output current quality, three of these
voltage vectors are applied during each sampling interval. Simulation results validate the superior
performance of the proposed method, which is achieving a significant reduction in THD of the
output current to 2.4%, compared to 6.2% and 45.5% achieved by conventional approaches. The
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effectiveness of the topology and the proposed method have become a promising solution in
transportation and industrial applications, especially in traction and actuation motor drives, where

the elimination of ZSC is important.

2A/div 10ms/div 2A/div 10ms/div
(a) (b)

2A/div 10ms/div

(c)
Figure 11. Dynamic response of a) Method I, b) Method I, and ¢) Method III
ia THD=2.4% ia THD=2.5%
2A/div 10ms/div 2A/div 10ms/div
(@ (b)
ia THD=2.6% ia THD=2.8%
2A/div 10ms/div 2A/div 10ms/div
© (d)
i THD=2.55%

EVAVAVAVAV

2A/div 10ms/div

(e)
Figure 12. Output current THDs with the variation of load resistance R and inductance L.

(a) Accurate R and L, (b) 0.85R and accurate L, (c) 1.15R and accurate L,
(d) Accurate R and 0.85L, and (e) Accurate R and 1.15L.
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TOM TAT

PHUONG PHAP PIEU KHIEN DU BAO DONG DIEN BE BPONG THOI TRIET TIEU
THANH PHAN DBIEN AP THU TU KHONG VA GIAM SONG HAI DONG DPIEN PAU RA
CHO BO NGHICH LUU CHIN KHOA CAP CHO TAI MO

Vii Hitu Cong!, Tran Qudc Hoan?*
"Triwong Dai hoc Xay dung Ha Néi,
’Truong Pai hoc Tran Pai Nghia
*Email: hoantq@tdnu.edu.vn

Bai bao nay dé xuit mot phuong phéap diéu khién dy bao dong dién nham muc dich loai bo thanh
phan dién ap tht tu khong (ZSV) va giam séng hai dong dién dau ra cho b nghich Iuu chin khoa (NSI)
cép cho tai mé (open-end load). Phuong phap dé xuat sir dung mot tap dau vao gdm bay véc-to dién ap,
mdi véc-to triét tidu thanh phan ZSV, dé dam bao loai bo ZSV hoan toan. Pong thoi, ba véc-to dién ap
trong s6 nay duogc 4 ‘ap dung trong mdi chu ky 1dy mau dé cai thién chat luong dong dién dau ra. Két qua
mo phong trén phan mém PSIM cho thay phuong phap dé xuat khong chi loai bo hiéu qua thanh phan
ZSV ma con giam dang ké méo dang song hai toan phan (THD) ctia dong dién dau ra, chimg minh tiém
ning tmg dung thyc tién cua phuong phap nay.

Tir khéa: Didu khién du bao dong dién, bd nghich Iuu chin khoa, thanh phan dién ap tha ty khong, giam
song hai dong dién.
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