
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025 6593

A Novel Adaptive Model Predictive Current Control
for Three-Level Simplified Neutral-Point-Clamped

Inverter With Carrier-Based Modulation
Fubing Jin , Student Member, IEEE, Tianhao Qie , Student Member, IEEE, Yulin Liu , Student Member, IEEE,

Yong Yang , Senior Member, IEEE, Joshua Watts , Herbert Ho Ching Iu , Fellow, IEEE,
Tyrone Fernando , Senior Member, IEEE, and Xinan Zhang , Senior Member, IEEE

Abstract—This article proposes an adaptive model predictive
current control for three-level simplified neutral-point-clamped
inverter (3L-SNPCI), which eliminates the model dependence prob-
lem of the conventional model predictive current control (MPCC).
The system parameter is estimated by a new observer with high
accuracy and fast convergence. The observed parameter is then
utilized by the deadbeat MPCC to attain accurate reference volt-
age vector calculation, achieving low computational burden and
constant switching frequency. Furthermore, a novel carrier-based
space vector modulation (CBSVM) is proposed to synthesize the
reference VV for 3L-SNPCI. Compared to the existing space vector
modulation schemes of 3L-SNPCI, the proposed CBSVM reduces
the hardware implementation cost while ensuring the neutral point
voltage balance. Experimental results are presented to verify the
validity of the proposed method.

Index Terms—Carrier-based space vector modulation
(CBSVM), deadbeat, model predictive current control (MPCC),
parameter observer, three-level simplified neutral point clamped
inverter (3L-SNPCI).

I. INTRODUCTION

IN THE past decade, the multilevel inverters have been in-
creasingly employed in renewable generation, energy stor-

age systems and electrical drives owing to their advantages
of effectively reducing harmonics and undertaking higher dc
bus voltage [1], [2], [3], [4]. Among them, the conventional
three-level neutral-point clamped inverter (3L-NPCI) and T-type
3L-NPCI are widely used in industry [5], [6]. Nevertheless, the
high semiconductor counts of these two topologies indicate high
hardware costs compared to the two-level inverters. One feasible
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solution to further remove two active switches and their driver
circuits compared to the T-type 3L-NPCI is to utilize the three-
level simplified neutral point clamped inverter (3L-SNPCI) [7].
Unlike the 3L-NPCI and T-type 3L-NPCI, the 3L-SNPCI does
not have medium voltage vectors (VVs) in its space vector
diagram. Consequently, it has alleviated neutral point voltage
(NPV) fluctuations.

Despite these benefits, the control and modulation of 3L-
SNPCI remain as two key challenges on its applications. On
one hand, the existing control approaches for three-level dc/ac
inverters suffer from some common problems, such as vari-
able switching frequency, model dependence, and/or sluggish
dynamic responses. For instance, a direct current control is
proposed for the grid-connected 3L-NPCI [8], which achieves
equal switching frequencies in three phases. However, its av-
erage switching frequency varies with the modulation index.
To address this issue, a digital hysteresis current controller that
combines a mixed-level scheme and prediction-based sampling
is adopted in [9]. Unfortunately, this controller results in higher
current harmonics. After measuring the average inverter output
voltages, another hysteresis-based current control [10] is pro-
posed, which maintains a nearly constant switching frequency
by varying the hysteresis band according to the output voltages.
However, the NPV balancing issue is not discussed in [10].

Apart from the afore-mentioned hysteresis controllers, the
model predictive control (MPC) is increasingly employed to
regulate the three-level inverters due to its fast dynamics and
straightforward configuration [11], [12], [13]. Nonetheless,
these methods result in variable switching frequencies, which
require large filters or high sampling frequency to attenuate the
harmonics. To improve the performance, two modulated MPCs
with fixed switching frequency are proposed in [14]. This article
divides the space vector diagram into 24 sectors and the duty
cycles of VVs are calculated by minimizing the weighted errors
of each sector. However, it produces limited performance
improvement compared to [11] and [12]. Furthermore,
numerous predictions and optimizations cause heavy
computational burdens as all sectors need to be evaluated. The
same problem is also experienced by other methods [15], [16].
To reduce the computational complexity of MPC for multilevel
inverters, the fast predictive current control methods based on the
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deadbeat principle are proposed in [17] and [18]. Noticeably, the
weighting factor is eliminated in these methods through the
application of redundant VVs. Nevertheless, these methods
are highly dependent on model parameters. Moreover, they
cannot be directly applied to the 3L-SNPCI because of changes
in sectors when medium VVs are missing. To mitigate the
model dependence issue, Abdelrahem et al. [19] combined
the finite control set MPC with an extended Kalman filter for
online parameter estimation, which is robust to the parameter
mismatches. Unfortunately, the computational burden of [19]
is large. Therefore, Zhang et al. [20] proposed another online
inductance identification technique based on the gradient
correction method and verifies its efficacy in predictive power
control. Furthermore, a forgetting-factor-based least squares
method is proposed in [21] to estimate the filter inductance in a
plug-in manner. The authors in both [20] and [21] achieved solid
estimation performance, which are computationally efficient.
However, the dynamic time responses of convergence in these
two methods are relatively gradual.

On the other hand, most of the existing modulation schemes
for the 3L-SNPCI are not carrier based [11], [22], and [23],
which generally result in large current harmonics or high im-
plementation cost. For example, an MPC algorithm is utilized
to regulate the 3L-SNPCI in [11]. It applies only one VV in
each switching period and hence, suffers from severe harmonic
distortions. Even when six virtual medium VVs are synthesized
to increase the control freedom of MPC in [22], the current
harmonics are still relatively high. A space vector modulation
(SVM) scheme is proposed for the 3L-SNPCI in [23], which
provides low total harmonic distortions. However, an extra com-
plex programmable logic device (CPLD) is needed to implement
this scheme since it is noncarrier-based, leading to increased
hardware costs. Although a carrier-based SVM applying dif-
ferent switching sequences to balance NPV is introduced in
[24], it makes transitions jump between two large VVs, which
is inappropriate in the 3L inverter.

To address the aforementioned issues encountered by the
existing 3L-SNPCI control and modulation approaches, this
article proposes a new adaptive model predictive current control
(AMPCC). Its control block diagram is depicted in Fig. 1. The
proposed AMPCC attains small THD, low computational burden
and constant switching frequency while eliminating the model
dependence problem of the mentioned MPCC with accurate
estimation and fast convergence. Furthermore, a novel carrier-
based SVM strategy is proposed to synthesize the reference
VV, which utilizes a low sampling frequency in all sectors
and simultaneously guarantees the NPV balance. In addition, it
simplifies the implementation by effectively reducing hardware
costs.

The rest of this article is organized as follows. Section II
presents the topology of 3L-SNPCI and its mathematical model.
Then, the proposed AMPCC is elaborated in Section III. Subse-
quently, a novel carrier-based SVM for 3L-SNPCI is presented in
Section IV. After that, experimental results are shown in Section
V to verify the effectiveness of the proposed method. Finally,
Section VI concludes this article.

Fig. 1. Control block diagram of the proposed method.

Fig. 2. Circuit diagram of 3L-SNPC inverter.

II. TOPOLOGY OF 3L-SNPC INVERTER AND ITS

MATHEMATICAL MODEL

A. Topology of 3L-SNPC Inverter

The topology of the 3L-SNPC inverter is shown in Fig. 2. The
four switches Sf1, Sf1, Sf2, and Sf2 in the left dashed block of
Fig. 2 generate three distinct voltage levels (Vdc/2, 0, −Vdc/2).
Then, the conventional three-phase two-level inverter in the right
dashed block applies these voltage levels to three-phase loads,
resulting in the space vector diagram in Fig. 3. It is apparent that
there are only large and small VVs shown in Fig. 3, whereas the
medium VVs are absent.
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Fig. 3. Space vector diagram of 3L-SNPC inverter.

B. Mathematical Model

The mathematical model of 3L-SNPCI in the rotating d, q-
reference frame can be described as{

dIO,d

dt = ωIO,q − Rf

Lf
IO,d − 1

Lf
VL,d +

1
Lf

VO,d

dIO,q

dt = −ωIO,d − Rf

Lf
IO,q − 1

Lf
VL,q +

1
Lf

VO,q

(1)

where Lf and Rf are the inductance and parasitic resistance of
the filter inductor, respectively. IO,d and IO,q are inverter output
currents in d and q axes. ω is the angular velocity. VL,d and VL,q

are the load voltages in d and q axes, and VO,d and VO,q are the
inverter terminal voltages.

Applying the forward Euler method [19], [25], the discretized
model of 3L-SNPCI can be derived as

IO,k+1 = AdIO,k +BdVO,k +DdVL,k (2)

where

IO,k =

[
IO,d,k

IO,q,k

]
, IO,k+1 =

[
IO,d,k+1

IO,q,k+1

]

VO,k =

[
VO,d,k

VO,q,k

]
, VL,k =

[
VL,d,k

VL,q,k

]

and

Ad =

[
1− RfTs

Lf
ωTs

−ωTs 1− RfTs

Lf

]

Bd =

[
Ts

Lf
0

0 Ts

Lf

]
, Dd =

[
− Ts

Lf
0

0 − Ts

Lf

]
.

In the above-mentioned equations, Ts denotes the sampling
period. IO,d,k+1 and IO,q,k+1 are the predicted inverter output
current at (k + 1)th time instant.

III. PROPOSED AMPCC

A. Adaptive Observer

In this section, a novel adaptive observer is introduced for
the estimation of the filter inductance Lf . It is emphasized that
Rf shows negligible influence on the control performance of
3L-SNPCI due to its very small amplitude and therefore, does not
need to be estimated. First, the inverter output current observer
can be designed based on the mathematical model in (2) as

ÎO,k+1 = ÎO,k + Pd,k +Td,k δ̂k+1

+Kkek + (Ψk −KkΨk)γk+1 (3)

where

Pd,k =

[
ωIO,q,kTs

−ωIO,d,kTs

]

Td,k =

[
(−RfIO,d,k − VL,d,k + VO,d,k)Ts

(−RfIO,q,k − VL,q,k + VO,q,k)Ts

]

and δ̂k+1 is the updated estimation of filter inductance in re-
ciprocal form. e(k) = IO,k − ÎO,k is the estimation error of
inverter output current. γk+1 represents the difference between
δ̂k+1 and δ̂k. To construct a recursive updating scheme for a
supplementary variable ηk, Ψ obeys the following dynamics:

Ψk+1 = I (1−Kk)Ψk +Td,k, Ψ0 = 0. (4)

The correcting factor Kk > 0 is introduced to construct the
forgetting factor (1−Kk), which aims to alleviate the influence
of estimation errors from preceding cycles. In accordance with
(3) and (4), the dynamics of states prediction error can be
subsequently derived

ek+1 = ek +Td,k δ̂k+1 −Kkek

+ (KkΨk −Ψk)γk+1 (5)

where δk = δ − δ̂k represents the error between the estimated
value δ̂k and its true value δ. Then, the complementary variable
ηk is formulated to signify the estimation progress of ÎO,k and
δ̂k

ηk = ek −Ψkδk. (6)

The dynamics of complementary variable (7) can be deduced
from (4), (5), and (6)

ηk+1 = ηk −Kkηk, η0 = e0. (7)

To achieve rapid observer convergence, an identifying vari-
able is introduced as follows:

ϕk+1 = ϕk +ΨT
kΨk, ϕ0 = αI (8)

where α is an extremely small positive number. Subsequently,
the parameter updating mechanism is obtained from (3), (4), (7),
and (8)

δ̂k+1 = δ̂k + ϕ−1
k ΨT

kHk (ek − ηk) (9)
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where

Hk = (I +Ψkϕ
−1
k ΨT

k )
−1.

To guarantee that δ̂ is always located in the initially defined
set E, δ̂k+1 is adjusted by

δ̃k+1 = L
(
δ̂k+1, E

)
. (10)

L(δ̂k+1, E) needs to meet the following requirement:

δ̃
T

k+1ϕk+1δ̃k+1 ≤ δ
T
k+1ϕk+1δk+1 (11)

where δ̃k+1 represents the difference between δ and δ̃k+1.
Lemma: The convergence of the parameter estimation error

can be guaranteed provided that the identifier variable meets the
following condition:

lim
k→∞

ϕk = ∞. (12)

Proof: Choose Vδk
= δ

T
k ϕkδk as the Lyapunov function of

the estimation error. From (3), (4), (7), (8), and (9), ΔV can be
expressed as

ΔV = Vδk+1
− Vδk

≤ −(Ψkδk)
THkΨkδk. (13)

The limit of Vδk
is then shown below when k → ∞

lim
k→∞

Vδk
≤ Vδ0

−
∞∑

k=0

[
(Ψkδk)

T
HkΨkδk

]
. (14)

Given the bounded nature of the system, there exists a positive
number λ such that it satisfies the following inequality:

Γ ≤ ‖H(k)‖ ≤ 1. (15)

Then, (14) can be rewritten as

lim
k→∞

Vδk
≤ Vδ0

− Γ

∞∑
k=0

[
(Ψkδk)

T
Ψkδ

T
k

]
. (16)

If (12) is satisfied, the limit of δk will converge to 0 asymptoti-
cally as the right-hand side of (16) is a finite value.

Remark: Given that the inverter d-axis current IO,d is never
precisely 0 owing to the presence of noises and disturbances,
(12) can be satisfied all the time based on (4) and (8).

B. Adaptive Model Predictive Current Control

In this article, the MPCC is implemented based on deadbeat
principle with one-cycle digital delay compensation⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

I∗O,d,k+2 = IO,d,k+1 − RfTs

Lf
IO,d,k+1 + ωTsIO,q,k+1

+ Ts

Lf
V ∗
O,d,k+1 − Ts

Lf
VL,d,k+1

I∗O,q,k+2 = IO,q,k+1 − ωTsIO,d,k+1 − RfTs

Lf
IO,q,k+1

+ Ts

Lf
V ∗
O,q,k+1 − Ts

Lf
VL,q,k+1

(17)

where VL,k+1 can be assumed to be the same as VL,k under
a short control period [14], [26]. I∗O,d,k+2 and I∗O,q,k+2 denote

the reference d, q-axis currents at (k + 2)th time instant, derived
through linear interpolation as follows:[

I∗O,d,k+2

I∗O,q,k+2

]
= 3

[
I∗O,d,k

I∗O,q,k

]
− 2

[
I∗O,d,k−1

I∗O,q,k−1

]
. (18)

Since the filter inductance is uncertain, the reference voltages
V ∗
O,d,k+1 and V ∗

O,q,k+1 can then be obtained by applying the
adaptive observer proposed previously, as demonstrated in the
following expression:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

V ∗
O,d,k+1 = 1

Ts
̂δk+1

(
I∗O,d,k+2 − IO,d,k+1

)
+RfIO,d,k+1

− ωIO,q,k+1

̂δk+1
+ VL,d,k+1

V ∗
O,q,k+1 = 1

Ts
̂δk+1

(
I∗O,q,k+2 − IO,q,k+1

)
+RfIO,q,k+1

+
ωIO,d,k+1

̂δk+1
+ VL,q,k+1.

(19)

Given that calculations based on deadbeat principle may lead
to reference voltages exceeding the space vector diagram, a
constraint in (20) is applied to restrict the amplitude of reference
voltages while maintaining low current harmonics

∥∥V ∗
O,k+1

∥∥ ≤ Vdc√
3
, V ∗

O,k+1 =

[
V ∗
O,d,k+1

V ∗
O,q,k+1

]
(20)

where Vdc denotes the dc-link voltage.
Thus, the reference voltagesV ∗

s,O,k+1 satisfying the constraint
are represented as follows:

V ∗
s,O,k+1 =

⎧⎪⎨⎪⎩
V ∗
O,k+1, if

∥∥∥V ∗
O,k+1

∥∥∥ ≤ Vdc√
3

V ∗
O,k+1Vdc√

3‖V ∗
O,k+1‖ , if

∥∥∥V ∗
O,k+1

∥∥∥ > Vdc√
3
.

(21)

IV. PROPOSED NEW SVM

In traditional 3L-NPC inverters, the synthesis of reference
voltages is generally accomplished by utilizing the nearest three
VVs. In order to obey the rules that line-to-line voltage is only
permitted to jump to the adjacent voltage levels at most during
every VV transition, four triangular subsectors are created in
each of the six large sectors in the space VV diagram. However,
this method is not applicable to the 3L-SNPCI owing to the
absence of the medium VVs. To address this issue, a new SVM
scheme is proposed for the 3L-SNPCI, which utilizes a different
subsector division, as shown in Fig. 4.

A. Sector Determination

As shown in Fig. 4, the large sector I1 is divided into four small
subsectors and the same rule can be applied to the other five large
sectors. In order to determine which sector the reference VV is
located, the magnitude of V ∗

s,O is decomposed into Va and Vb

according to phase angle θ as{
Va =

∥∥V ∗
s,O

∥∥ cos θ
Vb =

∥∥V ∗
s,O

∥∥ sin θ. (22)
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Fig. 4. Sector determination in I1.

Then, the conditions that determine the location of reference
VV are mathematically described as follows:

S1 : Vb ≤ −
√
3Va +

√
3Vdc

3
, 0◦ ≤ θ < 30◦ (23)

S2 : Vb ≤ −
√
3Va +

√
3Vdc

3
, 30◦ ≤ θ < 60◦ (24)

S3 : −
√
3Va +

√
3Vdc

3
≤ Vb ≤

−
√
3Va +

2
√
3Vdc

3
, 0◦ ≤ θ < 30◦ (25)

S4 : −
√
3Va +

√
3Vdc

3
≤ Vb ≤

−
√
3Va +

2
√
3Vdc

3
, 30◦ ≤ θ < 60◦. (26)

B. Dwelling Time Calculation

For simplicity, T0 refers to the dwelling time of zero VV V0.
T1 and T2 represent the dwelling time of redundant small VV
pairs V1/V7 and V2/V8, respectively. T3 and T4 are the dwelling
time of large VVs V13 and V14, respectively.

When V ∗
s,O is located in subsectors S1 and S2, the dwelling

time (28)–(30) are simply obtained based on voltage–second
(27) {

V1/7T1 + V2/8T2 + V0T0 = V ∗
s,OTs

T0 + T1 + T2 = Ts

(27)

T1 = 2mTs sin
(π
3
− θ
)

(28)

T2 = 2mTs sin(θ) (29)

T0 = Ts − T1 − T2 (30)

where m represents the modulation index
√
3|V ∗

s,O |
Vdc

.

Regarding subsectors S3 and S4, the reference VV V ∗
s,O is

built up by∣∣V ∗
s,O

∣∣∠θ = d1
Vdc

3
∠0◦ + d3

2Vdc

3
∠0◦ + d2

Vdc

3
∠60◦

+ d4
2Vdc

3
∠60◦

= u1 + u2 (31)

where dn denotes Tn/Ts for n ∈ {1, 2, 3, 4}. u1 represents
(d1

Vdc
3 ∠0◦ + d3

2Vdc
3 ∠0◦) and u2 is (d2

Vdc
3 ∠60◦ + d4

2Vdc
3 ∠60◦),

which are illustrated in Fig. 4. Then, a new vector u3 can be
defined by

u3 = u1 + |u2|∠0◦ = u1 + u′
2. (32)

A similar vector u4 is subsequently introduced with the same
magnitude as u3, but phase shifted by 60◦. Thus

V ∗
s,O = D1u3 +D2u4 (33)

where D1 equals to |u1|
|u3| and D2 is |u2|

|u4| .
According to Fig. 4, the values of u1, u2, and u3 are shown

as (34)–(36)

u1 =

(
|u3| −

2
√
3
∣∣V ∗

s,O

∣∣ sin θ
3

)
∠0◦ (34)

u2 =
2
√
3
∣∣V ∗

s,O

∣∣ sin θ
3

∠60◦ (35)

u3 =
∣∣V ∗

s,O

∣∣(cos θ + √
3 sin θ

3

)
∠0◦. (36)

Particularly, when{
d′1 + d′3 = 1

d′1 Vdc
3 + d′3 2Vdc

3 = |u3| .
(37)

Pseudo d1 and d3 are illustrated as

d′1 = 2− 3 |u3|
Vdc

, d′3 =
3 |u3|
Vdc

− 1. (38)

Consequently, the dwelling time is depicted as⎧⎪⎪⎪⎨⎪⎪⎪⎩
T1 = d′1D1Ts

T2 = d′1D2Ts

T3 = d′3D1Ts

T4 = d′3D2Ts.

(39)

C. Switching Sequence

With the aim of minimizing the line-to-line voltage jumps
during VV transition, it is crucial that VVs are only allowed
to move to their adjacent VVs in the SVM. Consequently, the
switching sequences with a fixed number of switching events
are presented as follows:

s1 : V0 → V8 → V7 → V1 → V7 → V8 → V0

s2 : V0 → V1 → V2 → V8 → V2 → V1 → V0

s3,1 : V13 → V1 → V2 → V14 → V2 → V1 → V13
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s3,2 : V13 → V7 → V8 → V14 → V8 → V7 → V13

s4,1 : V14 → V2 → V1 → V13 → V1 → V2 → V14

s4,2 : V14 → V8 → V7 → V13 → V7 → V8 → V14.

According to the above-mentioned switching sequences and
Fig. 4, it is obvious that NPV can be efficiently balanced in
sectors S1 and S2 by applying the redundant small VV pairs
V1/V7 and V2/V8. As an illustration, assume that reference VV
V ∗
s,O is located in S1 with Vcap1 < Vcap2. Given that the total

duty ratio of V1/V7 is fixed in one sampling period as V1 and V7

have the same effect on reference VV synthesis, the NPV level
will decline by increasing the duty ratio of V7 or decreasing the
duty ratio of V1.

So as to balance the NPV while satisfying the voltage tran-
sition rules mentioned earlier when the reference VV resides
in subsectors S3 or S4, two switching sequences will need to
be used in each subsector. Specifically, sequence s3,1 will be
chosen if V ∗

s,O is located in S3 with Vcap1 > Vcap2, whereas s3,2
will be selected when Vcap1 < Vcap2.

Once the dwelling time and switching sequences are deter-
mined, the next step is to generate appropriate gate signals.
As shown in Fig. 2, the 3L-SNPCI contains five pairs of com-
plementary switches. Thus, an equal amount of control signals
are required, represented by Ca1, Cb1, Cc1, Cf1, and Cf2. Due
to the fact that polarity of gate signals varies with the sector
rotation in each switch, only comparing control signals with
carrier signals cannot satisfy all scenarios. Therefore, five sup-
plementary signals are introduced to handle this issue, denoted
as Ca1

∗, Cb1
∗, Cc1

∗, Cf1
∗, and Cf2

∗. Then the gate signals
are generated from the exclusively-OR (XOR) logic operation,
where the results of respectively comparing control signal and
supplementary signal with carrier signal are the inputs of XOR.

In small subsectors S1 and S2, only zero VV and small VVs
are selected to synthesize the reference VV, which are shown in
Fig. 5. dV x is the duty ratio of each VV, calculated as

dV x = TV x/Ts (40)

where

dV 0 + dV 1 + dV 7 + dV 8 = dV 0 + dV 1 + dV 2 + dV 8 = 1.

Then, the gate signals corresponding to their switching se-
quences are illustrated on the right-hand side of Fig. 5 after
XOR operations.

In subsmall sector S3, zero VV is replaced by two large VVs,
V13 and V14. The corresponding gate signals are displayed in
Fig. 6. The difference between two switching sequences is the
selection of the small VVs. Specifically, P-O type small VVs
are applied in s3,1, whereas O-N type small VVs are selected
in s3,2. Thus, the gate signals for two-level inverter side keep
consistent. However, the gate signals of Sf1 and Sf2 in these
two switching sequences are alternated due to the varied output
voltage level in the three-level dc source side. Similarly, the
gate signals in subsector S4 are depicted in Fig. 7. Then the
step-by-step procedure to implement the proposed scheme is
given in the form of a flowchart, as shown in Fig. 8.

Fig. 5. Gate signals generation in subsectors S1 and S2.

Fig. 6. Gate signals generation in subsector S3.

V. EXPERIMENTAL RESULTS

To validate the efficacy of the proposed method, hardware
experiments are implemented on a 3L-SNPC inverter, as illus-
trated in Fig. 9. A control board equipped with digital signal
processor Texas Instrument F28346 is utilized to implement
the proposed algorithm. Three-phase LC filter followed by a
resistive-inductive load is connected to the output port of the 3L-
SNPC inverter. It is noteworthy that the sampling and switching
frequencies are both chosen as 10 kHz. Detailed parameters of
the experimental setup are tabulated in Table I.
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Fig. 7. Gate signals generation in subsector S4.

Fig. 8. Implementation flowchart of the proposed method.

TABLE I
PARAMETERS OF EXPERIMENTAL SETUP

Fig. 9. Experiment setup.

Fig. 10. Estimated results under −10%, −30%, and −50% erroneous filter
inductance. (a)–(c) Proposed method. (d)–(f) Method [21].

A. Parameter Estimation Performance

Initially, the performance of the proposed observer is verified
with model parameter variation. With the real inductance value
of 5 mH, six groups of comparative tests are carried out with
each of them starting at a purposely detuned inductance value.
The percentage of inductance detuning is up to ±50% of the
real value. The results with the proposed method and [21] are
clearly illustrated in Figs. 10(a)–(f) and 11(a)–(f). Two crucial
performance indices, i.e., estimated value and converging time,
are depicted in each subfigure.

To be particular, the estimated inductance with the proposed
method approaches 4.95 mH from its initial value of 4.5 mH
within 800 μs in Fig. 10(a), resulting in an estimation error
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Fig. 11. Estimated results under +10%, +30%, and +50% erroneous filter
inductance. (a)–(c) Proposed method. (d)–(f) Method [21].

of only about 1%. More accurate inductance estimations are
achieved with the inductance variations of −30% and −50%,
as shown in Fig. 10(b) and (c), which obtain the estimated
values of 4.99 and 4.98 mH. The estimation errors are 0.2% and
0.4%, respectively, where the corresponding convergences are
measured as 900 μs and 2.3 ms. Compared to Fig. 10(a)–(c) and
(d)–(f) illustrates the estimation results with method [21] under
the same initial inductances detuned conditions. The converging
times of [21] in Fig. 10(d)–(f) are about 75, 78, and 66 ms. After
entering steady states, their estimated inductances are 5.06, 4.94,
and 4.87 mH, respectively, where the estimation errors are 1.2%,
1.2%, and 2.6%. Thus, after comparing (a)–(c) with (d)–(f) in
Fig. 10, the filter inductance estimation accuracies are improved
by 0.2%, 1%, and 2.2%. It is also noteworthy that the average
converging time with the proposed method is 1.3 ms, which is
71.7 ms faster than the method [21].

To investigate the effectiveness of the proposed observer un-
der positively detuned inductance,+10%,+30%, and+50% er-
roneous filter inductance is applied in Fig. 11. From Fig. 11(d)–
(f), the converging times of method [21] are 80, 92, and 70 ms,
respectively. Their estimated values are 5.08, 5.07, and 5.06 mH,
leading to estimation errors of 1.6%, 1.4%, and 1.2%. Compared
to that, Fig. 11(a)–(c) shows the parameter estimation results
with the proposed method. It is noted that the observed converg-
ing times are 1.5, 1, and 2.8 ms. The estimated results are 5.03,
4.99, and 4.94 mH, respectively, where the estimation errors are
calculated as 0.6%, 0.2%, and 1.2%. From the above-mentioned
comparisons, the proposed method achieves higher estimation
accuracy and faster convergence, therefore, verifying the supe-
rior performance.

B. Steady-State Performance

The steady-state performance of the proposed AMPCC and
SVM is first analyzed under different reference currents of IO,d.

Fig. 12. Steady-state performance under different reference IO,d current
while IO,q = 0A. (a) IO,d = 4A. (b) IO,d = 7A. (c) IO,d = 10A.

It is noteworthy that initial filter inductances in these tests are
all purposely detuned by +25%. Then, the steady-state results
with estimated inductances are shown in Fig. 12(a)–(c). From
Fig. 12, it is clear that the inverter output currents are effectively
regulated by the proposed method. To be more specific, the
proposed method achieves a THD of 3.63% under light load
condition when IO,d = 4A, as depicted in Fig. 12(a). Likewise,
the current THDs of 2.29% and 1.95% under medium load
and heavy load conditions are illustrated in Fig. 12(b) and (c),
respectively. In addition, effective NPV balancing is realized
under all operating conditions, as shown by the equal capacitor
voltages Vcap,1 and Vcap,2 on the top of Fig. 12(a)–(c).

To further illustrate the effectiveness of the proposed AMPCC
and SVM, its steady-state performance is compared with that of
conventional MPCC [11] that is subject to the same initial in-
ductance detuning. The results are demonstrated in Figs. 13 and
14. By comparing Figs. 13 and 14, it is noted that the proposed
method estimates the inductance to be 5.05 mH, achieving a low
THD of 2.57% that is 60.1% lower than that produced by the
conventional MPCC. Such control performance improvement
mainly benefits from the following two aspects. Even though the
method [11] enhances the control performance by eliminating
the weighting factor, it cannot handle the parameter variations,
thereby leading to prediction errors. Compared to that, the
proposed AMPCC is robust to the parameter mismatch due to
the adaptive observer, resulting in precise current predictions.
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Fig. 13. Inverter output current and its harmonics spectra with estimated
inductance 5.05 mH when initial erroneous inductance 6.25 mH is used in the
proposed method.

Fig. 14. Inverter output current and its harmonics spectra when erroneous
inductance 6.25 mH is used in the conventional MPCC [11].

Moreover, despite all VVs being applied to evaluate the cost
function in [11], the control performance is still affected as only
one VV is utilized in the whole sampling period. In contrast, the
method in this article accurately synthesizes the reference VV
according to the proposed SVM, therefore leading to superb
control performance.

The NPV recovery process of the proposed method under
different tracking references is demonstrated in Fig. 15 while an
initial 20 V voltage difference is made between two capacitors.

With the proposed method, the NPV returns from the unbalanced
state to the balanced state within a short time, verifying the
NPV balancing capability. It is noted that Fig. 15(b) achieves
the fastest balancing performance compared to Fig. 15(a) and
(c). The reason is that when IO,d equals 7 A, the dwelling time
of the active small VV is longer than that under the other two
conditions, leading to a better balancing capability. Furthermore,
the NPV remains well-regulated under different conditions after
returning to the balanced state, devoid of dc offset.

C. Reference Transient Performance

The transient performances of the proposed AMPCC and
SVM under reference current changes are examined with a
+25% initial inductance detuning. The simulation results with
estimated inductance are first performed in Fig. 16. Then, the
experimental results are displayed in Fig. 17(a) to validate the
modeling accuracy. To be specific, it is visible that fast dynamic
current tracking responses are achieved in Fig. 17(a). Further-
more, the NPV is well balanced during the transients. For a
better illustration, the dynamic current changes are plotted in the
dq-reference frame in Fig. 18. From the zoom-in figure on the
right-hand side of Fig. 18(a), it is visible that the settling time is
2.5 ms for the current step up. The overshoot is also insignificant
in this scenario. Compared to the proposed method, the transient
responses of the conventional MPCC [11] are illustrated in
Figs. 17(b) and 18(b). From Fig. 17(b), Wang et al. [11] obtained
abrupt transients under the current step up where smooth results
are attained by the proposed method. Moreover, the settling time
of the conventional MPCC is 0.5 ms longer, which is shown
on the right-hand side of Fig. 18(b). In summary, the proposed
method offers superior dynamic current regulation performance.

D. Computational Burden Evaluation

The experimental comparison of the execution time between
the proposed method and method [11] is conducted. To be
specific, a digital output (DO) port is employed to measure the
execution time for these two methods. The step-up voltage on the
DO port indicates the start of the program, whereas the algorithm
is completed when the voltage level becomes low. The interrupt
frequency is the same as the sampling frequency, which is
10 kHz. Fig. 19(a) shows that the execution time of the proposed
method is about 33.6 μs. Likewise, it takes 43.39 μs to finish the
implementation of method [11], which is depicted in Fig. 19(b).
It is noted that the execution time of the proposed method is
about 77.4% of the method [11], reducing the computational
burden.

E. Switching Loss Analysis

In this section, the model of a 3L-SNPCI is established
in PLECS to measure the switching losses dissipated by the
inverter [27], [28]. The parameters of the IGBT modules are
from FF100R12KS4 produced by Infineon. The dc-link voltage
is set to 220 V, and the fundamental and switching frequencies
also remain consistent with the experimental configurations of
50 Hz and 10 kHz, respectively. The switching losses of the
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Fig. 15. NPV recovery process with the proposed method under different tracking references. (a) IO,d = 4 A. (b) IO,d = 7 A. (c) IO,d = 10 A.

Fig. 16. Simulation results with the proposed method when reference current
steps up from 4 to 10 A.

Fig. 17. Experimental results when reference current steps up from 4 to 10 A.
(a) Proposed method. (b) Conventional MPCC [11].

Fig. 18. Experimental results when reference current steps up from 4 to 10 A
under dq-frame. (a) Proposed method. (b) Method [11].

entire inverter with the proposed SVM, modulation 1 [23] and
modulation 2 [24] are compared in Fig. 20 under different
conditions. In case (a), the reference VV is located in sector
S1 or S2 of the proposed SVM, corresponding to region 1 in
modulation 1. Due to the application of complementary small

Fig. 19. Execution time comparisons. (a) Proposed method. (b) Method [11].

Fig. 20. Switching losses with the proposed method, [23], and [24]. (a) IO,d =
4 A. (b) IO,d = 7 A. (c) IO,d = 10 A.

VVs in the switching sequence, the proposed SVM produces
one more toggle on the switch, thereby faintly increasing the
switching loss. In case (b) and case (c), the proposed SVM
applies the switching sequence in sectorS3 orS4, which reduces
a toggle compared to case (a), leading to similar switching losses
dissipated by modulation 1. Regarding modulation 2 [24], all
switching sequences are passed through in reverse order in the
second half of the modulation cycle, which greatly increases
the toggles. Moreover, the switching loss is further enlarged in
area 2 as communication in the two-level circuit with full dc-link
voltage is contained. Therefore, modulation 2 obtains the largest
switching losses under all conditions.

In addition, the implementation of the method [23] first
requires the DSP to select the VVs and generate respective
digital signals in every sampling period. Then a CPLD scans
a lookup table at high frequency to identify the values cor-
responding to the DSP output signals. Subsequently, the gate
signals are transmitted to the switches based on the high and
low voltage signals stored in the table to complete the modula-
tion. Likewise, the method [24] utilizes 11-segment switching
sequences for all areas, toggling the switching function up to
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three times in one modulation cycle, which requires both DSP
and field-programmable gate array. Compared to the previous
two methods, the proposed method generates PWM signals by
directly executing logical operations to the DSP output signals
through XOR, which only requires DSP and simple logic gates,
therefore simplifying the real-time implementation.

VI. CONCLUSION

This article proposes a new AMPCC approach with excellent
control performance together with a novel carrier-based SVM
for the three-level simplified neutral point clamped inverter.
The proposed adaptive observer attains rapid and accurate con-
vergence to eliminate model dependence while achieving low
computational burden. In addition, the proposed SVM scheme
ensures the NPV balancing and requires lower sampling fre-
quency in all sectors. Its carrier-based nature also simplifies the
real-time implementation.
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