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Abstract—This article proposes a novel deadbeat sliding mode
predictive control (DB-SMPC) strategy for T-type three-phase
four-leg three-level voltage source inverters. Developed in the αβγ
frame, the control strategy integrates the advantages of tradi-
tional sliding mode control (SMC) and deadbeat predictive con-
trol (DBPC), offering enhanced robustness, stability, and superior
dynamic and steady-state performance. It outperforms traditional
SMC and DBPC in terms of voltage regulation and dynamic re-
sponse under varying load conditions. This strategy also reduces
system chattering, ensures a fixed switching frequency, thereby
simplifying the design of LC-filters. The four-leg inverter topol-
ogy effectively addresses unbalanced and nonlinear loads. When
integrated with the proposed DB-SMPC strategy, it enables robust
system performance under such conditions. In addition, it signif-
icantly reduces total harmonic distortion for nonlinear loads and
improves the dynamic and steady-state performance of balancing
neutral-point voltage under unbalanced load conditions. Experi-
mental results verify the effectiveness of the proposed strategy.
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I. INTRODUCTION

THE renewable energy industry is growing under the frame-
work of sustainable development policies. Inverters, as a

crucial component of this industry, play a key role in ensuring
system reliability and power quality. They must remain stable
and respond rapidly under varying operating conditions. As
a result, their topologies and control strategies have emerged
as key research focuses in the field of power electronics [1],
[2], [3].

Voltage source inverters (VSIs) are essential components in
modern power systems, facilitating efficient energy conversion
and management. In recent years, three-phase three-leg inverters
[4] and three-phase four-wire inverters [5] have been widely
adopted to ensure reliable operation under varying conditions.
However, to mitigate issues such as zero-sequence currents,
three-phase four-leg inverters provide a more effective solution
[6], [7], [8]. In particular, T-type 3P-4L-3L-VSIs allow precise
control of the neutral point voltage through the fourth leg [9],
[10], [11], enabling them to handle unbalanced and nonlinear
loads while ensuring stable output voltage.

Inverter control strategies are also fundamental for manag-
ing the operation of VSIs, ensuring efficient energy conver-
sion and maintaining system stability. Traditional linear con-
trol strategies, such as proportional-integral (PI) control [12],
proportional-resonant (PR) control [13], repetitive control [14],
[15] and deadbeat control [16] are widely used due to their
simplicity and effectiveness. However, traditional linear con-
trol strategies may struggle with system nonlinearities, external
disturbances and parameter variations, leading to performance
degradation.

In recent years, several nonlinear control strategies have been
developed, each with unique advantages in addressing specific
challenges. Model predictive control (MPC) [17], [18], [19]
has emerged as a powerful control strategy for three-phase
inverters, offering notable benefits over traditional methods.
Yang et al. [20] and Zhu et al. [21] proposed a novel continuous
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control set model predictive control (CCS-MPC) strategy that
utilizes a dynamic system model to predict system behavior
and optimize control actions. Xue et al. [22], [23] proposed a
finite control set model predictive control strategy, designing a
cost function to regulate system trajectories and ensure a simple
controller structure with fewer tuning parameters. Kakosimos
and Abu-Rub [24] and Bekhoucha et al. [25] proposed a deadbeat
predictive control (DBPC), a subset of MPC, which directly
computes the optimal voltage vector to eliminate the current
error at the next sampling instant, achieving fast dynamic re-
sponse with reduced complexity. Compared with traditional
MPC, DBPC simplifies computation by using a one-step pre-
diction model to directly calculate the control input that drives
the system to its reference in the next sampling instant. This
approach enables faster response, lower computational cost, and
easier real-time implementation. However, DBPC is sensitive to
model inaccuracies and parameter variations, and its variable
switching frequency may lead to higher switching losses and
limited flexibility, which can reduce robustness under complex
operating conditions.

Sliding mode control (SMC) [26], [27] has also gained atten-
tion in power electronics due to its robustness, simple structure,
and adaptability. Jung and Tzou [28] proposed a discrete SMC
with feedforward compensation (DFSMC), enhancing tracking
accuracy and reducing total harmonic distortion (THD). For
four-leg inverters, Nalla et al. [29] proposed a novel sliding
mode variable that embeds NP voltage for decoupled control,
achieving stability under voltage sags and swells. To miti-
gate chattering, Pichan and Rastegar [30] introduced a fixed-
switching-frequency SMC, ensuring stability at 15 kHz and low
THD.

Recently, some researchers have integrated SMC with DBPC
to enhance control performance. Zhang et al. [31] introduced a
sliding-mode-based deadbeat predictive current control (DPCC)
using a variable-speed reaching law for both speed and current
control. Without relying on observers, the method improves
robustness to parameter variations and maintains strong per-
formance under mismatched conditions. For permanent mag-
net synchronous motor drives, Xu et al. [32] introduced an
integral SMC-based DPCC, incorporating disturbance rejection
terms to address parameter mismatches and time delays. Wang
et al. [33] proposed an extended sliding-mode predictive control,
optimizing output performance while significantly enhancing
robustness and computational efficiency.

These studies highlight how hybrid SMC-DBPC strategies
combine SMC’s robustness with MPC’s trajectory optimization
capabilities, addressing challenges such as parameter sensitiv-
ity, disturbance rejection, and multiobjective tradeoffs. How-
ever, these strategies cannot be directly applied to three-phase
four-leg inverters due to the additional neutral-leg current path
and complex coupling between phase voltages, which make
conventional control laws ineffective for maintaining neutral-
point balance and system stability. Further research is there-
fore needed to address these challenges in multileg topologies.
Therefore, this article focuses on T-type 3P-4L-3L-VSIs and
adopts the DB-SMPC strategy. In this DB-SMPC strategy, to
construct a predictive sliding surface in the αβγ reference
frame, the predicted value at time step k + 2 is obtained through

Fig. 1. Topology of the T-type 3P-4L-3L-VSI.

TABLE I
COMBINATIONS OF DIFFERENT SWITCHING STATES

discretization and parameter adaptation is performed via real-
time sampling. Afterward, by incorporating a saturation func-
tion, the output voltage equations are derived. To handle non-
linear and unbalanced loads, an offset voltage calculation is
performed. Finally, the phase opposition disposition pulsewidth
modulation (POD-PWM) modulator enables stable operation of
the inverters [34]. The performance of the DB-SMPC strategy
is compared with traditional PI, SMC, and MPC strategies in
terms of THD, recovery time, and control accuracy. The inverter
operates stably under unbalanced and nonlinear loads, producing
output voltage waveforms of a certain quality.

The rest of this article is organized as follows: Section II
presents the topology and mathematical model of 3P-4L-3L-
VSIs. In Section III, the principle of the proposed DB–SMPC
is detailed. After that, comparative experimental results are
presented in Section IV. Finally, Section V concludes this article.

II. TOPOLOGY AND SYSTEM MODELING

The T-type 3P-4L-3L-VSI is a commonly used power elec-
tronic converter. Its topology is shown in Fig. 1. The typical
characteristic of the inverter is the addition of a neutral leg N
and a smoothing inductor Ln which provides a path for zero-
sequence current while meeting the requirements of electrical
equipment for the neutral line [6].

In Fig. 1, CP and CN are dc-link capacitors, Vdc is the dc
bus voltage, Vp and Vn are the voltages of the upper dc-link
capacitor and the lower dc-link capacitor. iLa, iLb, iLc, iLn are
output currents, iCa, iCb, iCc are capacitor currents, ian, ibn, icn
are load currents, La, Lb, Lc and Ca, Cb, Cc are filter inductors
and capacitors, Ln is the smoothing inductor. SR, SS , ST , SN

represent 16 power switches, on the output side of the inverter,
three-phase voltages can be generated by adjusting the power
switches.

Table I presents the switching states, where “1” indicates ON

switch and “0” denotes OFF.
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We concern L = La = Lb = Lc and C = Ca = Cb = Cc.
Van, Vbn, Vcn represent load voltages (equal to filter capac-
itor voltages). The relationship between the output voltages
VRN , VSN , VTN and currents iLa, iLb, iLc, iLn can be obtained
from Fig. 1, which are expressed as⎡⎣VRN

VSN

VTN

⎤⎦ = L
d

dt

⎡⎣iLa

iLb

iLc

⎤⎦+R

⎡⎣iLa

iLb

iLc

⎤⎦+

⎡⎣VanVbn
Vcn

⎤⎦
− Ln

d

dt

⎡⎣iLn

iLn

iLn

⎤⎦ (1)

⎡⎣iLa

iLb

iLc

⎤⎦−
⎡⎣ianibn
icn

⎤⎦ = C
d

dt

⎡⎣VanVbn
Vcn

⎤⎦ . (2)

By applying Kirchhoff’s law, (3) can be derived as⎧⎨⎩
iLa + iLb + iLc + iLn = 0
VRN + VSN + VTN = 0
Van + Vbn + Vcn = 0

. (3)

Combining (1) and (3), the system state space equation can
be expressed as⎡⎣VRN

VSN

VTN

⎤⎦−
⎡⎣VanVbn
Vcn

⎤⎦−R

⎡⎣iLa

iLb

iLc

⎤⎦ =

⎡⎣L+ Ln Ln Ln

Ln L+ Ln Ln

Ln Ln L+ Ln

⎤⎦ d

dt

⎡⎣iLa

iLb

iLc

⎤⎦ . (4)

The Clarke transform simplifies the representation of three-
phase signals by converting them from the ABC frame to the
αβγ frame. Analyzing and controlling three-phase systems in
theαβγ frame is more efficient than in the traditional ABC frame
[6]. The transformation matrix is given by

T =
2

3

⎡⎣1 −1
2

−1
2

0
√
3
2 −

√
3
2

1
2

1
2

1
2

⎤⎦ . (5)

Subsequently, (2) and (4) can be converted into the following
form using the Clarke transform

d

dt

⎡⎣iLα

iLβ

iLγ

⎤⎦ =

⎡⎢⎣1/L 0 0

0 1/L 0

0 0 1/L+ 3Ln

⎤⎥⎦
⎡⎣VαN − Vαn − iLαR
VβN − Vβn − iLβR
VγN − Vγn − iLγR

⎤⎦ (6)

d

dt

⎡⎣VαnVβn
Vγn

⎤⎦ =
1

C

⎡⎣iLα − iαn
iLβ − iβn
iLγ − iγn

⎤⎦ (7)

where iLα, iLβ , iLγ and iαn, iβn, iγn are output currents and
load currents in the αβγ reference frame, VαN , VβN , VγN and
Vαn, Vβn, Vγn are output voltages and load voltages in the αβγ
reference frame.

Fig. 2. Block diagram in s-domain.

Based on (6) and (7), the block diagram in s-domain is
depicted in Fig. 2.

III. PROPOSED DB–SMPC ALGORITHMS

Multileg systems face challenges such as complex decou-
pling, sensitivity to reaching law parameters, and the need
for multiobjective optimization. The development of inverter
control strategies reflects an ongoing effort to balance stability,
simplicity, robustness, and computational efficiency. Traditional
PI controllers are easy to implement but may lack robustness
against system uncertainties. Traditional PI controllers are typi-
cally designed based on an ideal linear model, assuming that the
parameters of the inverter remain constant. In practice, however,
component parameters, such as resistance, inductance, and ca-
pacitance may vary, and factors like load changes, temperature
effects, delays, or nonlinearities cause discrepancies between the
actual system and the design model. Because the PI controller
has a fixed structure and limited bandwidth, it lacks built-in
mechanisms to compensate for these uncertainties or to adapt
to parameter changes. As a result, its performance may degrade
and, in severe cases, the system may oscillate or even become
unstable.

DBPC [24] and SMC [30] are well-known nonlinear control
strategies featuring significant advantages. Fig. 3 shows the
block diagrams of these two strategies. DBPC improves dynamic
response by predicting future system states but is computation-
ally demanding. SMC enhances robustness but can suffer from
chattering. Integrating SMC and DBPC into SMPC offers a
promising approach, leveraging the strengths of both strategies
to enhance inverter control performance.

A. Principle of DB-SMPC

In the ABC frame, the reference load voltages V ∗
an, V

∗
bn, V

∗
cn

are given by ⎧⎨⎩
V ∗
an(t) = Vm cos (ωreft)
V ∗
bn(t) = Vm cos (ωreft− 2π/3)
V ∗
cn(t) = Vm cos (ωreft+ 2π/3)

. (8)

Converted to the αβγ frame, the reference load voltages
V ∗
αn, V

∗
βn, V

∗
γn are expressed as⎧⎨⎩

V ∗
αn(t) = Vm cos (ωreft)
V ∗
βn(t) = Vm sin (ωreft)

V ∗
γn(t) = 0

. (9)
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Fig. 3. Block diagrams of the traditional DBPC and SMC strategies.

The traditional sliding surface is constructed as follows, where
λ is the weight coefficient of the sliding surface

S(X(k)) = λ (Vxn(k)− V ∗
xn(k)) +

d

dt
(Vxn(k)− V ∗

xn(k))

x = α, β, γ. (10)

To track the voltage references stably and rapidly, the predic-
tive sliding surface is constructed as the core of the DBPC cost
function, where λ1 and λ2 are the adaptive weight coefficients
of the sliding surface

S(X(k + 2)) = λ1 (Vxn(k + 2)− V ∗
xn(k + 2))

+ λ2
d

dt
(Vxn(k + 2)− V ∗

xn(k + 2))x = α, β, γ. (11)

To minimize the cost function,
•

S(X(k + 2)) must be ex-
pressed. Inverter output voltages VαN , VβN , VγN are obtained
through solving the following equation:

•
S(X(k + 2)) = λ1

( •
Vxn(k + 2)−

•
V ∗
xn(k + 2)

)
+ λ2

( ••
Vxn(k + 2)−

••
V ∗
xn(k + 2)

)
= 0x = α, β, γ. (12)

To solve (12), we need to express the first-order and second-
order derivatives of Vxn(k + 2) and V ∗

xn(k + 2). By infinite
approximation of (6) and (7), we obtain the discretized equation
of the system, where Lα = Lβ = L,Lγ = L+ 3Ln{
iLx(k + 1) = iLx(k) +

Ts

Lx
(VxN (k)− Vxn(k)− iLx(k)R)

Vxn(k + 1) = Vxn(k) +
Ts

C (iLx(k)− ixn(k))x = α, β, γ
.

(13)

Due to the high sampling frequency, we can assume that the
load current remains constant within one sampling period

ixn(k + 1) ≈ ixn(k), (x = α, β, γ). (14)

By combining (13) and (14), Vxn(k + 2) can be predicted as

Vxn(k + 2)=Vxn(k+1)+
Ts
C

(iLx(k+1)− ixn(k+1))

= Vxn(k) +
Ts

2

CLx
(VxN (k)− Vxn(k)− iLx(k)R)

+
2Ts
C

(iLx(k)− ixn(k))x = α, β, γ. (15)

Since the control period Ts is much smaller than the dominant
time constants of the inverter system, the variation of the state
variables within one sampling interval is negligible. Therefore,
the backward Euler form is approximated by the forward Euler
form for simplicity, and the first-order derivative of (15) is
expressed as

•
Vxn(k + 2) =

•
Vxn(k+1)+

Ts
C

( •
iLx(k+1)−

•
ixn(k+1)

)
=

1

C
(iLx(k)− ixn(k)) +

Ts
CLx

(VxN (k)

−Vxn(k)− iLx(k)R)

x = α, β, γ. (16)

The second-order derivative of (15) is given by

••
Vxn(k + 2) =

1

Ts

( •
Vxn(k + 2)−

•
Vxn(k + 1)

)
=

1

Ts
2 (Vxn(k + 2) + Vxn(k))− 2

Ts
2Vxn(k + 1)

=
2

Ts
2Vxn(k) +

1

CLx
(VxN (k)− Vxn(k)− iLx(k)R)

+
2

CTs
(iLx(k)−ixn(k))− 2

Ts
2Vxn(k + 1)x=α, β, γ.

(17)

Given that the past state is known, we can obtain V ∗
xn(k + 2)

by linear interpolation theory

V ∗
xn(k + 1) = 3V ∗

xn(k)− 3V ∗
xn(k − 1) + V ∗

xn(k − 2) (18)

V ∗
xn(k + 2) = 3V ∗

xn(k + 1)− 3V ∗
xn(k) + V ∗

xn(k − 1) (19)

V ∗
xn(k + 2) = 6V ∗

xn(k)− 8V ∗
xn(k − 1) + 3V ∗

xn(k − 2). (20)

The first-order and second-order derivatives of (20) are ex-
pressed as

•
V ∗
xn(k + 2) =

V ∗
xn(k + 2)− V ∗

xn(k + 1)

Ts

=
3V ∗

xn(k)− 5V ∗
xn(k − 1) + 2V ∗

xn(k − 2)

Ts
x = α, β, γ (21)

••
V ∗
xn(k + 2) =

V ∗
xn(k + 2) + V ∗

xn(k)

Ts
2 − 2

Ts
2V

∗
xn(k + 1)
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=
7V ∗

xn(k)−8V ∗
xn(k−1)+3V ∗

xn(k−2)

Ts
2 − 2

Ts
2V

∗
xn(k+1)

x = α, β, γ. (22)

Considering that the second derivative of the linear inter-
polation is zero and given the slow variation of the reference
trajectory within the sampling interval and the fast dynamic
response of the system, the predicted reference value can be rea-
sonably approximated by the predicted system state to simplify
the controller design and improve computational efficiency. The
value at time step k + 1 is therefore approximated as follows:

V ∗
xn(k + 1) ≈ Vxn(k + 1). (23)

Substituting (16), (17), (21), (22), (23) into the first-order
derivative of the predictive sliding surface (12), we obtain (24)
shown at the bottom of this page, where A is the abbreviation
for the reference load voltage.

By solving
•

S(X(k + 2)) = 0, we obtain

VxN (k) = Vxn(k) + iLx(k)R x = α, β, γ

+
CLx

λ1Ts + λ2

(
−A− 2λ2

Ts
2 Vxn(k)

−λ1Ts + 2λ2

CTs
(iLx(k)− ixn(k))

)
. (25)

The saturation function plays a crucial role in mitigating
chattering while ensuring robust system performance. To get the
saturation function of step k + 2, the predictive sliding surface
should be expressed by combining (11), (15), (16), (20), (21),
and (25)

S(X(k + 2)) =
λ1Ts − 2λ2

Ts
Vxn(k) +

−3λ1Ts + 4λ2

Ts
V ∗
xn(k)

+
3λ1Ts − 3λ2

Ts
V ∗
xn(k − 1) +

−λ1Ts + λ2

Ts
V ∗
xn(k − 2)

+
λ1Ts − λ2

C
(iLx(k)− ixn(k))x = α, β, γ. (26)

The saturation function is expressed as follows, where φ is
the boundary of sliding surface

sat(S(X(k+2))) =

⎧⎨⎩
+1, S(X(k+2))>φ

S(X(k+2))/φ, |S(X(k+2))|<φ
−1, S(X(k+2)) < −φ

.

(27)
Finally, the proposed DB-SMPC law is given as

V ∗
xN (k) = VxN (k)−Ksat(S(X(k+2)))x = α, β, γ (28)

where K is the saturation function gain. Fig. 4 shows the block
diagram of the proposed DB-SMPC strategy.

B. Parameters Adaptation

In the saturation function of DB-SMPC, the gain K directly
affects the system’s stability, convergence speed, and chatter-
ing characteristics. Meanwhile, λ1 and λ2 also influence the
system’s dynamic and steady-state performance. A reasonable
value for K, λ1, and λ2 are necessary.

Selecting a relatively large value for the weighting factor λ

is generally advantageous for enhancing control performance
and improving tracking dynamics. However, the dynamic re-
sponse of the inverter is inherently constrained by its switching
frequency, thereby imposing an upper bound on λ, such that
λmax = fswitching. Considering a maximum switching frequency
of 20 kHz and reserving sufficient control margin to avoid
potential instability, the upper limit of λ is conservatively set
to 16 kHz. Based on these considerations and empirical tuning,
an initial value of λ0 = 8000 is adopted in this article.

After introducing the system perturbation ρ, V ∗
xN (k) can be

expressed as

V ∗
xN (k)=VxN (k)−Ksat(S(X(k+2)))+ρsat(S(X(k+2))).

(29)
Therefore, the derivative of the predicted sliding surface can

be expressed as

•
S∗(X(k + 2)) = −λ1Ts + λ2

CLx
· (K − ρ)sat(S(X(k + 2))).

(30)
To ensure that ξ is absolutely positive, we can obtain that

K > ρmax. (31)

The typical range of ρ is from 1 to 5. Considering system dis-
turbances and stability margin, and based on simulation studies
and experimental tuning, the final decision was to set the value
of K0 to 6.

To mitigate system chattering, the sigmoid function is applied,
and the final expression for K is given by

K = 2K0sigmoid(‖S(X(k + 2))‖) = K0
2

1 + e−‖S(X(k+2))‖ .

(32)
To determine λ1 and λ2, system error needs to be expressed

e(k) = Vxn(k)− V ∗
xn(k)x = α, β, γ. (33)

To achieve better dynamic and steady-state performance of the
system, the sigmoid function is applied, and the final expression

•
S(X(k + 2)) =

2λ2

Ts
2 Vxn(k) +

λ1Ts + 2λ2

CTs
(iLx(k)− ixn(k))

+
λ1Ts + λ2

CLx
(VxN (k)− Vxn(k)− iLx(k)R)x = α, β, γ

−3λ1Ts + 7λ2

Ts
2 V ∗

xn(k) +
5λ1Ts + 8λ2

Ts
2 V ∗

xn(k − 1)− 2λ1Ts + 3λ2

Ts
2 V ∗

xn(k − 2)︸ ︷︷ ︸
A

. (24)
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Fig. 4. Block diagram of the proposed DB-SMPC strategy.

for λ1 is given by

λ1 = 2λ0sigmoid(‖e(k)‖) = λ0
2

1 + e−‖e(k)‖ . (34)

To make sure the coefficient of Vxn in (25) is positive, (35)
needs to be satisfied

1− CL

λ1Ts + λ2
· 2λ2

Ts
2 > 0 ⇒ 0 < λ2 <

λ1T
3
s

2CL− T 2
s

. (35)

Typically, the value of (35) is set to 1/2, which gives the value
of λ2

1− CL

λ1Ts + λ2
· 2λ2

Ts
2 =

1

2
⇒ λ2 =

λ1T
3
s

4CL− T 2
s

. (36)

C. Stability Analysis

Lyapunov’s second method [30] is a technique used to deter-
mine the stability of an equilibrium point of a dynamical system
without explicitly solving the system equations. It involves con-
structing a Lyapunov function E, which is positive definite and
has a negative definite derivative along the system trajectories.

The deadbeat sliding mode predictive control law is defined
in (28), by substituting the control law into the system and
introducing system perturbations ρ, we obtain (30).

We choose the Lyapunov function E as

E =
1

2
S2(X(k+2)) (37)

which is positive definite.
Derivative of the Lyapunov function can be expressed as

•
E = S(X(k+2))

•
S∗(X(k+2)) . (38)

Outside the boundary layer (|S| > φ), the saturation function
can be considered equal to the sign function

sat(S(X(k+2))) = sign(S(X(k+2))). (39)

Thus,
•
E = S(X(k+2))

•
S∗(X(k+2))

= −λ1Ts + λ2

CLx
· (K − ρ) |S(X(k + 2))| (40)

where⎧⎪⎨⎪⎩
λ1 = λ0

2
1+e−‖e(k)‖ , λ1min = λ0

λ2 = λ1T
3
s

4CLx−T 2
s
, λ2min = λ0T

3
s

4CLx−T 2
s

K = K0
2

1+e−‖S(X(k+2))‖ ,Kmin = K0,K0 > ρmax

. (41)

By substituting the minimum value of λ1, λ2,K, the range of
the Lyapunov function can be obtained as{ •

E < − 4λ0Ts

4CLx−T 2
s
· (K0 − ρmax) |S(X(k + 2))| ≤ 0

•
E = 0ifandonlyifS(X(k + 2)) = 0

. (42)

This guarantees finite-time reachability of the sliding surface.

Within the boundary layer (|S| ≤ φ),
•

S∗(X(k + 2)) can be
expressed as

•
S∗(X(k + 2)) = −λ1Ts + λ2

CLx
· (K − ρ)

φ
S(X(k + 2)). (43)

Thus,
•
E = S(X(k+2))

•
S∗(X(k+2))

= − λ1Ts + λ2

CLx
· (K − ρ)

φ
S2(X(k + 2)). (44)
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Fig. 5. Variation of the coefficient K.

By substituting the minimum value of λ1, λ2,K, the range of
the Lyapunov function can be obtained as{ •

E < − 4λ0Ts

4CLx−T 2
s
· (K0−ρmax)

φ · S2(X(k + 2)) < 0
•
E = 0ifandonlyifS(X(k + 2)) = 0

. (45)

As a result, the Lyapunov condition is satisfied, which implies
the asymptotic stability of the proposed DB-SMPC strategy
globally.

Compared with the traditional PI controller, the DB-SMPC
integrates a predictive sliding surface and deadbeat compen-
sation, allowing it to actively anticipate system evolution and
counteract parameter perturbations in each sampling period.
The Lyapunov inequality ensures that all uncertain terms and
external disturbances are confined within a finite range, thereby
providing superior robustness compared with the traditional PI
control strategy, whose performance is affected by parameter
variations.

To guarantee Lyapunov global asymptotic stability, the co-
efficient K in the traditional SMC control law must always be
greater than the upper bound of the disturbance [30], which
results in significant chattering in the steady state. In the DB-
SMPC strategy, since the predictive value of the sliding surface
can be expressed, the introduction of a saturation or sigmoid
function in (32) allows the DB-SMPC to effectively reduce
chattering while maintaining convergence, thereby achieving
adaptive disturbance suppression. Fig. 5 illustrates the variation
of the coefficient K under the two control laws. Consequently,
even under nonlinear or unbalanced load conditions, the pro-
posed strategy sustains low THD, rapid dynamic recovery, and
stable neutral-point voltage, theoretically superior to the tradi-
tional SMC.

D. Balancing the NP Voltage

As can be seen in Fig. 1, VRN , VSN , VTN are output volt-
ages obtained from V ∗

αN , V
∗
βN , V

∗
γN through the Clarke inverse

transformation, where N is connected to the middle point of the
additional leg. VRO, VSO, VTO are pole voltages, VNO is offset
voltage. Their relationship can be written as⎧⎨⎩

VRO = VRN + VNO

VSO = VSN + VNO

VTO = VTN + VNO

. (46)

Fig. 6. Voltage range of VRO, VSO, VTO, VNO .

Fig. 7. Reference voltages VRO, VSO, VTO, VNO calculation.

Fig. 6 shows the range of pole voltages and offset voltage
caused by the dc-bus voltage limit{−Vdc

2 ≤ VRO, VSO, VTO ≤ Vdc
2

−Vdc
2 ≤ VNO ≤ Vdc

2

. (47)

In Fig. 6, Vmax, Vmid, Vmin represent the maximum, mid-
dle, and minimum voltages of VRN , VSN , VTN , respectively.
Y1, Y2, Y3 are the maximum, middle, and minimum voltages of
VRO, VSO, VTO [9]. Considering the range given in (47), VNO

falls within the range of ψ, which is expressed as

−Vdc
2

− Vmin ≤ VNO ≤ Vdc

2
− Vmax. (48)

It is clear thatVmin is negative andVmax is positive. Therefore,
VNO can be expressed as

VNO = −Vmax + Vmin

2
. (49)

After calculating the offset voltage, we can obtain all the pole
voltages by (46), as shown in Fig. 7. Finally, the POD-PWM
scheme [34] is used to control the status of all 16 switches.
Fig. 8 shows the states of the four switches in leg R.

IV. EXPERIMENTAL RESULTS

Experiments were carried out to verify the superiority and
adaptability of the proposed DB-SMPC strategy in terms of
overall efficiency, robustness, neutral-point voltage balancing,
THD, current tracking accuracy, voltage regulation, and tran-
sient response speed under various load conditions. As shown in
Fig. 9, a T-type 3P-3L VSI experiment platform was developed
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Fig. 8. POD-PWM scheme for T-type 3P-4L-3L-VSI.

Fig. 9. System experiment platform.

TABLE II
ESSENTIAL PARAMETERS

using a TI DSP chip (TMS320F28374S). The inductor current
iLa, iLb, iLc, iLn and output current ian, ibn, icn are sampled by
VAC current sensors, while the load voltages Van, Vbn, Vcn are
measured using LEM voltage sensors. The DSP executed the
control strategy. Essential parameters are given in Table II.

Three traditional control strategies—Double closed-loop PI
control, SMC [30], and CCS-MPC [21] are implemented and

Fig. 10. Three-phase loads. (a) Linear load. (b) Nonlinear load.

TABLE III
ANALYSIS OF PARAMETERS SENSITIVITY

TABLE IV
ANALYSIS OF UNBALANCED PARAMETERS SENSITIVITY

compared with the proposed DB-SMPC strategy on the experi-
mental platform.

The inverter is tested under linear, nonlinear, and unbalanced
load conditions, as illustrated in Fig. 10. The comparison fo-
cuses on computational time, efficiency, parameter adaptability,
robustness, and both dynamic and steady-state performance.

All claimed improvements over PI, MPC, SMC and DB-
SMPC have been quantified in Table V.

A. Comparative Analysis of System Performance Metrics

Fig. 11 presents the adaptive parameter values under three
different conditions. The results indicate that, compared with
using the traditional sign function, employing the saturation
function with the adaptive parameter results in the lowest THD,
which is reduced to 0.97%.

To analyze the system efficiency, four strategies are compared
under different operating conditions. The system efficiency η is
defined as

η=
Pout

Pin
× 100% (50)

where Pout represents the output power on the ac side, and Pin

represents the input power on the dc side.
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TABLE V
QUANTIFIED IMPROVEMENTS OVER PI, MPC, SMC, AND DB-SMPC

Fig. 11. Adaptive parameter values.

Three different working conditions are defined to compare the
efficiency of the four strategies.

1) Case 1: Linear loads with Ra,b,c = 30 Ω.
2) Case 2: Linear loads with Ra,b,c = 50 Ω.
3) Case 3: Nonlinear loads L = 1.06mH, Cn = 390 μF,

Rn = 100 Ω.
In Fig. 12, the execution time of the control algorithm is

measured through the high and low logic levels of a hardware
GPIO pin. When the control loop starts, the GPIO pin is set high,
and it is set low when the loop ends. The total control cycle
is 50 μs, and the high-level duration represents the execution
time of the control strategy. The remaining sampling time and
other processes are kept identical. The input power Pin is set

Fig. 12. Comparison of four strategies.

by the dc power supply, while the output power Pout is mea-
sured using a power analyzer. The efficiencies of the DB-SMPC
strategy and the SMC strategy are comparable and superior to
PI control and they also outperform the MPC strategy under
linear load conditions. Under nonlinear conditions, the proposed
DB-SMPC strategy is slightly lower than the MPC strategy but
outperforms the SMC strategy. As a result, the system efficiency
of the proposed DB-SMPC strategy in this article is noteworthy.

Fig. 12 also shows the execution times for the four strate-
gies, where the DB-SMPC strategy is only slightly higher than
traditional PI control.

In practical applications, model parameter mismatches are
inevitable due to various disturbances. The parameter sensitivity
of four strategies are evaluated by varying the inductance Land
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Fig. 13. NP voltages under variations in Ln. (a) Ln = 1920 µF. (b) Ln = 960 µF. (c) Ln = 480 µF.

capacitance C, where the change rate ΔL and ΔC are⎧⎨⎩ΔL =
(
L̃− Lf

)/
Lf × 100%

ΔC =
(
C̃ − Cf

)/
Cf × 100%

(51)

where Lf and Cf represent the inductance and capacitance
values used in the experiments, while L̃ and C̃ are the real filter
inductance and capacitance values of the hardware.

The experimental results in Table III indicate that the double
closed-loop PI control exhibits the poorest capability in han-
dling model mismatches among all four strategies. Among the
three nonlinear strategies, traditional MPC shows the weakest
ability to handle model mismatches compared to SMC and the
proposed DB-SMPC. Despite parameter mismatches, the pro-
posed DB-SMPC achieves the lowest THD, proving its superior
robustness.

Under the DB-SMPC strategy, experiments were conducted
by varying only the filter parameters L and C of phase-A,
while the other two phases remained unchanged. As given in
Table IV, the THD of phase-A remains low under most pa-
rameter variations, demonstrating the strong robustness of the
proposed control method. The results reveal that THD is more
sensitive to reductions in inductance than to changes in capaci-
tance, with a 50% decrease inL causing the largest performance
degradation. Even in this worst-case scenario, the DB-SMPC
strategy effectively limits the THD increase, highlighting its
superior capability to maintain high power quality under un-
balanced parameter conditions.

Fig. 13 compares the NP voltage performance of the DB-
SMPC and PI control strategies under variations in the filter in-
ductanceLn of the fourth leg. WhenLn = 1920 μF, DB-SMPC
maintains a small NP voltage fluctuation of approximately 2 V,
while PI control exhibits larger oscillations around 4 V. As Ln

decreases to 960 μF, the fluctuation amplitude for DB-SMPC
increases to about 6 V, but remains comparable to PI control at
the same inductance. With a further reduction to 480 μF, both
methods experience significant NP voltage deviations of about
8 V, however, DB-SMPC still demonstrates better damping and
a faster settling time compared to PI control. These results
indicate that DB-SMPC exhibits superior NP voltage regulation

Fig. 14. Parameter adaptation under step changes in the load voltage reference.

capability, especially under large inductance conditions, and
maintains stability as inductance decreases.

B. Results for Step Changes of the Load Voltage Reference

To evaluate the transient performance under reference vari-
ations, the experimental results of step changes in the load
voltage reference for four control strategies are presented in
Fig. 15. These include the upper capacitor voltage Vp, lower



ZHAO et al.: NOVEL DB-SMPC FOR T-TYPE THREE-PHASE FOUR-LEG THREE-LEVEL VOLTAGE-SOURCE INVERTERS 9873

Fig. 15. Dynamic responses under step changes in load voltage reference. (a) PI control. (b) MPC strategy. (c) SMC strategy. (d) Proposed DB-SMPC strategy.

Fig. 16. Steady-state experimental waveforms with linear loads (a) PI control. (b) MPC strategy. (c) SMC strategy. (d) Proposed DB-SMPC strategy.

Fig. 17. Steady-state experimental waveforms with nonlinear loads (a) PI control. (b) MPC strategy. (c) SMC strategy. (d) Proposed DB-SMPC strategy.
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Fig. 18. Dynamic experimental waveforms with linear loads. (a) PI control. (b) MPC strategy. (c) SMC strategy. (d) Proposed DB-SMPC strategy.

Fig. 19. Dynamic experimental waveforms with nonlinear loads. (a) PI control. (b) MPC strategy. (c) SMC strategy. (d) Proposed DB-SMPC strategy.

capacitor voltage Vn, phase-A load voltage Van, and phase-A
output current ian.

The experimental results under step changes in the load volt-
age reference demonstrate the transient performance of different
control strategies.

When the RMS voltage steps from 200 to 230 V or from
200 to 170 V, the proposed DB-SMPC strategy exhibits the
smoothest waveform and the fastest recovery among all tested
methods.

SMC exhibits the worst steady-state voltage waveform, while
PI and MPC provide improved performance but still lag behind
DB-SMPC.

Parameter adaptation curves in Fig. 14 reveal that DB-SMPC
adjusts its control gains promptly to compensate for load refer-
ence changes, ensuring minimal THD growth and stable opera-
tion throughout the transition.

C. Steady-State Experimental Results

Figs. 16 and 17 show the experimental steady-state wave-
forms of four strategies for both linear and nonlinear load

conditions. The three-phase load voltage (Van, Vbn, Vcn) and
load current (ian, ibn, icn) are presented. Notably, the proposed
DB-SMPC strategy achieves a THD below 1% and a steady-state
voltage error of 1.7 V for linear load. For nonlinear load condi-
tions, its load voltage maintains a THD of 2.71% and achieves a
steady-state voltage error of 1.3 V. Figs. 16 and 17 also present
the harmonic spectra of the output voltage, reconstructed in
MATLAB/Simulink using experimental data acquired from the
oscilloscope.

The experimental results indicate that, regardless of linear or
nonlinear loads, the DB-SMPC strategy mitigates the steady-
state voltage error observed in SMC and MPC while achieving
the lowest THD among the four strategies, demonstrating its
effectiveness in both conditions.

D. Dynamic Experimental Results

To analyze the dynamic performance of the proposed DB-
SMPC strategy, the experimental dynamic response waveforms
of four strategies under sudden load addition are shown in
Figs. 18 and 19. These include the upper capacitor voltage Vp,
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Fig. 20. Dynamic and steady-state experimental waveforms with unbalanced loads. (a) PI control. (b) MPC strategy. (c) SMC strategy. (d) Proposed DB-SMPC
strategy.

inverter output line voltage VRS , phase-A load voltage Van and
phase-A output current ian.

Fig. 18 shows that under linear load conditions, the DB-SMPC
strategy achieves the smallest bus voltage dip, the least oscilla-
tion and the smoothest waveform, demonstrating its superior
voltage regulation capability. In terms of recovery time, the DB-
SMPC strategy and MPC restore the voltage in 150 ms, which
is comparable to SMC (160 ms) but significantly faster than PI
control, which takes 1.7 s. Moreover, the DB-SMPC strategy and
MPC exhibit the smallest voltage spike of 50 V, while PI control
and SMC experience larger spikes of 100 V. Fig. 19 shows the
results under nonlinear load conditions. Similar to the results
under linear load conditions, the DB-SMPC strategy combines
the advantages of SMC and MPC, demonstrating outstanding
dynamic performance.

Under both linear and nonlinear load conditions, the
DB-SMPC strategy exhibits the smallest bus voltage dip and the
fastest recovery time, which are comparable to those of MPC
and SMC, significantly outperforming PI control. Meanwhile,
under linear load conditions, its voltage spike is the smallest
among the four strategies, demonstrating its superior dynamic
performance.

E. Results Under Unbalanced Load Conditions

Under unbalanced load conditions, NP balance is a crucial
control indicator. Thus, the upper capacitor voltageVp, the lower
capacitor voltage Vn, phase-A load voltage Van and phase-A
output current ian are presented in Fig. 20.

As shown in Fig. 20, the proposed DB-SMPC strategy, which
combines the advantages of SMC and MPC, achieves the fastest

NP balance recovery time of 150 ms, the smallest NP error in
the steady state at 12 V, and the lowest NP voltage fluctuation
of 8 V, significantly outperforming traditional PI control in NP
balance performance. Furthermore, under sudden load addition,
the proposed DB-SMPC strategy exhibits smaller voltage spike
compared to traditional MPC and SMC, while its steady-state
voltage error is significantly lower than that of MPC and SMC.
These results indicate that the proposed strategy effectively
integrates the advantages of traditional control methods, making
it highly valuable for practical applications.

V. CONCLUSION

A novel DB-SMPC strategy is proposed in this article for
T-type 3P-4L-3L-VSIs and is experimentally evaluated. The
results demonstrate that the DB-SMPC strategy leverages the
advantages of both SMC and MPC, resulting in enhanced
system performance. By integrating the predictive capabili-
ties of MPC with the robustness of SMC, the DB-SMPC
strategy achieves fast response times, zero steady-state error,
and strong robustness. Some conclusions are summarized as
follows.

1) It achieves low THD under both linear and nonlinear load
conditions, ensuring high power quality and stable output
voltages.

2) It exhibits minimal bus voltage dip and fast dynamic re-
sponse under sudden load changes, effectively enhancing
system stability and transient performance.

3) It has strong robustness against parameter mismatches and
external disturbances, maintaining reliable operation in
uncertain conditions.
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4) Under unbalanced load conditions, it ensures superior NP
voltage balance with rapid recovery time and minimal NP
voltage fluctuations.

These advantages make the DB-SMPC strategy an ideal
choice for real-time control applications.
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