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Abstract—Both the proportional-integral (PI) controller and the
super-twisting algorithm (STA) are attractive alternatives to effec-
tively govern power converters. The PI controller is smooth but is
less robust to disturbances, while the STA exhibits good robustness
with respect to disturbances but suffers from the negative effect
of chattering when some high control gains are required in actual
applications. To combine the advantages of both controllers, this
article explores a novel observer-based varying exponent gain STA
control scheme for the three-level neutral-point-clamped converter.
By introducing a time-varying exponent gain into the STA, the
proposed novel varying exponent gain STA combines the attractive
traits of the PI controller (smooth control input) and the STA
(robustness and fast dynamic response) simultaneously. In this
sense, the controller exhibits a high performance in steady state
as well as transient and provides strong robustness with respect
to disturbances. In addition to the new controller, a higher order
sliding-mode observer is integrated into the control scheme to
compensate the disturbances and further enhance the disturbances
rejection ability of the system. Finally, the effectiveness of the
proposed control method is confirmed by comparing its results with
the PI controller and the STA based on a set of experiments.
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NOMENCLATURE

vabc [va, vb, vc]
T , ac voltage based on abc-axis.

iabc [ia, ib, ic]
T , ac current based on abc-axis.

δabc [δa, δb, δc]
T , average duty cycles in abc-axis.

vαβ [vα, vβ ]
T , ac voltage based on αβγ-axis.

iαβ [iα, iβ ]
T , ac current based on αβγ-axis.

δαβ [δα, δβ ]
T , average duty cycles in αβγ-axis.

vdc1, vdc2 Capacitors voltages of the dc link.
vdc (vdc1 + vdc2), dc-link voltage.
edc (vdc1 − vdc2), error between capacitors voltages.
p, p∗ Active power, the reference of active power.
q, q∗ Reactive power, the reference of reactive power.
L, C, Rdc Line inductor, dc-link capacitor, and dc load.
ω Frequency of ac voltage.

I. INTRODUCTION

W ITH the increase of the power ratings in industrial
systems, the three-level neutral-point-clamped (NPC)

active front-end (AFE) converter has emerged as an attractive
alternative for a wide range of medium-voltage applications,
which can be found in motor drives [1], dc microgrids [2], and
a variety of renewable energy sources (RESs) [3].

In spite of the growing application of the NPC AFE converter,
the control of this topology still remains a challenge. Generally,
the conventional proportional-integral (PI) controller is a good
choice to manage such converter thanks to its simplicity in
implementation. It provides smooth control input and has been
widely used in a variety of industrial applications [4]. However,
in actual applications, this converter might be subject to various
disturbances, e.g., the load step in motor drive application, or
the active power impact generated by RESs, which may give rise
to the fluctuation of dc-link voltage. It is difficult to solve this
problem with a conventional PI method since this approach is
less robust to disturbances, and the performance of PI controller
is degraded in the presence of perturbations/uncertainties [5].
This fact makes the nonlinear control receive increasing atten-
tion in the power electronic area, and a good number of nonlinear
algorithms have been proposed for the power converters in the
last few years [6], such as sliding-mode control [7], [8], [9],
model predictive control [10], and intelligent control [11]. Model
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predictive control can deal with multivariable and nonlinear
cases in an intuitive way, however, this method requires an
accurate model of the power converter [12]. Intelligent control
does not depend on the mathematical model of the system.
However, the design and implementation process of this method
is complex, which limits its application to power converters.
Compared with them, sliding-mode control is easy to implement
and presents enhanced robustness against model uncertainties,
which has become an attractive solution in handling perturba-
tions/uncertainties of nonlinear systems.

Over the past few years, a variety of sliding-mode con-
trollers have been proposed and developed in the literature,
such as higher order sliding-mode controllers [13], terminal
sliding-mode controllers [14], and fractional-order sliding-mode
controllers [15]. Among them, terminal sliding-mode control
features fast response and finite-time convergence. However,
this method has a singularity problem. Fractional-order sliding-
mode control inherits the advantages of integer-order sliding-
mode control, but the computational processes of fractional-
order differentiation are complicated. Higher order sliding-mode
controllers, such as second-order twisting algorithm and third-
order sliding-mode algorithm, generally require the information
of higher order derivatives of sliding-mode variables, which is
not easy to obtain in power electronic systems. Compared with
them, the well-known second-order super-twisting algorithm
(STA) only requires the information of sliding variables and of-
fers appealing characteristics, such as fast dynamic response, ro-
bustness regarding perturbations/uncertainties, and simple com-
putational procedures, which is an attractive solution for power
converters. In [16], an observer-based STA control method is
proposed to enhance the performance of NPC converter. In [17],
the STA is utilized to regulate the dc-link voltage and the instan-
taneous power of NPC converter. And in [18], a super-twisting
differentiator-based STA method is proposed to regulate the
current of two-level power converter under unbalanced grid
condition. However, although STA is an attractive alternative
to assure robustness regarding perturbations/uncertainties and
fast trajectory tracking, the high-frequency switching motion
(the so-called chattering phenomenon) could be exacerbated if
some high control gains are used in actual applications.

An alternative to attenuate the chattering is the adaptive-gain
STA approaches [19], [20], [21]. The core idea of these works
is using time-varying gains to adapt the unknown perturbations
without overestimating the control gains. However, these control
schemes generally require numerous control parameters, which
complicates both tuning and physical implementation.

Recently, a solution to attenuate the chattering and maintain
the robustness of the sliding-mode control with the idea of using
varying exponent gain α was proposed in [22], [23], [24], and
[25]. The first work to present this idea is [22], in which the
proposed control algorithm switches between the second-order
linear state feedback control and the twisting control by adjust-
ing the exponent gainα between 1 and 0. In this way, this method
captures the advantages of both controllers. In [23], this con-
troller is applied to an electropneumatic actuator. Afterwards, to
assure a smooth switching between the two controllers, in [24],
a dynamically adapted exponent gain α varying between 1 and
0 is used instead of an abrupt switching. In [25], besides the

second-order controller, the first-order controller with a varying
exponent gain α is also investigated.

In this work, inspired by [22], [23], [24], [25] and taking into
account the complementary advantages of PI and STA, a new
varying exponent gain STA is proposed for the grid-connected
three-level NPC AFE converter. This method mainly focusses
on the exponent gains of the STA, which is different from the
idea of latest adaptive-gain sliding-mode control using dynam-
ically adapted control gains [26], [27], [28], [29]. In addition,
unlike [22], [23], [24], [25], the novel varying exponent gain
STA proposed in this article is a combination of the PI controller
and the STA by dynamically adjusting the exponent gain α
between 1 and 0.5, which keeps the features of PI control
(smooth control input) and STA (robustness and fast dynamic
response) simultaneously. The adaptive law of the exponent
gain α designed in this work requires fewer tuning parameters
compared to [25], which facilitates its implementation in ac-
tual applications. In addition, it should be pointed out that the
control gains (not the exponent gain) used in [22], [23], [24],
and [25] are constant, which indicates that the control gains
used in both controllers (e.g., linear state feedback control and
twisting control) are the same during the switching. However,
in actual applications, to achieve the best performance with
two controllers using the same control gains is not easy, e.g.,
small control gains are required for PI to ensure smooth control
whereas large control gains are required for STA to assure strong
robustness and fast dynamic response when subject to large
disturbances. In this sense, the performance of the controllers
proposed in [22], [23], [24], and [25] is limited to some extent.
In this work, this issue has been addressed by using a set of
time-varying control gains related to parameter α. Note that,
unlike the adaptive-gain STA introduced in [19], [20], and [21],
the control gains designed in proposed method are dynamically
adapted based on the exponent coefficientα and will not increase
the tuning burden of the proposal from the actual implementation
point of view. In the sequel, the best performance of the PI control
(smooth control input) and STA (robustness and fast dynamic
response) can be achieved simultaneously with the proposed
varying exponent gain STA. The dc link is a crucial component
of the AFE converter, and its voltage should remain constant
in steady state. However, the unknown external disturbances,
such as the active power impact generated by the dc loads
and RESs, may induce fluctuations of the dc-link voltage and
damage the operation of the system. Although the sliding-mode
control provides strong robustness regarding the disturbances,
extremely high control gains are required if the disturbances
are too large, which will generate unacceptable chattering phe-
nomenon. In general, this issue can be addressed effectively
by introducing the disturbance observation techniques, and the
disturbance observer-based sliding-mode control strategies have
been recently proposed in many publications [30]. In [31], a lin-
ear extended state observer (LESO)-based STA is applied to the
three-level NPC AFE converter to reject external disturbances.
In [32], LESO-based fuzzy neural network sliding-mode control
is proposed for the active power filter to estimate the parameter
perturbation and external disturbance. Then, in [33], a reduced-
order generalized PI observer-based resonant STA is proposed
for the two-level AFE converter to deal with the time-varying
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disturbances. In [34], an LESO-based sliding-mode control is
proposed for the dc–dc converter to handle mismatched distur-
bances. Although the aforementioned linear observers provide
good performance with respect to disturbances rejection, they
only achieve an exponential convergence of the estimation errors
(without finite-time convergence). Then, in [35], a second-order
sliding-mode observer (SOSMO)-based sliding-mode control is
implemented in the two-level AFE converter and the finite-time
stability of the observer is assured. However, the convergence
rate of this observer is limited when the system trajectories are far
away from the origin, i.e., a large power (disturbances) generated
abruptly in the dc link of the AFE converter.

To overcome this problem, in this work, a higher order sliding-
mode observer (HOSMO) is designed for the three-level NPC
AFE converter to assist the varying exponent gain STA to reject
external disturbances. Compared to the SOSMO, the HOSMO
not only inherits the virtue of finite-time convergence but also
ensures a sufficiently fast convergence rate even when the system
trajectories are far from the origin.

Consequently, this article proposes a HOSMO-based varying
exponent gain STA (HOSMO-VEGSTA) control scheme for the
three-level NPC AFE converter, and the main contributions of
this work can be summarized by following points.

1) A novel varying exponent gain STA is proposed for the
three-level NPC AFE converter. By introducing a time-
varying exponent gain α, the proposed controller blends
the merits of both PI control (smooth control input) and
STA (robustness and fast dynamic response). In addi-
tion, several time-varying control gains are designed to
assure that the optimal performance of both controllers
are achieved during the switching without extra tuning
burden.

2) A HOSMO is designed for the three-level NPC AFE
converter in conjunction with the varying exponent gain
STA, which further improves the ability of the system to
reject external unknown disturbances.

In order to facilitate the practical implementation of the pro-
posed method in actual applications, the tuning procedures of the
varying exponent gain STA are also provided in this article. In ad-
dition, a series of comparative experiments among PI, HOSMO-
based PI (HOSMO-PI), HOSMO-based STA (HOSMO-STA),
and the proposed method are carried out based on the three-
level NPC AFE prototype, which verifies the superiority of the
proposed method.

II. SYSTEM MODEL

The three-phase three-level NPC AFE converter is composed
of three inductors, two capacitors and numerous power semicon-
ductors, as shown in Fig. 1. On the dc side, a variety of devices
may be connected to the dc link, such as dc loads, RESs, and
other power converters according to different application sce-
narios. Generally, they can be regarded as external disturbances
since the active power impact may be generated by these devices.
In this article, the active power impact is presented by connecting
the dc loads.

Fig. 1. Topology of three-level NPC AFE converter.

Suppose that the three-phase ac voltages are balanced and
the power losses in the converter are neglected, then the system
model of the converter in αβγ coordinate frame can be deduced
as [36]

L
diαβ
dt

= vαβ − vdc

2
δαβ +

edc√
3

⎡
⎣

√
2(δ2β−δ2α)

4 − δαδγ

1√
2
δαδβ − δβδγ

⎤
⎦ (1)

C
dvdc

dt
= δTαβiαβ − 2vdc

Rdc
(2)

C
dedc

dt
=

1√
6

(
iαδ

2
α − iαδ

2
β − 2iβδαδβ

)
+

2δTαβiαβδγ√
3

. (3)

Remark 1: The capacitor voltages must be balanced if the
NPC converter is operated correctly, i.e., edc is close to zero or
at least much less than vdc. Thus, the inductor currents dynamics
given in (1) can be approximated as (4)

L
diαβ
dt

= vαβ − vdc

2
δαβ . (4)

III. CONTROLLER DESIGN

Generally, the control structure of the three-level NPC AFE
converter can be categorized into three loops, that is, volt-
age regulation loop (outer loop), instantaneous power tracking
loop (inner loop), and voltage balancing loop. In this work, a
HOSMO-VEGSTA control scheme is proposed for the three-
level NPC AFE converter, which is introduced as follows.

A. Voltage Regulation Loop

1) Higher Order Sliding-Mode Observer: In this section, a
HOSMO is designed for the three-level NPC AFE converter to
compensate external disturbances, i.e., the active power impact
generated in the dc link. The capacitor voltages dynamics shown
in (2) can be rewritten as

C
dvdc

dt
=

2p

vdc
− 2pr
vdc

(5)

where pr is the active power consumed by the dc loads, which is
regarded as the external disturbance. Suppose that the dynamic
of the inner loop is much faster than the dynamic of the outer
loop [37], which implies that the dynamics of the inner loop can
be neglected when the outer loop controller is designed, and it
can be assumed that p∗ ≈ p. With this consideration, defining a
new variable x1 = v2dc/2, then (5) can be presented as

C

2
ẋ1 = ud − x2, ẋ2 = x3, ẋ3 = h(t), y = x1 (6)
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where ud = p∗ is the control input, x2 = pr is the disturbances,
i.e., the active power impact in the dc link. x3 represents the
time derivative of the disturbances and y denotes the output of
the system. Suppose thatx3 is a Lipschitz, and its time derivative
is bounded by a positive constantH , i.e., |h(t)| ≤ H andH > 0.
Defining the estimation errors

e =

⎡
⎢⎢⎣
e1

e2

e3

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
x1 − x̂1

x2 − x̂2

x3 − x̂3

⎤
⎥⎥⎦ (7)

where x̂1, x̂2, and x̂3 are the estimation values of x1, x2, and
x3, respectively. Afterwards, a HOSMO is designed to estimate
the disturbances, which can be presented as

C

2
˙̂x1 = ud − x̂2 + β1 |e1|2/3 sgn (e1)
˙̂x2 = x̂3 − β2 |e1|1/3 sgn (e1)
˙̂x3 = −β3 sgn (e1) (8)

where β1, β2, and β3 are some positive constants. Subtracting
(8) from (6) yields the dynamic of the estimation errors

C

2
ė1 = −e2 − β1 |e1|2/3 sgn (e1)

ė2 = e3 + β2 |e1|1/3 sgn (e1)
ė3 = β3 sgn (e1) + h(t). (9)

It is noteworthy that (9) can be rewritten as normalized form

ż1 = z2 − β1

(
2

C

)2/3

|z1|2/3 sgn (z1)

ż2 = z3 − β2

(
2

C

)1/3

|z1|1/3 sgn (z1)

ż3 = −β3 sgn (z1) + hop(t) (10)

where z1 = C
2 e1, z2 = −e2, z3 = −e3, hop(t) = −h(t). The

finite-time stability of (10) has been proved in [38] and [39],
which implies that the estimation errors e1, e2, and e3 will
converge to zero in a finite time t > T1 > 0 with appropriately
selected observer gains β1, β2, and β3.

2) Varying Exponent Gain STA: In this part, a new varying
exponent gain STA is proposed for the NPC AFE converter to
regulate the dc-link voltage. The sliding surface is selected as

sd = x∗1 − x1 (11)

where v∗dc is the reference of dc-link voltage, x∗1 = v∗dc
2/2. In

general, the reference of the dc-link voltage v∗dc is a constant
value in the NPC converter, which implies that ẋ∗1 = 0. There-
fore, by substituting (6) into (11), the time derivative of the
sliding surface can be derived as

ṡd = ad − bdud (12)

where ad = 2x2/C and bd = 2/C.
Remark 2: In consideration of system (12), there exists a

variety of sliding-mode controllers in to handle with this kind of

Fig. 2. Basic idea of the proposed varying exponent gain STA.

Fig. 3. Schematic diagram of the proposed varying exponent gain STA.

tracking problem. One promising alternative is the well-known
STA, this method only requires the information of sliding vari-
able sd and has the advantages of robustness to disturbance and
fast dynamic response. However, the chattering of this method
will be amplified when some high control gains are required in
the NPC converter. Therefore, in this work, a modified version
of the STA, i.e., the varying exponent gain STA is proposed for
the NPC converter, which can combine the advantages of PI
controller (smooth control input) and STA (robustness and fast
dynamic response) simultaneously, and the basic idea of this
method is shown in Fig. 2 .

A new varying exponent gain STA can be designed as

u = k1|sd|α sgn(sd) + ϑ

ϑ̇ = k2|sd|2α−1 sgn(sd) (13)

where k1 and k2 are the control gains, which are some positive
constants. ϑ is an auxiliary variable. α is the exponent gain,
which is a time-varying value with α ∈ [ 12 , 1]. When α = 1

2 , the
varying exponent gain STA becomes a standard STA

u = k1|sd|1/2 sgn(sd) + ϑ

ϑ̇ = k2 sgn(sd). (14)

On the contrary, the varying exponent gain STA becomes a
standard PI controller when α = 1

u = k1sd + ϑ

ϑ̇ = k2sd. (15)

Therefore, by designing a time-varying exponent gain α prop-
erly, the varying exponent gain STA can smoothly switch be-
tween the PI control and the STA and obtain the advantages
of both controllers (smooth control input, robustness, and fast
dynamic response). Fig. 3 presents the schematic diagram of the
proposed varying exponent gain STA.

Remark 3: One has to be fully aware that the control gains
k1 and k2 are constant in (13) when α is evolving between 1

2
and 1, which denotes that the control gains of both controllers
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are the same during the switching. Nevertheless, it is not easy
to achieve the best performance of the PI control and the STA
simultaneously only using one set of control gains in actual ap-
plications. For instance, the small gains are used in PI controller
to achieve smooth control but high gains are required for STA
when a large disturbance appears.

In order to address the aforementioned problem, the time-
varying control gains are introduced in the varying exponent
gain STA, and the controller (13) is redesigned as

u = k1α
m|sd|α sgn(sd) + ϑ

ϑ̇ = k2α
n|sd|2α−1 sgn(sd) (16)

wherem and n are the negative constants, which means that the
control gains k1αm and k2αn will increase whenα varies from 1
(corresponds to PI) to 1

2 (corresponds to STA). The logic of using
the time-varying control gains to achieve the best performance
of both controllers is given in Remark 4.

The design of the variation law of the parameter α is the core
of the varying exponent gain STA. Therefore, to ensure that the
proposed method can correctly switch between PI controller and
STA, a rule (variation law) must be set to detect the timing of
the switch. That means, a “detector” ε should be constructed in
a way that as soon as the sliding variable sd leaves the domain
[−ε, ε], the proposed varying exponent gain STA switches to a
standard STA, and when the sliding variable are evolving in the
domain |sd| ≤ ε, the parameter α should vary between 1 and
1
2 continuously. In particular, α = 1 when sd = 0, so that the
proposed varying exponent gain STA can switch to a pure PI
controller in this scenario.

Based on the aforementioned discussion, the variation law of
parameter α can be designed as

α = max

(
ε

|sd|+ ε
,
1

2

)
(17)

where ε > 0 is a positive constant.
Remark 4: Clearly, when |sd| increases and moves away from

the sliding surface, it implies that the robustness of the system
is degraded. Hence, the value of α reduces and the values of
controller gains k1αm and k2αn increase based on the variation
law (17). Finally, the varying exponent gain STA turns into a
standard STA with high gains (strong robustness) forcing the
sliding variable |sd| to the sliding surface rapidly. On the other
hand, when the sliding variable |sd| converges to a small vicinity
of the sliding surface, the value of α increases and the values
of controller gains k1αm and k2αn decreases automatically to
attenuate the chattering phenomenon. In particular, α = 1 when
sd = 0, and the varying exponent gain STA turns into a pure PI
controller.

3) Higher Order Sliding-Mode Observer-Based Varying Ex-
ponent Gain STA: Since the knowledge of the disturbance has
been estimated by the HOSMO (see Section III-A), it is nec-
essary to compensate the disturbance and enhance the distur-
bance rejection ability of the controller. Therefore, the proposed
HOSMO-VEGSTA is built as

ud = k1α
m|sd|α sgn(sd) + ϑd + x̂2

ϑ̇d = k2α
n|sd|2α−1 sgn(sd). (18)

Direct substitution of (18) into (12) yields

ṡd = −bdk1αm|sd|α sgn(sd) + ωd + ed

ω̇d = −bdk2αn|sd|2α−1 sgn(sd) (19)

where ed = 2e2/C.
Remark 5: It has been proved in Section III-A that the estima-

tion errors e will converge to zero in finite time, which implies
that there exists a finite time T1 > 0 such that e1 = e2 = e3 = 0
after t > T1. It should be pointed out that system (19) is a
practical physical system, which means that all the parameters
and physical variables in this system are bounded. Therefore,
the states of system (19) cannot escape to infinity in a finite
time [40]. In addition, generally, the observer gains are selected
such that the estimation errors converge faster than the system
trajectories [41]. Therefore, after t > T1, system (19) can be
rewritten as

ṡd = −bdk1αm|sd|α sgn(sd) + ωd

ω̇d = −bdk2αn|sd|2α−1 sgn(sd). (20)

Theorem 1: Considering system (20) and the variation law
given in (17), suppose that k1 > 0 and k2 > 0, then there exists
some positive constants ζ and ρ such that the system trajectories
of (20) converge to a vicinity of zero, i.e., |sd| ≤ ζ, |ṡd| ≤ ρ, in
a finite time.

Proof: At first, taking into account the case that the sliding
variable is far away from the sliding surface and |sd| > ε, then
according to the variation law (17), one has α = 1

2 , and the
system dynamic (20) turns into

ṡd = −λ1|sd|1/2 sgn(sd) + ωd

ω̇d = −λ2 sgn(sd) (21)

where λ1 = bdk1

2m and λ2 = bdk2

2n . The finite-time stability of
abovementioned equation has been proved in [42] if k1 > 0
and k2 > 0, which implies that sd will keep converging until
reaching the domain |sd| ≤ ε.

Once |sd| ≤ ε, the parameter α starts varying between 1
2 and

1 on the basis of the variation law (17), and the sliding variable
are evolving in the domain |sd| ≤ ε. Note that, the value of the
parameter α increases while |sd| decreases and the chattering
is attenuated in the meantime. Considering the condition that
the sliding surface reaches the boundary of the domain |sd| ≤ ε
again, i.e., |sd| = ε, at this moment, α = 1

2 , and the dynamic of
the sliding variable sd becomes (21) again, which implies that the
finite-time stability is satisfied again, and the system trajectories
will converge to the domain |sd| ≤ ε again in finite time. Hence,
it is guaranteed that the system trajectories will always stays in
a domain |sd| ≤ ζ, where ζ > ε is a positive constant.

Next, the convergence domain of |ṡd| is discussed. Suppose
that the sliding variable sd enters into the domain |sd| ≤ ζ with
sd = ζ > 0 at t1 and keeps inside of it. In this condition, there
are two cases to be discussed.

C1. 0 < sd ≤ ζ. Since sd enters into the domain with sd = ζ >
ε > 0 at t1, according to (20), ṡd can be indicated as (22) at
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this moment

ṡd = −bdk1(1/2)m|ζ|1/2 + ωdt1 (22)

where ωdt1 denotes the value of the function ωd at t1.
Taking into account (20) again, since sd > 0, it can be de-

duced that ω̇d < 0 and ωd decreases from ωdt1 continuously.
Once ωd is sufficiently small such that ωd < 0, then it must
can be obtained that ṡd < 0 and sd reduces continuously. As
a consequence, since sd is bounded by ζ, the value of sd
will reduce to 0 in finite time. Clearly, ωd cannot decrease to
infinity in that finite time, which implies that |ωd| is bounded.

When sd = 0, one has ṡd = ωd, and ṡd may be positive,
negative, or equal to zero. If ṡd = 0, then sd will stay at the
origin; if ṡd > 0, then sd > 0 and C1 case holds, while sd
will reduce to 0 in finite time again; if ṡd < 0 then sd < 0,
which will be discussed in next case. Note that, as long as
sd ∈ [0, ζ], there always exists a positive constant W1 such
that |ωd| ≤W1, and then

|ṡd| ≤ bdk1

(
1

2

)m

ξ +W1 = ρ1 (23)

where ξ = max(1, ζ).
C2. −ζ ≤ sd < 0. When sd < 0, it can be obtained that ω̇d > 0

and ωd increases from ωd0 continuously, where ωd0 is the
value of the function ωd when sd enters into the domain
sd ∈ [−ζ, 0) from sd = 0 (|ωd0| ≤W1 according to C1).
Once ωd is sufficiently large such that ωd > 0, then it can be
deduced that ṡd > 0 and sd increases continuously. Finally,
the value of sd will increase to 0 in finite time. Clearly, ωd

cannot increase to infinity in that finite time, which implies
that |ωd| is bounded.

When sd = 0, ṡd may be positive, negative, or equal to
zero. If ṡd = 0, then sd will stay at the origin; if ṡd < 0, then
sd < 0 and C2 case holds, while sd will increase to 0 in finite
time again; if ṡd > 0 then sd > 0 and the condition goes back
to C1. It should be noted that as long as sd ∈ [−ζ, 0], there
always exists a positive constant W2 such that |ωd| ≤W2,
which implies that

|ṡd| ≤ bdk1

(
1

2

)m

ξ +W2 = ρ2. (24)

The condition that sd enters into the domain |sd| ≤ ζ with
sd = −ζ < 0 at t2 and then always keeps inside of it will not
be discussed due to the similar deduction. It is easy to conclude
that |ṡd| ≤ ρ3 in this condition, where ρ3 is a positive constant.

Consequently, combining all the cases and one can obtain

|ṡd| ≤ max(ρ1, ρ2, ρ3) = ρ (25)

where ρ is a positive constant.
Theorem 1 is proven. �
Remark 6: There are four controller gains in the proposed

varying exponent gain STA (k1, k2, m, n), and the effect of
the selection of controller gains on the stability of the proposed
method is analyzed. At first, since the perturbations have been
estimated and compensated by HOSMO after t > T1, the finite-
time convergence of the sliding variable sd can be assured when
|sd| > ε as long as k1 and k2 are selected as some positive

constants. In addition, the behavior of the proposed varying
exponent gain STA is close to that of a PI controller

u = k1sd + ϑ

ϑ̇ = k2sd (26)

in steady state, thus, the steady-state performance of the system
depends on the selection of controller gains k1, k2. Therefore,
k1, k2 should be properly selected based on frequency domain
analysis to assure the stability and performance of the system
in steady state. The detailed frequency domain analysis of PI
controller from controller gain selection (k1 and k2) point of
view can be found in [43].

Second, since α ∈ [ 12 , 1], one can obtain that αm > 0 and
αn > 0 regardless of the selection of the gains m and n.
Therefore, the finite-time convergence of the sliding variable
sd can be assured when |sd| > ε whatever the controller gains
m and n are chosen. However, the controller gains m and n
are related to the performance of the proposed method when it
smoothly switches between PI controller and STA, which should
be selected properly. The detailed tuning method of these two
parameters will be given in Remark 8.

Remark 7: It should be pointed out that although the proposed
varying exponent gain STA combines the attractive features of
PI controller (smooth control input) and STA (robustness and
fast dynamic response) simultaneously, it requires more param-
eters compared with these two approaches, which increases the
implementation complexity of the proposed method in practical
engineering applications. Therefore, in order to further facilitate
its implementation in practical engineering applications, the
tuning procedures of this method are also introduced, which
are given in Remark 8.

Remark 8: The tuning procedures of the varying exponent
gain STA are introduced as follows.

1) k1 > 0 and k2 > 0 are some constant parameters, they
can be directly selected as the control gains of the PI
controller when optimal performance is obtained. The
PI controller is tuned based on the frequency domain
analysis approach [43] and expert method [44]. First,
the approximate range of the gains of PI controller are
obtained by frequency domain analysis method, and the
detailed analysis process can be found in [43]. Then, an
expert method given in [44] is used to obtain the optimal
gain values. This approach tests the behavior of each
transient response and the corresponding control gains,
thus, a tuning map can be directly extracted. Finally, the
parameters of the PI controller can be obtained according
to the desired characteristic based on the tuning map.
Afterwards, the parameters k1 and k2 can be directly
chosen as the control gains of the PI controller because
αm = 1 and αn = 1 when the varying exponent gain STA
turns into a PI controller (α = 1) according to (16). In
this sense, the proposed varying exponent gain STA can
achieve the desired performance of the PI controller when
α = 1.

2) m and n are the constant parameters. According to (16),
the proposed varying exponent gain STA turns into a STA
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Fig. 4. Control block diagram of proposed HOSMO-VEGSTA control scheme
for the three-level NPC AFE converter.

Fig. 5. Laboratory prototype of three-phase NPC converter.

when α = 1
2 , which is presented as

u =
k1
2m

|sd|1/2 sgn(sd) + ϑ

ϑ̇ =
k2
2n

sgn(sd). (27)

In order to get the desired performance (robustness and
fast dynamic response) of the controller when the pro-
posed varying exponent gain STA turns into an STA, the
parameters m and n should be tuned as

m = log2
k1
μ1
, n = log2

k2
μ2

(28)

whereμ1 andμ2 are the control gains of the STA achieving
desired performance. The tuning procedure of the STA
applied to the three-level NPC converter can be found
in [17]. As a consequence, by introducing the functions
αm and αn, the control gains become some time-varying
values, thus, the desired performance of the PI control
and the STA can be both achieved by using the proposed
varying exponent gain STA.

3) ε > 0 is a constant parameter. This parameter is related
to the accuracy of the controller. Reducing ε will improve
the accuracy of the system while the average value of α is
also decreased, which induces more chattering. Therefore,
the parameter ε is finally determined based on the required
tradeoff between accuracy and chattering.

The control structure of this loop is shown in Fig. 4 (the part
highlighted in blue).

Remark 9: It should be noticed that the proposed varying ex-
ponent gain STA is a general solution and is not only applicable
to the three-level NPC converter but also to a variety of power
converters. Since the proposed varying exponent gain STA is
a combination of PI and STA so that this method can be also
extended to apply in a variety of power converters that PI and

TABLE I
SYSTEM PARAMETERS

STA could be used, such as the two-level converters and the
dc–dc converters.

B. Instantaneous Power Tracking Loop

The control objective of this loop is to constrain the active
and reactive powers to track their references. The active power
p and reactive power q can be presented as

p = iTαβvαβ

q = iTαβJvαβ , J =

[
0 −1

1 0

]
. (29)

According to the system model (2)–(4), the time derivative of
the active and reactive powers can be deduced as

ṗ =
vTαβ
L

(
vαβ − vdc

2
δαβ

)
+ ωq

q̇ = −vdc
2L

δTαβJvαβ − ωp. (30)

In this work, the output regulation subspaces-based direct power
control reported in [36] is utilized in the inner loop. When
the system operates correctly in steady state, the values of the
active and reactive power should track their reference values and
maintain constant, that is, ṗ = 0 and q̇ = 0. In this sense, (30)
can be solved as

δ∗αβ =
2

vdc ‖vαβ‖2
[(

‖vαβ‖2 + Lωq
)
vαβ − (Lωp)Jvαβ

]
(31)

where δ∗αβ is the average duty cycle when the system correctly
operates in steady state, which is also called equilibrium point.
In order to force the system trajectories to the equilibrium point,
the actual output average duty cycle is presented as (details can
be found in [36])

δαβ = δ∗αβ − upvαβ − uqJvαβ (32)

where up and uq are the control inputs of the active power and
reactive power, respectively. The tracking errors of the active
power sp and reactive power sq are defined as

sp = p∗ − p, sq = q∗ − q. (33)

Then, for simplicity purpose, two PI controllers are used to
achieve the target of power tracking, which are designed as

uj = kpjsj + kij

∫ t

0

sjdτ, j = p, q (34)
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TABLE II
PARAMETERS OF DIFFERENT CONTROLLERS

where kpj , kij are the gains of PI controllers. The structure of
this loop is shown in Fig. 4 (the part highlighted in pink).

C. Voltage Balancing Loop

In this loop, the target is to guarantee the voltage balancing
of the two capacitors in dc link. Given the assumption that the
dynamics of the active and reactive powers are much faster than
the dynamics of the capacitors voltages in dc link [37], which
implies that the instantaneous powers operate at the equilibrium
point when the voltage balancing control strategy is designed.
In this case, introducing (31) in (3) yields

ėdc =
4p∗√
3vdcC

δγ + ψ(t) (35)

where ψ(t) = 1√
6C

[
(δ∗α)

2iα − (δ∗β)
2iα − 2δ∗αδ

∗
βiβ

]
.

Similar as the instantaneous power tracking loop, an effective
PI controller is designed for this loop to assure the voltage
balancing, which is presented as

δγ = kpbed + kib

∫ t

0

eddτ (36)

where kpb and kib are the control gains of the PI controller,
ed = e∗dc − edc, e∗dc is the reference of error between capacitors
voltages and in general e∗dc = 0. The control structure of this
loop is shown in Fig. 4 (the part highlighted in green).

IV. EXPERIMENTAL VERIFICATION

For the sake of evaluating the performance of the proposed
control scheme, a set of comparative experiments have been
carried out among PI, HOSMO-PI, HOSMO-STA, and proposed
HOSMO-VEGSTA based on a laboratory test bench, i.e., a grid-
connected three-level NPC AFE converter, whose configuration
is shown in Fig. 5. The specifications of the converter are listed
in Table I, where Vrms denotes the root-mean-square (RMS)
value of the ac voltage. The controllers are executed based on a
TMS320F28377D digital signal processor with a predetermined
sampling frequency fs = 6.4 kHz. The output control signal is
modulated by a basic pulsewidth modulation gate drive, and the
switching frequency is fixed, which is set as fsw = 6.4 kHz. The
control parameters of these controllers are shown in Table II.

To ensure fair comparisons, all the controllers are tuned to
obtain good behavior and high performance. The tuning of
the PI controller is based on the frequency domain analysis
approach [43] and the expert method [44]; the tuning rules of

the HOSMO are given in [45]; the tuning of the STA is based
on the methodology of error dynamics, and the details can be
found in [17], it is tuned such that a sufficiently good robustness
and dynamic performance are achieved; the tuning procedures
of the VEGSTA are introduced in Remark 8.

A. Comparative Assessment of Dynamic Performance

First, the dynamic performance of different methods is as-
sessed. Fig. 6 shows the dc-link voltage and ac current (phase
a) under a voltage step from 690 to 750 V, where ΔVstep is the
overshoot voltage and ΔT is the settling time. Fig. 7 shows the
transient grid voltage waveforms under the same step at t= 0.4 s.
As it can be seen, compared to the conventional PI controller,
the HOSMO-STA provides a faster dynamic response. This
advantage is captured by the proposed HOSMO-VEGSTA by
using varying exponent gain, which lies in the almost identical
dynamic performance as HOSMO-STA.

B. Comparative Assessment of Disturbance Rejection Ability

Second, the ability to reject perturbations of different con-
trollers is evaluated. At t= 0.4 s, a 150 Ω dc load is connected to
the dc link of the NPC AFE converter regarded as an external dis-
turbance, and the corresponding dc-link voltage waveforms and
current waveforms (phase a) are shown in Fig. 8. It can be seen
that the HOSMO-STA and the proposed HOSMO-VEGSTA
achieve the same disturbance rejection ability in the presence
of a perturbation, which is better than the PI controller. The
active and reactive power as well as grid voltage response under
such disturbance with different controllers are shown Figs. 9
and 10. Apparently, due to the stronger disturbance rejection
ability, the HOSMO-STA and the proposed HOSMO-VEGSTA
provide faster dynamic response than the PI controller under an
active power step. In addition, the variation of the parameter
α under this condition is presented in Fig. 11. Clearly, the
value of the parameter α is close to 1 in steady state, which
means the behavior of the VEGSTA is close to that of a PI
controller, thus a smooth control is ensured and the chattering is
attenuated. When the disturbance appears at t= 0.4 s, the value
of the parameter α decreases to 1

2 rapidly, and the proposed
VEGSTA turns into a standard STA to enhance the robustness
of the controller. Finally, the system returns to steady state, and
the value of the parameter α varies around 1 again to reduce
the chattering.
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Fig. 6. Transient responses of the DC-link voltage and grid current (phase a) under a step from 690 to 750 V based on different controllers. (a) PI. (b) HOSMO-PI.
(c) HOSMO-STA. (d) HOSMO-VEGSTA.

Fig. 7. Transient grid voltage waveforms when NPC converter is subject to a voltage step from 690 to 750 V at t = 0.4 s based on different controllers. (a) PI.
(b) HOSMO-PI. (c) HOSMO-STA. (d) HOSMO-VEGSTA.

Fig. 8. DC-link voltage and grid current (phase a) under a 150 Ω load step based on different controllers. (a) PI. (b) HOSMO-PI. (c) HOSMO-STA.
(d) HOSMO-VEGSTA.

Fig. 9. Active and reactive powers under a 150 Ω load step based on different controllers. Active power: (a) PI. (b) HOSMO-PI. (c) HOSMO-STA.
(d) HOSMO-VEGSTA; Reactive power: (e) PI. (f) HOSMO-PI. (g) HOSMO-STA. (h) HOSMO-VEGSTA.

Fig. 10. Transient grid voltage waveforms when NPC converter is subject to a 150 Ω load step at t= 0.4 s based on different controllers. (a) PI. (b) HOSMO-PI.
(c) HOSMO-STA. (d) HOSMO-VEGSTA.

Fig. 11. Parameter α versus time under a 150 Ω load step based on the
proposed HOSMO-VEGSTA.

C. Comparative Assessment of Steady-State Performance

Third, the steady-state performances of the NPC AFE con-
verter with different controllers are evaluated. Fig. 12 shows
the control input ud of different controllers when the NPC
AFE converter operates in steady state with a 5.3 kW power
consumption (R1 = 150 Ω and R2 = 360 Ω are connected
to the dc link). Clearly, the control action magnitude of the
HOSMO-STA is much larger than others. Since the control input
of the voltage regulation loop ud is also the reference of the
active power p∗, thus, the quality of current will be affected



9198 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

Fig. 12. Control input of the voltage regulation loop of NPC AFE converter in steady state based on different controllers. (a) PI. (b) HOSMO-PI. (c) HOSMO-STA.
(d) HOSMO-VEGSTA.

Fig. 13. Three-phase grid voltage and grid current waveforms of the NPC AFE converter in steady state with a 5.3 kW power consumption based on different
controllers. (a) PI. (b) HOSMO-PI. (c) HOSMO-STA (d) HOSMO-VEGSTA.

Fig. 14. Three-phase grid currents harmonic spectra of the NPC AFE converter in steady state under different conditions. 1) The unloading condition: (a) PI.
(b) HOSMO-PI. (c) HOSMO-STA. (d) HOSMO-VEGSTA. 2) The loading condition with a 3.7 kW power consumption: (e) PI. (f) HOSMO-PI. (g) HOSMO-STA.
(h) HOSMO-VEGSTA. 3) The loading condition with a 5.3 kW power consumption: (i) PI. (j) HOSMO-PI. (m) HOSMO-STA. (n) HOSMO-VEGSTA.

Fig. 15. Balancing voltage (vdc1 and vdc2) of the NPC AFE converter in steady state with a 5.3 kW power consumption. (a) PI. (b) HOSMO-PI. (c) HOSMO-STA.
(d) HOSMO-VEGSTA.

if a large high-frequency switching control action is generated
by the voltage regulation loop. Fig. 13 shows the three-phase
grid voltage and grid current waveforms in steady state with a
5.3 kW power consumption, and Fig. 14 presents the ac currents
harmonic spectra in steady state under different conditions. It
can be seen that the proposed HOSMO-VEGSTA achieves the
advantage of the PI controller in steady state, i.e., the similar
current quality, which is better than the HOSMO-STA. Fig. 15
shows the balancing voltage (vdc1 and vdc2) of the NPC AFE
converter in steady state with a 5.3 kW power consumption, and
it can been observed that the capacitors voltages in dc link are
balanced with each method.

D. Robustness Assessment of Proposed Method Under
Parameter Variation

At last, the robustness of the proposed method with re-
spect to parameter uncertainty is assessed. In this scenario, the
value of the capacitor C has a +10% variation in the control
implementation, and the corresponding dynamic and steady
state as well as disturbance rejection performance with the
proposed HOSMO-VEGSTA method are presented in Fig. 16,
and the observer output of the proposed method under a 150
Ω load step with C variation is given in Fig. 17. It can be
seen that the performance of the proposed method keep al-
most the same under parameter variation, which validates the
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TABLE III
PERFORMANCE COMPARISON OF DIFFERENT METHODS

Fig. 16. Dynamic, steady state and disturbance rejection performance of
proposed method with and without C variation (+10%). (a) Voltage step (690–
750 V). (b) Voltage step (690–750 V) with C variation. (c) 150 Ω load step.
(d) 150 Ω load step with C variation. (e) Grid current THD for a 5.3 kW
active power consumption. (f) Grid current THD for a 5.3 kW active power
consumption with C variation.

Fig. 17. Observer output of the proposed method under a 150Ω load step with
C variation.

robustness of the proposed method with respect to parameter
uncertainty.

Finally, a performance comparison of these methods are
presented in Table III to clearly illustrate the advantages of
the proposed HOSMO-VEGSTA method compared with the
others. The bold values denotes better performance compared
with others. Apparently, the proposed HOSMO-VEGSTA con-
tains the features of PI control (smooth control input) and STA
(robustness and fast dynamic response) simultaneously.

V. CONCLUSION

In this article, a HOSMO-VEGSTA control scheme is pro-
posed for the three-level NPC AFE converters. To combine the
complementary advantages of PI (smooth control input) and
STA (robustness and fast dynamic response), a novel varying
exponent gain STA is proposed in this work. By designing a

time-varying exponent gainα, the proposed controller smoothly
switches between PI (α = 1) and STA (α = 1

2 ), capturing their
merits simultaneously. Meanwhile, a HOSMO is designed com-
bining varying exponent gain STA to further enhance the dis-
turbance rejection ability of the converters. As a combinatorial
innovation method, the proposed strategy exhibits high perfor-
mance in both steady state as well as transient and provides
strong robustness, thus, the performance of the three-level NPC
AFE converters in various applications (such as motor drives,
dc microgrids, and RESs) can be further improved compared to
conventional PI and STA. The main limitation of the proposed
method (increased tuning parameters compared to PI and STA)
is also considered, and the detailed tuning procedures of the
proposed method are introduced to facilitate its implementa-
tion in practical applications. In addition, since the proposed
method is a combination of PI and STA, it can also be extended
to apply in a variety of power converters where PI and STA
could be used, e.g., two-level converters and dc–dc converters.
Finally, the proposed method is compared to the standard PI
controller and STA using a lab-constructed three-level NPC
converter prototype, and the experimental results show that the
proposed control scheme achieves smooth control input, strong
robustness, and fast dynamic response simultaneously, whose
performance is superior to both PI and STA. Future work will
focus on investigating the first-order sliding-mode control and
higher order sliding-mode control with varying exponent gains,
and their application to the power converters.

REFERENCES

[1] S. Haq et al., “A modified PWM scheme to improve the power quality of
NPC inverter based solar PV fed induction motor drive for water pumping,”
IEEE Trans. Ind. Appl., vol. 59, no. 3, pp. 3019–3030, May/Jun. 2023.
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