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Abstract—In this article, a two-stage design approach combin-
ing an adaptive-gain generalized super-twisting algorithm (GSTA)
and a modified super-twisting observer (STO) is proposed for the
three-level neutral-point-clamped (NPC) converters. The key-point
of this method is to design some dynamically adapted gains in
the standard GSTA, and the tradeoff between dynamic behavior
and chattering phenomenon can be addressed. Consequently, the
dynamic and steady-state performance of the NPC converter is
improved by applying the adaptive-gain GSTA in the power track-
ing loop and the voltage regulation loop simultaneously. On the
other hand, since the convergence rate of the conventional STO
is limited while the system trajectories are far away from the
origin, a modified STO is applied in the voltage regulator of the
NPC converters to reject external disturbances. The finite-time
stability of the proposed control scheme is proved. Finally, several
comparative experiments are carried out based on a real three-level
NPC converter, and the feasibility and effectiveness of the proposed
method are validated.

Index Terms—Neutral-point-clamped (NPC) converter, sliding-
mode control (SMC), super-twisting observer (STO).

Manuscript received 27 March 2023; revised 16 July 2023; accepted 2
September 2023. Date of publication 11 September 2023; date of current version
23 October 2023. This work was supported in part by the National Natural
Science Foundation of China under Grants 62022030, 62033005, 62373127,
and 62320106001, in part by the Fundamental Research Funds for the Central
Universities under Grant HIT.OCEF. 2021005, in part by the Heilongjiang
Provincial Natural Science Foundation of China under Grant ZD2021F001, in
part by the postdoctoral initial funding of Heilongjiang Province under Grants
LBH-Q21016 and LBH-Q21097, in part by the Self-Planned Task of State Key
Laboratory of Advanced Welding and Joining (HIT) and the Self-Planned Task
under Grant SKLLRS202215B of State Key Laboratory of Robotics and System
(HIT), in part by the Key R&D Program of Heilongjiang Province under Grant
20227X01A18, in part by the China Postdoctoral Science Foundation under
Grant 2022M720960, and in part by the Heilongjiang Postdoctoral Fund under
Grant LBH-Z22119. Recommended for publication by Associate Editor C. K.
Tse. (Corresponding authors: Jianxing Liu; Chengwei Wu.)

Xiaoning Shen, Chengwei Wu, Zhuang Liu, and Jianxing Liu are with the
Department of Control Science and Engineering, Harbin Institute of Technology,
Harbin 150001, China (e-mail: xn_shen @hit.edu.cn; chengweiwu @hit.edu.cn;
liuz@hit.edu.cn; jx.liu@hit.edu.cn).

Yijie Wang is with the School of Electrical Engineering and Automation,
Harbin Institute of Technology, Harbin 150001, China (e-mail: wangyijie@
hit.edu.cn).

Jose I. Leon and Leopoldo G. Franquelo are with the ENGREEN Laboratory
of Engineering for Energy and Environmental Sustainability, Universidad de
Sevilla, 41092 Seville, Spain, and also with the School of Astronautics, Harbin
Institute of Technology, Harbin 150001, China (e-mail: jileon@us.es; Igfran-
quelo@ieee.org).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3313601.

Digital Object Identifier 10.1109/TPEL.2023.3313601

, Member, IEEE, Zhuang Liu
, Fellow, IEEE, Jianxing Liu
and Leopoldo G. Franquelo

, Graduate Student Member, IEEE,
, Senior Member, IEEE,
, Life Fellow, IEEE

NOMENCLATURE
Vabe [Va, Vb, vc} AC voltage vector in abc-axis.
Tabe [iq,ip, @ ] AC current vector in abc-axis.
Oabe [6as 0p, 0c)T Average duty cycles in abe-axis.
Vap [Va, vﬁ] AC voltage vector in ofy-axis.
o [in,ig]T AC current vector in a/3vy-axis.
dap [6a,05]" Average duty cycles in a3y-axis.
Vde1, Vde2  Capacitors voltages in the dc side.
Ve (Vge1 + vae2) DC-link voltage.
€dc (vge1 — vae2) Error between capacitors voltages.
p, p* Active power and its reference.
q,q" Reactive power and its reference.
C, L, Rqc DC-link capacitor, line inductor, and dc load.
w AC voltage angular frequency.

I. INTRODUCTION

HREE-LEVEL neutral-point-clamped (NPC) active front-
T end (AFE) converter has become a mature solution for
medium-voltage grid-connected applications during the past
decades [1], which can be found in motor drives [2], dc micro-
grids [3], and a variety of renewable energy sources (RESs) [4],
[51, [6]. When compared to an equivalent two-level converter,
it allows using lower voltage semiconductors for higher power
applications, and achieves better power quality as well as smaller
common-mode voltage [7].

To achieve stable operation of the three-level NPC converter,
the control approaches have become one of the research hotspots
in academic areas [8]. In general, the control structure of the NPC
can be divided into three loops, that is, the voltage regulation
loop (outer loop), power tracking loop (inner loop), and voltage
balancing loop [9]. Conventionally, the well-known PI controller
is implemented in these loops together with the pulsewidth mod-
ulation technique, which has been the most frequently selected
solution in industrial applications [10]. However, the control
performance of this method is degraded when the system is
subject to parameter uncertainties or disturbances [8].

To address this issue, the sliding-mode control (SMC) method
is proposed by researchers. The advantageous features including
insensitivity to parameter uncertainties and disturbances, fast
dynamic and ease of implementation make it widely used in
industrial applications [11], [12]. In [13], an SMC controller is
proposed to regulate the dc-link voltage for the grid-connected
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converters. In [14], a space vector modulation-based SMC con-
trol scheme is proposed for the grid-connected NPC converters.
However, the performance of the converters suffers from the
negative effect of the chattering phenomenon. Then, in [15],
the super-twisting algorithm (STA), as one of the second-order
SMC methods, is designed in the three-level NPC converter,
which not only mitigates the chattering but also preserves the
main features of the SMC. In addition, it can also be found
in several industrial applications, such as grid-connected ac—dc
converters [16], [17] and active power filters [18]. Nevertheless,
a drawback of this algorithm is worth to be mentioned, that is,
the convergence rate is limited when the system trajectories are
far away from the origin, which means the transient response of
the converters governed by STA is reduced in this scenario. This
issue is addressed by Moreno et al. with a modified STA [19],
which is named generalized super-twisting algorithm (GSTA).
The GSTA contains extra linear terms, which improves the
convergence rate and robustness of the standard STA. In [20],
the GSTA is implemented in a underwater vehicle for position
tracking, and the applicability of this method is verified by a
set of experiments. However, there is a tradeoff between the
dynamic performance and the chattering phenomenon when
using GSTA.

For the sake of breaking through the aforementioned tradeoff,
in this article, an adaptive-gain GSTA is proposed for the grid-
connected three-level NPC converters. By introducing dynami-
cally adapted control gains in the standard GSTA, a fast transient
response and a reduced chattering phenomenon can be assured
simultaneously. As a consequence, the control performance of
the three-level NPC converters is enhanced.

On the other hand, it is crucial to ensure a constant dc-link volt-
age when the NPC converter serves as an AFE in actual applica-
tions. However, the unknown external disturbances, such as non-
constant power generated by the RESs in dc microgrids, may in-
duce a voltage fluctuation in the dc-link and endanger the system
operation. To address this issue, numerous observer-based feed-
forward compensation approaches have been reported in the lit-
erature [21]. Therein, one representative alternative is the linear
extended state observer (LESO), which is the core component
of the active disturbance rejection control. It has been applied in
the two-level converters and NPC converters to reject external
disturbances [15], [22]. However, this method can only achieve
asymptotic stability for disturbance estimations (no finite-time
convergence) [23]. In [24], a super-twisting observer (STO) is
proposed for the grid-connected AFE to reject unknown distur-
bances, and the estimation errors converge to zero in finite time.
Nevertheless, similar to the STA, the estimation speed is limited
during a large estimation error, e.g., when a large power is gen-
erated by the RESs abruptly in the dc side of the NPC converters.

In this article, inspired by [25], a modified STO is designed for
the NPC converter to reject external disturbances. This observer
captures the advantages of the STO and LESO simultaneously,
which not only achieves finite-time convergence for the distur-
bances estimation, but also provides a fast estimation speed when
a large estimation error appears.

As a consequence, the main contributions of this article can
be summarized as follows.
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Three-level NPC converter used as an AFE.

Fig. 1.

1) An adaptive-gain GSTA is proposed for the NPC con-
verter, which is designed in the voltage regulation loop
and power tracking loop simultaneously. By using vari-
able gains in standard GSTA, the adaptive-gain GSTA
overcomes the tradeoff between the transient response and
the chattering phenomenon, thus, not only assuring the
robustness but also improving the dynamic and steady-
state performance of the NPC converter. In addition, the
corresponding stability analyze is also given.

2) Amodified STO is combined with the adaptive-gain GSTA
in the voltage regulator to reject external disturbances,
which ensures a fast recover of the dc-link voltage when
the system is subject to unknown perturbations.

3) A set of comparative experiments including LESO-based
STA, STO-based GSTA with different control gains and
proposed modified STO-based adaptive-gain GSTA are
carried out based a grid-connected NPC converter, and
the advantages of the proposed controller is validated.

II. SYSTEM MODEL

Fig. 1 depicts a typical structure of the three-level NPC
converter used as an AFE. In the ac side, the NPC converter is tied
to the grid through three smoothing inductors. In the dc side, two
capacitors are used to support the dc-link voltage and to mitigate
the high-frequency ripples. By providing a stable voltage for the
dc bus, the NPC thereby can be used as an AFE to achieve power
exchange with other devices, such as motor drives, RESs, and
dc loads. Note that, a nonconstant power generated by these
systems may induce voltage fluctuation of dc bus, which can be
regarded as an external disturbance. In this work, a dc load is
connected to the dc bus to present this scenario.

Assumption 1: The grid voltage in the ac side is balanced.

According to [26], the inductor currents dynamics and capac-
itor voltages dynamics in a3y coordinates are given as

VE(53-62)

dig Vde €de — 000
LG = tes = 5 0ant x| om
0405 — 06,
dvdc T - 2Udc
C dt = 5a52a6 Rdc (2)
d 1 20L 206
e (1002 — 1063 — 2ip0ads) + —L 2T (3)

dt /6 V3

It should be noted that to assure a correct operation of the NPC
converter, the capacitor voltages in the dc side must be balanced,
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which means the error of capacitor voltages e4. need to be closed
to zero. Under this consideration, the inductor currents dynamics
deduced in (1) can be approximated as

ding

L
dt

Vde
= ’UQB — %(ZXB (4)

III. CONTROLLER DESIGN

There are three targets that need to be achieved for the three-
level NPC AFE converter, that is, dc-link voltage regulation,
instantaneous power tracking, and capacitor voltage balancing.
In this work, a cascaded control structure consisting voltage
regulation loop, power tracking loop, and voltage balancing loop
are adopted to achieve these targets, the control objective of each
loop are introduced as the following.

1) In the voltage regulation loop (outer loop), the target is
to regulate the dc-link voltage vq to its reference vy, the
output of this loop is an active power reference p* that is
employed as the input for the inner loop.

2) In the power tracking loop (inner loop), the active power
p and reactive power ¢ must to be controlled to their
references p* and ¢*, where p* can be obtained by the outer
loop while ¢* is selected according to the requirement.

3) In the voltage balancing loop, it is necessary to assure that
the voltage of the two capacitors in the dc side is balanced,
i.e., edc = Vdc1 — Va2 =~ 0. The output of this loop as well
as the inner loop will be combined to form the final average
duty cycle to regulate the NPC converter.

In this section, the proposed modified STO-based adaptive-
gain GSTA control scheme will be introduced in detail. At
first, the voltage regulator consisting in a modified STO and
an adaptive-gain GSTA is designed. Afterwards, the power
tracking loop governed by an adaptive-gain GSTA is presented.
Finally, the capacitor voltage balancing loop implemented by a
conventional PI controller is introduced.

A. Voltage Regulation Loop

1) Modified STO: A nonconstant power generated by exter-
nal applications may cause a voltage fluctuation in the dc link
of NPC converters, thus, it is necessary to design an observer to
compensate this disturbance.

Assumption 2: The dynamic of the power tracking loop is
much faster than the dynamic of the voltage regulation loop.

Assumption 2 implies that the dynamic of the power tracking
loop can be neglected during the design of voltage regulation
loop, which means p* ~ p. Thus, the capacitor voltages dynam-
ics given in (2) can be rewritten as

C .
L1 = Uqg — X2,

5 y=mr &)

Tg = g<t)7
where x1 = vgc /2, ug = p* is the control input, x5 = p, is the
power consumed by the dcloads, which is regarded as an external
disturbance in this article. y is the system output, g(¢) denotes

the time derivative of x5, which is bounded by a positive constant
G,ie.,|g(t) <G.
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A standard STO can be used to estimate the disturbance, which
can be designed as

53';}1 = Ug — To + k1 |€1|1/2 sign(el)

.%2 = —k‘g sign(el) (6)
where e; = x1 — 21, k1 and k5 are the observer gains. Subtract-
ing (6) from (5) yields the dynamic of the estimation errors

7é1 —

5 —ey — ki |el|1/2 sign(eq)

éo2 = g(t) + ko sign(eq) 7

where e = x9 — &5. This equation can be represented as fol-
lowing form:
\/ |zl| 1/2 sign(z1) + 22

g(t) ®)
where z; = %61 and zo = —ey. According to [27], if the ob-
server gains are selected as k; = 0.75v2GC and ko = 1.1G,
then the estimation errors e; and e, will converge to zero in finite
time simultaneously, which implies that x1 = 21 and x2 = 2o
after a finite time ¢ > T > 0.

The estimation error of the disturbance can be deduced as

29 = —kosign(z1) —

t
€y = g — Ig = Tg + k‘g/ sign(eq)dt. 9)
0

Remark 1: It should be pointed out that there is a large
estimation error when a large power appears abruptly in the dc
side. In this scenario, according to (9), the rate of change of Z,
is constant, which only depends on the value of k5. However, a
relatively large ko may induce high-frequency switching action
magnifying measurement noise. For this reason, the value of ko
cannot be selected too large. Thus, the estimation ability of STO
regarding external disturbance is limited in this scenario.

A modified STO proposed in [25] is extended for disturbance
estimation in this work to address this issue. By combing STO
and LESO, a modified STO for NPC converter can be designed
as

Ug — To + k1 |€1 ‘1/2 sign(el) + kseq

To = —kosign(ey) — kqeq. (10)

Subtracting (10) from (5), the dynamic of the estimation errors
can be derived as

Eél = —ey — ki |el|1/2 sign(ey) — kse;
éQ = g(t) —+ k’g sign(el) + k461. (11)
This equation can be rewritten as
2 2k
Z = —kiy/ C |21|"? sign (21) — ?321 + 22
. . ka4
%9 = —kosign (21) — ?zl —g(t) (12)
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where k3 and k4 are some positive constants. The finite-time
stability of (12) has been proved in [25] if the control gains
km (m =1,...,4) are selected properly. Therefore, it can be
concluded that the estimation errors e; and e will go to zero in
finite time ¢t > T, > 0.

Remark 2: In essence, the modified STO can be regarded as
a combination of the STO and LESO, and it inherits the superior
features of both. When the system trajectories are far away from
the origin, which corresponds to the scenario of large estimation
errors, then the modified STO is dominated by the linear terms
(LESO), and a fast estimation speed is assured. On the other
hand, when the system trajectories are close to the origin, the
modified STO is dominated by the nonlinear terms (STO), which
provides finite-time stability in this scenario.

Remark 3: The tuning procedures of the modified STO are
also introduced to facilitate its implementation in practical en-
gineering applications. Since the modified STO can be regarded
as a combination of the STO and LESO, this observer can also
be tuned based on the tuning rules of these two observers. The
detailed tuning procedures are given as follows.

1) First, a standard STO is tuned. The designed STO is

presented in (6), where the parameters k; and ko need to
be tuned. The tuning rules of the STO can be found in [27],
[28], and [29], and the gains can be directly selected as

k1 = 0.75vV2GC, ko = 1.1G. (13)

Since the STO is sensitive to measurement noise, the
selected parameters should be tested in the actual exper-
imental setup and a simple fine-tune process is required
to avoid introducing undesirable noise into the system. At
last, the final value of the parameters k1 and ko can be
obtained.

2) Second, a standard LESO is tuned. According to the
capacitor voltages dynamics given in (5), a standard LESO
can be used to estimate the disturbance, which can be
designed as

T1 = uqg — To + kseq

| Q

To = —kyer (14)

where ks and k4 are the observer gains required to tune.
The well-known bandwidth-parameterization method is
utilized in this work to select the values of k3 and k4
[30]. According to the capacitor voltages dynamics and the
designed LESO, the estimation errors of the disturbances
can be deduced as

el [-&ks -3
€2

ky 0
where A is Hurwitz and its characteristic polynomial is
given as

Zhrt 2
ot o

€1

+ (15)

0
g(t)
1

€2

A

22+ kg = A% 4 2woh + w? = (A + w,)?

(16)
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where w, is the bandwidth of the ESO, and thus, the
observer gains can be selected as k3 = Cw,, ky = Cw? /2.
At last, similar as the STO, a simple fine-tune process is
required in the experimental tests to avoid noise amplifi-
cation to the system.

3) Finally, the MSTO is tuned based on the aforementioned
well-tuned parameters. Applying the MSTO in the actual
experimental setup with the well-tuned parameters k1, ko,
ks, and k4. Afterwards, decreasing the value of k3 and k4
till the desired performance of the MSTO is achieved.

2) Adaptive-Gain GSTA: In addition to the modified STO, an
adaptive-gain GSTA is proposed in the voltage regulation loop
to improve the dynamic performance of the NPC converter. The
control objective of this loop is to drive the dc-link voltage to its
reference value. Under this consideration, the sliding surface s4
is directly selected as

Sqa =] — I 17
where z = v}.2/2 and v}, are the reference of the dc-link
voltage. According to the capacitor voltages dynamics (5), the
derivative of sliding surface s, can be deduced as

54 = —bguq + aq (18)
where ag = 225/C and by = 2/C.
The proposed adaptive-gain GSTA is designed as
a
ug = cqd1(sa) +Ja + Fd
d
Vi = Pad2(sa) (19)

where G4 = 232/C can be estimated by the modified STO
introduced in Section III-A, oy and (3,4 are the dynamically
adapted control gains, which will be designed later

01(84) = |sa|2 sign(sq) + pasq

1. 3 P
Oa(s4) = 5 sign(sa) + Spalsal* sign(sa) + pdsa (20)
where 114 is a positive constant. Direct substitution of (19) into
(18) yields

59 = —agbad1(sq) + wq

Wqg = —Babad2(sa) + Gde (2D

where wyg = —bg¥gq + aq4e and age = 262/0.

It should be noted that if the control gains ay and 3, are
selected as some positive constants, (21) turns into a standard
GSTA with perturbations [19]. In this work, for the sake of over-
coming the tradeoff between dynamic performance and chatter-
ing performance, some dynamically adapted control gains are
used during the operation. Inspired by [31], the adaptive law is
designed as

dy = kasign(|sq] —wq), if ag > agm
d, if g < agm

Ba = 2eq0q (22)
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where kg4, wq, N4, £4, and oy, are some positive constants, and
Oéd(O) > Qdgim -

Assumption 3: After finite time ¢ > T, the function ag. is
bounded such that the following conditions are satisfied:

lage| < 0a1 (23)

where §41 > 0 is a positive constant.

Remark 4: The reasonability of Assumption 3 in the voltage
regulator of NPC converters is discussed. According to the
modified STO designed in Section III-A, the estimation error
eo will converge to zero in finite time. It is noteworthy that
the trajectories of system (21) cannot escape to infinity in a
finite time [32]. In addition, generally, the observer gains are
selected to guarantee that the observation errors converge faster
than the controller [27]. Therefore, after finite time ¢ > T, it
can be obtained that e5 will converge to zero, and it is easy to
conclude that there exists a positive constant d4; such that the
following inequality is satisfied:

lage| < a1 (24)

which implies that Assumption 3 holds.
Lemma 1 (see [31]): The adaptive gains «y and By are
bounded, and the following inequalities are satisfied:

ag < ol Ba < B V> 0. (25)

where «; and 3] are some positive constants.

Proposition 1: Considering system (21), suppose that As-
sumption 3 holds, then after finite time ¢ > T, a 2-sliding
mode will be established in finite time via the GSTA (19) with
time-varying gains (22).

Proof: The detailed proof of Proposition 1 can refer to the
proof of [31, Th. 1], and some details that are different from the
proof in [31] are noted in the Appendix. |

B. Power Tracking Loop

In this loop, the control objective is to drive the active power
p and reactive power ¢ to their reference values p* and ¢*.
According to the instantaneous power theory, the active and
reactive powers in a3y coordinates can be given as

T
P = linpVap

0 —1
q=i,gJvap, J= l ] . (26)

1 0
Taking into account the inductor currents dynamics (4), the
derivatives of active and reactive powers are derived as follows:

. Ugﬁ Vde
5= (von = ) +

q= —%625Jva5 — wp. 27

In this loop, a model-based direct power control theory pro-
posed in [26] is used. When the NPC converter is operating
correctly in steady state, the active and reactive power track
their reference and keep constant, which implies that their first
derivative over the time are equal to zero. Solve (27) for this

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

condition yields
. (2
@f = Ude

where [[vag||* = v3 +v3, 0% is the average duty cycle in
steady state, that is, the so-called equilibrium point. Then, the
control target turns into driving the system to the equilibrium
point, and the control input is presented as [26]

2 Lwq 2 Lwp

NETFRTRNETFE P
1]dc”UaB”Q) Ud(:””aﬂ”2
(28)

bap = 0ap — U(Sp)Vap — u(Sq)JVap 29

where u(s)) is the controller of active power while u(s,) is the
controller of reactive power, s, = p* — p and s, = ¢* — q are
the tracking errors of active and reactive powers, which are also
selected as the sliding surfaces.

In this loop, the proposed adaptive-gain GSTA is applied to
regulate the active and reactive powers, and the controllers are
designed as

u(sp) = apd1(sp) + Iy

Oy = Bpda(sp) (30)
and
U(Sq) = O‘q(bl(sq) + ﬁq
Vg = Byd2(34) 31

where «; and 3; (i = p,q) are the adaptive gains, which are
given as

if a; > oy

) kisign(|s;| — w;),
;=
' M if a; < i

Bi = 2e;0 (32)

where k;, w;, n;, €;, and «;,, are some positive constants, and
@;(0) > ;. The functions ¢1 (s;) and ¢2(s;) can be presented
as

1 (1) = |sa|% sign(s;) + 15

1 . 3 1.
da(si) = 3 sign(s;) + §/ML1-|52-|é sign(s;) + pfsi (33)

where (; are some positive constants.
By solving (27), (28), and (29), the time derivatives of the
sliding surfaces $,, and $, can be deduced as
$p = ap — bpgu(sp)
$q = aq — bpqu(sg)
where a,, = p*, ag = ¢*, and b,q = % Afterwards, by
substituting (30) and (31) into (34), $,, and 3, can be rewritten
as

(34)

$p = —apbped (sp) + wp

wp = —BpbpqP2 (Sp) + Xp (35)
and

8q = —Qgbped1 (8¢) +wy

Wq = —BybpeP2 (8¢) + Xq (36)
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Fig. 2. Control block diagram of proposed modified STO-based adaptive-gain GSTA control scheme for the three-level NPC converter.
o , ) oo— ] Ca (= TABLE I
where w; = bpqﬁz + a; anfi Xi - %)pqﬂz + aj, (Z b, Q)' PARAMETERS OF TEST BENCH
Assumption 4: The functions x; (i = p, ¢) are bounded by
:IOI:HC POSlt}Ve cm;stants di2, respectively, (|X1| < diz) on any Description Parameters ~ Values  Unites
nite-time 1nterval.
. . . AC voltage Vabe 230 \%
Remark 5: The reasonability of Assumption 4 in the power Line e il > mH
tracking loop of NPC converters is discussed. On the one hand, DC-link Cap?C(;lor c 6000 pF
. 2 9 2 . . Reference of dc voltage U; 750 \%
the fl.lr.lctlon [vagl® = v5 +v3 is constant under ba?anced grid Reference of reactive power e o
conditions. On the other hand, according to the dc-link voltage Grid frequency ! 50 Hz
dynamic given in (2), it is easy to conclude that 4. is bounded. Switching frequency Fsw 64  kHz
Therefore, there always exists a positive constant B such that
|bpg| < B. In addition, when the NPC converter is operated . .
. . - . - . capacitor voltages dynamics can be presented as
correctly, the functions @, = p* and a, = ¢* are bounded with
a positive constant [ according to [12]. Additionally, there . 4p*
. bounds B* (i — f the adanfi . bde = —=—0, + w(t) (39)
exists some upper bounds B; (z.— p,q) of the adaptive gains V304.C
B; according to Lemma 1. Thus, it can be deduced that
where
<88 [ (S+Sulslt+disl)artr, ietp.a) LTy :
. — — i ls: 12 ‘s, T ) . _ * . * . * ok -
Gl <BB, | Gt gmlsil? +ils: , i€{p.q =) = 7= (0207 10 = (93)" ia = 26,051 . (40)

(37

Since s, and s, are bounded in actual power converters, there

always exists two constants d,2 and J42 such that the following
inequalities are satisfied on any finite-time interval:

Ixi| < iz, i€ {p,q}

which means Assumption 4 holds.

Proposition 2: Taking into account systems (35) and (36),
suppose that Assumption 4 holds, then the 2-sliding modes will
be established in finite time via the GSTAs (30) and (31) with
time-varying gains (32).

The proof of Proposition 2 is omitted since it is similar as the
proof of Proposition 1.

(38)

C. Voltage Balancing Loop

The control objective of this loop is to assure that the voltages
of two capacitors in the dc side are balanced, i.e., eqc = Vg1 —
Vae2 = 0.

Assumption 5: The dynamics of the instantaneous power are
much faster than the dynamics of the eqc.

Taking into account Assumption 5, the instantaneous power
can be considered as operating at equilibrium point during the
design of voltage balancing loop. Substituting (28) into (3), the

In this loop, a conventional PI controller is used to achieve
voltage balancing effectively. The controller is designed as

t
0y = kpp (€3 — €dc) + k,;b/ (3 — €dc) dT. 41)
0

At last, the control block diagram of the proposed modified
STO-based adaptive-gain GSTA control scheme is shown in
Fig. 2.

Remark 6: A dual-loop control structure is utilized in this
work (given the hypothesis that the capacitor voltages are always
balanced), that is, the inner loop and the outer loop. Note that,
the dynamic of the power tracking loop is always considered to
be much faster than the dynamic of the voltage regulation loop
according to Assumption 2, which implies that these two loops
are in different time-scales. Therefore, in accordance with the
time-scale stability theory [33], the overall closed-loop system
is stable.

1V. EXPERIMENTAL VERIFICATION

In this section, a set of comparative experiments are carried
out to validate the effectiveness of the proposed method. The
test bench is shown in Fig. 3, which is composed of an ac
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TABLE II
PARAMETERS OF DIFFERENT CONTROLLERS

Controller Power tracking loop Voltage regulation loop Voltage balancing loop

ESO-STA ap=0q=2.02e 71762,51;:]5(1:2.276 -5 ad:]Z:;:Bﬁ(f;S]};jghé%:m Zfbb:f::;

STO-GSTA “p:aq:::f:;)%f 7:5333‘3 B et i
STO#5-GSTA Same as above a?:fz’?,?d zz’:llyb;;?é(:l;;l; lgazirll)6 ]lccl::,)z?::g
STO-GSTA#5 Same as above ag=9 (High gali;i);g‘fzkzézlg’;z% =3, la=16 2’:::15::53
e YTy v TR it e e e I e

IGBT Modules |

| 2
HallSensors L _ _ = —"— _ _ _ |
LFiters | Control&Measurement
| Oscilloscor
|Energy Analyzer!|

| DATA& |
| COMMAND |

| Control&Measurement
1

Fig. 3. Laboratory prototype of three-phase NPC converter.

power supply to emulate the ac grid, a three-level NPC rectifier,
and several dc loads to emulate the external disturbances. The
parameters of the test bench are given in Table 1.

Two representative control strategies are also implemented
serving as the comparative objects in the experiments, which
consists in LESO-based STA control method (LESO-STA) and
STO-based GSTA control method (STO-GSTA). The proposed
modified STO-based adaptive-gain GSTA control strategy is
abbreviated to MSTO-AGSTA in this section. It should be
noted that the “sign” function used in fixed-gain sliding-mode
controllers (STA and GSTA) are replaced by “sat” function to
mitigate the chattering phenomenon in the experiments, which
is indicated as

s/l,

sign(s),

if [s| <1

sat(s) =
() if|s|>l

(42)
where [ is the boundary layer to be designed.

Note that, to assure a fair comparison, all the algorithms are
tuned to the proper performance, and the principle of the tuning
strategy is to improve the dynamic performance and the distur-
bance rejection ability of the system as much as possible without
affecting the steady-state performance of the system. In addition,
the performance of the STO-GSTA approach with high gains is
also given in the comparative experiments to further evaluate
the performance of this method and the proposed one. Finally,
in order to verify that the proposed MSTO-AGSTA controller
overcomes the tradeoff between dynamic response and chatter-
ing, providing better dynamic, steady-state performance, and
disturbance rejection ability simultaneously, the performance of
the STO-GSTA approach with a sweep of control parameters is
also presented and compared with the proposed method.

TABLE III
STO-GSTA CONTROLLER WITH DIFFERENT OBSERVER GAINS

STO#1-GSTA STO#2-GSTA STO#3-GSTA STO#4-GSTA
(35, 6.4e4) (35, 7.8e4) (35, 9.2¢4) (35, 10.6e4)

(k1, k2)

TABLE IV
STO-GSTA CONTROLLER WITH DIFFERENT CONTROLLER GAINS

STO-GSTA#1 STO-GSTA#2 STO-GSTA#3 STO-GSTA#4
(g, Ba) (6.6, 2) (7.2, 2) (7.8, 2) (84,2
2750 12750
%00 AT-034s o] B v
= N =
S 650 S 650
~ AVae=16.07V . - AT=0.15s i
20 16 il 2 :/ 0.155 e
z N N T [
g o WA 8o T
210 210
0T 02 03 04 05 06 07 08 09 T. 0T 02 03 04 05 06 07 05 00 T.
Time (s) Time ()
(a) (b)
S 750 AVae=0V S 750
2 ] o ]
< 650 < 650 2
~ AT=0.16 - AT=0.095 i |
<10 : 2 " <10 T - ol
El M E MAAAZ 1L
210 Z 10
0.7 02 03 04 05 06 07 08 09 T. 0.7 02 03 04 05 06 07 05 09 T.
Time () Time (s)
©) (d)
2750
=
Z0 S
3 650
= -
Z 10 AT-0.07s i
- | K
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]
Io} -10 1
0T 02 03 04 05 06 07 08 09 T.
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(e)

Fig.4. Transient responses of NPC DC-link voltage under a voltage step from
750 to 650 V based on different control strategies. (a) LESO-STA. (b) STO-
GSTA. (c) STO#5-GSTA. (d) STO-GSTA#S. (e) Proposed MSTO-AGSTA.

A. Comparative Study Among LESO-STA, STO-GSTA, and
Proposed MSTO-AGSTA Methods

In this section, the proposed MSTO-AGSTA control scheme
is compared with LESO-STA, STO-GSTA, and STO-GSTA
with high gains, i.e., STO#5-GSTA and STO-GSTA#5. Note
that, the suffix #n (n = 1, - - -, 5) denotes the observer/controller
in the voltage regulation loop using high gains, and the other
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Fig.5. Transient responses of NPC DC-link voltage under a voltage step from
650 to 750 V based on different control strategies. (a) LESO-STA. (b) STO-
GSTA. (c) STO#5-GSTA. (d) STO-GSTA#5. (e) Proposed MSTO-AGSTA.
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Fig. 6. NPC DC-link voltage waveforms under a 150 €2 load step based on
different control strategies. (a) LESO-STA. (b) STO-GSTA. (c) STO#5-GSTA.
(d) STO-GSTA#S. (e) Proposed MSTO-AGSTA.

parameters are exactly the same as the original one. The higher
the value of n is, the higher the gain of the observer/controller
used. The control parameters of these controllers are shown in
Tables II-IV.

At first, the dynamic performance are evaluated. The transient
responses of the dc voltage under a voltage step from 750 to
650 V and a voltage step from 650 to 750 V are shown in
Figs. 4 and 5, respectively. Clearly, the proposed MSTO-AGSTA
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Fig. 7. 'Waveforms of active power p and its reference p* under a 150 €2 load
step based on proposed MSTO-AGSTA method.
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Fig.8. Waveforms of reactive power ¢ and its reference ¢* under a 150 2 load
step based on proposed MSTO-AGSTA method.
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Fig.9. Three-phase AC current waveforms with a 5.3 kW power transmission
based on different control strategies. (a) LESO-STA. (b) STO-GSTA. (c) STO#5-
GSTA. (d) STO-GSTA#S5. (e) Proposed MSTO-AGSTA.

control scheme achieves the best dynamic performance among
these controllers. It prevents voltage overshoot and the set-
tling times are both only 0.07 s in the dynamic performance
tests, which, respectively, reduces by around 79% and 53%
compared with the LESO-STA and STO-GSTA in voltage sag
test, and, respectively, reduces by around 75% and 46% com-
pared with the LESO-STA and STO-GSTA in voltage swell
test. On the other hand, it can be observed that the transient
response of STO-GSTA control method can be improved by
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(c) STO#5-GSTA. (d) STO-GSTA#5. (e) Proposed MSTO-AGSTA.

using high gains in GSTA. However, its steady-state perfor-
mance is sacrificed due to the increased chattering, which will be
presented later.

Afterwards, the ability to resist disturbance of different con-
trollers are tested. Fig. 6 shows the NPC dc-link voltage wave-
forms under a 150 €2 load step based on different control
strategies. It can be seen that the proposed MSTO-AGSTA
control scheme also has advantage over others in the disturbance
rejection ability. The droop voltage of the proposed method is
only 15.88 V under a 150 Q load step, which, respectively,
reduces by around 21% and 59% compared with the LESO-
STA and STO-GSTA, and the settling time of the proposed
method is merely 0.04 s, which, respectively, reduces by around
50% and 71% compared with the LESO-STA and STO-GSTA.
By combining the attractive features of LESO and STO, the
MSTO provides rather high disturbance rejection ability against
exogenous perturbations. On the other hand, the responses of
active and reactive power based on the proposed MSTO-AGSTA
method are also presented, which are shown in Figs. 7 and 8. It
can be seen that both active power and reactive power can track
their references accurately.

Finally, the steady-state performance is evaluated under the
condition that the NPC converter is operated with a 5.3 kW
power consumption (two dc loads are connected in parallel in the
dc side, and Ry = 150 2, Ry =360 2). The corresponding NPC
ac current waveforms and harmonic spectra are shown in Figs. 9
and 10. It can be observed that the proposed MSTO-AGSTA
control scheme achieves a better total harmonic distortion (THD)
of the ac currents compared with others. In addition, it is clear
that although the STO-GSTA#5 and STO#5-GSTA controllers
provide good dynamic performance and disturbance rejection
ability, respectively, the ac current quality is sacrificed due to
the increased chattering.

To summarize, the proposed MSTO-AGSTA control scheme
simultaneously achieves the best disturbance rejection ability,
dynamic, and steady-state performance among these methods.
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Fig. 11.  Settling time of NPC DC-link voltage under a voltage step from 750
to 650 V and 650 to 750 V based on different control strategies.

B. Comparative Study Among STO-GSTA Method With
Increasing Gains and Proposed MSTO-AGSTA Methods

According to the experimental results given in Section IV-A,
a tradeoff exists between the steady-state performance and the
dynamic performance as well as the disturbance rejection ability
in the STO-GSTA controller, and the proposed MSTO-AGSTA
method overcomes this issue. In this section, to further validate
this point, not only one specific high gain, but a sweep of high
gains are applied in the STO-GSTA controller. The performances
are shown and compared with the proposed MSTO-AGSTA
control scheme. The parameters of the STO-GSTA controller
with increasing gains are shown in Tables IIT and I'V.

A set of identical tests are carried out based on the STO-
GSTA controller with increasing observer gains, including the
evaluations of dynamic and steady-state performance, as well
as disturbance rejection ability. Note that, in the dynamic per-
formance test, only the settling time of different approaches is
drawn with bar charts since there are no overshoot voltage for
all these methods in this test. With increasing observer gains, the
transient responses of the STO-GSTA controller almost remain
the same and the disturbance rejection abilities are enhanced
according to Figs. 11 and 12. However, the THD values are in-
creasing according to Fig. 13, which implies that the steady-state
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Fig. 15.  Settling time and voltage dip of NPC DC-link voltage under a 150 2
load step based on different control strategies.

performance is sacrificed due to the increased chattering induced
by increased observer gains in STO.

On the other hand, similar experiments are implemented based
on the STO-GSTA controller with increasing controller gains,
which are shown in Figs. 14-16. Note that, in the dynamic
performance test, only the settling time of different approaches
is drawn with bar charts since there are no overshoot voltage for
all these methods in this test. Clearly, with increasing controller
gains, the transient responses, and disturbance rejection abilities
of the STO-GSTA controller are both improved according to the
results given in Figs. 14 and 15. Nevertheless, the THD values
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Fig. 16. Three-phase AC current THD with a 5.3 kW power consumption
based on different control strategies.
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Fig. 17. Dynamic, steady state, and disturbance rejection performance of the
proposed MSTO-AGSTA method when the inductance L and capacitance C'
both have —10% variation. (a) Voltage step from 750 to 650 V. (b) Voltage
step from 750 to 650 V under parameter variation. (c) Voltage step from 650
to 750 V. (d) Voltage step from 650 to 750 V under parameter variation.
(e) Load step (150 €2). (f) Load step (150 €2) under parameter variation.
(g) Current harmonic spectra for a 5.3 kW active power consumption. (h) Current
harmonic spectra for a 5.3 kW active power consumption under parameter
variation.

are also increasing in accordance with Fig. 16, which means that
the high gains provide fast transient and enhanced robustness at
the expense of bad steady-state performance due to increased
chattering.

Consequently, according to the results given in Figs. 11-16, it
is obvious that compared with the STO-GSTA control strategy,
the proposed MSTO-AGSTA method overcomes the tradeoff
between chattering and dynamic performance, which achieves
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the better disturbance rejection ability, dynamic, and steady-state
performance simultaneously.

C. Robustness Evaluation of Proposed MSTO-AGSTA Method
Under Parameter Variation

In this part, the robustness of the proposed MSTO-AGSTA
method under parameter variation is tested. The performance
of this method under parameter uncertainties is presented in
Fig. 17, where the value of the inductor L and capacitor C'
both have —10% variation in the control implementation. It
can be observed that the performance of the proposed method
almost remains the same in the presence of parameter variation,
which verifies the robustness of the proposed method even under
parameter uncertainties.

V. CONCLUSION

In this work, a modified STO-based adaptive-gain GSTA is
proposed for NPC converters to enhance the performance. In
order to overcome the tradeoff between chattering phenomenon
and transient response, an adaptive law is introduced for the
standard GSTA. By applying the adaptive-gain GSTA to NPC
converters, the dynamic and steady-state performance are en-
hanced simultaneously. Additionally, a modified STO is added
in the voltage regulator to reject external unknown disturbances.
Compared to the conventional STO and LESO, this one not only
provides finite-time convergence, but also achieves a fast distur-
bance estimation even when a large estimation error appears.
The proposed method is validated and compared with other
existing algorithms based on a real scale three-level NPC con-
verter, including the LESO-based STA and STO-based GSTA.
In the dynamic performance tests, the proposed method prevents
voltage overshoot and reduces the settling times by around 75%
and 46% compared with the LESO-STA and STO-GSTA. In
the disturbance rejection tests, the proposed method reduces
the droop voltage by around 21% and 59% compared with
the LESO-STA and STO-GSTA, and reduces the settling time
by around 50% and 71%. Finally, several comparative stud-
ies among STO-based GSTA with increasing gains and the
proposed method are carried out, and the results confirm that
the proposed modified STO-based adaptive-gain GSTA control
scheme overcomes the tradeoff between chattering and transient
response, and it is superior to the other controllers in dynamic
and steady-state performance as well as disturbance rejection
ability simultaneously.

APPENDIX

The proof of Proposition 1 is analogous to the proof of [31,
Th. 1]. Here only some details that are different from the proof
in [31] are introduced to facilitate the understanding of the proof
of Proposition 1:

The Lyapunov function is selected as [31]

_ T L k)2 i _ p*\2
V(sa) =¢ PC+2% (g — ) +272 (Ba — By)" (43)

Vi
Va
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where
s A4 4de? —2¢
¢= G| _ [#1(sa) , P= R
(s w4 —2e 1
Then, the time derivative of ¢ can be deduced as
¢ = [91(5a) (—aabadi(sa) + wa)
— Babad1(sa) 9y (sa) + ade
—agbg 1| (1 / 0
= ¢ (sq) + @1 (sa) | 1. (45)
! —Baba 0| |2 ! ¢/1(sd)ade
where ¢ (sq) = %|Sd\’1/2 + pg-
According to Assumption 3, it can be deduced that
. 1 3
lage| < 2041 (2 + §,Ud|5d|1/2 + ,U(21|5d|> (46)
then the functions ag4. can be written as
. 13 .
duc = p (5 + Jpalsal " + sl ) senls)
= pd(54)C1 (47)
where p is a function with following boundaries
0<p<2841. (48)
Substituting (47) into (45) yields
¢ = ¢ (sa)AC (49)
where
—agb 1
A= | Qv . (50)
—Babg +p O
Then, the time derivative of V; can be derived as
Vi = {TPC+ (" P¢ = = ¢ (sa)CTQC (51)
where
Q= —(ATP+ pay— |@ @ (52)
Q3 Q4
with
Q1 = 2aqbg) + 4dep + 4eby(2eay — Bq)
Qs =Q3=—1—42 + ba(Ba — 2eaq) — p
Qi = 4e. (53)

Similar as [31], the control gain S is defined as B4 = 2y,
and to assure the positive definiteness of (), its minimal eigen-
value satisfies Amin(Q) > 2¢, then it can be deduced that

(A +42)” + 462, + 46411 + 4e>
46)»bd '
Afterwards, the time derivative of V7 can be deduced as
Vi < =6 (sa)kmin{ Q<13
1
= ——— i { Q}IC3 — parmin{Q}ICII3

EE

g > (54)
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where

< —¢ll¢ll2 — 2epallC13
< —sm - 25%M
e P} dmax{ P}
< —7"1V1% —raVh (55)
2P} 2e
r = Eﬁ{P}, ro = Kﬁdp}. (56)

Afterwards, following [31, proof of Theorem 1], it can be
finally proved that a 2-sliding mode is established in finite time
via the GSTA (19) with time-varying gains (22).
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