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Abstract

To address the degradation of steady-state performance and the limitations of conventional
control strategies for modular multilevel matrix converters (M3Cs) in mining wind power
applications under complex operating conditions, such as internal multi-frequency cou-
pling constraints and power step changes, this paper proposes a super-twisting sliding
mode control strategy for the M3C based on a nonlinear disturbance observer (NDO).
First, a decoupled mathematical model of the M3C is established. A nonlinear disturbance
observer is then designed to provide real-time online estimation of unmodeled system
dynamics and external lumped disturbances. Subsequently, a super-twisting sliding mode
controller based on an integral sliding surface is constructed, and the lumped disturbance es-
timated by the NDO is introduced into the control law as a feedforward compensation term.
Using Lyapunov theory, the finite-time reachability of the super-twisting sliding variable is
established, and the exponential asymptotic stability of the current-tracking error on the
sliding surface is demonstrated. Finally, the effectiveness of the proposed control strategy is
verified through simulations, ablation comparisons, and experiments. The ablation results
further show that the NDO mainly improves disturbance estimation and compensation
as well as transient recovery, whereas the STSMC mainly reduces control chattering and
improves current quality, demonstrating their complementary and synergistic effects. The
results indicate that the proposed control strategy provides good steady-state performance
and improves the dynamic performance and robustness of the mining wind power M3C
system under power fluctuations compared with conventional control methods.

Keywords: modular multilevel matrix converter; super-twisting sliding mode control;
nonlinear disturbance observer; Lyapunov function; coal mine wind power

1. Introduction

Against the background of China’s “dual-carbon” goals and the low-carbon transition
of industrial energy use, wind power and low-frequency/fractional-frequency transmission
technologies are gradually being extended to high-power industrial applications. Refer-
ence [1] systematically reviews the current research status and development trends of
fractional-frequency transmission, while Ref. [2] discusses the equipment requirements of
large-scale wind power bases in mining areas from the perspective of high-power permanent-
magnet generator design. Meanwhile, high-power, nonlinear, and impulsive loads in coal-
mine power grids can cause significant power-quality degradation and power fluctuations,
and related mitigation methods have been investigated in ref. [3]. The modular multilevel
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matrix converter (M3C) can directly realize AC-AC frequency conversion and features
modularity, multilevel voltage synthesis, and bidirectional power flow. It has been ap-
plied to the modeling and control of low-frequency offshore wind power transmission
systems [4,5]. Therefore, the investigation of highly robust M3C control for multi-megawatt
wind power collection and variable-frequency energy conversion in mining areas has clear
engineering significance.

The M3C is inherently a nonlinear, strongly coupled multivariable system, with signif-
icant interactions among the input/output frequency components, arm circulating currents,
and submodule energy storage [6]. Existing studies have addressed the internal coupling
of M3Cs through hybrid modeling and decoupling control [5] as well as circulating-current
and flatness-based control [7,8]. For fault and unbalanced operating conditions, Xiang
etal. [9] applied linear active disturbance rejection control to asymmetric-fault control of
M3Cs, while Cheng et al. [10] developed a bilateral Lyapunov-based nonlinear control
strategy for three-phase voltage imbalance. In terms of predictive control, Cuzmar et al.
proposed constrained model predictive control (MPC) and long-horizon finite-control-set
MPC (FCS-MPC) for intercluster energy/current coordination and constraint handling in
M3Cs [11,12]. Gong et al. [13] further developed deadbeat MPC (DB-MPC) for unbalanced
grid conditions to achieve fast dynamic response, fixed switching frequency, and improved
current quality. Regarding internal capacitor and energy management, Cheng et al. [14]
employed dual-frequency circulating-current injection to achieve arm voltage balancing,
whereas Xu et al. [15] suppressed submodule capacitor-voltage ripple through arm-energy
control. These studies cover modeling and decoupling, energy balancing, predictive control,
and active disturbance rejection; however, their objectives and control structures differ from
the NDO-STSMC-based composite disturbance-rejection scheme for the current channels
proposed in this paper.

Sliding mode control (SMC), owing to its strong robustness against parameter vari-
ations and matched disturbances, has been introduced into M3C control. Reference [16]
developed a cascaded M3C control scheme based on robust backstepping sliding mode
control, while Ref. [17] proposed global fast terminal sliding mode control for M3Cs in
offshore wind power applications. Super-twisting sliding mode control (STSMC), on the
other hand, transfers the discontinuous switching action into internal dynamics, thereby
yielding a continuous actual control input and alleviating high-frequency chattering while
retaining the robustness of second-order sliding mode control. Reference [2] investigated
super-twisting sliding mode control, fixed-time disturbance observers, and terminal/high-
order sliding mode methods in permanent-magnet synchronous motors, magnetic levitation
systems, aerial robots, and linear magnetic drive systems, respectively, indicating that the
theoretical and application foundations of second-order sliding mode and observer-based
composite control techniques are relatively mature. Therefore, this paper does not claim
the use of STSMC itself or the combination of a disturbance observer with sliding mode
control, as the primary source of novelty.

Moreover, combining a disturbance observer with sliding mode control to form a
composite disturbance-rejection structure of “estimation—compensation-robust feedback”
has already been reported in the literature. Hou et al. combined a disturbance observer
with STSMC for permanent-magnet synchronous motor (PMSM) speed regulation, where
disturbance feedforward compensation was used to reduce the unknown disturbance that
must be handled by the sliding mode feedback loop. Duong et al. designed a disturbance-
observer-based fixed-time sliding mode controller for a three-phase three-level T-type
inverter and compensated the estimated disturbance through the control input channel.
Bodur and Kaplan employed a super-twisting observer and second-order sliding mode
control in a Buck converter to deal with input-voltage and load variations. Luan et al.
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further applied a nonlinear disturbance observer to estimate load power in the DC-bus

control of an energy-storage converter and fed the estimated quantity forward to the STSMC.

Therefore, the composite concept of “disturbance observer + high-order/super-twisting

sliding mode control” is not first proposed in this work. For M3Cs specifically, representative

advanced and disturbance-rejection control methods currently include constrained MPC
and long-horizon FCS-MPC [11,12], DB-MPC [13], M3C sliding mode control [16,17], and
extended-state-observer (ESO)-based FLADRC/LADRC.

Overall, existing M3C control research has covered modeling and decoupling, en-
ergy balancing, predictive control, sliding mode control, and active disturbance rejection,
while the composite idea of combining a disturbance observer with high-order sliding
mode control has also been explored in other power-electronic systems. Accordingly, the
novelty of this work does not lie in the NDO or STSMC algorithm itself. Instead, for the
dual-frequency coupled current channels of the M3C, this paper constructs a coordinated
disturbance-rejection architecture consisting of lumped-disturbance modeling, explicit
NDO feedforward compensation, and integral-STSMC-based residual disturbance suppres-
sion [18].

The main contributions of this paper are summarized as follows:

1. Parameter variations, grid disturbances, frequency deviations, modulation errors, and
unmodeled dynamics are uniformly mapped into lumped disturbances in the dqg-axis
current channels, and an NDO is designed for online estimation and feedforward
compensation.

2. An STSMC based on an integral sliding surface is developed to robustly suppress the
residual disturbances remaining after NDO compensation. Conditions for finite-time
reachability of the sliding variable and asymptotic stability of the current-tracking
error are also established.

3.  Under a unified M3C model and identical control constraints, five comparative
cases—PI, SMC, STSMC, NDO-SMC, and NDO-STSMC—are established for abla-
tion analysis, and the practical implementability of the proposed method is further
verified using a low-voltage prototype.

2. M3C Topology and Mathematical Model
2.1. M3C Topology

Figure 1 shows the topological structure of the M3C. Its core consists of nine function-
ally identical bridge arms arranged in a 3 x 3 matrix configuration, directly coupling the
three-phase AC grid on the input side with the three-phase AC system on the output side.
Each bridge arm is formed by connectingn full-bridge submodules (Sub-module, SM) in
series with a bridge arm inductor L. The SM consists of a H bridge circuit connected in
parallel with a capacitor, where theH bridge circuit comprises four IGBT (T; — T;) and
their anti-parallel diodes. The full-bridge submodule structure enables bidirectional voltage
output and allows for energy conversion across a wide frequency range, making it suitable
for different-frequency or fractional-frequency power transmission applications scenarios
such as mining grid integration.

In Figure 1, u,(x = a)b,c) and u, (y = u,v,w) represent the input-side and output-side
voltages, respectively; i, and i, represent the input-side and output-side currents, respec-
tively. u,, and i,, represent the bridge-arm voltages and bridge-arm currents, respectively.
O and N are the neutral points on the input and output sides, respectively. The three bridge
arms connected to the same phase are referred to as one sub-converter; viewed from the
input side, there are three sub-converters.
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Figure 1. The main circuit topology of the M3C.

2.2. Mathematical Model

According to Figure 1, the positive direction of the arm current Ly where x € {a,b,c}
and y € {u,v,w}, is defined from input-side phase x to output-side phase y. To ensure
consistency between the coordinate transformations and the subsequent control model, the
following assumptions are adopted: The three-phase three-wire system is balanced under
nominal operating conditions, with zero external zero-sequence current; the equivalent
parameters of all nine arms are identical. A switching-cycle-averaged model is employed,
and parameter variations, modulation errors, switching ripple, and unmodeled dynamics
are uniformly incorporated into an equivalent disturbance.

First, according to the phase-domain KVL of a single arm, one obtains the following:

di

—Z 4 Ry, + thy + Auy, (1)

Ugy — Uy + Uno = L ar

where u,, and u,, denote the phase voltages of input-side phase x and output-side phase y,
respectively; u,, denotes the equivalent arm output voltage; 1y, represents the potential
difference between the input-side and output-side neutral points; Au,, is the equivalent
voltage disturbance; and L and R denote the arm inductance and equivalent resistance,
respectively. The positive directions of the voltages and currents are defined consistently
with Figure 1.

The nine arm variables are arranged into a 3 x 3 matrix, and Clarke transformations
are performed along the input-side three-phase dimension and the output-side three-phase
dimension, respectively. In this paper, the power-invariant orthogonal Clarke transforma-
tion matrix T,y was adopted. For an arbitrary arm-variable matrix X, the dual Clarke

transformation is defined as X = Typ0X Tgﬁo.

1 -1 _1
7]

Taﬁ0= 3 (1) ? —17 (2)
z oz

X = T,30XT 0 (3)
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Under three-phase balanced conditions, the external zero-sequence current is zero.
According to the current scaling relationship after the dual Clarke transformation, the
input-side and output-side current components satisfy the following relations:

[isa} — ‘/g{iao] [im] — ‘/§|:i006:| (4)
isp ipol Li fop

Therefore, the main current channels on the input and output sides can be separated
from the dual # model.

L
‘/guszxﬁ = —
B

i's,vzﬁ + is,vzﬁ + uaﬁO + ds,aﬂ (5)

R

V3
L. R .

—VBily o5 = ﬁlmﬁ * ﬁl’f”‘ﬂ + Ugnp + g (6)

where u, , g and u, ,5 denote the input-side and output-side voltage vectors in the .4 reference
frame, respectively; 1,4, and u,z represent the arm voltage components obtained after
the dual Clarke transformation; and d,,,s and d,,,z denote the corresponding lumped

disturbances. The coefficients L/ \/5 and R/ \/5 in Equation (5) are directly derived from the
current scaling relationships established above.

To obtain DC quantities for control, Park transformations are applied to the input-side
and output-side # components, respectively. The d-axis is defined to align with the cor-
responding positive-sequence voltage vector. The input-side and output-side reference
angles are respectively defined as 6, = fot ws(T)dT, 0, = fot w,(t)dt. The Park transfor-
mation matrix and the derivative relationship in the rotating reference frame are given by

the following:
=[] ”
0, = jot ws(T)dT, 6, = fot w,(T)dT (8)
TiXep = Xag — w[_ol (1)]qu (9)

By applying the Park transformation to Equation (5) and rearranging the resulting
equations according to the reference-frame definitions given above, the input-side dg-axis
current model used for the subsequent controller design is obtained as follows:

Ugy = \/gusd g + isg +dp (10)

\/_ \/_ \f

= Buy, — i, Y (11)

fff”

where 1, and u,, denote the arm-voltage control components in the input-side synchronous
dq reference frame; u,; and u,, are the input-side dg-axis voltages, respectively; i;; and i,
are the corresponding currents; w; is the input-side synchronous angular frequency; and
dg; and d;; represent the lumped disturbances in the dg-axis current channels, respectively.

According to the derivative transforrnation relationship in Equation (10), the cross-
g and — 'Llsd, respectively. The equiv-

\f V3

alent inductive and resistive coefficients are L/ \/§ and R/ \/5, respectively, consistent with

Equation (5).

Similarly, the output-side dg model can be obtained using the reference angle 8, and
angular frequency w,. Owing to the structural symmetry of the input-side and output-side
models, only the input side is considered in the subsequent controller design.
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To address the internal energy constraints, the proposed NDO-STSMC strategy is
applied only to the input-side dg-axis current control channels. The output-side control,
arm circulating current suppression, and submodule capacitor voltage balancing are im-
plemented through independent control loops. For arm xy, the total energy stored in

N
the submodule capacitors can be expressed as follows: E,, = % Y Comui> wr Where Copy
k=1 w

denotes the submodule capacitance and u(c 4, «) represents the ‘capacitor voltage of the
k-th submodule in the corresponding arm. The arm energy is jointly affected by the arm
current, submodule insertion states, and power exchange. Therefore, input-side current
control performance and internal capacitor voltage balancing are interrelated but represent
two distinct verification objectives that cannot substitute for each other.

3. NDO-Based Superhelix Sliding Mode Control Strategy

Given the symmetry of the M3C topology, the design process of the control system
will be detailed below using only the input side as an example.

3.1. Design of the Nonlinear Disturbance Observer

To facilitate controller design, Equations (10) and (11), which describes the input side
of theM3(, is rewritten in the standard affine-nonlinear form:

i:sd = fa + Bugo + 6y (12)
isg = fg + Bug + 9,
where .
{?1 i ?(;’usd + wlLl.sq) (13)
g = 1 Bugy + wiLiyy)
5d _ \/gddl
7
3, (14)
o, = —~
q L
B=—3/L (15)

To estimate the unknown disturbances §; and 5q, the NDO expressions for the M3C
input-side d and q axes are designed as follows:

{ Z.Ad = —ko azq4 — ko a (ko_disd +fa+ Bud) (16)
04 = 24 + ko_gisa

29 = —ko_42 = Ko g (ko gisq +f5 + Buy) (17)
o, = Zq + kofqisq

where ky ; > 0and k;_ , > 0 are the observer gains. z; and z, are auxiliary variables. b, and
¢, are the observed estimates of the lumped disturbance.

To verify the effectiveness of the designed nonlinear disturbance observer in estimating
aggregate disturbances, we demonstrate this using the d-axis as an example.

The observation error is defined as follows:

Sd - (Sd - Sd (18)
Taking the derivative of §, yields, the following is obtained:

bq =24 +ko_gisa = _kO_dng + ko_aba

. (19)
= ko q(64 —04) = ko 404

Under actual operating conditions, the external disturbance changes relatively slowly
compared to the convergence rate of the observer; therefore, we can assume 8, ~ 0.
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Then, the error dynamic equation is as follows:
04 = 04— ba = —ko_a04 (20)
Solving Equation (20) yields the following;:
8(t) = 64(0)eFoa (21)

As can be seen from Equation (21), the observation error Sd converges to zero at
an exponential rate of k; ;. By increasing the observer gain k; ;, the observer’s tracking
speed in response to disturbances can be improved, providing precise real-time disturbance
feedforward compensation for the Super-Twisting Sliding Mode Control.

It should be noted that the exponential convergence conclusion in Equation (21) applies
to disturbances that can be approximated as constant over continuous-time intervals. For
j € {d g}, if the NDO estimation error satisfies

The disturbance variation rate is bounded, i.e., |(5j| <D, where D; > 0; then, the
estimation error is uniformly ultimately bounded and satisfies

o D]
lim sup|5j(t)‘ < T (23)
t—oo 0,j

This indicates that increasing the observer gain helps reduce the ultimate estimation
error bound under time-varying disturbances but does not guarantee that the estimation
error converges exactly to zero for arbitrary time-varying disturbances. For ideal step dis-
turbances and other discontinuous disturbances, the disturbance variation rate is bounded
only within the continuous intervals between discontinuities.

3.2. Design of the Super-Twisting Sliding Mode Control

The super-twisting sliding mode algorithm is given by the following:

Uy = Ugy + Ugp

Uy = —kllsll/zsign(s) (24)
ity = —kysign(s)
1,s>0
sign(s) =1 0,s=0 (25)
—-1,5<0

where k; and k, are the gain parameters of the hyperhelix sliding mode control; sign(s) is a
sign function; and s is the sliding surface.
The current tracking error is defined as follows:

{ ed = I;d - isd (26)

e
e, =1 isg

q sq

where i}, and i§, are the reference current values.
To eliminate static error, the following integral sliding surface is selected:

{ Sq=ey+c [ e dt (27)

8, = e, + 0 f e dt

where s; and s, are the integral sliding surfaces for the d and g axes, respectively, and
1,6, (c; > 0,¢, > 0) is the integral coefficient of the sliding surface.
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Taking the derivative of Equation (27) yields the following:

. 3 EM ;
{ S4 :€d+C1€d = __usd+ - 0—(1]11 +C1€d (28)

Sy =¢;+ ey = u gt ‘Lf Ugo + wilsy + e,

Setting the derivatives of s; and s, equal to 0, the equivalent control rate is obtained

wL . Le
| Ueq d = \/gusd + —=i e,

as follows:

5T
_ w,L Cz
leq g = V3ilgy — s T 5%

The overall control law includes the equivalent control term ., ,, the disturbance

(29)

compensation term u,, ,, and the hyperhelical term u ,, where the subscripts A = d,q
(denote the d axis and the g axis), and is designed as follows:

{ Ugy = ueq_d + uobs_d + ust_d (30)
Ugy = Upg g+ Ugps_g T Ust g

Using the estimates from NDO to perform real-time interference cancellation yields
the following:
{ —Bilgys g =04 =0 (31)
—Bitgys g — 0, =0
From Equation (31), the perturbation compensation term for the control rate is as
follows:

=)
3
Y
|
&=
W

{ u i
R (32)
uobs_q = % q

Finally, the equation for the total control rate of the input-side hyperhelix sliding mode
control of with respect to M3C is as follows:

wl Ly L
Ugo = \/gusd + _qu _5d_
3
» .\/— NN
kiglsal "“sign(sq)— [ [ k2d51gn(5d)] 33
wiL ch (33)
q0 = ‘/gusq - Elsd \/_ T
172 .
k1q|sq| 51gn(sq)—f[k2q51gn(sq)]

u

3.3. Stability Analysis

Due to the symmetry between the d axis and the g axis, this section provides a detailed
stability analysis only for the d axis; the analysis for the g axis can be derived by analogy.
From Equations (12) and (28), we obtain the following:

_(fd + Budo + (Sd) + C1e4 (34:)

Substituting Equation (33) into Equation (34) and simplifying yields the sliding-mode
dynamic equation for the closed-loop system of the d-axis on the M3C input side:

Sq = —k1d|5d|1/2518n(5d)—f [ Kygsign(s,)]dt — &, (35)

For the convenience of the following analysis, Equation (35) is written in standard
state-space form:
~ 1/2_.
{Sd = —kalsal *sign(ss) +x

. , (36)
X = —kyysign(s;)—o,
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Construct the Lyapunov function
V = ¢Tp¢ (37)
T
where state vector § = [|sd|1/2sign(sd),x1] .
P is a positive-definite matrix, designed as
1[4kyy + ky* —kl]
P=- (38)
2 [ —k 2
Taking the derivative with respect to ¢ yields
1
A 2
&= [2'5 A" "] A B, (39)
X1 lsal
where
_ka 1 0
o[ 4l
—kyy O 1

Taking the derivative of the Lyapunov function V along the system’s trajectory yields
the following:

| |1/2 ET(ATP + PA)¢ - 2(5dBTP§ (41)
Sd
To avoid ambiguity in the matrix notation used in the Lyapunov derivative analysis,
the symmetric matrix Q is defined as Q = —(ATP + PA). According to the matrices P
and A given in Equations (33) and (35), it can be verified that when k{1d} > 0. and
k{,4} > 0, the first leading principal minor of P satisfies P;; = 2k,; + = “’ > 0 and its

k] 1 +8kag
4

determinant is det(P) = > 0. Similarly, the first leading pr1nc1pa1 minor of Q

K2
42 > 0. Therefore,

satisfies Q;; = k1d<k—i”’ + kzd) > 0, and its determinant is det(Q) =
both P and Q are positive definite.

Furthermore, assume that the lumped disturbance in the d-axis current channel satisfies
the following condition over the continuous-time interval under consideration: ‘5 d (t)‘ < D,.
Combining this assumption with the estimation error dynamics derived in Section 2.1, a

conservative upper bound M can be selected such that M > k, ; 5d(0)| + 2Dy, which

ensures that |5d(t)| < M. The value of M should be conservatively determined based on

the disturbance injection method, the initial state of the observer, and the simulation data
rather than being arbitrarily specified. It should also be noted that the bounded-derivative
assumption does not hold at the instant of an ideal step disturbance.

Based on the properties of the Lyapunov function and the Rayleigh quotient, we obtain

_/\min(Q) - 2M||BTP||2 Vl/z

VAmax(P)

where A, (Q) is the smallest eigenvalue of the matrix Q. A, (p) is the largest eigenvalue
of the matrix P.

(42)

To ensure system stability, it is sufficient to design sufficiently large slip-mode gains
k4 and ky, such that A, (Q) — 2M||B*P], > 0.

In summary, under the adopted estimation error dynamics and the assumption of
piecewise bounded disturbances, if k{;,} > 0., k{54} > 0,and T = A,;,(Q) — 2M||B*P||, > 0,
then Equation (37) establishes the finite-time reachability of the sliding variable. However,
the upper bound on the reaching time and the convergence properties of the tracking error
should be clearly distinguished. Therefore, it is inappropriate to directly claim that the
entire closed-loop system is globally finite-time stable.
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The upper bound on the reaching time is given by T, < z—m"‘“(f) YO - After the slid-

ing surface is reached, if the selected integral sliding surface satisfies sp=e+¢; f ejdt, ¢ > 0,
then whens; = 0, the tracking error dynamics becomes ¢; = —c;e;. Consequently, the current
tracking error converges exponentially to zero. However, this result does not imply that the
tracking error reaches exactly zero in finite time.

The M3C control block diagram based on NDO-STSMC is shown in Figure 2.

\/gusd
+

[ sd ref 4+

NDO-STSMC

Input: dq/
a)lL/\/g abc

Coordinate

transforma
a)ll‘/\/g tion

NDO-STSMC ¥

+ 2
Input—s ide Carrie
control e
Shift
; \/guml Mi’?ﬁia
rd_ref 4 -
NDO-STSMC
Output
sz/\/g sld:bcdq/ L,
irq Coordinate
a)zL/\/g traz:';forma
ion
> | NDO-STSMC
Output-side
control

Figure 2. M3C control based on NDO-STSMC.

4. Simulation Analysis

To verify the correctness and effectiveness of the proposed M3C Super-Twisting Sliding
Mode Control strategy based on a nonlinear disturbance observer, a simulation model of
the M3C system for a mining area wind farm was developed on the MATLAB/Simulink
R2024b software platform, and dynamic and steady-state analyses of the proposed control
strategy were conducted. The main simulation parameters are shown in Table 1.

Table 1. Main parameters of the M3C.

Parameters Values

Input line voltage/kV 10

Output line voltage/kV 10

Input frequency/Hz 50/3

Output frequency/Hz 50

Sub-module capacitance/F 0.02

capacitance/F ’

Submodule initial voltage/kV 43
Number of single-girder sub-modules/pcs 3
Bridge arm inductance/mH 3

https://doi.org/10.3390/en19215189
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Based on the stability analysis in Section 3.1, the controller parameters were tuned; the
specific parameters are shown in Table 2.

Table 2. Controller parameters.

Parameters Values

Observer gain k, 4, K, 800, 800
Hyper-helical sliding-mode gain kyg4, k4 450, 3500
Hyper-helical sliding-mode gain kyg, kyq 500, 3600
Sliding-form area integral coefficient c;, ¢, 400, 420

4.1. Steady-State Analysis

Figure 3 presents the steady-state operating waveforms of the NDO-STSMC. The three-
phase input and output currents remain balanced; the arm currents exhibit stable periodic
envelopes, and no divergence is observed in the arm voltage. The THD of the input-side
current is 1.35%, indicating that the proposed control strategy provides good steady-state
current quality.
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Figure 3. Simulation waveforms of the NDO-STSMC under steady-state operating conditions.
(a) Input-side current; (b) output-side current; (c) bridge arm current; (d) bridge arm au voltage.
4.2. Dynamic Analysis

4.2.1. Dynamic Response to Current and Power Step Changes

Figure 4 presents the tracking responses of the d-axis current and arm current during
the startup stage, demonstrating that the system can smoothly establish its operating point.

The quantitative dynamic performance indices of the different controllers are subsequently
evaluated in the ablation study.
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Figure 4. Waveforms under normal operating conditions. (a) Input-side current d-axis component;
(b) bridge arm current tracking performance.

Figure 4b only shows the responses of the PI controller and the complete NDO-STSMC
scheme, while the individual contributions of the NDO and STSMC are further distinguished
through five sets of ablation comparisons.

When the system was operating in steady state at t = 0.28 s, the transmitted power was
halved in a step change from 16 MW to 8 MW. As shown in the simulation results in Figure 5,
under PI control, the time required for the current to reach a new steady state following a
step change in power was 21 ms. In contrast, the control strategy proposed in this paper
reached the new steady state in 12 ms, representing a 42.9% improvement in response speed.
Comparison results indicate that the NDO-STSMC strategy enhances the robustness of the
MB3C system in mining area wind power projects against power fluctuations, ensuring that
the system maintains excellent power conversion quality even during sudden changes in
wind speed or wide-range load adjustments.
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Figure 5. Input-side d-axis current under half-power conditions.

4.2.2. Ablation Analysis and Contribution Assessment of Control Components

To distinguish the roles of the individual control components, five control schemes—PI,
SMC, STSMC (without NDO), NDO-SMC, and the complete NDO-STSMC—are compared
under identical M3C parameters, sampling periods, initial conditions, control limits, and
disturbance conditions (Table 3).

Table 3. Controller configurations for the ablation study.

Scheme NDO Control Structure Purpose of Comparison
PI No PI Conventional linear baseline
SMC No First-order SMC Nonlinear sliding-mode baseline
STSMC No Integral sliding surface + STSMC Isolate the contribution of the NDO
NDO-SMC Yes NDO + first-order SMC Isolate the contribution of the STSMC
NDO-STSMC Yes NDO + integral sliding surface + STSMC

Complete proposed scheme

As shown in Figure 6, the PI controller exhibits relatively slow recovery under power
step changes and external disturbances. The SMC improves the dynamic response but
introduces pronounced high-frequency control fluctuations, whereas the STSMC signifi-
cantly reduces chattering. After introducing the NDO, disturbance-estimation feedforward
compensation further accelerates the recovery process. Among all the compared schemes,
the complete NDO-STSMC yields the current trajectory closest to the reference value.

As summarized in Tables 4 and 5, the NDO-STSMC achieves a settling time of 32.8
ms, a maximum overshoot of 2.6%, an RMSE of 0.25 A, and a current THD of 1.35%.
Compared with the PI controller, these four indices are reduced by 82.4%, 86.1%, 89.9%,
and 86.8%, respectively.

Compared with the STSMC without NDO, the introduction of the NDO reduces the
settling time from 56.7 ms to 32.8 ms, the RMSE from 0.72 A to 0.25 A, and the peak
deviation after disturbance from 11.26 A to 3.28 A. These results indicate that the NDO
mainly improves disturbance compensation and transient recovery.

Compared with the NDO-SMC, the use of STSMC reduces the maximum control
chattering from 0.361 p.u. to 0.098 p.u. and decreases the THD from 2.12% to 1.35%,
demonstrating that the STSMC mainly improves control continuity and current quality.

Therefore, the active disturbance compensation provided by the NDO and the robust
suppression of residual disturbances achieved by the STSMC play complementary roles.
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Table 4. Quantitative results of the ablation experiments (dynamic and steady-state metrics).

Method Settling Time/ms Maximum Overshoot/% RMSE/A THD/%
PI 186.3 18.7 2.48 10.24
SMC 82.6 11.2 1.18 6.46
STSMC 56.7 6.4 0.72 3.18
NDO-SMC 46.2 43 0.41 2.12
NDO-STSMC 32.8 2.6 0.25 1.35
Table 5. Disturbance rejection and internal-state performance metrics.
Method Maximum Control Chattering/p.u. Peak Deviation after Disturbance/A Maximum Voltage Deviation/%
PI 0.312 28.45 2.63
SMC 0.876 17.38 1.72
STSMC 0.214 11.26 1.18
NDO-sMC 0.361 6.54 0.78
NDO-STSMC 0.098 3.28 0.46
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= NDO-SMC

——— NDO-STSMC
() -4

Estimation Error (A)

-6 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (s)

(g) Maximum Submodule Capacitor Voltage Deviation

— PI
2.0 — SMC
— STSMC
—— NDO-SMC

NDO-STSMC
1.5 1

1.0 1

Capacitor Voltage Deviation (%)

0.5 1

0.0 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (s)

Figure 6. Ablation comparison of five control strategies: (a) current tracking under power step;
(b) current recovery under disturbance injection; (c¢) current-tracking RMSE; (d) current THD;
(e) control chattering; (f) Disturbance Estimation Error (NDO-Related); (g) maximum submodule-
capacitor voltage deviation.

5. Experimental Analysis

To further verify the effectiveness of the proposed control strategy, experimental val-
idation was conducted on the established experimental platform, using a DSP + FPGA
controller. The experimental parameters were set as follows: input voltage of 110 V, output
voltage of 110 V; input frequency of 50/3 Hz, output frequency of 50 Hz; bridge arm induc-
tance of 0.5 mH; and submodule capacitance of 0.1 mF. Each bridge arm consists of three
submodules, with each submodule rated for a voltage of 60 V. The experimental setup is
shown in Figure 7.

Figure 8a,b show the experimental waveforms of the input-side current and output-
side current, respectively. Both waveforms are smooth and three-phase symmetrical, with
amplitudes consistent with expectations. Figure 8c shows the bridge arm currents of
different sub-converters; the waveforms are of high quality and free of distortion. Figure 8d
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shows the bridge arm current of sub-converter b; under the proposed control strategy,
the overall envelope exhibits regular fluctuations and remains stable. To address power
fluctuation conditions in mining area wind power systems caused by random wind speeds
and frequent load switching, the experiment simulated an extreme scenario where the
power command was halved. Figure 8e,f show the input-side and output-side currents,
respectively, when the power command was halved. The results indicate that after the
power change, the input-side current stabilized within 24 ms and the output-side current
stabilized within 20 ms, with no overshoot or low-frequency transient oscillations observed
in either case. This reveals the real-time compensatory effect of the nonlinear disturbance
observer against external disturbances, thereby enhancing the dynamic robustness of the
M3C system in complex grid environments.
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Figure 8. Experimental results waveforms. The (a) input current; (b) output current; (c) current
in the arms of different sub-converter bridges; (d) current in arm B of the sub-converter; (e) power
variation in the input current; (f) power variation in the output-side current.

Based on the above experimental results, the control strategy proposed in this paper
not only exhibits excellent current transformation quality under steady-state conditions but
also demonstrates good robustness and real-time performance during power fluctuations.
The high consistency between the experimental waveforms and simulation results validates
the engineering practicality of the proposed control strategy in M3C systems for wind
power in mining areas.

6. Conclusions

This paper addresses the current disturbance-rejection problem of M3Cs in mining
wind power applications under multi-frequency coupling and power step-change condi-
tions. A composite control strategy combining NDO-based feedforward compensation with
integral STSMC-based residual disturbance suppression is developed. Theoretical analysis
demonstrates the finite-time reachability of the sliding variable and the asymptotic stability
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of the tracking error, while simulation-based ablation studies and low-voltage prototype
experiments verify the effectiveness and practical implementability of the proposed method.
The main conclusions are as follows:

(1) The NDO can estimate the lumped disturbances in the dq-axis current channels
online. When the disturbance variation rate is bounded, the estimation error is uniformly
ultimately bounded; for constant or piecewise-constant disturbances, the estimation error
converges exponentially.

(2) The five-group ablation study under identical operating conditions shows that the
complete NDO-STSMC achieves a settling time of 32.8 ms, a maximum overshoot of 2.6%,
an RMSE of 0.25 A, and a current THD of 1.35%. Compared with STSMC, the introduction
of the NDO reduces the RMSE by 65.3% and the peak deviation after disturbance by 70.9%.
Compared with NDO-SMC, the use of STSMC reduces the control chattering by 72.9%.

(3) The 110 V low-voltage prototype operates stably under both steady-state and
half-power operating conditions, demonstrating the feasibility of digital implementation
of the proposed method. Future work will further investigate multiple disturbances and
engineering-parameter variations in practical mining wind power systems.
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