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Abstract

Buck converter power interfaces are commonly used as local voltage regulation units in
compact actuator-driven microsystems, where the regulated voltage needs to remain
stable under input, load, and circuit-level disturbances. In practical control loops, passive-
parameter variations, external perturbations, and non-ideal sensor-driver dynamics may
distort feedback signals, delay effective duty-cycle action, and degrade the transient
response of conventional robust controllers. Motivated by this issue, this paper presents
the analysis and design of a sensor-driver-aware integral nonsingular terminal sliding
mode control (INTSMC) method for a buck converter power interface under multi-source
disturbances. A control-oriented averaged model is first constructed by incorporating
converter parameter perturbations, load-side disturbances, Hall sensor dynamics, and
isolated driver characteristics into a unified representation. Based on this model, an
integral nonsingular terminal sliding surface is designed to improve voltage tracking
performance while avoiding singularity in the reaching process. The corresponding
control law is further arranged in a pulse-width modulation-realizable duty-cycle form,
making it suitable for digital converter control. In addition, a phase-trajectory-based
response-time estimation method is introduced to analyze the influence of initial states,
disturbance levels, and hardware dynamic parameters on the closed-loop reaching
behavior. Simulation studies under different operating conditions are carried out to
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1. Introduction

Compact actuator-driven microsystems, such as micro-actuation modules, micro-
positioning stages, micro-pumps, and miniature mechatronic platforms, often rely on
local power regulation units to provide stable and responsive voltage support for sensing,
driving, and control circuits. In such systems, the buck converter is a practical choice
because of its simple structure, high conversion efficiency, and compatibility with digital
pulse-width modulation (PWM) implementation [1,2]. Unlike large-scale power
conversion applications, microsystem-oriented converters usually operate under tighter
space, power, and dynamic-response constraints [3]. Variations in the input source, load
demand, and circuit parameters may therefore have a direct influence on the quality of
the regulated voltage, especially when the converter is used to support actuator-related
modules requiring fast and reliable electrical response [4,5].

For this type of converter, the control loop is seldom affected by a single uncertainty
source [6]. Input-voltage fluctuations and load changes alter the operating point of the
power stage, while the aging or tolerance of passive components changes the local
dynamic characteristics of the circuit [7]. In addition, the measured current and voltage
used for feedback are usually obtained through sensor circuits with their own dynamic
response, and the duty-cycle command must pass through a gate-driving stage before it
acts on the switch [8]. These non-ideal links may introduce signal distortion or action
delay, making the actual closed-loop behavior different from that predicted by an ideal
averaged buck converter model [9].

Several control strategies have been reported for improving the dynamic
performance of Buck and other DC-DC converters. Proportional-integral (PI) and
proportional-integral-derivative (PID) controllers are commonly adopted because of
their simple structure and low implementation cost, and PI/PID schemes remain attractive
in many converter applications where the operating range is relatively narrow [10].
However, their performance may deteriorate when the operating point, load condition, or
circuit parameters change significantly. Model predictive control (MPC) provides a more
flexible framework for handling switching constraints and transient optimization, and
MPC-based converter control can achieve good dynamic performance when an accurate
model and sufficient computational resources are available [11]. Active disturbance
rejection control (ADRC) and other observer-based methods can estimate lumped
disturbances and compensate for them online, but the performance of ADRC is closely
related to the selection of observer bandwidth and controller parameters, especially in
noisy measurement environments [12]. In comparison, sliding mode control (SMC) has
been widely investigated for power converters because of its inherent robustness against
matched uncertainties and load variations. SMC-based methods are therefore suitable for
converter systems subject to input fluctuation and load disturbance [13]. Nevertheless,
conventional SMC may introduce chattering and usually involves a compromise between
fast reaching, steady-state accuracy, and smooth duty-cycle generation. To improve the
convergence behavior, terminal sliding mode control (TSMC) and nonsingular terminal
sliding mode control (NTSMC) have been introduced into converter control, and NTSMC
can provide faster nonlinear convergence while avoiding the singularity problem in the
sliding dynamics [14,15].

Recent studies have improved the robustness of DC-DC converter control from
different perspectives. In [16], an integral sliding mode control method was designed for
a DC-DC boost converter with uncertainties, where the integral sliding manifold and
discontinuous compensation improve voltage regulation, but the design is mainly based
on a linearized uncertainty-augmented model. Gong and Fei proposed an adaptive neural
backstepping TSMC scheme for a buck converter, using a recurrent neural network to
approximate system uncertainties and TSMC to achieve finite-time convergence [17].
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Although good tracking performance is obtained, the neural compensation structure
increases the controller complexity. Liu et al. combined nonsingular fast TSMC control
with a fuzzy neural network and a disturbance observer to improve disturbance
compensation and transient response in buck converter control [18]. However, the sensor
and driver stages are still not explicitly included in the closed-loop model. In [19], a fixed-
time extended-order TSMC method was developed for DC microgrids with constant-
switching-frequency PWM implementation and adaptive feedforward tuning, but its
main focus is microgrid-level converter regulation rather than hardware-link-induced
feedback and actuation deviations. Wei and Zhang proposed a high-order fully actuated
robust controller for buck converters feeding constant power loads, where an uncertainty
boundary estimator and a differential state observer enhance large-signal robustness [20].
This method effectively addresses load-induced instability, but it does not focus on
sensor-driver dynamic effects in compact control loops. In addition, topology-oriented
research on bidirectional boost/buck converters has shown that switched-capacitor
structures and complementary PWM modulation can improve voltage gain, reduce device
stress, and support stable operation during load transitions and power-flow reversal [21].
These studies provide useful references for robust converter control and implementation,
yet the joint treatment of multi-source disturbances, sensor-driver dynamics, PWM-
realizable integral nonsingular terminal sliding mode control (INTSMC), and phase-
trajectory (PT)-based response-time analysis remains insufficient.

Although the above methods have achieved notable progress, several issues still
need further study. Most sliding-mode-based converter controllers are developed from
the ideal or simplified power-stage model, while the dynamic effects of current/voltage
sensors and gate-driving circuits are often neglected. Meanwhile, input fluctuations, load
disturbances, and parameter variations are usually treated as lumped uncertainties, so
their coupled influence with non-ideal sensing and driving dynamics on the closed-loop
transient process is not fully revealed. Moreover, existing performance evaluations
mainly rely on time-domain waveforms and numerical indices, with less attention paid to
the state-PT evolution during the reaching process. Therefore, a control-oriented
framework that combines multi-source disturbance modeling, sensor-driver-aware
robust control, PWM-realizable implementation, and PT-based response-time
characterization is still needed for buck converter power interfaces in compact actuator-
driven microsystems.

Motivated by the above discussion, this paper presents the analysis and design of a
sensor-driver-aware INTSMC method for a buck converter power interface used in
compact actuator-driven microsystems. Different from studies that mainly focus on ideal
power-stage modeling or lumped disturbance compensation, this work considers the
influence of sensing and driving dynamics on the closed-loop response. The main
contributions are summarized as follows:

1. A sensor-driver-aware buck converter power-interface model for micro-actuator-
driven microsystems is established by incorporating input-voltage fluctuation, load
disturbance, circuit parameter variation, current/voltage sensor dynamics, and gate-
driving dynamics into a unified control-oriented framework.

2. An INTSMC method is designed for voltage regulation under multi-source
disturbances. The control law is expressed in a PWM-realizable duty-cycle form for
digital converter control.

3. A PT-based response-time analysis method is introduced to characterize the reaching
process under different initial states, disturbance levels, and sensor-driver dynamic
parameters.
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4.  Comparative simulation studies are conducted under different operating conditions
to evaluate the proposed method in terms of transient response, steady-state
deviation, and disturbance rejection capability.

The remainder of this paper is organized as follows. Section 2 presents the sensor-
driver-aware buck converter model with multi-source disturbances. Section 3 gives the
design of the proposed INTSMC controller and the corresponding stability analysis.
Section 4 introduces the PT-based response-time estimation method. Section 5 provides
comparative simulation results under different operating conditions. Finally, Section 6
concludes this paper.

2. Modeling of the Buck Converter with Multi-Source Disturbances and
Sensor-Driver Dynamics

2.1. Averaged Model of the Buck Converter

Figure 1a shows the circuit topology of a general buck converter. It consists of a DC
input voltage source Vi» with 0 < Vin< Vinmax, where Vinmax is the maximum of Vis; a controlled
power switch Sw, which is usually implemented using a MOSFET and IGBT, with the
PWM technology with the constant-frequency ramp single Viamp adopted for Sw to realize
the duty ratio control, i.e., the duty ratio u€[0, 1]; a diode VD; a filter inductor L; a filter
capacitor C; a nominal load resistor Rz; divider resistors Ri, Rz with the ration = Ri/(R1+
Re); the variable resistor Rw is used to provide the reference voltage difference Vv The
currents flowing through L, C, and R: (with R: and R2) can be labeled as i, ic, and iz,
respectively, and Vs is the output voltage of the buck system.

Micro-actuator-related load/

Buck converter W compact actuator module
. — — o= 1
s P ey ak TS
: . L R Application NG V)
T Vin iU VD @ R ¢_|Vref Vo >
B micro-positioning stage
= A
E - =
vCo/f  wx . ' )
Isolated Sensor-Driver Hall current{[Hall voltag micro-pump/micro-valve
driver Dynamics sensor sensor ’“\
wh -
X J'|_|'|_|'|_(1] p/IC optical micro-actuator
u X2 =
W*‘V _I INTSM |<_s|INTSM X’ /’ 7 o
—|¢——it [control law surface A
PWM modulation = A INTSM controller microgripper/miniature
robotic actuator
(a)
?dz
>
J.YJ. Sw LL’ o iic
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---------- |
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(b)

Figure 1. Sensor-driver-aware buck converter power interface for micro-actuator-oriented
microsystems: (a) INTSMC-controlled buck converter with micro-actuator-related load; (b)

equivalent circuit model with sensor-driver dynamics and multi-source disturbances.
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Further, the “*” terms are system variables that take sensor-driver dynamics into
account in Figure 1a, such as u* and w (which is generated by PWM from u), which are
the output and input control signals from the isolated driver, respectively. In the
considered micro-actuator-oriented microsystem, the buck converter serves as a local
power regulation interface for actuator-related driving and control circuits. The
equivalent load R: is compact actuator modules and their peripheral circuits, where fast
voltage recovery and limited current fluctuation are required for a reliable actuator-side
electrical response.

For the controlled buck converter shown in Figure 1a, we assume that it operates in
continuous conduction mode (CCM), meaning that the current flows through the L,
denoted as ir# 0. Based on Kirchhoff’s circuit law, we can express the model describing
the ON/OFF operation of the buck converter as follows:

&:l(v —V)

dt L m o0 1
v, 1f. v, M
d  cl* R

dip 1

de L°°

v, 1f. v, @)
d  cl* R

We use u*=1 and u*= 0 to accurately denote the switching conditions ON and OFF,
respectively, for expressing the inherent switching characteristics of the buck converter
shown in Figure 1a. By combining (1) and (2), we can deduce the equation that uniformly
describes the averaging state-space model [22] of the buck converter as:

ﬂ:l(u*vv —V)

dt L " 3
av, 1, v, o
dt cl" R

We assume that Vi represents the reference output voltage of the buck system, which
can be regarded as a constant voltage value, i.e., Vre ¢ =0. We define system state variables
x = [x1, x2, x3]7, where x1 is the voltage error, x2 is the voltage error dynamics (or the rate of
change of the voltage error), and x3 is the integral of voltage error (or the cumulative
deviation of voltage error), which can be further expressed as:

xl = 5Vo _Vref
xzlezﬁva_vmf:ﬁva (4)
X, = (:xldt

2.2. Buck Converter Model with Multi-Source Disturbances

In practical applications, multiple model uncertainties and external disturbances in
the model of the buck converter (3) have to be considered, as shown in Figure 1b. For
compact actuator-driven microsystems, these disturbances can be associated with supply
fluctuation of the local power bus, actuator-related load variation, passive component
tolerance in miniaturized circuits, and electromagnetic noise introduced by high-
frequency switching and densely integrated signal paths.
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Based on (3), the variations of R, Vir, L, C, and time-varying external disturbances
di(t) and d>(t) (e.g., measurement noise or electromagnetic interference [23]) are
introduced as follows:

di, 1 .

- = V. +AV )=V |+d (t

T L ARAID |

dv, 1. 1% ()
9 _ lL_ 0 +d2(t)

dt  C,+AC R, +AR,

where the terms with “A” are the corresponding disturbance variations of the nominal
variables, the internal parameter disturbances AR, AL, AC and external parameter
disturbances AVi» and AV are caused by parameter perturbations of the buck system and
can be described as (and the AVrrin Figure 1 has also been considered for system integrity):

V. = V.m + A‘/in’ < lierefe < Vref;

m 1.

A‘/m| < lil)Vin < Vine; Vref = Vrefe + AVref’ AVref
R, =R, +AR,, |AR |<tp,, <R ;L=L +AL, |AL|<t), <L;
R, =R, +AR;, ARl| <Y SRR, =R, +AR,, ARz| SPp, SR, (6)

C=C,+AC, |AC|<¢. <C;
NG TG ESTAPR A GTESUR

d,(B] < 5

where Rie, Le, Ce, Vine, Viere, R1e, and Rze are the known estimates of the resistor, inductor,
capacitor, input voltage, and reference voltage; d,(t) and d,(t) are derivatives of time-
varying external disturbances di(t) and da(t); and ¢r, 1, Yc, Yvin, Yvrs, Yri, Yre, g, and
Y4, are constants. Since the parameters of the resistor, inductor, and capacitor cannot be
guaranteed at the rated values in manufacturing, and aging or environmental temperature
may also affect the parameters and the external input voltage signal of the buck system,
uncertainties have to be considered.

Since passive parameter variations and source/load changes are usually slower than
the switching dynamics and controller sampling process, their derivatives are assumed to
be bounded and sufficiently small within one control interval [24]; therefore, the
derivative of the corresponding perturbation terms can be approximated as zero, which
provides convenience for system modeling, such as AV,.; = 0.

Combining (4), (5), and (6) by taking the above multiple disturbances into account,
the dynamic model can be written as:

5(1 =X,
%, =Dx, +D,x, +Du +D, (t) 7)
J.C3 =X
with
-1
b= (C.+AC)(L, +AL) (8)
_ -B
b, = (C.+AC)(R, +AR,) ©)
VAV
D — ﬁ( me + H’l) (10)

* (C,+AC)(L,+AL)
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~ pd,(t) R\
4()_CE+AC+d2(t) (C,+AC)(L, +AL) (h

It should be noted that multiple disturbances of the buck converter system are
considered in (5) with their own boundary limitations. Therefore, the | D1l < 1p1, | D2l <
Y02, 0 < Posmin < | D3| < Pposmax can be obtained from (8)—(11), and | D4(t)| < 1+ can also be
derived from (11), where b1, D2, Y D3min, 1PD3max and o4 are boundary constants.

2.3. Sensor-Driver Dynamic Model

As shown in Figure 1a, it is necessary to measure the voltage signal x1 and the current
signal x2, and feed back the output control signal u from the INTSMC with PWM to the
power switch Sw of the buck converter. In practical situations involving multiple
disturbances, x1 can be measured using the Hall voltage sensor due to its high accuracy
and reliability. In Figure 1a, the Hall voltage sensor relies on the divider resistors R1 and
Ro, given by x1=RiV,/(R1+Rz2) = Vo. On the other hand, x2 is measured using a Hall current
sensor as x2=f3i;/C. Considering the discontinuity of the u, it is generally transmitted to Sw
through an isolated driver to ensure stable high-frequency switching operation. Different
from conventional modeling, this paper discusses the behavior of the buck system when
subjected to discontinuous control and in the presence of unmodeled dynamics. Typically,
these unmodeled dynamics originate from the sensor and driver in Figure 1a, which have
small time constants that are disregarded during system modeling. However, it is
essential to consider these dynamics in order to examine the dynamic convergence of the
state in the buck system. This issue becomes more relevant in compact microsystem
platforms, where sensing circuits, driver chips, and power devices are closely integrated,
and their fast but non-ideal dynamics may directly affect the voltage supplied to actuator-
related modules.

The Hall voltage sensor is taken as an example for analysis. According to sensor
theory [25], the characteristics of a real Hall voltage sensor consist of both static and
dynamic components. Consequently, this paper incorporates these components into the
modeling process. Additionally, to explicitly describe the signal transmission among the
controller, PWM modulator, isolated driver, sensors, and converter power stage, the
closed-loop structure in Figure 1a is further represented by the block diagram in Figure 2.
In Figure 2, x1 represents the input state of the Hall voltage sensor, while x1* represents
the output state.

Isolated driver Hall current sensor
Buck Czx2 :
u wiy | U;mode}ed ;Zu»{ S iu Converter Cx2/ Uéwmodgled /é >
YRETTIES Power Stage ynamics
I
¥ x1 0\
Unmodeled
dynamics
(e.g:A3120) 0 »

\

(e.g:ACS732)
' l:\,> x1°
ACPL-C87B
NV P ) INTSM | i 2o’ BIC
control law [ g surface ~

Hall voltage sensor

Figure 2. Control block of the buck converter power interface with sensor-driver dynamics.
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Since the Hall voltage sensors used in buck converter systems are generally linear,
hx1<11is used to describe the static linear input—output transformation between the actual
voltage-related state x1 and the sensor output state x; as [26]:

x; = hxlle (12)

where zx is the fast dynamic variable corresponding to the state x1; hix1 is the static linear
gain. Importantly, it should be acknowledged that even with a sensor chip of high
measurement accuracy, the /1 can be further observed from Figure 3a.

For a buck converter system, since two types of time scales exist, singular
perturbation theory is adopted to model them as [27]:
Q, . 1

=y m ozt P (13)

luxl ”

5

x1
x1 x1
where Qx and Px are constants satisfying hxiPx1=1; yxn<<l is a perturbation parameter. In
this paper, the dynamic rise time is selected as the perturbation parameter px, and its
value can be directly obtained from the chip manual.

Remark 1. By defining Zu=zx, Zxi2=pix1Zy14, (13) can be further rewritten as:

{luxlz.xll =Z
Ml = _Qxlzx12 —Zy+Px

x171

(14)

Since x1 is generated by the buck converter power-stage dynamics within lx1l < Xi
by the boundary of 0 < Vin< Virma, its time derivative x2 is also bounded within |x2| < X2
and [X;| < X5 where X1, X2 and X3 are boundary constants. Thus, the conventional
singular perturbation theory [28] can apply to (14), which implies that after a finite time
interval At (At — 0 with px1 — 0), variable zx converges into a small vicinity of Pxixy, i.e.,

x; = hxlle = hxlpxlxl + le (qul) = xl + le (‘uxl) (15)

where ex1(ux1) tends to zero as px1 — 0.

Remark 2. Figure 3 shows the input/output characteristics of sensor-drivers in three different
ways. For the Hall current sensor shown in Figure 2, the output signal associated with the static
linear gain hx2 can be expressed as C*x2*/f*. However, according to Figure 3b, there is a strong
linear relationship between the output and input signals of the Hall current sensor. Therefore, for
convenience of analysis, the transmission dynamics of C*/p* can be further superimposed on x2*,
and the output characteristics, as shown in Figure 2, can be obtained.

e e 1 ]ncreasing‘
I | CxIB
______ I _: Isiggl,,gzcz;fﬁ
| | :
______ _I_ _——— e —————— — 1 }
—— | 3= ;
_______________ 1 \ ‘
| 1 < (ngyﬁ)m 2 4 13 (Cza/B)may .-
| | Czalf 1" LI 0,2.5) | +Czalp
______ e | 2 !
| I Full scale
______ J___________.: Czolp
|
| |
______ -g T 0= _54.5 Decreasing
N Cx2Ip \
x1'(V)
(a) (b)
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Figure 3. Input-output linearity characteristics of the sensor-drivers: (a) ACPL-C87B; (b) ACS732;
(c) A3120; (d) transmission delay curve with temperature.

For the isolated driver in Figure 3c, it can be seen that there is also a strong linear
relationship between the input and output signals. However, the signal transmission
delay tris worth paying attention to in the dynamic characteristics of the device. However,
for the typical isolated driver represented by A3120, the range of tr with temperature
variation is between 0.25 and 0.32ps, as shown in Figure 3d, which can be ignored
compared with the dynamic response of the whole buck system at the millisecond level.
Similarly, the transmission delay of the Hall voltage sensor ACPL-C87B and Hall current
sensor ACS732 can also be ignored.

According to (15), the input—output characteristics of the Hall current sensor and
isolated driver in Figure 2 can be obtained as (16) and (17), respectively:

X, =h,z, (16)

u =hz (17)

u u

where z» and zu are the fast dynamic variables corresponding to the states x2 and xu,
respectively; h2 and hu are the static linear gains shown in Figure 3; the superscript “*”
denotes the signal available to the controller or applied to the power switch after the
sensor/driver dynamics.

Referring to (14), the state-space form of x2* can be given from (16) as:

w21 = 2
_ Z.»
S (18)
szz — QxZZx22 _ Zx21 + szxz
Hio R
WA QA+, =P (19)

where Qx, Px1, Qu, and Pu are constants that satisfy hwPx =hiPu=1; px and u. are
perturbation parameters, which can usually be adopted as the dynamic rise time tpia in
Figure 3 and remain in the same order of magnitude as px1. For the system state x2 bounded
by X2 and the discontinuous control law u, there is also a finite time interval At (At — 0
with px2 — 0 and pu — 0) that variables Zx1 and Zu can converge into a small vicinity of
P2x2 and Puu, which can be described as:

x; = hxszzxz +é&, ([’lxz) =X, tE, ([’lxz) (20)
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u' =hPu+e, (u)=w+e, (u,) (21)

where neighbors ex2(px2) and eu«(us) tend to zero as (ux2, pu) — (0, 0).

It can be easily seen from (15) and (20) that the sensor output signal x;* = x2* can still
inherit the differential characteristics of the input signal x1* outside the small vicinity.
Hence, the time-varying signal X, "can be further expressed based on the system dynamic
model (7) as

x; =X, +&, (tuxl’tquZ f[’lu) (22)

where the neighbors &, (1, e, ) tend to zero as (ux1, w2, p) — (0, 0, 0).

Remark 3. To determine the model parameters (hx, hx, hu), (Px1, Px2, Pu) and (Qx1, Qx2, Qu) in
(12), (14), (18) and (19), it is recommended to carry out model identification and fitting based on
the test data of sensor and driver chips, and the implementation process is illustrated in the
simulation section. It is simple, accurate, and close to the real performance of the real Hall sensors
and the isolated driver.

3. Design and Robust Stability Analysis of INTSMC Under
Multi-Source Disturbances and Sensor-Driver Dynamics

Based on the control-oriented model derived in Section 2, the objective of this section
is to design a PWM-realizable INTSMC law such that the output voltage can track the
reference value under multi-source disturbances and sensor-driver dynamics. In micro-
actuator power interfaces, this objective is closely related to the suppression of voltage
deviation and current fluctuation during rapid actuator-side command or load changes.

3.1. Design of the INTSMC Controller

Based on the principle of NTSM [29], the controller design consists of a sliding surface
s, which can describe the dynamic characteristics of the arbitrary system state in the phase
plane, and a robust control law u* determining the switching operation of the system.
Firstly, the INTSMC surface s can be designed as:

s=x +Ax,) +A,x, (23)

where A1 and A2 represent the positive control parameters termed as sliding coefficients;
y =plq, where g and p are positive odd integers satisfying 0 < g <p <24. And the additional
voltage error integral term is included as a state variable of the controller to reduce the
steady-state error of the system. The graphical representation of the designed sliding
surface in three-dimensional (3-D) space is illustrated in Figure 4.

Theorem 1. The sliding manifold (23) and the following control laws ensure the asymptotic
convergence of the voltage error dynamics (4):

ueq = _—(AlyDl'xl* + AlVszz* + x;H/ + Ale‘leﬁ + /\1)/D4 (t)) (24)
AyD,

u =-M sgn(s) (25)

n

where ue is the equivalent control term which drives the system state points to reach the origin
along the sliding surface s = § = 0; un is a switching control term that attracts the system state
points to s = 0 to complete the approaching motion; M > 0 is the switching control gain. It should
also be noted that the discontinuous un and continuous ue together constitute the duty ratio of
PWM in Figure 1a.
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Ax3

s=x1+A1x2"7+A2x3'=0

x2"

Figure 4. Graphical representation of the sliding surface in 3D space.

u=u, +u, (26)

Remark 4. It is easy to understand the PWM modulation of continuous ueq in the approach motion
of the INTSMC. For the discontinuous un in the sliding motion, in terms of a PWM-based
controlled system, the instantaneous duty cycle u can be expressed as:

U=y = 27)

ramp

ramp

where Vyamp is the peak magnitude of the ramp single Viam. Since u € [0, 1], the selection of
switching control gain M should be considered in combination with the amplitude of Vi, and M
should also be limited to the range of system stability conditions, which will be further discussed
later.

In Figure 1a, the obtained control signal w from PWM should satisfy w = 0.5[1 + sgn(s)]
based on the characteristics of the control signal u* in system model (3), and w can
effectively be a duty cycle control of u at a high switching frequency of PWM [30].
Therefore, only u is quoted to describe the INTSMC system later.

It should be noted that the PWM-realizable form in (24)—(27) does not imply ideal
chattering-free sliding motion. Since the switching term u. in (25) is discontinuous, the
fixed-frequency PWM implementation generates a quasi-sliding band around the
INTSMC surface s = 0 in (23). According to the driver model in (17), (19), and (21), the
effective switching action can be expressed as u*=huzu=w + eu(ux), where w is the PWM
signal before the isolated driver, z. is the fast driver dynamic variable, and eu(p) is the
driver-induced deviation. Therefore, the finite bandwidth and propagation delay of the
driver may reshape the high-frequency component of www, enlarge the quasi-sliding
band, and increase the local ripple of V., ir, and s.

For compact micro-actuator power networks, excessive residual chattering may
increase switching loss, voltage/current stress on Sw, and conducted electromagnetic noise.
Therefore, M should be coordinated with Viamp, the sampling period, the PWM frequency,
and the driver response parameter (., rather than being selected only for faster reaching.
In practical implementation, sgn(s) can be replaced by the boundary-layer approximation
sat(s/¢), and the implemented duty ratio can be constrained as u = sat[011(tes — Msat(s/¢p)),
where ¢ > 0 is the boundary-layer width. This treatment reduces residual chattering and
switch stress at the cost of a small steady-state neighborhood.
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Proof of Theorem 1. Differentiating (21) with respect to time ¢ gives the following:

Sl Y (28)

§=x, +Ayx,

Substituting (7), (15), (20), and (22) into (28) gives the following:

s = Alyx;]/_l Dlxl* + D2x2* + D3 (ueq + un ) + D4 (t) + szzﬂ’ +Lxl*x;l_y - gs (luxl’!’lx2’luu) (29)
Ay Ay
where
&, (thartto b, ) = max{e, (), €0 (1) € (Bt it )} (30)

where the neighbor es(ux1, px2, p«) tends to zero as (ux1, px2, ps) — (0, 0, 0).
To prove that SV, tracks Vi, consider the candidate Lyapunov function V = 0.5 s
Taking its derivative along the trajectories of the dynamics (7), it follows that:

V =55
= s(Alyx;“){Dlxl* +D,x, + D_,)(ugq +un)+ D,(t)+—x>" +;—2x1*x;”l—es (Korthnrtt,)

Substituting (25) into the above yields the following;:

L 1 0 A ..
-y 2 -y
Dyx, +D,x, +Dyu, +D,(t)+—x,7 +-2x/x,

Vs(io) Ay Ay

}—(MMX?*)ISI —e (tarttartt,)  (32)

Further substituting (24) into the above gives the following:

1

V <—(MAyx o] =e, (st tt,) = =1, ) V2 =, (11100 18,) (33)

where n(x2*) = MAryx2*-1>0.

When the system state has not reached the sliding surface, i.e., s # 0, because of 0 < (y
—-1)<1and p and g are positive odd integers in (23), there is x2*-1>0 for any x2* # 0, and
x2*r-1=0 for x2* = 0. Therefore, two different cases are considered for s # 0:

(1) If x2* # 0, the V < 0 can be held in (33), which means that system voltage error
dynamics (7) will reach s =0 in a finite arrival time t» by the control law u», where s(0)
= (x1%(0), x2*(0)) is the initial state of the system. And the analysis will be given in
Section 4. And this stage is phase 1 of the entire state convergence process caused by
the INTSMC control system, which is graphically demonstrated in Figure 5a. On s =
0, it can be obtained from (15) as follows:

0 HAET A, [ dE=0 (34)

which means that the system voltage error x1* will converge to zero asymptotically along
s =0 after s reaches zero by the control law u.;. This phase corresponds to the convergence
phase 2 of the INTSMC system, which is further described in Figure 5b.

(2) Ifx2*= %" =0, since s #0, from (28), there must be x1* # 0, and it can easily be proved
that the system will not always stay on the point (x;" = 0, x1* # 0), and the possible
points satisfying V =0 are isolated and transient; once the system state point escapes
from this unstable state, V <0 will be satisfied again. Therefore, the system dynamics
can reach the INTSMC sliding surface s = 0 inside the es(ux1, px22, pu)-vicinity within
the finite reaching time t, and finally converge to the origin within the sliding time
ts, as Figure 5 describes. This completes the proof. The INTSMC block diagram of the
buck converter is shown in Figure 6. This completes the proof of Theorem 1. o
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l

9+

sliding surface

converging to the
origin within the
sliding time ¢

Figure 5. Graphical representations of system states PT’s behavior in INTSMC control process: (a)
Phase 1; (b) Phase 2.

Figure 6. Block diagram of INTSMC for buck converters.

Remark 5. In the equivalent control term (24), it is obvious that as long as 1 <y <2, the term
x2*r1 is always non-singular. Therefore, the singularity problem will not occur in the INTSMC
with the control law in (24)—(26).

3.2. Existence Condition Analysis of the System’s Control Parameters and Disturbance

(33) gives the SMC stability condition of the INTSMC system, which is closely related
to the parameters A1 and A2 of the control system and disturbance terms Ds1, D2, Ds, and
Da(t). Considering that the s = 0 and s # 0 cases of the Lyapunov function V = 0.5 s2 have
been discussed before and after (34), the influence of control parameters and disturbance
terms on INTSMC system stability will be analyzed by further supplementing the cases
of s>0and s<0.

Further combining with (29), it can be divided into the cases of s >0 and s <0 as:

L:s=x, +Ax +Ayx)" [Dlxl* +D,x," + D, (#)—¢, (1t )J <0,5>0, u=0 (35)

1 §= x; +/\2x1* +A1yxzy’1[D1x1* + sz; +D,+D, (t)—es (yxl,yﬂ,yu )}>O, s<0, u=1 (36)

The characteristics of the system parameters in (35) and (36) can be combined to
determine the different regions of existence of the INTSMC in Figure 7. The sliding surface
s =0 splits the phase plane into two regions. In each region, the state PT is directed toward
s =0 by an appropriate switching action. The sliding mode occurs only on the portion of s
= 0 that covers both regions. This portion is within points S1 and Sa.

Combining (35) and (36) gives

l_Alyx;y_l [Dlxl* + szz* + D3 + D4 (t)—gs (luxl’luxz’luu )] < xz* +A2x1*

. . . (37)
<_/\1yx2} 1|:D1x1 +D2x2 +D4(t)_€s(”xl’”x2’[‘lu)]

It can easily be shown that the existence condition V < 0 is guaranteed if the
following condition holds:
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*1-y

X

Ay

_Ds < (xz* +/\2x1*)+Dlx1* +D2x2* +D4 (t)_es(luxl’luad’yu)<0 (38)

Note that it is very difficult to find the regions of system control parameters and
disturbance variables defined by the inequality in (38). However, it can be shown that the
INTSMC exists around the equilibrium point (x1* = 0, x2* = 0), if the following condition is
satisfied:

_DB <D4(t)_gs(luxl’lux2’luu)<0 (39)

[_IRegion 1: 1i<0, s>0 and u=0 without disturbance[__] Region 3: >0, s<0 and u=1 without disturbance
[ Region 2: 11<0, s>0 and u=0 with disturbance | [ Region 4: I>, s<0 and u=1 with disturbance
A .

x2 Undisturbed line
————— Disturbed line

Sliding surface
— System state trajectory

Modulatio
width

Figure 7. Regions of existence of the INTSMC under multi-source disturbances.

Further substituting (10) and (11) into (39), the existence condition can be further
expressed as

B(V,. +AV,)>V,  +AV,  —pd (t)(L, +AL) (L, + AL)(C, + AC)d, (t)+¢, (1t 1, ) >0 (40)

ine refe ref

(40) gives the existence conditions of the designed INTSMC system under the
disturbance of the internal parameters of the buck converter. It can be seen that the input
voltage range 0 < Vin< Vinmax in Figure 1 plays a decisive role in the stability of the whole
system.

It can be seen from Figure 7 that the slope of these lines is negative. Note that this
changes the x2 intercepts of the lines /i and 2 to L1 and L, respectively. The dynamic
response of the buck converter depends on the value of the control parameter A1 and
disturbance terms D2, D3, and Dai(t). To ensure the dynamic response and sufficient
existence region, the relationship between the above system variables can be described as:
1 _ADi(H) 0. 1 Ay(D,+D,(t))

oR - (41)
4MyD, [A12V2D2D4 (t)]zyf3 Py 4M,yD, [AlzyzDz (D3 +D, (t))}z,v,ys AyD,

Remark 6. The neighbor group [ex(ux1), ex2(pix2), eu(uu)]T tends to zero with [px, pxe, pu]™ — [0,
0, 07, and the characteristics of [ux, pxe, pu]"<<[1, 1, 1|7 further guarantee that [ex1(px1), ex2(ix2),
eu(u)]T<< [1, 1, 1]7. Therefore, for convenience of expression, the linear terms containing exi(pix1),
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1
(tuxlluxZ )2

H(x,Zl,Zz):{

2 7 2
Lihxl (Qxl _luxl/\2) L [lx23 hxl (1 + HleAZQxl - Qxlz) 2

2
+ szs (luxlAZ - Qxl)

ex(lx2), or eu(pu) can be equivalent to each other in the theoretical calculation process, and the
integrity of the dynamic model of the system sensor-driver dynamics can still be ensured.

3.3. Existence Condition Analysis of System Sensor-Driver Dynamics

Combining Remark 3, the significance of hx1Px1=hx2Px=h.P.=1 lies in the choice and
regulation of real Hall sensors and the isolated driver in practical applications.

For the buck system in Figure 1, although the stability of system states considering
sensor-driver dynamics beyond the vicinity es(ux1, px2, pu) of s = 0 has been analyzed, the
analysis of the control law u still needs to be demonstrated by the strict sliding mode
stability theorem. Then, from (28), the second and the third time derivatives of the sliding
variable s1=s may be further found by combining (7), (14), (18), and (19) as:

1

= él = (Mthxlzxn +#X1Alyhx2yzx21y_lzx22 +,'lxllux2/12hxlzx11) (42)

B luxlux2

—[_szzhﬂQﬂlez - 1ux22hx1Zx11 + lux22hxll)x1xl + luxlely(y - 1) hxz)/szl%Zszzz

(43)

- Hxlz/\lnyZhXZV x21y_lzx22 - uxlz/\lyhXZVZley + Hxlz/\lyprzhxzyzley_lxz
+yxltux22A2hx1Zx12:|

Z,) " {H(x,Z,,Z,)- MAyP ;) Dy sgn(s)} (44)

x2""x2

Z

y-1 y-1
x1 Zx21 x1 szl

x 2 x 1
1} +Plx2 2 +—/\1)/Q hZ

1 2 y-1 x2""x2 x21
x21 luxl Zx21 IUXZ

V4

x1
Z 2
Z

x2 x21

1 y
_H_/\lyhxz} (37/ —2- szz )szz - 3/\17/(7 - 1)hx2ny2 -5 (45)

3

1 ,Z 1 ,
__/117(7/ - 1)(2 - V)hxzj szzz __AlyIDthXZJ szxz

HXZ x21 x2

. 5 3 Z X
_pxzhxzyx; ' Aszzhxzyxlx; ! +‘u_A17/(V - ]‘)szh:dy %"_5}1 (llelr[»lleﬂu )}

x2 x21

e (Ut ) =maxte, (1) €., (1) 6, (1)) (46)

where Z1=[Zx, Zx2|T, Z2=[Z:21, Zx2]", and en(px, pxz, pu) — 0 as (ux1, px, pu) — (0, 0, 0).
By combining multiple derivatives of the sliding variable s, a Lyapunov-like function
V* can be designed as follows:
V =g, —552 (47)

and it is noted that the function (47) is sign-varying. Then the time derivative of the
function V* can be written as:
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= Zx217/71 {H(x,Zl,Z )5 M/\l)/ X2 xZ "D |S|}

(48)

Zmyi1 {‘H('x’Zl Z, )‘ - M/\1V¢03min}

1
<
<L

x2

szlyil (lle - M/\lyl/}DSmin )

where 11>0 is the boundary of H(x, Z1, Z2). From (20), there is ex2(px2) — 0 as px2 — 0, Zx21
# 0 can be guaranteed in (45) and (48). By virtue of the uniqueness of y-1, the stability
condition of the INTSMC system can be obtained from (48) as

My >V (49)

D3min

Remark 7. Considering that the multinomial property of H(x, Zi, Z2) in (49) is not conducive to
the fast determination of boundary m, an estimation method of u is given to simplify the
calculation here.

By combining (15) and (20) with (45), H(x, Z1, Z2) can be equivalent to the following:

H ( x,Z, Zz) lim(pp 2 )—(0,0)

1 _ Zy 1 2 L . X,
{luxl hxl <Qxl [JXI/\Z) Zx21y71 luxl |: tthl <#X1 /\ QXI ) i h :| Zx21 tuxl (HXI/\Z Qxl ) Zx21y71
1 1 1
+[ xz]y—l _:A L szJ i —AyQ,h,Z,, _[J_Xz)\ﬂ/hxzy (37 -2- szz )szz (50)
2 1 Z, 3
-3A V( ) \'2ny2 __Aly(y_l)(z_)/)hx Z —APLh, X x
x21 x2 x21
1
Lo T (e () s ()
x2

Since parameters px and px are selected as the rise time tpiy in practice, it can be
obviously seen from Figure 3d that px1 and p«1€[107, 10-¢]; therefore, (50) can be further

simplified as

x1 x21 x2 sz x21

1 1 , ,Z 3
H(x,Zl,Zz)z{——hx (1 Qn )Z 2 _[J— 1yhx2'1 (1_Qx22)zx22__/\ V(V )(2 V)h Zzzz} (51)

Further substituting the system state boundary values Ix1l < X1, lx2| < Xzand [%,]| <
X3 into (51), the estimation value of ¢n can be obtained as:

P L (1-Q,7 )%——A hy' (1-Q,.°)Z., —iAly(y—1)(z—y)hdy_zxzzz
x1 le luxZ Auxz ~ Zx21 (52)
i -0 2 X 1 _i _ _ yX_33
Hx1 hxl (1 Qxl )X2}7 - A ')/h (1 QYZ )X [lez /\ y(‘)/ 1)(2 y)hXZ X22

4. Phase Trajectory Analysis of the INTSMC-Controlled Buck System

In the phase plane, the transient behavior of buck systems with multi-source
disturbances and sensor-driver dynamics is described well by the PT. And it is crucial that
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we can further judge the response time of the arbitrary system state by the arbitrary PT.
As mentioned above, the response time is composed of two parts, i.e., it consists of the
sliding time fs and the reaching time ¢ The reaching motion is not entirely controlled by
the designed INTSMC controller and is also determined by its original state. Therefore, in
the following, we will focus on PT analysis associated with different original points of the
system, and the dynamic characteristic of the buck system under the control of INTSMC
will be obtained later by further analysis with the system PT.

4.1. Existence of the Critical Surface

For the INTSMC-controlled buck converter in Figure 1a, by substituting (24)—(26) into
(7), the closed-loop control system can be described as:

X, =x,

. 1 ., A, . oy

X, =——X ——2x x, ' —=D,Ms s)—¢ 53
2 /\17/ 2 /\17/ 172 3 gn() u(luu) ( )
X, =X

3 1

From (53), it is not hard to see that the dynamic behavior of the system is affected by
different initial points (x1(0), x2(0)). Therefore, it can be described by the PT in different
initial states. In order to describe the PT of the buck system conveniently, in this paper,
the concept of critical surface (CS) is introduced in the following.

Here, we can define a critical surface as fcs(x). For the reaching motion in the phase
plane (x1, x2), it refers to the moment when the system reaches the sliding surface s =0
from the initial point (x1(0), x2(0)). In order to define the critical surface fcs(x), it is
reasonable to make a sufficiently small initial point in the &s(ux1, px2)-region around the
ending point (0,0) as the initial point, despite moving in the direction departing from the
origin. Therefore, the fcsi(x) in the region s > 0 with initial states (x1(0), x2(0))Ees(px1, s2)
can be derived as

X, =-X,
. . A .
Jest (x) i, = ixzz’V + —le sz/ +D,M sgn(S) +é, (Hu ) &9
Al)/ /11)/
Similarly, the fcs2(x) in the region s <0 can also be derived as
X, =X,
. . A ..
Jesa (x) i, = szzﬂ/ + _le le’y -D,M SgH(S) +&, ([Ju ) )
/\1')/ Aﬂ/

According to the definitions of (54) and (55), PTs of the system’s dynamic behavior
in (52) will finally reach the origin along fcs(x).

Remark 8. According to the definitions of (54) and (55), the trajectories of system (52) with the
initial states on the CS will reach the origin along the CS.

Combining (54) and (55), all possible initial points can be illustrated in Figure 8; they
are sixteen symmetrical points about the origin and are divided into eight different groups.
For clear presentation, we highlight these two critical surfaces, i.e., fesi(x) and fes2(x). And
the whole phase plane is symmetrically divided into two regions by the nonlinear sliding
mode surface s = 0. In each region, there are two different areas partitioned by the critical
surface fcs(x), as shown in Figure 8: areas I, II, IIT and IV for the region s <0, and areas I',
IT', " and IV' for the region s > 0. Obviously, areas I and I' are symmetrical according to
the origin, as others.
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Seen from (52), since there is sgn(s), considering that different values of the sliding
variable s correspond to different states of the system with different initial points, here the
PTs from different initial points to the original are discussed in the following three cases,
respectively: s <0, s >0, and s =0.

(1) Casel:s<0

In the case of s <0, the possible initial points include A, B, C, D, E, F, and R, given in
Figure 8. And the dynamic behavior of the INTSMC system associated with the CS is
stated in the following Theorem 2.

Theorem 2. For the points A and B contained in the region s < 0, the PT from any initial point
cannot cross fesi(xi, x2), and only moves in a unique direction, while the PT at the initial point A
close to s = 0 is the shortest one converging to the equilibrium origin.

Ax2
I’
fesi(x).
Go T H I s>0
I’ s,
N °J
Fe d
I\ O K m
I E \ IV, xi
|‘ .L
oD ‘\‘ _
\“ M S=
<0 KX I
S . °
Ce B iq“\fi V-
I -}csz(x)

Figure 8. Diagram of the possible initial points and critical surfaces.

Proof of Theorem 2. For point A, since it is satisfied with %; =x2<0, %X, >0, the PT will
move along the negative direction of x1 and the positive direction of xz; this means that
over time, x1 will decrease, whereas x2 will increase, which could lead the trajectory to
reach the SMC surface with x1>0 and x2<0 in Figure 8. Taking it into the system dynamic
behavior in (52), the results indicate that the motion direction of the trajectory is only
determined by its initial point.

We continue to prove the PT of point A cannot be through the critical surface fcsi(x1,
x2). First, let the coordinates of point A be (x1a, x24), and assume there is another point
A'(x1a, x24) located in the small vicinity en(ux, px2, u«) of point A. According to the
Lipschitz condition, there is

|F(a)-F(a)|<k|a-a] (56)
F(x)z x _Lx*%y —ix x,”7 -D,Ms n(s)—€ ( ) (57)
YAy Ay e A

where k>0 is a Lipschitz constant, and the function F(x) satisfies the differential equation
in (52) according to (22). To further analyze the Lipschitz condition in (56), here defining
C=I1F(A) - F(A")Il, (57) can be further expressed as
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i {(xm ) +ﬁ(¢(A)—(P(A’))Z

(58)

In the region [A, A'], the function ¢(&) is differentiable for E€[A, A'], £=[&a, £a], such

that the Rolle mean-value theorem can be applied, which means

fo(a)-e(a)] =[ve(e)a-a)f <[vo(e)f [(a-a)f

Therefore, we have the following inequality:

1

()= F(A) | (s =)+ o) -1 }

IN

a-atefouof la-af |

1
2
(1o hlvwr [ 1a-a

(59)

(60)

The Lipschitz condition holds for the function F(x) in the region [A, A'] with a
Lipschitz constant L = mingeia, a1[1 + 1/(Ay)21 1ep(E) | 12]42. Based on the above analysis, it
suggests that the Lipschitz condition is established completely in en(ux1, 2, p) of point

A, indicating the solution of the differential (52) is unique over time in s <0.

According to (52), it can be obtained that x%; <0, which means that any point on the
PT is always differentiable, and the slope of the PT is always negative in area I, such as
the trajectory A — A1 in area I, shown in Figure 9. If there is another trajectory from point
A that can cross the fcsi(x1, x2) at the point Az, then, according to Remark 7, the trajectory
will move to the origin along the CS. The point Az on this trajectory is not differentiable,
which means the trajectory cannot cross the CS for any initial states in area I. The above
deduction can be similarly obtained for the region s > 0 (such as point G in Figure 9).

b X2
fes2
G') o,
I ’( ')Gd- :‘..C_;Zx o $>0
Gi b
\ O .
v X1
“- A1
“\ S= 0
-2 )
s<0 O - F "
\s‘:..___.'(lmgs(uxl, ‘UXZ, ‘Llu)-VIClnlty
\QP- cs1

Figure 9. Diagram of the trajectory analysis of point A in the phase plane.
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Similarly, for point B, due to x; <0, %, > 0, the PT will move along the negative
direction of x1 and along the positive direction of x2, respectively; this also means that over
time x1 will decrease, whereas x2 will increase, as in the case of A. However, the PT starting
from B cannot cross fcsi(x1, x2); it will pass through the negative axis of x1 and the negative
axis of xz, respectively, and finally reach the origin along s = 0 in area IV. This completes
the proof of Theorem 2. ©

Based on the above trajectory analysis of points A and B, the trajectories of other
possible initial points, i.e., C, D, E, F, and R, located in Figure 8, can be illustrated in Figure
10. Specifically, the point R lying on fcsi(x1, x2) will reach the origin along fcsi(x1, x2), which
has been mentioned in Remark 7 above.

(2) Case2:5>0

In this case, the possible initial points include G, Q, H, 1, ], K, and L, given in Figure
8. Point G is symmetric with A about the origin in area I’ and satisfies Theorem 2, while
point H is symmetric with B about the origin in area II', holding similar dynamic behavior
to H. The convergence trajectory of other state points is shown in Figure 10.

(3) Case3:s=0
In this case of s = 0, which is the SM surface of INTSMC, actually, the possible initial

points contain M and N, as shown in Figure 8. Due to the constraint of the equivalent
control law u¢; of the INTSMC in (24), they finally converge to the origin along s = 0.

s<0

Figure 10. Diagram of trajectories of the possible initial points.

4.2. Response Time Estimation of the INTSMC-Controlled Buck System

According to the dynamic movement of the INTSMC system described in Figure 5,
the estimation algorithm of response time . of the system is conveniently closely related
to the reaching time fr and sliding time t;, and satisfies tc=tr+ts.

For the sliding time #s associated with s = 0, which can be obtained from (23):

oy [0 O )
’ (% ()]

b= (61)

S

+1
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We consider the region of s < 0. For the reaching time t-, we give full consideration to
the influence of the initial positions of system states. In this paper, we take the initial point
B(x18(0), x28(0)) in the case of s <0 as an example to calculate it piece by piece based on the
CS fesi(x1, x2) and the trajectories of the possible initial points in Figure 11. In detail, the ¢
is composed of three parts, i.e., a = b — ¢ — d. Taking into account the PWM used in
Figure 1, here we can design the hysteresis band variable as 6 > 0, shown in Figure 11 (also

mentioned in Figure 5), where +6 and -6 are used to facilitate the analysis of initial points
crossing the x1 axis.

(1) Pointa — b(ta): since the initial state x28(0) < 0 in Figure 11, %, > DsM can be obtained
from (52), so that the time fab can be calculated as

L 5(0) _ %,(0)

w S < (62)
D3M MIPDBmax
A X2
fCSZ“‘-VQ‘ a'(H)
‘.\ T ~_
AN s>0
\
\
\
d Y \\
! Y \
! \ \
C' Y \
+6 ....................... “1 ............. ) I,
i i .
1
P S — — 2
1 3 C
\ y 1
\ \
\ \
\ % h s=0
\\ . d
N \
< 0 N ~ - ~
s ~-F .
a(B) %
““fcsi

Figure 11. Diagram of response time estimation of points B and H.

(2) Point b — c(fvc): Since —0 < x2<0, there certainly exists a k in (56) satisfying 0 <k <1
and x, >kDsM. Therefore, toc can be estimated as

0
t <—m
” le?l)D3max (63)

At the same time, taking the inequality X, = kM psmax into (52), we can get

x;Z_V + xl*le_y < AlyMl)bDS»max (1 - k) + 5” (luu ) (64)
Substituting x2=6 into (64), then 6 can be expressed in terms of k such that
6 < I:AlyMl/)DSmax (1 - k) - X;A/xZB_l (0):|y_2 6(27}/)f + gu (tu'u ) (65)

(3) Point ¢ — d(f«): Consider the motion process from point c to d, which is satisfied
with x2>6 > 0. Since x2*1> 0, combining with the Lyapunov function in (33), there is

N[x2*(tac)] < n[x2*(tca)] within the motion process ¢ — d in Figure 11. Therefore, (33)
can be rewritten as

1

V<% (t,)]V? (66)
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The time t« can be further obtained from (66) as

1 1 1

< 2Vi(tcd) _ ZVZ*(/tff) L 2V2(tcd_)1 )

[x, (t)] MAY®7 () MAYS
At time t«, there is
1
vie) =2
2, . . )

:g‘xl (E)+ A0 () + A5, (1) (68)

V2

tbd
< 7 xl(tbd )+ /\16}/ + /\2 .[0 xldt *, (Hxl’HxZ’[Ju )

Hence, the analysis of x1*(t«) is replaced by x1*(fva). Since there is x2=0 at tv, from the
system dynamics in (52), we can get

X, =X, =D,M~-e¢, (#u) S Mt s (69)
Focusing on x2, tba can be further obtained from (67) as
X, (0
o> A (70)
MlPDSmax
Focusing on x1, by selecting the appropriate parameter 2 with X222 > [x28(0)| in
(67), it yields
1 2
|x1(tbd)| =x,(0)+ E‘DaM —€, (/Ju )‘ tod X5 (0)
. 1)
< xl (O) + 51\417bD3maxtbd2 +¢x2tbd
Therefore, by substituting (68), (69), and (71) into (67), tca can be rewritten as
1 x2B2 (O) xZB (O) y foa
\/5 xl(o)—"_E Mltbmmax +¢x2 Mstmax +A16 +)\2 jo xldt T, (luxl’lu)cZ’yu)
t, <
i MAyo ™ (t
3 l/) ) 17/ ( cd) (72)
x2 V4 foa
< \/E Xl(O) + Em + Alé + AZJO xldt +€s (HX]’HXZ,“M )

MAy& 7 (t,)

From the position of d, it can be seen from Figure 11 that V(ta) = 0, which indicates
that the system state approaches zero gradually from a certain value along with the rate
in (66).

Therefore, the reaching time fr=tab+ foc+ ted can be obtained by combining (71) as

£ <t,+t +t,
2

Pl +2 Y2y [t iy 73
%,5(0) 4 0 N 1) 2MyY,, ! 2J.O 1 5<[JX1 to !“lu) (73)

- Mlll}D?)max leﬁbDSmax ]\A/\l’)/6)/71 (tcd )

Obviously, (73) can also be applied to points C, D, and E, which need to cross the x1
and x2 axes in Figure 10. Specifically, considering that the trajectories of points A and F do
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not need to cross the axis, t- can be calculated in the same way. According to (33), it can
be obtained as

\/E xl(O)+A16y —’—AZJ‘;Ml xldt +€s ((uxl’lux2’1uu)
t <

(74)
’ MA,yx,”(0)

For the region of s > 0, here we select the point H shown in Figure 10, whose trajectory
of the system is symmetric about the origin with point B according to (52); therefore, the
estimation expressions of ¢ can be referred to in (73), the same as points I, ] and K, while
points G and L are symmetric about the origin with A and F, which can be referred to in
(74).

4.3. Practical Design Guideline for Parameter Selection

To improve the engineering readability of the PT-based response-time estimation, a
practical parameter-selection procedure is summarized in Figure 12.

The parameters involved in Sections 3 and 4 can be divided into three groups. The
first group contains the main INTSMC tuning parameters, including y, A1, A2, and M,
which directly affect the sliding surface, reaching behavior, steady-state voltage error, and
switching intensity. The second group contains the sensor-driver parameters, including
hx1, hx, hu, px1, px2, and us, which are obtained from datasheets or model identification
rather than manually tuned as controller gains. The third group contains auxiliary PT-
estimation parameters, such as 6 and k. Here, 6 is used as a hysteresis-band variable in the
reaching-time estimation, while k is the Lipschitz constant used for local PT uniqueness
analysis. Therefore, 6 and k should be regarded as analysis parameters rather than
primary control parameters.

As shown in Figure 12, the design starts from the required response time, allowable
steady-state fluctuation of Vo, allowable peak value of ir, and PWM/duty-ratio constraints.
After identifying the plant parameters, disturbance boundaries D1 to Das(t), and sensor-
driver parameters, y, A1, and Az are selected to shape the sliding surface. Increasing A1 or
M usually strengthens the reaching action and shortens the transient process, but may
increase ir excursion, residual chattering, and V. fluctuation. Increasing A2 helps reduce
the steady-state voltage error, but an excessively large value may introduce local
oscillation near s = 0. Therefore, after estimating t. = ¢+ t;, the obtained parameter set
should be checked using Vo fluctuation, i peak, variation of u/w, and convergence of s. If
the response is too slow, A1, ¥, or M can be adjusted within the stability, u€[0, 1], and
PWM/driver constraints. If the ripple or chattering is too large, M should be reduced, the
optional boundary-layer width ¢ can be increased, or the sliding-surface parameters
should be softened.
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Figure 12. Practical parameter-selection procedure for the INTSMC-controlled buck converter.

5. Simulation Analysis and Verification

To validate the proposed INTSMC controller with multi-source disturbances and
sensor-driver dynamics in Figure 6, the parameters of the buck converter are listed in
Table 1, which can guarantee that the buck converter will work in CCM [31]. The variable
divider resistor R: is fixed at 3 kQ so that the ratio 8 = Ri/(R1+Rz2) = 0.25, and the variable
resistor Rm for providing the voltage difference can be further fixed at 5 kQ. All
simulations were carried out in MATLAB/Simulink R2018b using a fixed-step ode3
(Bogacki-Shampine) solver. The fixed-step size was T«p =1 x 10 s. Since the PWM
switching frequency is fs = 10 kHz, the corresponding switching period is Tsw=1 x 10-s,
so the selected step size is T«w/10. This setting provides sufficient numerical resolution for
the fixed-frequency PWM response and sensor-driver dynamic effects.
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Table 1. Circuit parameters of the buck converter.

Description Parameter Value
Input-voltage variation range Vin 12~20V
Inductor L 1mH
Capacitor C 3200 pF
Load-resistance variation range Re 10~12 Q
Reference output voltage range Vreflp 1.5~25V
Output-voltage regulation range Vo 6~10V
Divider resistor Ri 1kQ
Variable divider resistor R> [1kQ, 9 kQJ
Variable resistor Run [1kQ, 9 kQJ
PWM switching frequency fs 10 kHz

The simulation cases are designed to emulate local voltage regulation requirements
in compact actuator-driven microsystems. In such applications, the buck converter may
experience source-side voltage variation, actuator-related load change, passive
component tolerance, and non-ideal sensor-driver dynamics within a compact hardware
layout. Therefore, the simulations focus on voltage recovery, current boundedness, PWM-
compatible control action, and PT convergence under these operating conditions.

These parameters are selected to represent a low-voltage local power interface rather
than a high-power conversion stage, which is consistent with the voltage regulation level
required by compact actuator-related electronic modules.

Remark 9. The selected L = 1 mH and C = 3.2 mF are conservative benchmark parameters for
control-oriented wvalidation, rather than minimum-size components for a high-frequency
miniaturized converter. Under Vin=16 V, Vo=8 V, Ru=10Q), and f;=10 kHz, the nominal load
current is 0.8 A and the duty ratio is 0.5. The estimated inductor-current ripple is Air=(Vin—
Vo)D/(Lf:) = 0.4 A, so the minimum inductor current remains positive and CCM is maintained.
The critical inductance is Lerie= (1 — D)R1/(2fs) = 0.25 mH, lower than the selected 1 mH. Meanwhile,
C =3.2 mF gives an estimated capacitive voltage ripple of AVo= Air/(8Cf:) = 1.56 mV, providing a
stiff local voltage buffer for the actuator-side load. Smaller L and C values can be used in high-
frequency designs after retuning the controller parameters.

Remark 10. The nominal simulation adopts the averaged buck converter model with ideal L and
C values. Component parasitics, such as inductor winding resistance and capacitor equivalent
series resistance (ESR), are not modeled as separate circuit elements in the nominal simulation.
Instead, their effects are regarded as bounded non-ideal perturbations and are covered by the multi-
source disturbance terms in (6)—(10). In the hardware experiment, these parasitic effects are
inherently included in the real inductor, capacitor, printed circuit board (PCB) traces, power
switch, sensor links, and driver circuit.

5.1. Sensor-Driver Dynamic Model Settings

For the Hall current sensor ACS732, Hall voltage sensor ACPL-C87B, and the isolated
driver A3120 in the buck converter system in Figure 2, the test data in their chip manual
[32-34] are shown in Figure 13a,c,d. The selected sensor and driver devices are used here
as representative chip-level links in compact converter control loops, where their response
time and static gain directly affect the measured feedback variables and the effective
switching action.
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Figure 13. Model identification and evaluation of sensors and the driver: (a) input—output
characteristic of the Hall current sensor ACS732 [32]; (b) the step response of the identified model
of the ACS732; (c) input-output characteristic of the Hall voltage sensor ACPL-C87B [33]; (d) the
step response of the identified model of the ACPL-C87B; (e) input—output characteristic of the
isolated driver A3120 [34]; (f) the step response of the identified model of the A3120.

By using the software (MATLAB 2018a) of data recognition tools with engauge and
the linear fitting tool with MATLAB 2018a Identification Toolbox, their transfer functions
can be further described, as shown in Table 2. The step response of identification models
in Table 2 is illustrated in Figure 13b,d,f, and the stable condition of the Hall sensors and

driver in (14), (18), and (19) can be further satisfied.

Table 2. Identifying the model information of the sensor drivers.

Device Type

Identification Model

Rise Time (us) Static Linear Gain Other Parameters

Hall current sensor
ACS732

Hall voltage sensor
ACPL-C87B

Isolated driver A3120

~ 1.186x10"
Y 11575x10°5+ 1.173% 10"
B 3.949x 10"
Y 1 5505x10°s+ 3.913x 10"
1.128x10"
Y,

T & +5956x10°s+1.117 x 10"

1x1=2.9181
1:2=1.5991

110=2.9920

Px1=1.0099

x1=U. 2

1120990 0Q:1=0.459
Pr2=1.0098

hx2=0.9903 00=0.8802
P.=1.0098

ha=0.9903 0117820
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A1=10,00
«

5.2. Control Parameter Sensitivity Analysis

To clarify the influence of the main control parameters on the transient behavior, a
phase-plane sensitivity analysis is carried out. In this test, only one parameter is changed
at a time, while the other parameters and the initial operating condition are kept
unchanged. The investigated parameters include the linear sliding coefficient A1, the
nonlinear sliding coefficient A2, and the fractional power exponent y. The corresponding
PTs are shown in Figure 14a—c, where x1 and x2 denote the voltage tracking error and its
derivative, respectively.

X2 X2

0 12,000 12,000
p A1=20,000

_#A2=20,000 11,500

»A2=10,000

1 1,000

500 S AT 500

AXx2

1 1,000

(c)

Figure 14. INTSMC parameter sensitivity analysis: (a) controller parameter Ai; (b) controller

parameter A2; (c) controller parameter y.

As shown in Figure 14a, increasing A1 enlarges the transient excursion of the PT.
When A1 is set to 10,000 or 20,000, the trajectory moves through a wider region, and the
peak value of x2 becomes larger, indicating a more aggressive transient correction. In
contrast, A1=1000 gives a more compact trajectory with a smaller velocity excursion,
which helps avoid excessive control action and dynamic fluctuation.

Figure 14b compares the influence of A2. It can be observed that A2 has a weaker effect
on the global PT than A1, while its influence is more evident in the local oscillatory region
near the approaching trajectory. A larger A2 slightly enhances the nonlinear correction,
but it may also increase local fluctuation. Therefore, A2 =1000 is selected to balance
convergence behavior and control smoothness.

The effect of y is shown in Figure 14c. A smaller exponent, such as y = 1/3, reduces
the peak value of x2, but the trajectory stays near the xi-axis for a longer distance, which
may slow down the final reaching process. When y = 5/7, the convergence action becomes
stronger, but the trajectory shows a much larger excursion and obvious overshoot near
the origin. By comparison, y = 3/5 provides a more balanced response between
convergence speed and transient amplitude. Based on the above observations, the control
parameters are chosen as A1=1000, A2=1000, and y = 3/5 in the simulations. In (25), the
switching gain M can be set to 1.2 to avoid the introduction of large chattering after
considering converter sensor-driver dynamics and multi-source disturbances.
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5.3. Buck Converter Sensor-Drive Dynamic Analysis

Figure 15 compares the dynamic responses of the INTSMC-controlled buck converter
with and without sensor-driver dynamics. The output voltage responses in Figure 15a
show that both cases can track the reference value of 8 V within a short transient process.
Compared with the ideal case without sensor-driver dynamics, the response with sensor-
driver dynamics presents a slight transient delay and small steady-state fluctuation, but
the voltage regulation accuracy is still maintained.

As shown in Figure 15a, the output voltage in both cases can rapidly converge to the
reference value of 8 V. Compared with the ideal case without sensor-driver dynamics, the
response with sensor-driver dynamics shows a slightly slower rising process in the
enlarged transient region. In the steady-state enlarged view, small voltage fluctuations
can also be observed after considering the sensor-driver links. However, the fluctuation
amplitude remains limited, and the output voltage is still regulated around the desired
value, indicating that the voltage tracking accuracy is not significantly degraded.

Figure 15b presents the corresponding inductor current responses. During the
startup transient, the case with sensor-driver dynamics has a higher current peak, which
means that the non-ideal feedback and driving links slightly increase the transient current
stress. In the steady-state region, the inductor current also exhibits more evident ripple
than in the ideal case. This phenomenon is consistent with the practical influence of sensor
and driver dynamics, since the feedback measurement and duty-cycle action are no longer
perfectly synchronized with the ideal control command.
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Figure 15. Comparison of the INTSMC-controlled buck converter with or without sensor-drivers:

(a) output voltage Vo; (b) inductor current it; (¢) control law w; (d) sliding variable s.

The control law shown in Figure 15c further explains the difference between the two
cases. Without sensor-driver dynamics, the control signal follows the ideal switching
command more directly. After introducing sensor-driver dynamics, the actual control
signal presents a certain waveform delay and local distortion, as shown in the enlarged
views. Even so, the control input remains within the admissible switching range, which
means that the proposed control law can still be implemented in a PWM-compatible
manner under non-ideal driving conditions.
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Figure 15d shows the evolution of the sliding variable. In both cases, the sliding
variable converges rapidly toward the neighborhood of zero after a short transient
process. The case with sensor-driver dynamics produces a larger initial peak and stronger
local oscillations during the reaching stage, but these oscillations are gradually
suppressed as the system approaches steady state. Therefore, although the sensor-driver
dynamics introduce additional transient fluctuation, the proposed INTSMC still
maintains the reaching ability and robust regulation performance of the closed-loop buck
converter.

To further investigate the influence of sensor-driver dynamic parameters, a
parameter analysis is carried out by changing the equivalent response time of the sensor
or driver link. In this test, the nominal response times obtained from the selected devices
are compared with enlarged values of 20us, 40us, and 80ps. The results in Figure 16a—c
are used to evaluate how the non-ideal dynamic characteristics of the voltage sensor,
current sensor, and driving link affect the voltage regulation, current response, and
control action of the INTSMC-controlled buck converter.

Figure 16a shows the output voltage responses under different voltage-sensor
dynamic parameters. When the nominal response time of 1.5991us is used, the output
voltage rises more smoothly and finally remains close to the reference value with very
small fluctuation. As the response time increases to 20 us, 40 us, and 80 s, the voltage
appears to approach the reference value faster in the early transient stage, but the steady-
state ripple becomes more evident. This indicates that a slower sensing link may introduce
feedback lag, which changes the equivalent closed-loop correction process and causes
additional voltage oscillation around the reference value.
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Figure 16. Parameter analysis of sensor-driver: (a) output voltage Vo; (b) inductor current it; (c)

0.07 0.08 0.09 0.1

control law w.

The influence of the current-sensor dynamic parameter is presented in Figure 16b.
With the nominal response time of 2.9181 us, the inductor current shows a relatively
smooth transient decay and limited steady-state ripple. When the response time is
increased, the current ripple becomes obviously larger, especially for the 80us case. This
result suggests that the current feedback dynamic has a direct influence on the inductor
current regulation. A slower current-sensing process weakens the synchronization
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between the actual current variation and the feedback signal used by the controller,
thereby increasing the local current fluctuation.

Figure 16c compares the control law under different driver dynamic parameters. For
the nominal response time of 2.9920 us, the control signal can respond rapidly to the
controller command and maintain a regular switching behavior. With the increase in the
driver response time, the control signal presents more visible distortion and delayed
action in the enlarged views. Although the control law remains within the admissible
range, the slower driver dynamics reduce the accuracy of duty-cycle execution and may
enlarge the ripple of the electrical states. Therefore, the nominal sensor-driver parameters
are adopted in the subsequent simulations, since they provide a better balance between
transient response, steady-state fluctuation, and PWM-compatible control action.

5.4. Performance Evaluation Under Multi-Source Disturbances and Sensor-Driver Dynamics

Table 3 summarizes the disturbance settings used in this case. The sensor-driver
dynamics are considered throughout the whole simulation for both the disturbance-free
and disturbed cases. The difference is that, in the disturbed case, circuit parameter
perturbations, time-varying noise, input-voltage variations, and reference-voltage
changes are successively introduced to examine the robustness of the proposed INTSMC.

In this setting, the load resistance variation is used to emulate actuator-related
electrical load change, the reference-voltage steps represent different voltage regulation
commands for actuator-side circuits, and the time-varying disturbances describe noise
effects that may occur in densely integrated microsystem hardware.

Table 3. Multi-source disturbance settings for the sensor-driver-aware buck converter.

Time

Category Parameter Setting Description

t<02s Initial operating condition

The system operates under nominal

=32mF,L=1mH, R=10Q, E
€ =32 ml, mE 0%, conditions and reaches the initial steady

=16V, Vig=8V, di(t) = do(f) = 0

state.
Circuit parameter C:3.2mF — 2.9 mF; The parameter perturbations are
t=02s ertufbations L:1mH — 0.9 mH; introduced simultaneously and
P R:10Q — 11Q maintained afterwards.
The time- . . .
Time-varying noise Amplitudes of d1(t) and d2(¢): e time Ve.lrymg disturbances are inj e,C ted
t=02s . together with the parameter perturbations
disturbances 0—0.15 L
and maintained afterwards.
The i t volt is i d to test
t=04s Input-voltage variation Vin:16 V—-20V ¢ mpu ,VO a'ge 8 1ncreaSt.? ,O ©s
source-side disturbance rejection.
The i 1 i furth
t=0.6s Input-voltage variation Vi: 20V —-12V ¢ input voitage l,s decreased to further
test source-side robustness.
The i t volt t to th inal
t=08s Input-voltage recovery Vi 12V - 16V € Input voTtage rettirns to the homina
value.
t=0.8s Reference-voltage change Vi 8V =10V The output voltage reference is increased.
t=1.0s Reference-voltage change Vi 10V -6V The output voltage reference is decreased.
Thy tput volt fi t t
t=12s  Reference-voltage recovery Vi 6 V—8V © OUIpUE VOTAge Te LIence TETns 10

the nominal value.

Based on the disturbance settings in Table 3, Figure 17 compares the performance of
the INTSMC-controlled buck converter under sensor-driver dynamics with and without
multi-source disturbances. This case is more complex than the previous single-factor tests
because the parameter perturbations and noise disturbances are maintained after t =0.2 s,
while input-voltage changes and reference-voltage steps are further introduced at
different time instants. Therefore, the simulation can be used to verify whether the
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proposed controller can maintain voltage regulation, current boundedness, PWM-
compatible control action, and sliding convergence under coupled disturbances.

Figure 17a shows the V. response. Before ¢ =0.2 s, the V, rapidly reaches the initial Vi
value of 8 V. After the parameter perturbations and noise disturbances are introduced, the
disturbed case only shows a small local ripple around the reference voltage. When the Vi
changes at t =0.4 s and t = 0.6 s, the V» presents limited deviation and then returns to the
reference neighborhood. Att=0.8s,t=1.0s, and t =1.2 s, the controller tracks the new Vi
values of 10 V, 6 V, and 8 V, respectively. Although the disturbed case exhibits slightly
larger fluctuation than the disturbance-free case, the overall tracking performance is still

maintained.
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Figure 17. Comparison of the INTSMC-controlled buck converter with sensor-driver dynamics

1.2 1.4

under multi-source disturbances: (a) output voltage Vo; (b) inductor current it; (c) control law w; (d)

sliding variable s.

The i response is presented in Figure 17b. After t = 0.2 s, the iL ripple becomes more
evident because the L, C, R, and di(t), d2(t) are changed simultaneously. At the Vir and Vi
transition instants, the ir produces transient peaks or dips to rebalance the input and
output power of the buck converter. The i variation is particularly obvious at t=0.8 s, t =
1.0 s, and t = 1.2 s because the Vv steps directly change the required voltage regulation
level and output power demand. Nevertheless, the current remains bounded and
gradually returns to a stable ripple range after each disturbance or reference change.

Figure 17c gives the corresponding control law w. Under the disturbed condition, the
control signal w presents denser switching transitions than in the disturbance-free case,
especially when C, L, R, di(t), and dx(t) are changed at t = 0.2, and when Vi» and Vi vary at
the subsequent operating instants. The enlarged views show that w is adjusted in response
to the parameter perturbations, Vir, and the steps of Vrs. Although the waveform becomes
denser under these disturbances, w is still constrained within the admissible switching
range, indicating that the proposed INTSMC law remains compatible with PWM-based
implementation.

Figure 17d shows the response of the sliding variable sss. When C, L, R, du(t), and dx(f)
are changed at t = 0.2 s, the disturbed trajectory of s exhibits larger local oscillations around
the sliding surface. Similar deviations can also be observed when the Vi» changes at t = 0.4
s and t = 0.6 s. For the Vs steps, s is temporarily driven away from zero, but it quickly
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returns to a small neighborhood of the sliding surface. Compared with the disturbance-
free case, the disturbed case has stronger local oscillations because sss is affected by the
combined effects of sensor-driver dynamics, C, L, R, di(t), and d2(t). Even so, s remains
bounded and convergent, confirming the robust reaching performance of the proposed
controller under multi-source disturbances.

5.5. Comparative Evaluation of Different Sliding Mode Control Strategies Under
Multi-Source Disturbances

To further verify the superiority of the proposed INTSMC, a comparative study is
carried out among linear sliding mode control (LSMC), TSMC, and the proposed
INTSMC. The three controllers are tested under the same multi-source disturbance and
sensor-driver dynamic conditions. The corresponding responses of the output voltage,
inductor current, control law, and sliding variable are shown in Figure 18a—d.

Figure 18a compares the output voltage responses. During the initial startup process,
LSMC shows a larger overshoot and a slower recovery tendency, while TSMC improves
the transient response to some extent. In contrast, INTSMC reaches the reference value
with smaller overshoot and smoother convergence. When parameter perturbations, input-
voltage changes, and reference-voltage steps are introduced, the proposed INTSMC tracks
the desired voltage more closely, especially around t=0.4s,t=0.6s,t=0.8s,t=1.0s, and
t = 1.2 s. The enlarged views further show that INTSMC produces smaller voltage
deviation and weaker steady-state oscillation than LSMC and TSMC.

T -LSMC -~ TSMC —INTSMC

<= -LSMC-—TSMC —INTSMC T T T T T T

8 = T I T : $ 6000 - B L T — i ‘ I
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Figure 18. Comparison of different SMC methods considering sensor-driver dynamics and multi-
source disturbances: (a) output voltage Vo; (b) inductor current ir; (c) control law w; (d) sliding

variable s.

Figure 18b gives the inductor current responses. Compared with LSMC and TSMC,
INTSMC has a smaller initial current overshoot and a faster damping process after the
startup stage. Under multi-source disturbances, all three controllers generate current
variations to rebalance the converter power flow. However, the current under LSMC
exhibits larger oscillations in several enlarged regions, while TSMC still shows noticeable
transient fluctuation. The proposed INTSMC maintains a more compact current response
and suppresses the disturbance-induced current ripple more effectively.
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The control laws of the three methods are shown in Figure 18c. LSMC and TSMC
present more irregular switching behavior around disturbance and reference transition
instants, especially when the operating point changes. In comparison, the control signal
generated by INTSMC remains more continuous in the enlarged local regions and can
adjust rapidly according to the variation of Vin, Vi, and circuit parameters. Although the
INTSMC control law contains high-frequency switching caused by PWM realization, its
overall adjustment is more stable and better matched with the required converter
response.

Figure 18d compares the sliding variable s. The LSMC and TSMC cases exhibit larger
deviations from the sliding surface during startup and under sudden changes of Vi» and
Vryr. In particular, LSMC produces stronger oscillations and slower attenuation after some
operating transitions. By contrast, the sliding variable under INTSMC remains closer to
zero in most intervals and returns to the sliding neighborhood more rapidly after
disturbance injection or reference variation. These results indicate that the proposed
INTSMC has better reaching performance and stronger robustness than LSMC and TSMC
under the combined influence of multi-source disturbances and sensor-driver dynamics.

5.6. Phase-Trajectory-Based Convergence-Time Evaluation

To further verify the response-time estimation method based on PTs, several
representative initial points are selected according to the possible trajectory distribution
shown in Figure 10. These initial points are located in different regions separated by the
INTSMC sliding manifold, the critical surfaces fcs1 and fcsz, and the coordinate axes. For
each initial point, both the reference PTs and the real PTs are plotted in two-dimensional
and three-dimensional forms, where x1*, x2*, and x3* are used to describe the trajectory
evolution under sensor-driver dynamics. The comparison is used to examine whether the
real trajectory follows the predicted reaching direction and whether the proposed
estimation formula can give a reasonable approximation of the actual convergence time.

As shown in Figure 19, the initial points in different regions follow different
approaching paths, but all trajectories finally move toward the nonsingular terminal
sliding manifold and converge to the origin or its small neighborhood. For the points in
the right-half plane, such as A, B, J, K, L, M, and R, the trajectories first evolve according
to the initial sign of s, and then bend toward the sliding manifold. For the points in the
left-half plane, such as D, F, G, N, and Q, the trajectories are guided into the admissible
reaching region before approaching the sliding surface. When the initial point is close to
the critical surfaces fcs1 or fcsz, the trajectory does not directly cross the corresponding CS
surface but evolves along the allowable side and then turns toward the sliding manifold,
which agrees with the trajectory classification in Figure 10.
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Figure 19. PTs from representative initial points: (a) A(0.3, —600); (b) B(0.02, -600); (c) C(0, —600); (d)
D(-0.3, —400); (e) E(-0.3, 0); (f) F(-0.3, 150); (g) G(-0.3, 600); (h) H(-0.02, 600); (i) 1(0, 600); (j) J(0.3,
400); (k) K(0.3, 0); (1) L(0.3, ~150); (m) M(0.3, ~184.9); (n) N(-0.3, ~184.9); (0) Q(~0.03, 607.6); (p) R(0.03,
-607.6).

The 3D plots further show that the real PTs are close to the reference ones, with only
small deviations caused by sensor-driver dynamics and switching ripple. The
convergence-time comparison in Table 4 also shows that the estimated times are close to
the simulated ones, supporting the effectiveness of the proposed PT-based estimation
method in (61) and (74).

Table 4. Comparison between simulated and estimated convergence times for different initial

points.

Initial Point Region Characteristic t/ms (Simulation)  #/ms (Estimate) Estimation Error /%
A (0.30, -600) Right-lower region, near fcsi 3.42 3.55 3.80
B (0.02, -600) Near the negative x2*-axis 2.18 2.25 3.21
C (0, -600) Negative x2*-axis 2.06 213 3.40
D (-0.30, 300) Left-lower region 3.05 292 4.26
E (-0.30, 0) Negative x1*-axis 2.64 2.75 4.17
F (-0.30, 150) Left-upper region 2.88 3.01 4.51
G (-0.30, 600) Far left-upper region 4.08 4.26 441
H (-0.02, 600) Near the positive x2*-axis 2.74 2.86 4.38
1(0, 600) Positive x2*-axis 2.52 2.62 3.97
J(0.30, 400) Right-upper region 3.76 391 3.99
K (0.30, 0) Positive x1*-axis 2.34 2.45 4.70
L (0.30, -150) Right-lower region 2.58 2.68 3.88
M (0.30, -184.9) Right-lower region near s =0 2.72 2.83 4.04
N (-0.30, -184.9) Left-side region near s =0 3.18 3.31 4.09
Q (-0.03, 607.6) Upper region near fcs2 2.93 3.06 4.44
R (0.03, -607.6) Lower region near fcsi 2.61 2.73 4.60

1 Estimation error = | t(simulation) - f(estimate) | /t:(estimate) x 100%.

The relative estimation errors in Table 4 are all within 5%, indicating that the
proposed PT-based estimation method can provide a close prediction of the convergence
time for different initial regions. This result also suggests that the method is not limited to
a single initial condition, but can characterize the reaching behavior from different phase-
plane regions. This is particularly useful for micro-actuator-oriented power interfaces,
where the allowable voltage recovery time is usually limited by the response margin of
the actuator-side driving and control circuits.

6. Experimental Verification

To further verify the practical applicability of the sensor-driver-aware INTSMC
scheme, a DSP TMS320F28335-based hardware-in-the-loop (HIL) experimental platform
is established, as shown in Figure 20. The platform consists of a DC power supply, buck
converter board, DSP controller, XDS100V1 downloader, control-algorithm PC,
oscilloscope, and switchable resistive load. As labeled in Figure 20, the buck converter
board uses the Hall voltage sensor ACPL-C87B, Hall current sensor ACS732, and isolated
driver A3120, which are consistent with the device types adopted in the preceding sensor-
driver dynamic modeling and identification analysis. The controllers are implemented in
the DSP through fixed-frequency PWM, with both the PWM switching frequency and
control sampling frequency set to 10 kHz. The main converter circuit parameters and
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controller parameters are kept consistent with those used in the simulation section. Based
on this platform, four experimental tests are conducted, including input-voltage variation,
load-resistance variation, reference-voltage variation, and identified sensor-driver
dynamic variation. The first three tests compare LSMC, TSMC, and the sensor-driver-
aware INTSMC scheme, while the fourth test evaluates the influence of sensor-driver
dynamic variations under the INTSMC control framework.

DC powersupply Oscilloscope  XDS100V1 Downloader Control algorithm PC
el

-~ Hall voltage sensor
ACPL-C87B

Isolated
driver A3120

Buck Converter DSP TMS320F28335 Switchable Resistive Load Hall Current Sensor ACS732

Figure 20. DSP-based buck converter HIL experimental platform.

6.1. Experimental Comparison Under Input-Voltage Vin Variations

To evaluate the source-side disturbance rejection capability of different control
strategies, the input-voltage variation experiment is first carried out on the DSP-based
hardware platform. In this test, the output voltage reference is kept at V=8 V, and the
load resistance is fixed at Rz=10Q). The input voltage is changed sequentially as Vin: 16 V
— 22V —16 V— 10V, where the low-input condition Vi»=10V is used to further examine
the duty-ratio regulation capability under a reduced voltage margin. Figure 21 shows the
measured output voltage Vo and inductor current ir under LSMC, TSMC, and the sensor-
driver-aware INTSMC scheme.

®)

Figure 21. Output performance of different control strategies under Vin variations: (a) LSMC; (b)
TSMC; (c) INTSMC.

As shown in Figure 21a, LSMC can maintain voltage regulation after input-voltage
changes, but it exhibits relatively long recovery processes and larger steady-state
deviations. The measured settling times under the three input-voltage transitions are 37.27
ms, 45.72 ms, and 57.15 ms, respectively. The corresponding steady-state output-voltage
values are 8.07 V, 8.01 V, and 7.88 V, giving a maximum steady-state error of 0.12 V. For
TSMC in Figure 21b, the settling times are reduced to 34.29 ms, 26.63 ms, and 40.75 ms,
and the maximum steady-state error is reduced to 0.04 V. In contrast, the sensor-driver-
aware INTSMC in Figure 21c achieves faster recovery and smaller voltage deviation under
all input-voltage transitions. Its measured settling times are 21.36 ms, 23.36 ms, and 32.79
ms, while the steady-state output voltage remains close to 8 V, with a maximum steady-
state error of only 0.01 V. Compared with LSMC, the average settling time is reduced from
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46.71 ms to 25.84 ms, corresponding to an improvement of about 44.7%. Compared with
TSMC, the average settling time is reduced by about 23.8%. Meanwhile, the maximum
steady-state voltage error is reduced by about 91.7% compared with LSMC and 75.0%
compared with TSMC. The inductor current remains around 0.79 A~0.81 A in all three
tests, indicating that the proposed scheme improves voltage recovery without introducing
obvious current excursion. These results demonstrate that the sensor-driver-aware
INTSMC has stronger input-disturbance rejection capability and better steady-state
regulation performance under source-side voltage variations.

6.2. Experimental Comparison Under Load-Resistance Ri Variations

To verify the load-side disturbance rejection capability, the load-resistance variation
experiment is carried out under Vin=16 V and V=8 V. During the test, the load resistance
is changed from R.=10Q to R.=15Q. The corresponding theoretical load current changes
from approximately 0.8 A to 0.53 A. Figure 22 shows the experimental output voltage Vo
and inductor current ir responses under LSMC, TSMC, and the sensor-driver-aware
INTSMC scheme.

U favisA 6]

{(8.00V) " (8.00V); (8.00V)

(b)

Figure 22. Output performance of different control strategies under Rc variations: (a) LSMC; (b)
TSMG; (c) INTSMC.

As shown in Figure 22, all three control strategies can restore the output voltage to
the reference value after the load resistance changes. However, their transient recovery
speeds are different. Under LSMC, the measured settling time is 22.86 ms, and the output
voltage changes from 8.01 V to 8.00 V, showing a small steady-state error within 0.01 V.
For TSMC, the settling time is reduced to 18.64 ms, while the output voltage remains
around 8.00 V. In comparison, the sensor-driver-aware INTSMC achieves the fastest
recovery, with a settling time of 12.17 ms, and the output voltage is maintained at
approximately 8.00 V before and after the load change. Compared with LSMC and TSMC,
the settling time is reduced by about 46.8% and 34.7%, respectively. Meanwhile, the
measured inductor current decreases from about 0.80 A to 0.53 A, which is consistent with
the expected current variation caused by the load-resistance increase. These results
indicate that the sensor-driver-aware INTSMC can maintain accurate voltage regulation
and faster transient recovery under load-side disturbances.

6.3. Experimental Comparison Under Reference-Voltage Vs Variations

To further verify the reference tracking capability of different controllers, the
reference-voltage variation experiment is conducted under Vi»=16 V and Ri=10Q. In this
test, the output-voltage reference is changed successively as Vs 8V —-10V -6V — 8 V.
According to the voltage-divider coefficient § = 0.25, the corresponding controller
reference voltage changes as Vi 20V — 2.5V — 1.5V — 2.0 V. The measured output
voltage Vo and inductor current i under LSMC, TSMC, and the sensor-driver-aware
INTSMC scheme are shown in Figure 23.
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Figure 23. Output performance of different control strategies under Vi variations: (a) LSMC; (b)
TSMC; (c) INTSMC.

As shown in Figure 23, all three control strategies can track the changed reference
voltage, but their transient response characteristics are different. LSMC shows relatively
slow recovery and more obvious voltage deviation after each reference step, while TSMC
improves the convergence speed compared with LSMC. In contrast, the sensor-driver-
aware INTSMC achieves faster reference tracking and smaller steady-state deviation in all
five Vi transitions. The measured settling times of INTSMC are 18.38 ms, 18.14 ms, 20.23
ms, 18.63 ms, and 20.87 ms, respectively. Meanwhile, the steady-state voltage error is
maintained within 0.01 V, and the inductor current changes consistently with the output
power demand without obvious excessive current excursion. Compared with LSMC and
TSMC, the average settling time is reduced from 26.63 ms and 22.18 ms to 19.25 ms,
corresponding to reductions of about 27.72% and 13.21%, respectively. The maximum
steady-state voltage error is also reduced from 0.12 V for LSMC and 0.04 V for TSMC to
0.01 V for INTSMC. These results indicate that the sensor-driver-aware INTSMC has
better transient tracking ability and steady-state regulation accuracy under continuous
reference-voltage variations.

To further verify the PT-based response-time estimation method, the theoretical
response time calculated by (73) and (74) is compared with the experimentally measured
settling time of the sensor-driver-aware INTSMC. The comparison results are listed in
Table 5. Since the experimental platform contains sampling delay, sensor noise, driver
delay, component parasitics, and oscilloscope reading uncertainty, the experimental error
is slightly larger than that in the simulation comparison. Nevertheless, the relative error
remains within an acceptable range, indicating that the estimation method in (73) and (74)
can provide a useful prediction of the practical convergence process.

Table 5. Comparison between theoretical response-time estimation and experimental settling time

under Vi variations.

Vres Variation t/ms (Experimental)  #/ms (Estimate) Estimation Error/%
8V—-10V 18.38 16.55 11.06
10V—-12V 18.14 16.37 10.81
12V-10V 20.23 17.87 13.21
10V—-8V 18.63 16.56 12.50

8V—->6V 20.87 18.31 13.98

As shown in Table 5, the estimated response times obtained from (73) and (74) are
slightly lower than the experimentally measured settling times. The relative errors are
11.39%, 10.81%, 13.21%, 12.50%, and 13.98%, respectively, with a maximum value of
13.98%. This deviation is reasonable because the PT-based response-time estimation is
derived from the simplified phase-trajectory analysis, whereas the hardware experiment
contains sampling delay, sensor noise, driver delay, component parasitics, power-supply
fluctuation, and oscilloscope reading uncertainty. Nevertheless, the estimated values
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remain close to the measured settling times and correctly reflect the convergence trend
under continuous reference-voltage variations. Therefore, the comparison verifies that the
response-time estimation method in (73) and (74) can provide a useful prediction of the
practical convergence process of the sensor-driver-aware INTSMC.

To further evaluate whether the improved transient tracking performance is
achieved at the cost of converter efficiency, the experimental efficiency is also calculated
at each steady-state operating point under the reference-voltage variation test. The
efficiency is obtained by 1= Volo/(Vinlin) x 100%. The efficiency comparison of LSMC, TSMC,
and the sensor-driver-aware INTSMC is shown in Figure 24.
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Figure 24. Experimental efficiency comparison under Vs variations.

As shown in Figure 24, the efficiencies of the three controllers show a similar trend
under different reference-voltage levels. The efficiency increases as Vi rises from 6 V to
12 V, mainly because the output power increases and the proportion of fixed hardware
losses decreases. For the sensor-driver-aware NTSMC, the measured efficiency remains
within 83.5~88.9%. This range is close to those of LSMC (83.0~88.6%) and TSMC
(83.3~88.8%). Therefore, the sensor-driver-aware INTSMC improves the transient
response and steady-state tracking accuracy without introducing an obvious efficiency
penalty.

6.4. Startup Verification Under Identified Sensor-Driver Dynamic Variations

To further verify the influence of sensor-driver dynamics on the hardware response,
a startup experiment is carried out under the sensor-driver-aware INTSMC scheme. In
this test, the input voltage is switched from 0 V to 16 V, while the output-voltage reference
is set as Vrr= 8 V and the load resistance is kept at R.=10Q. It should be emphasized that
the hardware platform already contains the inherent dynamics of the Hall voltage/current
sensors, analog-to-digital converter (ADC) sampling, PWM module, isolated driver, and
power switch. To reproduce possible response-time variations of practical sensing and
driving links in a repeatable and model-consistent way, the identified sensor-driver
dynamic models in Table 2 are embedded in the HIL implementation. The static gains of
the identified models are kept unchanged, while the response-time parameters pi1, pix,
and .« are simultaneously adjusted. Three cases are tested, namely the nominal setting
(ux1, px2, ), the fourfold setting (4pix1, 4px2, 4u.), and the eightfold setting (8pix1, 8pix2, 8piu).
The corresponding startup responses are shown in Figure 25.
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Figure 25. Output performance of different control strategies when Vv changes: (a) px1, px2, px; (b)
4”x1, 4‘Ux2, 4[.lx14} (C) 8‘Ux1, 8[.lx2, 8[.lx14.

As shown in Figure 25a, under the nominal sensor-driver dynamic setting, the output
voltage rises from 0 V to 8.00 V with a measured settling time of 17.39 ms, and the
inductor-current peak during startup is about 5.36 A. When the response-time parameters
are increased to 4px1, 4ux, and 4p., as shown in Figure 25b, the settling time increases
slightly to 18.88 ms, and the startup current peak increases to about 5.48 A. Under the
more conservative dynamic setting (8x1, 8pix2, 8u), Figure 25¢ shows that the settling time
further increases to 19.38 ms, while the current peak reaches about 5.52 A. Compared with
the nominal setting, the settling time increases by about 8.57% and 11.44% under the
fourfold and eightfold dynamic settings, respectively. Meanwhile, the steady-state output
voltage is still maintained at approximately 8.00 V, and the steady-state current remains
around 0.79 A~0.81 A. These results indicate that slower sensor-driver dynamics slightly
delay the startup response and increase the transient current peak, but the sensor-driver-
aware INTSMC can still ensure stable voltage establishment and accurate steady-state
regulation. Therefore, the experiment confirms the practical robustness of the proposed
sensor-driver-aware design under model-consistent sensor-driver dynamic variations.

7. Conclusions

This paper presented the analysis and design of a sensor-driver-aware INTSMC
strategy for buck converter power interfaces in micro-actuator systems. A control-
oriented model was first established by incorporating multi-source disturbances, circuit
parameter perturbations, Hall sensor dynamics, and isolated driver dynamics, so that the
non-ideal relationship among the real system states, measured feedback signals, and
effective switching action could be described more explicitly. Based on this model, an
integral nonsingular terminal sliding surface and a PWM-realizable control law were
designed to improve voltage regulation performance while avoiding the singularity
problem in TSMC dynamics. The stability and existence conditions were analyzed by
considering both multi-source disturbances and sensor-driver-induced dynamic
deviations. In addition, a PT-based response-time estimation method was introduced to
evaluate the reaching behavior from different initial regions. Simulation results showed
that the proposed INTSMC can maintain accurate voltage tracking, bounded current
response, and robust sliding convergence under sensor-driver dynamics, parameter
perturbations, input-voltage variations, reference-voltage changes, and time-varying
disturbances. Compared with LSMC and TSMC, the proposed method achieved a
smoother transient response, smaller voltage deviation, and stronger disturbance
rejection. These results suggest that the proposed approach is a feasible control solution
for local power regulation in compact micro-actuator-oriented microsystems.
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