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Abstract. Due to the uncertainty of distributed generation, the voltage at the grid side
fluctuates, and the non-linearity of electric spring leads to poor control effectiveness of
the system. To address these issues, this paper proposes a novel command-filtered back-
stepping sliding mode control strategy to maintain the stability of the critical load voltage
and improve system performance. Firstly, the mathematical model of the microgrid sys-
tem with a three-phase electric spring is established, which is controlled based on the
backstepping method. The accuracy and robustness of the system are enhanced by in-
troducing command filter and sliding mode control, and the stability of the system is
verified using Lyapunov stability theory. Through Matlab/Simulink simulation analysis,
the stability effect of the TPES on CL voltage and the influence of system parameter
changes on the proposed control strategy are studied when voltage fluctuates at the grid
side of the distributed generation system. By comparing the proposed control strategy with
PI control, CBSMC has faster response speed and lower THD. Furthermore, when the
magnitude and characteristics of the component parameters are altered, the CL voltage
deviation is suppressed to within 0.36%. Finally, the superiority of the proposed control
strategy is verified by experiments using StarSim MT3200 test platform.
Keywords: Uncertainty of distributed generation, Three-phase electric spring, Com-
mand-filtered backstepping, Sliding mode

1. Introduction. In recent years, the depletion of non-renewable energy sources such as
oil, coupled with the deterioration of the global environment, has led to increased atten-
tion towards renewable energy sources like wind and solar power. However, the inherent
intermittency and unpredictability of renewable energy sources make power generation
challenging to forecast, often resulting in issues such as voltage fluctuations within the
grid [1, 2]. Currently, to improve the power quality of microgrids, many scholars have
proposed strategies such as optimizing energy scheduling and increasing reactive power
compensation in the system [3]. Electric spring (ES) is a new technology for improving
power quality [4]. According to the voltage fluctuation range of the load, the load can be
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divided into critical load (CL) and non-critical load (NCL). Additionally, ES and NCL in
series constitute a smart load (SL), which can bear this part of the voltage fluctuation in
the power grid [5].
Since ES was proposed, many different ES topologies with various structures have been

studied. ES-1 was the first topology introduced, featuring only capacitors on its DC side,
which provides reactive power compensation but has a limited effective operating range
[6]. By replacing the DC capacitor of ES-1 with an energy storage device, ES-2 can achieve
both active and reactive power compensation, thereby expanding the effective operating
range [7]. ES-3 eliminates the NCL and has an even wider effective operating range [8].
Building on ES-2, ES-4 replaces the DC power supply of the inverter with a PWM recti-
fier, further enhancing the operating range [9]. Among these topologies, ES-2 is the most
popular due to its simple structure and ease of control. Its effectiveness in improving pow-
er quality in single-phase systems has been verified, leading to the proposal of three-phase
electric spring (TPES) based on ES-2 as a solution for addressing voltage fluctuations in
three-phase systems. In terms of ES control research, proportional-integral (PI) control
remains the main focus. A double closed-loop control strategy for ES is proposed in [10],
which enables ES to provide voltage support to the power grid in response to dynamic
demands. However, this strategy is associated with high harmonic content in the output
voltage, which may not comply with power quality standards in certain extreme scenar-
ios. The δ control strategy introduced in [11] aims to achieve hybrid compensation of
active and reactive power. However, this method requires the collection of a significant
number of system parameters and places high demands on parameter accuracy. Abrupt
changes in parameters may lead to substantial system fluctuations or even instability. A
radial chordwise decomposition (RCD) control method is proposed in [12]. The method
ensures the stability of CL voltage while enabling independent control of SL power am-
plitude and phase angle, with reduced dependence on line parameters. To enhance the
control effectiveness of the PI controller for ES, fuzzy PI control is proposed in [13]. This
method improves voltage stabilization, even when NCL experiences changes at certain
time points. However, this approach only accounts for variations in NCL, whereas prac-
tical applications involve changes in all system parameters. The criterion and condition
for minimizing average power and oscillation power in a three-phase unbalanced system
are first introduced in [14]. Three-phase electric spring, using PI control for voltage reg-
ulation and power balance, still requires further refinement to improve control accuracy.
A novel TPES circuit design is proposed in [15] to enhance the stability and reliability
of the power system by providing dynamic compensation for power fluctuations, but the
performance of the control strategy is not thoroughly analyzed. In [16], a comprehensive
analysis and control strategy is presented to mitigate negative and zero sequence currents
in three-phase unbalanced power systems. Simulation and experimental validation on a
3kW hardware device confirm the validity of the new theory and control approach. How-
ever, the impact of parameter changes on system robustness is not explored. To address
the slow dynamic response inherent in traditional power control methods, direct pow-
er control (DPC) is introduced in [17], which enables fast and accurate power tracking.
While the paper considers the effects of changes in CL and NCL on system stability, it
reports higher THD in CL voltage. A backstepping control strategy using shunt off-grid
inverters is proposed in [18], with experimental results demonstrating the robustness, low
THD, and superior performance of the strategy. Command filter is introduced in [19, 20]
to address the differential expansion problem in backstepping controller.
In this paper, TPES is a typical multivariable and nonlinear system. Current control

strategies for TPES suffer from inaccuracies, lack robustness, and are sensitive to circuit
parameters. Backstepping control, widely applied in nonlinear systems [21, 22, 23, 24, 25],
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has demonstrated significant success in applications such as aircraft and robots [26, 27].
Thus, backstepping control strategy is implemented in the TPES system to achieve stable
CL voltage. To further enhance the system’s accuracy and robustness, command filter and
sliding mode control are integrated [28, 29]. The primary contributions are illustrated in
the following.

1) A novel voltage stability control strategy for TPES, based on backstepping method,
has been designed. Compared to traditional linear control methods, it demonstrates su-
perior adaptability when addressing complex nonlinear dynamics.

2) In order to eliminate differential expansion and enhance the robustness of the system,
command filter and sliding mode control are introduced.

3) The proposed voltage stability control strategy is validated through both qualitative
and quantitative analyses, demonstrating strict system stability and examining the impact
of changes in system parameters on the control strategy.

The rest of this article is structured as follows. The composition and principle of TPES
is introduced in Section 2. Section 3 gives main derivation process and stability proof of
CBSMC. In Section 4 and Section 5, simulation and experimental results are given, and
analyzed and compared. Section 6 concludes finally.

Figure 1. Topology of TPES

2. Principle of Three-Phase Electric Spring. Figure 1 illustrates the topology of
TPES, which consists of a three-phase inverter and an LC low-pass filter. The components
Lfi and Cfi represent the inductance and capacitance of the filter, respectively, where i
denotes the phases a, b, and c. The transmission line impedance is represented by R1i

and L1i. R2i corresponds to a critical load (CL) where the voltage at both ends must
remain stable, while R3i represents a non-critical load (NCL) where the voltage is allowed
to fluctuate within a broader range. The grid voltage is denoted by Ugi, and the voltage
at the point of common coupling (PCC) is represented by Usi. The current flowing from
the grid to the PCC is denoted by Ii, while ILi refers to the current passing through the
inductor Lfi. TPES and R3i are connected in series to form a smart load (SL), with SL
in parallel with the critical load R2i. When voltage fluctuations occur on the grid side,
TPES transfers the voltage fluctuation on CL to NCL and achieves real-time autonomous
tracking of the reference voltage value of CL by adjusting the voltage of NCL. Using KCL
and KVL, the state equation for TPES in the αβ coordinate system can be derived:

d

dt

[
ILα
ILβ

]
= − 1

Lf

[
Uesα

Uesβ

]
+

1

Lf

[
Uiα

Uiβ

]
(1)
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d

dt

[
Uesα

Uesβ

]
=

1

Cf

[
ILα
ILβ

]
+

R2

Cf (R2 +R3)

[
Iα
Iβ

]
− 1

Cf (R2 +R3)

[
Uesα

Uesβ

]
(2)

d

dt

[
Iα
Iβ

]
= − R2

L1(R2 +R3)

[
Uesα

Uesβ

]
+

1

L1

[
Ugα

Ugβ

]
− R1R2 +R1R3 +R2R3

L1(R2 +R3)

[
Iα
Iβ

]
(3)[

Usα

Usβ

]
=

R2

R2 +R3

[
Uesα

Uesβ

]
+

R2R3

R2 +R3

[
Iα
Iβ

]
(4)

3. Proposed Controller Design.

3.1. Virtual controller design. According to the principle of the inverter, the relation-
ship between the output voltage Ui of the three-phase inverter and the PWM modulated
signal can be written as Ui = Udc ∗m/2. Therefore, Formula (1) can be rewritten as

d

dt

[
ILd
ILq

]
=

[
ωILq
−ωILd

]
− 1

Lf

[
Uesd

Uesq

]
+

1

2Lf

[
Udcmd

Udcmq

]
(5)

The error between the critical load voltage and the reference voltage can be defined as

e1 = Usd − Usrefd

e2 = Usq − Usrefq (6)

Derivation of Equation (6) gives

ė1 = U̇sd − U̇srefd

ė2 = U̇sq − U̇srefq (7)

The Lyapunov function can be defined as

V1 =
1

2
e1

2

V2 =
1

2
e2

2 (8)

By taking the derivative of Equation (8) and substituting Equation (7), we get

V̇1 = e1ė1 = e1

(
U̇sd − U̇srefd

)
= −k1e1

2 + e1

(
k1e1 + U̇sd − U̇srefd

)
V̇2 = e2ė2 = e2

(
U̇sq − U̇srefq

)
= −k2e2

2 + e2

(
k2e2 + U̇sq − U̇srefq

)
(9)

Taking the derivative of Equation (4), substituting Equations (2) and (3), yields dUsdq/
dt in the dq coordinate system

d

dt

[
Usd

Usq

]
=

[
ωUsq

−ωUsd

]
+

R2

Cf (R2 +R3)

[
ILd
ILq

]
− R2

Cf (R2 +R3)2

[
Uesd

Uesq

]
+

R2
2

Cf (R2 +R3)2

[
Id
Iq

]
− R2

2R3

L1(R2 +R3)2

[
Uesd

Uesq

]
+

R2R3

L1(R2 +R3)

[
Ugd

Ugq

]
− (R2R3)(R1R2 +R1R3 +R2R3)

L1(R2 +R3)2

[
Id
Iq

]
(10)

According to the Lyapunov stability law, for the system to be stable, V̇1 ≤ 0 and V̇2 ≤ 0
must be satisfied, so k1e1+U̇sd−U̇srefd = 0 and k2e2+U̇sq−U̇srefq = 0 are satisfied. Virtual
controllers ILd

d and ILq
d can get the input current of the inverter as follows

ILd
d

=

[
CfR3(R1R2 +R1R3 +R2R3)

L1(R2 +R3)
− R2

R2 +R3

]
Id +

[
1

R2 +R3

+
CfR2R3

L1(R2 +R3)

]
Uesd
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− Cf (R2 +R3)ω

R2

Usq −
CfR3

L1

Ugd −
Cf (R2 +R3)

R2

(
k1e1 − U̇srefd

)
ILq

d

=

[
CfR3(R1R2 +R1R3 +R2R3)

L1(R2 +R3)
− R2

R2 +R3

]
Iq +

[
1

R2 +R3

+
CfR2R3

L1(R2 +R3)

]
Uesq

+
Cf (R2 +R3)ω

R2

Usd −
CfR3

L1

Ugq −
Cf (R2 +R3)

R2

(
k2e2 − U̇srefq

)
(11)

In high-order nonlinear systems, the virtual controller will be repeatedly differenti-
ated when designing the backstepping controller. This can easily cause the differential
expansion problem, which affects the control performance of the virtual controller on the
system. To address this issue, various approaches such as adaptive control, interference
observers, and command filter are commonly employed. In this paper, the primary mo-
tivation for selecting command filter lies in its simplicity and effectiveness. By adjusting
the bandwidth and damping coefficient appropriately, the command filter can smooth the
control command, mitigate the impact of high-frequency noise, and offer ease of imple-
mentation. This makes it particularly suitable for applications with high complexity and
stringent real-time requirements. Although adaptive control and interference observers
exhibit strong theoretical performance, they often require more intricate models and pa-
rameter tuning, which can increase both the complexity and computational load of the
implementation. This is particularly challenging in practical scenarios, where parame-
ter uncertainties and dynamic system changes may arise. The structure diagram of the
command filter is shown in Figure 2.

Figure 2. Command filter

In this paper, xd represents the input signal of the command filter, which is specifically
denoted as ILdq

d. The output signal and its derivative of the command filter are repre-

sented by xc and ẋc, respectively, and are specifically expressed as ILdq
c and İLdq

c in the
context of this study. ωn and ξ are the bandwidth and damping of the command filter,
respectively, and the equation of state of the command filter is[

q̇1

q̇2

]
=

 q2

2ξωn

[
SR

(
ωn

2

2ξωn

)
(SM(u)− q1)− q2

]  (12)

where, [
q1
q2

]
=

[
xc

ẋc

]
, u = xd (13)

And SR and SM represent the rate and magnitude limit, respectively.
In order to achieve the control goal, the command filter needs to reduce the error of

the input signal xd and the output signal xc as much as possible. At this time, as long as
the bandwidth ωn inside the command filter is as large as possible, the error of xd and xc

can be close to 0.
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Figure 3. Reverse sliding mode control block diagram of TPES with com-
mand filter

Figure 3 shows the backstepping sliding mode control block diagram of TPES with
command filter. In order to compensate the filtering error of the command filter, the
error amount is redefined as

ē1 = e1 − ε1

ē2 = e2 − ε2 (14)

where, ε1 and ε2 are error compensation signals of the command filter, and their derivatives
are designed as shown in the formula.

ε̇1 = −k1ε1 +
R2

Cf (R2 +R3)

(
ILd

c − ILd
d
)

ε̇2 = −k2ε2 +
R2

Cf (R2 +R3)

(
ILq

c − ILq
d
)

(15)

The output inverter current error is defined as

e3 = ILd − ILd
c

e4 = ILq − ILq
c (16)

For convenience of later calculation, ˙̄e1,2 can be calculated as follows according to Equa-
tions (11) and (15)

˙̄e1 = ė1 − ε̇1

= U̇sd − U̇srefd + k1ε1 −
R2

Cf (R2 +R3)

(
ILd

c − ILd
d
)

= −k1ē1 +
R2

Cf (R2 +R3)
e3

˙̄e2 = ė2 − ε̇2

= U̇sq − U̇srefq + k2ε2 −
R2

Cf (R2 +R3)

(
ILq

c − ILq
d
)
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= −k2ē2 +
R2

Cf (R2 +R3)
e4 (17)

The dq axis controller adopts a first-order sliding mode, which is as follows

S1 = e3

S2 = e4 (18)

To keep the entire system stable, the Lyapunov function is redefined as

V3 =
1

2

(
ē21 + ē22 + S1

2 + S2
2
)

(19)

By differentiating it, we can get

V̇3 = ē1 ˙̄e1 + ē2 ˙̄e2 + S1Ṡ1 + S2Ṡ2 (20)

The derivatives of the sliding mode surfaces S1 and S2 are shown as follows

Ṡ1 = ė3 = İLd − İLd
c = ωILq −

Uesd

Lf

+
Udcmd

2Lf

− İLd
c

Ṡ2 = ė4 = İLq − İLq
c = −ωILd −

Uesq

Lf

+
Udcmq

2Lf

− İLq
c (21)

By substituting Equations (17) and (21) into Equation (20), the following conclusions
can be drawn

V̇3 = −k1ē
2
1 − k2ē

2
2 + S1

[
R2ē1

Cf (R2 +R3)
+ ωILq −

Uesd

Lf

+
Udcmd

2Lf

− İLd
c

]
+S2

[
R2ē2

Cf (R2 +R3)
− ωILd −

Uesd

Lf

+
Udcmq

2Lf

− İLq
c

]
(22)

In order to ensure the global asymptotic stability of the entire TPES, the sliding mode
control algorithm must guarantee V̇3 ≤ 0, so it can be obtained as follows

−k3Sat(S1) =
R2ē1

Cf (R2 +R3)
+ ωILq −

Uesd

Lf

+
Udcmd

2Lf

− İLd
c

−k4Sat(S2) =
R2ē2

Cf (R2 +R3)
− ωILd −

Uesq

Lf

+
Udcmq

2Lf

− İLq
c (23)

where k3 and k4 are adjustable parameters, and the function Sat denotes the saturation
function, defined as follows

Sat(S) =


1, S > σ

S/σ, |S| ≤ σ

−1, S < −σ

(24)

where σ represents the sliding layer, ranging from 0 to 0.5. Consequently, the control rates
md and mq can be determined as follows

md =
2Lf

Udc

[
− R2

Cf (R2 +R3)
ē1 − ωILq +

Uesd

Lf

− k3Sat(S1) + İLd
c

]
mq =

2Lf

Udc

[
− R2

Cf (R2 +R3)
ē2 + ωILd +

Uesq

Lf

− k4Sat(S2) + İLq
c

]
(25)
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3.2. Stability analysis. In the process of designing the current and control rate of the
virtual controller, the Lyapunov function is employed to ensure system stability. The
coefficients k1, k2, k3 and k4 are constants greater than 0. As can be seen from Equations
(8) and (19), the three Lyapunov functions constructed are all positive definite functions.
The derivation of the aforementioned three Lyapunov functions is conducted, and Eq-

uations (11) and (25) for the designed virtual controller and control rate are substituted
into Equations (9) and (22), respectively.

V̇1 = e1ė1 = −k1e1
2 ≤ 0

V̇2 = e2ė2 = −k2e2
2 ≤ 0

V̇3 = ē1 ˙̄e1 + ē2 ˙̄e2 + S1Ṡ1 + S2Ṡ2 = −k1ē
2
1 − k2ē

2
2 − k3S1Sat(S1)− k4S2Sat(S2) ≤ 0 (26)

According to Lyapunov stability theory, the designed virtual controller current ILd
d,

ILq
d and control rate md, mq are asymptotically stable at the origin, so as to keep the

whole system stable.

4. Simulation and Result Analysis. To verify the feasibility and superiority of the
proposed CBSMC, simulations were conducted in the MATLAB/Simulink environment.
The parameters of components in the TPES simulation model are detailed in Table 1.

Table 1. System model parameter

Parameters Value
Grid frequency (f) 50 Hz

Reference voltage (Usref ) 220 V
DC bus voltage (Udc) 800 V
Line resistance (R1) 0.1 Ω
Line inductance (L1) 0.02 H
Critical load (R2) 100 Ω

Non-critical load (R3) 50 Ω
Inductance of filter (Lf ) 50 mH
Capacitance of filter (Cf ) 50 µF
Switching frequency (fs) 10 kHz

k1 300
k2 10
k3 50000
k4 8000

To assess the stabilizing effect of TPES on CL voltage during drops in grid-side voltage
in new energy power generation systems, simulations were conducted over a duration of 2 s.
The grid-side voltage is rated at 311 V from 0 to 0.5 s, during which both CL and NCL
voltages remain stable at 311 V. At 0.5 s, the grid-side voltage drops to 0.9 p.u. Without
TPES, both CL and NCL voltages show significant drops. TPES is connected to the mi-
crogrid at 0.7 s to compensate for the CL voltage. The simulation results are depicted in
Figure 4, where 4(a) shows the voltage waveform output by the TPES, 4(b) displays the
NCL voltage waveform, 4(c) shows the CL voltage waveform, and 4(d) illustrates the RMS
waveform of the CL voltage. Figures 4(a) and 4(b) illustrate that when TPES is connected
at 0.7 s, the proposed control strategy effectively transfers voltage fluctuations from CL to
NCL. Figures 4(c) and 4(d) demonstrate that the CL voltage stabilizes around 0.77 s with
the proposed strategy, whereas with the PI control strategy, stabilization occurs around
1.15 s with significant overshoot. The response speed of the proposed control strategy is
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(a) (b)

(c) (d)

Figure 4. Simulation results under the method of CBSMC: (a) TPES
voltage waveform; (b) NCL voltage waveform; (c) CL voltage waveform;
(d) RMS waveform of CL voltage

Figure 5. The responses of sliding mode surfaces S1 and S2

0.38 s faster than that of PI control, and there is no obvious overshoot in the control pro-
cess. Furthermore, at stable CL voltages, the steady-state error is approximately 0.4 V
under PI control compared to about 0.05 V under the proposed strategy, indicating sig-
nificantly reduced error with the latter.

The sliding modes and are depicted in Figure 5. From the figure, it is evident that the
controller designed in this study achieves convergence of the control object to the sliding
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mode planes S1 and S2. The jitter suppression within sliding mode plane S1 ranges between
−0.2 and 0.2, while within sliding mode plane S2, it ranges between −0.5 and 0.5.
Figure 6 shows the total harmonic distortion (THD) under two control strategies.

Throughout the simulation, the THD of the CL voltage waveform under the PI con-
trol strategy is 0.83% with an amplitude of 310.6 V. In contrast, under CBSMC, the
THD of the CL voltage waveform is reduced to 0.06% with an amplitude of 310.9 V,
indicating significantly lower waveform distortion.

(a) (b)

Figure 6. THD of CL voltage under two control strategies: (a) THD in
the PI controller; (b) THD in the proposed controller

Therefore, as shown in Table 2, compared with PI control, the proposed control strategy
has smaller overshoot, faster response speed, lower THD, smaller steady-state error, and
overall superior control effect.

Table 2. Comparison of control performance between PI and CBSMC

Control strategy Response time Steady-state error THD
PI 0.45 s 0.4 V 0.83%

CBSMC 0.07 s 0.05 V 0.06%

To assess the impact of system parameters on the proposed control strategy, sensitivity
analysis is conducted in this section. The voltage fluctuation at the simulated network
side, detailed in Section 3.1, and the parameters listed in Table 1 remain unchanged, with
variations applied solely to the parameters of interest in the study. Figure 7 illustrates the
impact of line resistance, line inductance, CL value, and NCL value on the effective value of
CL voltage. Simulation results indicate that CBSMC keeps CL voltage stable around 220
V despite variations in system parameters. Figures 7(a) and 7(b) demonstrate that line
resistance and inductance exert minimal influence on CL voltage. In contrast, Figures 7(c)
and 7(d) reveal significant sensitivity of CL voltage to changes in NCL resistance and CL
resistance. The maximum voltage deviation is approximately 0.6 V with a deviation rate
of about 0.27%, suggesting that CBSMC exhibits low sensitivity to system parameters.
In addition to analyzing the influence of parameter values on the control strategy’s

effectiveness, this study investigates the impact of changes in CL and NCL properties on
final voltage stability. CL and NCL transition from their initial resistive states of 100 Ω
and 50 Ω to 100+j0.01 Ω and 50+j0.01 Ω, respectively. Figure 8 illustrates the voltage
waveform response to these changes from pure resistive loads to complex impedances. The
results indicate that variations in CL properties have minimal effect on voltage stability.
Conversely, changes in NCL properties significantly affect voltage stability, causing the
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(a) (b)

(c) (d)

Figure 7. Results of sensitivity analysis of system parameter value:
(a) Influence of line resistance value; (b) influence of line inductance value;
(c) influence of CL resistance value; (d) influence of NCL resistance value

(a) (b)

Figure 8. Results of sensitivity analysis of system element properties:
(a) Influence of CL property change; (b) influence of NCL property change

actual voltage to exceed the reference voltage. Nevertheless, the CL voltage deviation is
0.8 V, with a deviation rate of approximately 0.36%, which meets the national power
quality standard. These findings underscore the proposed control strategy’s robustness
against variations in load properties.

5. Experiment and Result Analysis.

5.1. Introduction of experimental platform. To further substantiate the effective-
ness of CBSMC, a series of real-time simulation experiments were conducted using the
StarSim MT3200 test platform. The experimental platform is shown in Figure 9. The ex-
perimental device is mainly composed of the MT3200 and the host computer, in which the
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Figure 9. Experiment platform based on StarSim HIL

MT3200 uses a dual-core ARM Cortex-A9 processor, the main frequency is up to 1 GHz,
and the built-in Xilinx ZYNQ-7100 series FPGA chip has rich logic resources and high-
speed I/O interface. In addition, StarSim HIL is an upper computer software that works
with the MT3200 to interconnect the MT3200 with the host to build an FPGA-based
hardware-in-the-loop system.

5.2. Experimental step. In the hardware-in-the-loop experiment, the inverter and the
corresponding filter circuit, line impedance and load resistance were built in Simulink, and
the circuit model was imported into the upper computer software StarSim HIL of MT3200
after completion. In StarSim HIL, the built main circuit model is assigned to the FPGA
of the MT3200. The control module is first compiled by Simulink and then downloaded
into the CPU as the controller. After all modules have been successfully compiled and
allocated, the interface connection between the CPU and FPGA needs to be completed in
StarSim HIL. Finally, the experimental results can be recorded and analyzed through the
observation window of StarSim HIL. The parameters used in the experiment are shown
in Table 3.

Table 3. Experimental parameter

Parameters Value
DC bus voltage (Udc) 800 V
Line resistance (R1) 0.01 Ω
Line inductance (L1) 0.02 H
Critical load (R2) 100 Ω

Non-critical load (R3) 50 Ω
Inductance of filter (Lf ) 6 mH
Capacitance of filter (Cf ) 50 µF

5.3. Result analysis. The experimental waveforms of TPES under the CBSMC control
strategy are depicted in Figure 10 and Figure 11. During the experiment, the voltage
reference on the network side remained unchanged from 0 to 0.5 s. However, after 0.5 s,
there was a significant drop in the network voltage. Ug in Figure 10 drops to 0.95 p.u.
and Ug in Figure 11 drops to 0.9 p.u. Concurrently, the voltage of the CL also decreased
notably. TPES accesses the PCC point at 0.7 s and implements corresponding compen-
sation measures for Us through CBSMC. The TPES system can rapidly adjust its output
to manage voltage fluctuations on the network side efficiently using the sliding mode
control strategy. Simultaneously, the command filter ensures a smoother and more accu-
rate voltage compensation process, preventing overshoot or oscillation typically caused by
transient responses.
The experimental results demonstrate that the proposed CBSMC exhibits strong ro-

bustness and rapid response capability. It efficiently compensates and adjusts to voltage
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(a) (b)

(c) (d)

Figure 10. Experimental results of CBSMC strategy in Ug small drop:
(a) Grid voltage change waveform; (b) TPES voltage change waveform; (c)
NCL voltage change waveform; (d) CL voltage change waveform

(a) (b)

(c) (d)

Figure 11. Experimental results of CBSMC strategy in Ug large drop:
(a) Grid voltage change waveform; (b) TPES voltage change waveform; (c)
NCL voltage change waveform; (d) CL voltage change waveform

fluctuations on the network side, ensuring stable voltage and reliable system operation.
By employing this control strategy, the system achieves quick restoration of voltage stabil-
ity and effective suppression of fluctuations, thereby enhancing power quality and system
reliability.
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6. Conclusion. This paper addresses the limitations of traditional ES voltage control
methods by proposing a novel CBSMC. This approach significantly enhances dynam-
ic voltage control response, reduces overshoot during control processes, and minimizes
steady-state errors upon reaching stability. Building upon the state space equation of
TPES, this study introduces backstepping control. To mitigate differential expansion is-
sues in the backstepping controller design, the command filter is incorporated, bolstering
system robustness through sliding mode control. Simulation and experimental results
indicate that compared to PI control strategies, the proposed method achieves faster
stabilization of CL voltage with reduced overshoot and steady-state error. Furthermore,
FFT analysis reveals lower harmonic content and waveform distortion rates, highlighting
the superior stability effect on CL voltage afforded by the proposed strategy. Sensitivity
analysis of system parameters demonstrates that changes in CL and NCL values exert
significant influence, yet the system stabilizes around 220 V with maximum deviations of
0.8 V and a deviation rate of 0.36%. Although the proposed control strategy demonstrates
excellent stability and robustness, its substantial computational requirements present a
significant challenge for hardware implementation in practical applications. Furthermore,
in many real-world scenarios, most of the model parameters remain unknown. To address
these issues, future work could explore the integration of adaptive algorithms, which would
enable the online estimation of uncertain parameters within TPES systems.
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