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Abstract—Single phase-to-ground (SPG) faults are the most 

common faults in active distribution networks, which can cause 

hazardous situations and consequences, such as fires, electric 

shocks, and power outages. Power electronic converters using 

typical control methods, like proportional-integral (PI) control, 

backstepping control (BSC), and sliding mode control (SMC), 

can suppress the fault current and voltage until the fault arc 

disappears. However, these controllers are not adaptable to the 

various fault resistances and have long transient DC bias decay 

processes, resulting in the arc not being suppressed quickly and 

reliably. This paper proposes a novel adaptive total sliding mode 

control (ATSMC) for cascaded H-bridge multilevel converters 

(CHMC) to not only adapt to the uncertain and various fault 

resistances with a wide range but also eliminate the long-term 

transient DC bias decay processes, and the steady-state residual 

fault current and voltage can be suppressed to be smaller. The 

proposed method satisfies Lyapunov's asymptotic stability and is 

also applicable to other power electronic converter topologies for 

suppressing fault arcs. The simulation study and experimental 

validation demonstrate the effectiveness of the proposed method 

in providing the above advantages and exhibit better overall 

performance, compared to those of PI, BSC, and SMC.  

Index Terms—cascaded H-bridge multilevel converters (CHMC), 

adaptive total sliding mode control (ATSMC), arc suppression, 

active distribution network, single phase-to-ground (SPG) fault 
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I. INTRODUCTION

Ith the continuous development of power systems, 

the structure of distribution networks has become 

increasingly complex, and the scale has continued 

to expand [1]. More and more renewable energy 

sources are connected to distribution networks through power 

electronic converters, forming active distribution networks [2]. 

As a result, single-phase ground (SPG) faults are becoming 

more frequent and more difficult to deal with [3]. According 

to statistics, SPG faults are the most common among all fault 

types in distribution networks, accounting for more than 70% 

[4]. During a SPG fault, a large fault current, caused by the 

presence of phase-to-ground impedance, will pass through the 

SPG fault branch, typically accompanied by arcs, which may 

cause fires, equipment damage, and widespread power outages 

[5]. In addition, a step voltage will appear around the ground 

fault point, which may cause electric shock to pedestrians [6]. 

An overvoltage may also occur in active distribution networks, 

causing more serious faults such as inter-phase short circuits 

[7]. Therefore, efficient methods to suppress fault current and 

voltage are needed to suppress fault arcs [8].  

Typically, fault arcs can be suppressed by power electronic 

converters due to their capability of current compensation [9]. 

In detail, power electronic converters may be interfaced at the 

neutral point and ground connection, necessitating a robust 

capacity to endure high voltage levels [10]. The configuration 

of such systems often employs an H-bridge or T-type power 

electronic converter paired with a step-up transformer [11]. In 

this arrangement, the power electronic converter is linked to 

the low-voltage end of the step-up transformer, diminishing 

the requisite voltage tolerance [12]. In addition, another viable 

configuration is the utilization of cascaded H-bridge multilevel 

converters (CHMC), which are inherently capable of handling 

higher voltages directly while delivering reduced harmonic 

distortion in current [13]. These topologies work on the same 

principle, injecting the compensation current and voltage of 

SPG fault into the neutral point of distribution networks to 

suppress the fault current [14]. During this period, the fault 

voltage can be suppressed simultaneously [15]. Furthermore, 

CHMC can be connected directly to the power buses or lines 

to inject the compensation current [16], [17]. Besides, they can 

work in a multifunctional state, providing active and reactive 
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power compensation while suppressing SPG fault arcs [18].  

The power electronic converters for fault arc suppression 

typically use a proportional-integral (PI) control method [19]. 

However, PI controller cannot track AC signals sufficiently. 

Thereby, it results in a large residual fault current and voltage 

so that the SPG fault arc cannot be suppressed. A proportional 

series inertial control [20] and a proportional series lagging 

control method [21] are presented, respectively, to improve 

AC signal tracking accuracy, decreasing the steady-state fault 

current and voltage compensation errors of power electronic 

converters. Moreover, active disturbance rejection controls are 

designed against the input disturbances in terms of transient 

and steady-state [22], [23]. In order to increase the speed of 

fault arc suppression, backstepping control (BSC) methods are 

proposed to suppress the SPG fault current and voltage rapidly 

[24], [25]. Further, sliding mode control (SMC) methods are 

derived to increase the compensation accuracy of fault current 

and voltage [26], [27]. Although these control methods have 

increased the fault current and voltage suppression speed and 

suppression rate to a certain extent, the results still need to be 

further improved [28]: 1) control methods need to be highly 

adaptive so that the SPG fault current and voltage suppression 

results are not affected by the various fault resistances; 2) the 

fault current and voltage need to be controlled to cross zero in 

a short time to suppress fault arcs rapidly, eliminating a long 

transient DC bias decay process, especially in the case of high 

fault resistance; 3) the residual fault current and voltage need 

to be controlled to be as small as possible to prevent the arc 

from reigniting repeatedly.  

In these regards, a novel adaptive total sliding mode control 

(ATSMC) method is proposed for CHMC to flexibly suppress 

fault arcs [29], improving the overall performance of the fault 

current and voltage suppression. Noteworthy that this article is 

the complete and detailed version of [29], and its results are 

compared with those of three typical control methods: PI, BSC, 

and SMC, by supplementing comprehensive simulation and 

experimental validation. In addition to CHMC, the proposed 

method is also applicable to other power electronic converter 

topologies for fault arc suppression. The main contributions of 

this article can be summarized as follows.  

1) Compared with the other three typical control methods,

the proposed method has stronger adaptability in the different 

ranges of fault resistances, i.e., the fault current and voltage 

variation characteristics during fault arc suppression are less 

affected as the fault resistance changes.  

2) The fault current and voltage can be controlled to zero

crossing within milliseconds, and the long transient DC bias 

decay process is efficiently eliminated compared with those of 

the other three typical control methods, so that the fault arc is 

suppressed as quickly as possible.  

3) The proposed method has a higher fault current and

voltage suppression rate, compared with the other three typical 

control methods, i.e., the residual fault current and voltage are 

smallest among these four control methods; thus, the fault arc 

can be effectively extinguished without re-ignition.  

The remainder of this article is organized as follows: the 

principle of SPG fault arc suppression using CHMC and its 

typical control methods are represented in Section II. The 

proposed method is presented in Section III. Simulation study 

and experimental validation are presented in Sections IV and 

V, respectively. The conclusions are elaborated in Section VI. 

II. PRINCIPLE OF SPG FAULT ARC SUPPRESSION USING CHMC 

AND ITS TYPICAL CONTROL METHODS 

In this section, SPG fault arc suppression principle based on 

CHMC is presented, and the formulation of the typical control 

methods is described.  

A. Principle of SPG Fault Arc Suppression Using CHMC

Fig. 1 shows a schematic diagram of an active distribution 

network with an SPG fault and CHMC. The active distribution 

network consists of n feeders with overhead lines and cable 

lines, and it contains photovoltaic systems (PVS) and energy 

storage systems (ESS). There are phase-to-ground resistances 

and capacitances inducted between feeders and the ground. 

The topology of the distribution network with a CHMC and a 

SPG fault is shown in Fig. 2.  

Fig. 1. Schematic diagram of active distribution network. 

Fig. 2. Topology of distribution network with a CHMC.  

When an SPG fault occurs in phase-A of the distribution 

network, the CHMC can be connected to phase-A, and the 

equivalent circuit of the distribution network is shown in Fig. 

3. Ae , Be , and Ce  are the three-phase supply voltages. Au , Bu , 

and Cu  are the three phase-to-ground voltages. 0u  is the 

neutral point voltage, and Hu  is the output voltage of the 

CHMC. AL is a filter, and 
ALi  is the current passing through 

AL . oAu is the filtered output voltage. fr and 
fr

i  are the fault 

resistance and the fault current. ui is the current passing 

through point m. Ar , Br , and Cr  are the three phase-to-ground 

resistances. 0Ac , 0Bc , and 0Cc are the three phase-to-ground

capacitances. The total three phase-to-ground resistance and 
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impedance is 0 3r  and 03c , which can be measured by [30]. 

A
i , 

A
i , and 

C
i are the three currents passing through the 

three phase-to-ground impedances. 
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Fig. 3. Equivalent circuit of distribution network with a CHMC. 

Fig. 4 illustrates the decomposed equivalent circuit of the 

distribution network, which can be obtained according to the 

superposition theorem.  
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Fig. 4. Decomposed equivalent circuits of distribution network. 

Based on Thevenin and Kirchhoff's theorems, in the three 

decomposed circuits, the equivalent voltages between the two 

nodes m and n are presented as 

mn1 A

mn2 B

mn3 C

2

3

1

3

1

3

u e

u e

u e


=




= −



= −


(1) 

Thus, the equivalent voltage equ between the two nodes m 

and n is expressed as 

eq mn mn1 mn2 mn3

A B C

A B C A A

A

2 1 1

3 3 3

2 1 1 1 1

3 3 3 3 3

u u u u u

e e e

e e e e e

e

= = + +

= − −

= − − − +

=

(2) 

In the same way, the equivalent impedance between the two 

nodes m and n is 

0
eq

0

1

3 3j

r
Z

c
= + (3) 

where A B C 0r r r r= = = , 0A 0B 0C 0c c c c= = = . Consequently, the

voltage of eqZ is 0u , and the equivalent zero-sequence circuit

is shown in Fig. 5. 

fr eqZ

AL

equ

uiALi

oAu
Hu

m

n

oAu

fr
i

Fig. 5. Equivalent zero-sequence circuit of distribution network. 

Based on Fig. 5, when the output current of the CHMC is 

A ref u 0 0 0

0

3
3Li i i u c u

r
= = = + (4) 

the fault current is 
f

0ri = , accordingly, the fault current and 

voltage can be suppressed to zero simultaneously.  

Likewise, the relationship between the current and voltage 

of the CHMC output branch can be expressed as 

A

H oA

A

L

u u
i

L

−
= (5) 

Because the ac-side output voltage Hu of the CHMC can be 

presented as 

con
H d PWM trim PWM con

trim

i

v
u DV K v K v

v
= = = (6) 

(5) can be represented as

A

PWM con oA

A

L

K v u
i

L

−
= (7) 

where iD  is the duty cycle. dV  is the DC voltage of each H-

bridge. conv  is the modulation voltage. trimv is the trim voltage. 

PWMK is the gain of pulse width modulation.  

B. Formulation of Typical Control Methods

According to the above SPG fault arc suppression principle, 

the control target is the output current of the CHMC, and the 

reference value can be calculated based on (4). Accordingly, 

three typical control methods are described here.  

PI: the error between the reference value 
refi  and the actual 

value 
ALi  of the output current of the CHMC is used as the 

input of PI controller to obtain the modulation voltage Hmodu  of 

the CHMC, which can be expressed as 

( ) ( )
A AHmod oA P ref I refL Lu u K i i K i i dt= + − + − (8) 

where PK and IK are the proportionality coefficient and the 

integral coefficient of PI controller, respectively. 

BSC: the error between the reference value 
refi  and actual 

value 
ALi  of the output current of the CHMC and its derivative 

can be presented as 

A

A

ref

ref

L

L

e i i

e i i

= −


= −

(9) 

The Lyapunov function and its derivative can be expressed 

as 

( )

( ) ( )
A

2

ref

1

2

L

V e e

V e ee e i i


=


 = = −


(10) 

Substituting (5) into (10), the Lyapunov function derivative 

can be presented as 

( ) ref H oA

A A

1 1
V e ee e i u u

L L

 
= = − + 

 
(11) 

Based on Lyapunov’s stability theory, it should be 
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( ) 2

ref H oA

A A

1 1
V e ee e i u u Ke

L L

 
= = − + = − 

 
(12) 

I.e.,

ref H oA

A A

1 1
i u u Ke

L L
− + = − (13) 

where 0K  . In this way, ( ) 0V e   when 0e  , therefore the 

system is asymptotically stable.  

Thence, the modulation voltage Hmodu  of the CHMC can be 

obtained as  

( )
AHmod oA A ref A ref Lu u L i L K i i= + + − (14) 

SMC: the error between the reference value refi  and actual 

value 
ALi  of the output current of the CHMC and its derivative 

is also presented as (9), thus, the sliding mode surface and its 

derivative can be expressed as  

( ) ( )
A Aref refL L

s ce e

s ce e c i i i i

= +


= + = − + −

(15) 

Substituting (5) into (15), the derivative of the sliding mode 

surface can be presented as  

( )
Aref H oA ref

A A

1 1
Ls ce e c i u u i i

L L

 
= + = − + + − 

 
 (16) 

Based on the exponential approach rate, it should be 

( )sgns ce e s ps= + = − −  (17) 

I.e.,

( ) ( )
Aref H oA ref

A A

1 1
sgnLc i u u i i s ps

L L


 
− + + − = − − 

 
 (18) 

where 0c  , 0  , and 0p  . ( )sgn   is a sign function. 

Therefore, the modulation voltage Hmodu of the CHMC can 

be obtained as 

( ) ( )( )
A

A
Hmod oA A ref ref sgnL

L
u u L i i i s ps

c
= + + − + + (19)

According to (8), (14), and (19), the three typical controls 

all contain oAu  component. When the SPG fault resistance is 

large, oAu  is also large and close to the supply voltage Ae . It 

will be suppressed to zero in the initial period of fault arc 

suppression, i.e., oAu  will have a large change. However, since 

the fault resistance fr  and the phase-to-ground resistance 0r is 

large, the capacitors in eqZ  cannot be discharged and charged 

in a short time. Thus, oAu  will have a transient change process, 

and 
fr

i  will also have a transient change process due to 

f

oA

f

r

u
i

r
= (20) 

I.e., the uncertain fault resistance will cause the uncertainty

of charging and discharging of capacitor in eqZ , resulting in

inadaptability to fault resistances and long-term transient DC 

bias processes of fault current 
fr

i  and voltage oAu . Therefore, 

the sensitivity of controlled systems to uncertainties of fault 

resistance fr  and charging and discharging of capacitors in 

eqZ  exists in the transient state during the initial period of the 

fault arc suppression, i.e., the system dynamic performance at 

the beginning of fault current and voltage suppression will be 

influenced by the uncertainties of SPG fault resistance fr  and 

charging and discharging of capacitors in eqZ . Therefore, the 

resulting lumped uncertainty in voltage and current should be 

considered.  

III. PROPOSED METHOD

In this section, an ATSMC can be adapted to get a sliding 

motion through the entire state trajectory, because no reaching 

stage exists in the control process so that the controlled system 

through the whole control process will not be influenced by 

the uncertainties [31]. Thus, the uncertainties in the charging 

and discharging of capacitor eqZ caused by the uncertain and 

various fault resistances with a wide range can be adapted so 

that the long-term transient DC bias decay processes of fault 

current and voltage can be eliminated. The detailed derivation 

process is presented below.  

Based on (5) and adaptive control design method, the output 

current 
ALi  of the CHMC is selected as the system state, and 

the output voltage Hu  of the CHMC is selected as the system 

input; thus, (5) can be represented as  

( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( )

g p p

pn pn pn pn

pn pn

x t d u t f g t

d d u t f f g t

d u t f g t p t

= +

= +  + + 

= + +

(21) 

where ( )
Ag Lx t i= , p A1d L= , p A1f L= − . pnd and pnf denote 

the nominal values of pd and pf , respectively. pnd  and pnf

are the system parameter variations. ( ) oAg t u= and ( ) Hu t u= . 

The error can be defined as 
Ai g gd refLe x x i i= − = − . ( )p t is the 

system voltage and current lumped uncertainty and defined as 

( ) ( ) ( )pn pn= +p t d u t f g t  (22) 

which can improve adaptability to decrease transient DC bias 

and steady-state components of residual SPG fault current and 

voltage during fault arc suppression.  

A. No Uncertainty Considered

When the lumped uncertainty ( )p t  of system voltage and

current is not considered, (21) can be expressed as  

( ) ( ) ( )g pn pnx t d u t f g t= + (23) 

Accordingly, the CHMC modulation voltage ( )u t  provided

by the controller can be presented as  

( ) ( ) ( )( )1

pn g pnu t d x t f g t−= − (24) 

However, the error term is actually contained in the steady 

and transient state phases of the whole control process because 

the uncertainty ( )p t  is not considered; thus, the actual CHMC 

modulation voltage ( )gbu t obtained from the controller can be 

presented as 

( ) ( ) ( )( )1

gb pn gd pn iu t d x t f g t e−= − + (25) 

where ie  is the error term of final modulation voltage ( )gbu t . 

Substituting (25) into (23), the following can be obtained. 

( ) ( ) ( )( ) ( )

( ) ( ) ( )

( )

1

g pn pn gd pn i pn

gd pn i pn

gd i

x t d d x t f g t e f g t

x t f g t e f g t

x t e







− = − + +
 

= − + +

= +

(26) 

Therefore, the relationship between the error derivative ie

and the error term ie  of final modulation voltage ( )gbu t can 

be represented as 

( ) ( )i g gd ie x t x t e= − = (27) 

Furthermore, referring to [31], the objective of the ATSMC 

in CHMC is to force the system state ( ( )
Ag Lx t i= ) to track the 

reference output current ( gd refx i= ) in case of the occurrence

of lumped uncertainty in system voltage and current. Thus, (27) 
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is represented in matrix form as 

i i

1 10 0d
=

0dt e e

    
=     

    
Ε AE (28) 

where   is a nonzero positive constant, and 

i i i

1 0 10 0d
= = = =

0dt e e e

      
      

      
， ，Ε A E (29) 

Sliding surface: based on the sliding mode control method, 

the sliding surface can be presented as 

( ) ( ) ( )0 T0
d

t C
S t C C 


= − −

E E AE
E

(30) 

where 0E is the initial value of E . The function C is used to

meet the condition of T 1

pn0C d −   =  E .  

Initial Proof: Combining (30) with (28), the derivative of 

the sliding surface with respect to time can be calculated that  

( ) ( )T T T
0

C C C
S t

  
= − − =

  
E AE = E AE

E E E
(31) 

Moreover, 

( ) ( ) ( )
0

0 0 T0
0 d 0

C
S C C 


= − − =

E E AE
E

(32) 

Consequently, ( ) 0S t =  when 0t   so that it is proven that 

the system cannot be guaranteed to be absolutely stable. Thus, 

an adaptive algorithm in the ATSMC is designed to estimate 

the lumped uncertainty ( )p t  of the system voltage and current, 

and its bound should be considered, preventing the phenomena 

of unstable dynamics or chattering.  

B. Lumped Uncertainty ( )p t  Considered

When the lumped uncertainty ( )p t  of system voltage and 

current is considered, the ATSMC can be divided into three 

main parts. The first part introduces performance design. The 

object is to specify the desired performance according to the 

nominal model, which is called baseline model design ( gbu ). 

Following the baseline model design, the second part is the 

curbing controller design ( gcu ) to completely eliminate the 

unpredictable perturbation effects of parameter variations and 

external disturbances, therefore accurately guaranteeing the 

baseline model design performance. Finally, the third part is 

the adaptive observation design ( ̂ ) to estimate the upper 

bound of the lumped uncertainty ( )p t  of system voltage and 

current, thereby alleviating the chattering phenomenon caused 

by improper selection of conservative constant control gain in 

the curbing controller. The details are as follows.  

Theorem: If the CHMC is controlled by the three parts of 

ATSMC system, (25) is added with gcu  and reconstructed as 

(33), then the stability of the ATSMC system for the CHMC 

can be guaranteed according to Lyapunov stability.  

( ) ( ) ( )( )1

gb gc pn gd pn i gcu t u u d x t f g t e u−= + = − + + (33) 

Substituting (33) into (23), the following state equation can 

be obtained.  

( ) ( ) ( )( )

( ) ( )

( ) ( ) ( ) ( )

( ) ( )

1

g pn pn gd pn i gc

pn

gd pn i pn gc pn

gd i pn gc

x t d d x t f g t e u

f g t p t

x t f g t e d u f g t p t

x t e d u p t







− = − + +
 

+ +

= − + + + +

= + + +

(34) 

Furthermore, it can be represented as 

( )( )

( )( )

1

gc pn

pni i

1

m gc pn

01 10 0d

0dt

=

u d p t
de e

u d p t



−

−

     
= + +     

      

 +Ε AE + B

(35) 

Further Proof: Combining (30) with (35), the derivative of 

the sliding surface with respect to time can be calculated that  

( )

( )( )( )

( )( )

T T

1

m gc pnT T

1

m gc pnT

C C
S t

C C
u d p t

C
u d p t

−

−

 
= −

 

 
= + + −

 


= +



E AE
E E

E B AE
E E

B
E

(36) 

According to (30), the function C is used to meet  

1

pnT
0

C
d −

 =  E
(37) 

Substituting (37) into (36), the following consequences can 

be presented.  

1

m pnT
pn

0
0 1

C
d

d
−

 
 = =    

B
E

(38) 

( ) ( )( ) ( )1 1

m gc pn gc pnT
=

C
S t u d p t u d p t− −

= + +


B
E

(39) 

Constructing gcu to guarantee the stability of the ATSMC 

system for the current output control of the CHMC, as 

( )( )1

gc pn= sgnu d S t −− (40) 

A Lyapunov function is presented as 

( )( ) ( )21

2
V S t S t= (41) 

Therefore, the derivative of (41) with respect to time can be 

expressed as 

( )( ) ( ) ( ) ( ) ( )( )

( ) ( )( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( )( )

1

gc pn

1 1

pn pn

1 1

pn pn

1 1

pn pn

1

pn

sgn

0

V S t S t S t S t u d p t

S t d S t S t d p t

d S t S t d p t

d S t S t d p t

d S t p t









−

− −

− −

− −

−

= = +

= − +

= − +

 − +

= − 

(42) 

where ( )sgn   is sign function, and   is an absolute symbol. 

Since the set of ( )sgn   is  1, 0, 1+ − , ( ) ( )( ) ( )sgnS t S t S t= .

Therefore, when ( )p t   and 0  , ( ) ( )S t S t  will be semi-

negative, i.e., the system will be asymptotically stable based 

on Lyapunov stability. Accordingly, the upper bound   of the 

lumped uncertainty ( )p t  in system voltage and current should 

be considered, as follows.  

C. Upper Bound of   Considered

Final Proof: Considering the upper bound   of the lumped 

uncertainty ( )p t  in system voltage and current, the Lyapunov 

function can be further represented as  

( ) ( )( ) ( ) ( )2 21
,

2 2

g
V S t t S t t


 = + (43) 

where ( ) ( )ˆt t  = −  is a parameter estimation error. ( )ˆ t  is 

the estimated value, and   is a theoretical value.  

Therefore, the derivative of (43) with respect to time can be 

expressed as  
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( ) ( )( ) ( ) ( ) ( ) ( )g,V S t t S t S t t t   = + (44) 

Since the upper bound   of the lumped uncertainty ( )p t  in 

system voltage and current is unknown, it can be replaced by 

the estimated value ̂ . Thus, (40) can be represented as  

( )( )1

gc pn
ˆ= sgnu d S t −− (45) 

Substituting (39) and (45) into (44), it can be redescribed as 

( ) ( )( ) ( ) ( )( ) ( )( )

( )( ) ( )( )
( ) ( ) ( )

( )( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1 1

pn pn

g

1 1

pn pn

g

1

pn g

1

pn g

ˆ, sgn

ˆ ˆ

ˆ

ˆ ˆ

ˆ ˆ ˆ

ˆ

V S t t S t d S t d p t

t t

d S t d p t S t

t t

d S t t t

d p t S t t

 

    



   

   

 

− −

− −

−

−

= − +

+ − −

= − +

+ −

= − +

+ −

(46) 

Constructing an adaptive observation as 

( )1

pn

g

1
ˆ d S t



−= (47) 

where g is a positive constant. Thus, (46) can be represented 

as 

( ) ( )( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( )( )

1 1

pn g pn

g

1 1

pn g pn

g

1 1

pn pn

1 1

pn pn

1

pn

1
ˆ ˆ,

1

0

V S t t d S t t d S t

d p t S t d S t

d p t S t d S t

d p t S t d S t

d S t p t

   


 








− −

− −

− −

− −

−

= − +

+ −

= −

 −

= − − 

(48) 

Because of ( ) ( )( ), 0V S t t  , ( ) ( )( ),V S t t  is a negative

semidefinite function in the case of ( )p t   and 0  , i.e., 

( ) ( )( ) ( ) ( )( ), 0 , 0V S t t V S  . Accordingly, ( ) ( )( ),V S t t is 

a bounded and non-increasing function. It implies that ( )S t  

and ( )t are bounded functions.

Setting 

( ) ( ) ( )( ) ( ) ( )( )1

pn ,t d S t p t V S t t −  −  − (49) 

Accordingly, the integral of ( )t  with respect to time can 

be presented as  

( ) ( ) ( )( ) ( ) ( )( )
0

d 0 , 0 ,
t

t V S V S t t    − (50) 

Following the above, because ( ) ( )( )0 , 0V S   is a bounded

function and ( ) ( )( ),V S t t  is a bounded and non-increasing

function, the following result can be presented that  

( )
0

lim d
t

t
t 

→
   (51) 

Further, ( )t  is also bounded. Consequently, according to 

Barbalat's lemma, it can be deduced that ( )lim 0t t→  = . It is 

implied that the sliding surface ( )S t  converges to zero when 

t →  . Moreover, the parameter estimation error ( )t  can be 

guaranteed to be bounded. Therefore, the stable behavior for 

the output current control system of the CHMC is guaranteed.  

D. Summary

Through the above detailed presentation, the ATSMC with 

stable behavior is proposed for the output current control of 

the CHMC, considering the lumped uncertainty of the system 

voltage and current and its bound. The final design results can 

be summarized as follows.  

When the lumped uncertainty ( )p t  of system voltage and 

current is considered, the ATSMC can be divided into three 

main parts. The first part is the baseline model 
gbu  to specify 

the desired performance, which is designed as  

( ) ( ) ( )( )1

gb pn gd pn iu t d x t f g t e−= − + (52) 

Following the baseline model design, the second part is the 

curbing control gcu  to completely eliminate the unpredictable 

perturbation performance of parameter variations and external 

disturbances, therefore accurately guaranteeing the baseline 

model design performance, which is designed as  

( )( )1

gc pn
ˆ= sgnu d S t −− (53) 

The third part is the adaptive observation ( )ˆ t  to estimate 

the upper bound of the lumped uncertainty ( )p t  of system 

voltage and current, so alleviating the chattering phenomenon 

caused by improper selection of conservative constant control 

gain in the curbing controller, which is designed as  

( )1

pn

g

1
ˆ d S t



−= (54) 

Thus, the CHMC modulation voltage ( )u t  obtained from 

the ATSMC is expressed as 

( ) ( )( ) ( )( )

( )

gb gc

1 1

pn gd pn i pn

1

pn

g

ˆ sgn

1
ˆ

u u u

d x t f g t e d S t

d S t

 




− −

−

= +

= − + −

=

(55) 

Furthermore, according to the matrix differentiation, when 

vector  1 ny y=Y is an n-dimensional row vector and

vector  
T

1 mx x=X is an m-dimensional column vector, 

the differential equation is 

1 2

1 1 1

1 2

2 2 2

1 2

n

n

n

m m m

y y y

x x x

y y y

x x x

y y y

x x x

   
   
 
   

  
  =  

 
 

   
    

Y

X
(56) 

In order for (38) to hold, Y  should be C  and X  can be E . 

Therefore, C  should be 1

pn id e− , i.e., 

( ) ( )1 1

pn i pn i 1

pnT

i

0
1

d e d eC
d

e

− −

−
  

  = =      
E

(57) 

Consequently, combined with (35), the sliding surface (30) 

can be represented as  

( ) ( ) ( )

( ) ( )

( ) ( )

( ) ( )( )
( )

0 T0

1 1 1

pn i pn i pn
0

i

1 1 1

pn i pn i pn i
0

1

pn i i i
0

1

pn

d

10 0
0 0 d

0

0 d

0 d

t

t

t

t

C
S t C C

d e t d e d
e

d e t d e d e

d e t e e

d t






 

 

− − −

− − −

−

−


= − −



  
 = − −    

   

= − −

= − −

= 









E E AE
E

(58) 
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Accordingly, its discrete representation is 

( ) ( ) ( ) ( )

( ) ( ) ( )

( )

1 1 1

pn i pn i pn s i

0

1

pn i i s i

1

1

pn

0

0

n

k

n

k

S n d e n d e d T e k

d e n e T e k

d n





− − −

=

−

=

−

= − −

 
= − − 

 

= 



 (59) 

Thereby, the adaptive observation in the third part can be 

finally represented as 

( ) ( ) ( )1 1 1 2

pn pn pn pn

g g g

1 1 1
ˆ d S t d d t d t

  

− − − −= =  =  (60) 

The final CHMC modulation voltage ( )u t  obtained from 

the ATSMC can be finally expressed as  

( ) ( )( )

( )( )

( ) ( )( )

( ) ( )( )

( ) ( ) ( ) ( )( )

1

gb gc pn gd pn i

1

pn

1

pn gd pn i

2 1 1

pn pn pn

g

1 2

pn gd pn i pn

g

ˆ sgn

1
sgn

1
sgn

u u u d x t f g t e

d S t

d x t f g t e

d t d d t

d x t f g t e d t t












−

−

−

− − −

− −

= + = − +

−

= − +

−  

 
= − + −   

  

 (61) 

where 

( ) ( ) ( )i i i
0

0 d
t

t e t e e  = − −  (62) 

Then, substituting ( ) PWM conu t K v= , ( )gd refx t i= , pn A1f L= − , 

pn A1d L= , ( )
Ag Lx t i= , and ( ) oAg t u= into (61) and (62), the 

discretized functions of modulation voltage conv can be finally 

described as  

( )

( ) ( )

( ) ( )( )

( ) ( )( )

A

ref oA

A

A

con ref

PWM

2

A

g

1

1
sgn

L

i n u n
L

L
v n i n i n

K

L n n





 
+ 

 
 = + −
 
 
−   

  

(63) 

( ) ( ) ( )( ) ( ) ( )( )

( ) ( )( )

A A

A

ref ref

s ref

0

0 0L L

n

L

k

n i n i n i i

T i k i k
=

 = − − −

− −
(64) 

The schematic control diagram of the proposal is presented 

in Fig. 6, with comparison to that of PI, BSC, and SMC. The 

proposal follows ATSMC design process for power electronic 

converters in [31], which represents a sufficient theoretical 

demonstration and rigorous derivation.  

Fig. 6. Schematic control diagram.  

IV. SIMULATION STUDY

The proposed method is implemented through simulation 

on MATLAB/Simulink. The distribution network with an SPG 

fault and CHMC model is built based on Fig. 1. The main 

parameters are shown in Table I. 

Table I 

Main Simulation Parameters 

Symbol Parameters Value 

xE Amp. of power supply voltage 8.165 [kV] 

f Fundamental frequency 50 [Hz] 

0C phase-to-ground capacitance 7 [ μF ] 

0R Phase-to-ground resistance 5684 [  ] 

N No. H-bridges per CHMC 10 

dV DC voltage per H-bridge 1000 [V] 

AL Filter inductance 0.005 

PWMK Gain of PWM 10000 

 Control coefficient 100 

g Control coefficient 1000000 

sT Switching cycle 
52e−

A. Comparison of Fault Voltage and Current Suppression

Results Based on PI, BSC, SMC, and Proposal Under Low 

Fault Resistances 

Fig. 7 and Fig. 8 show the SPG fault current and voltage 

suppression results based on the PI, BSC, SMC, and ATSMC 

controllers under low fault resistance conditions, respectively. 

The SPG fault occurs at 0.03st = , and the fault currents have 

large impulses. The CHMC starts to suppress the fault current 

and voltage at 0.1st = . When f 0 1R .=  , these four controls 

produce similar response results, i.e., the fault current and 

voltage are gradually suppressed during a transient process of 

one power frequency cycle. When fR  increases to 10 , the 

duration of transient process reduces to less than one-quarter

of the power frequency cycle, and these four controls exhibit 

slightly different transient response results. Whether fR is 

0 1.  or 10 , the ATSMC shows the best steady-state results 

for SPG fault current and voltage suppression, compared with 

that of the PI, BSC, and SMC. 

Fig. 7. SPG fault current and voltage suppression results using PI, BSC, SMC, 

and proposal under f 0 1R .=  .  

Fig. 8. SPG fault current and voltage suppression results using PI, BSC, SMC, 

and proposal under f 10R =  .  
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The reason why these four controls show similar transient 

response results is that if the fault resistance is low, the fault 

voltage oAu  will be small after a SPG fault occurs. Therefore, 

when the fault voltage and current are suppressed to close to 

zero in the initial period of fault arc suppression, the voltage 

change is actually small; accordingly the charge and discharge 

behavior of the capacitors in eqZ  does not show a significant 

difference regardless of the controller used. Consequently, the 

transient response results of SPG fault voltage and current are 

similar whether using the PI, BSC, SMC, or the proposal. 

However, the proposal shows the best steady-state results for 

SPG fault voltage and current suppression because the lumped 

uncertainty is considered to prevent unstable dynamics.  

B. Comparison of Fault Current and Voltage Suppression

Results Based on PI, BSC, SMC, and Proposal Under Medium 

Fault Resistances 

Fig. 9 and Fig. 10 show the SPG fault current and voltage 

suppression results based on the PI, BSC, SMC, and ATSMC 

controllers under medium fault resistances, respectively. In the 

case of f 100R =  , the transient response results of ATSMC 

are significantly different from those of the other controls, i.e., 

the fault current and voltage based on the PI, BSC, and SMC 

have similar transient DC bias decay processes of half power 

frequency cycle. Moreover, the duration of transient DC bias 

decay processes increases to more than two power frequency 

cycles when fR  goes up to 1k . In contrast, the fault current 

and voltage based on ATSMC cross zero many times during 

their AC transient decay process and can be suppressed faster, 

causing the fault arc to extinguish earlier. Furthermore, in the 

cases of medium fault resistances, the ATSMC also shows the 

best steady-state results for SPG fault current and voltage 

suppression, compared with those of the PI, BSC, and SMC.  

Fig. 9. SPG fault current and voltage suppression results using PI, BSC, SMC, 

and proposal under f 100R =  .  

Fig. 10. SPG fault current and voltage suppression results based on PI, BSC, 

SMC, and proposal under f 1kR =  . 

C. Comparison of Fault Current and Voltage Suppression

Results Based on PI, BSC, SMC, and Proposal Under High 

Fault Resistances 

Fig. 11 and Fig. 12 show the SPG fault current and voltage 

suppression results based on the PI, BSC, SMC, and ATSMC 

controllers under high fault resistance conditions, respectively. 

As fR  increases to 8k  and 16k , the duration of transient 

DC bias decay processes increases to more than three power 

frequency cycles during fault current and voltage suppression. 

Besides, the advantages of the ATSMC in suppressing fault 

current and voltage faster become more significant. Similarly, 

the ATSMC shows the best steady-state results for SPG fault 

current and voltage suppression, compared with those of the 

PI, BSC, and SMC, making residual fault current and voltage 

closer to zero. To sum up, the proposed ATSMC has a better 

adaptability to different fault resistances, a better elimination 

capability for residual fault current and voltage, and a better 

transient response process for fault arc suppression.  

Fig. 11. SPG fault current and voltage suppression results based on PI, BSC, 

SMC, and proposal under 
f 8kR =  . 

Fig. 12. SPG fault current and voltage suppression results based on PI, BSC, 

SMC, and proposal under 
f 16kR =  . 

For the medium and high fault resistances, the reason for 

the significantly different transient response results of these 

four controls can be attributed to the fact that, due to the high 

or medium fault resistance, the fault voltage oAu  will be very 

close to the power supply voltage Ae  after a SPG fault occurs. 

Therefore, when the fault voltage and current is suppressed to 

close to zero in the initial period of fault arc suppression, the 

voltage variation range is significantly large; accordingly, the 

charge and discharge behavior of the capacitors in eqZ will 

span a long period of time. Due to the different parameters, 

structures, and performance of different controllers, the four 

controls show completely different transient response results 

of fault voltage and current suppression. Among them, the PI, 

BSC, and SMC do not take into account the uncertain fault 

resistance, i.e., the uncertainty of charging and discharging of 

capacitor in eqZ . Thereby, the sensitivity of controlled systems 

to uncertainties of fault resistance fr  and the charging and 

discharging of capacitors in eqZ exists in the transient state 

during the initial period of the fault arc suppression, i.e., the 

system dynamic performance at the beginning of fault current 

and voltage suppression will be influenced by the uncertainties 

of SPG fault resistance fr  and charging and discharging of 

capacitors in eqZ . These uncertainties are ultimately reflected 

in the lumped uncertainty of system voltage and current that is 
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not considered in the design process of the three controls. The 

lumped uncertainty of system voltage and current caused by 

these uncertainties is fully considered in the design process of 

the ATSMC. Thus, the long-term transient DC bias processes 

of fault current 
fr

i  and voltage oAu  are eliminated, and the best 

steady-state results for fault voltage and current suppression 

are obtained, compared with those of PI, BSC, and SMC.  

V. EXPERIMENTAL VALIDATION

The results of the proposed method are further validated on 

the 380V physical experimental platform, as shown in Fig. 13, 

and the specifications are shown in Table II.  

TABLE II 
Specifications of Experimental Platform 

Symbol Parameters Value 

mE Amp. of power supply voltage 311 [V] 

f Fundamental frequency 50 [Hz] 

0C Phase to ground capacitance 8.8 [ μF ] 

0R Phase to ground resistance  800 [  ] 

N No. H-bridges per CHMC 6 

dV DC voltage per H-bridge 60 [V] 

AL Filter inductance 0.05 

PWMK Gain of PWM 400 

 Control coefficient 4 

g Control coefficient 40000 

sT Switching cycle 
42e−

Fig. 13. Physical experimental platform. 

A. Comparison of Experimental Results Based on PI, BSC,

SMC, and Proposal Under Different Fault Resistances 

Fig. 14 and Fig. 15 show the SPG fault current and voltage 

suppression results based on the PI, BSC, SMC, and ATSMC 

under fault resistances of 100 Ω and 500 Ω, respectively. 

When a SPG fault occurs, the fault voltage is greatly reduced 

in the case of f 100R =  , but it is slightly reduced in the case 

of f 500R =  . In the initial period of fault arc suppression 

based on the PI, BSC, and SMC, the fault voltage and current 

show a slight transient DC bias decay component in the case 

of f 100R =  , but they exhibit a more severe transient DC bias 

decay component when f 500R =  . This is attributed to the 

fact that the fault voltage variation range is small during fault 

arc suppression when f 100R =  , because the fault voltage has 

been reduced greatly after a SPG fault occurs. Therefore, the 

charge and discharge behavior of the capacitors in eqZ  will not 

last long, so that the system voltage and current will not have a 

very long transient change process, which will have a small 

impact on the three controls. However, when f 500R =  , the 

fault voltage variation range becomes larger during fault arc 

suppression, from close to the supply voltage to zero, because 

the fault voltage is almost close to the power supply voltage 

after a SPG fault occurs. Therefore, the charge and discharge 

behavior of the capacitors in eqZ will span a long period of 

time, causing a large transient component in system voltage 

and current, which will have a great impact on the three 

controls. Because the lumped uncertainty of system voltage 

and current is not considered by the three controllers, the fault 

voltage and current also have large transient component in the 

initial period of fault arc suppression. The lumped uncertainty 

of system voltage and current is fully considered in the design 

process of the ATSMC. Thus, the severe transient component 

of fault current 
fr

i  and voltage oAu  are eliminated, and residual 

fault voltage and current in steady-state are smaller than those 

of PI, BSC, and SMC whether f 100R =   or f 500R =  .  

Fig. 14. Experimental results of fault current and voltage suppression using PI, 

BSC, SMC, and proposal in the case of 
f 100R =  . 

Fig. 15. Experimental results of fault current and voltage suppression using PI, 

BSC, SMC, and proposal in the case of 
f 500R =  . 

Fig. 16 and Fig. 17 show the SPG fault current and voltage 

suppression results based on the PI, BSC, SMC, and ATSMC 

under fault resistances of 1000 Ω and 2000 Ω, respectively. As 

the fault resistance continues to increase, the fault voltage 

decreases only slightly after a SPG fault occurs. Thence, the 

fault voltage will have a large variation span during fault arc 

suppression when f 1000R =   and f 2000R =  . For PI, BSC, 
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and SMC, the lumped uncertainty of the system voltage and 

current is not considered in their design process. Accordingly, 

the large span of fault voltage variation causes the capacitors' 

charging and discharging behavior in eqZ  to directly affect the 

suppression of fault voltage and current, resulting in more 

severe transient components.  

However, the ATSMC considers lumped uncertainty of the 

system voltage and current in its design process, thus it has a 

significantly short transient response time, i.e., the SPG fault 

voltage and current have no transient component in the initial 

period of fault arc suppression, and they can be suppressed 

rapidly to cross zero many times after the CHMC starts to 

output current, which helps the fault arc to extinguish earlier. 

Meanwhile, the fault voltage and current are suppressed stably 

with a smaller residual component based on the ATSMC 

during the steady-state process.  

Fig. 16. Experimental results of fault current and voltage suppression using PI, 

BSC, SMC, and proposal in the case of 
f 1000R =  . 

Fig. 17. Experimental results of fault current and voltage suppression using PI, 

BSC, SMC, and proposal in the case of 
f 2000R =  . 

Fig. 18 and Fig. 19 show the SPG fault current and voltage 

suppression results based on the PI, BSC, SMC, and ATSMC 

in the case of fault resistances with 5000 Ω and 10000 Ω, 

respectively. As the fault resistance further increases, the fault 

voltage is closer to system power supply voltage after a SPG 

fault occurs. Thus, the fault voltage variation span is still large 

during fault arc suppression in the case of f 5000R =   and 

f 10000R =  . During the process of the fault voltage being 

suppressed from the power supply voltage to close to zero, the 

capacitors in eqZ has an obvious charging and discharging, 

which will affect the transient change process of the system 

voltage and current, resulting in a great impact on the PI, BSC, 

and SMC, because the lumped uncertainty of system voltage 

and current are not considered by the three controllers. Thus, 

the fault voltage and current have a large transient component 

in the initial period of fault arc suppression using the PI, BSC, 

and SMC.  

It can be witnessed that the ATSMC can still eliminate the 

transient component of the fault current and voltage because 

the lumped uncertainty of the system voltage and current is 

considered in its design process, compared with PI, BSC, and 

SMC. Moreover, the fault current and voltage can cross zero 

rapidly after the CHMC outputs current to extinguish fault arc. 

Furthermore, they remain stably suppressed in steady-state 

with smaller residual component, preventing the fault arc from 

reigniting. Thus, the proposed ATSMC can adapt to various 

fault resistances, ensuring a fast response to low, medium and 

high fault resistances and eliminating the transient component 

in the initial period of fault current and voltage suppression. 

The residual fault voltage and current are smaller to extinguish 

the fault arc, compared with those of PI, BSC, and SMC.  

Fig. 18. Experimental results of fault current and voltage suppression using PI, 

BSC, SMC, and proposal in the case of 
f 5000R =  . 

Fig. 19. Experimental results of fault current and voltage suppression using PI, 

BSC, SMC, and proposal in the case of 
f 10000R =  . 

B. Summary of Results
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the implementation results to clarify the performance of the 
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III summarizes the implementation results of fault current and 

voltage suppression based on the proposed method and three 

typical methods: PI, BSC, and SMC. The three typical control 

methods are not adaptable to various fault resistances and will 

cause long transient DC bias decay processes during SPG fault 

current and voltage suppression, especially in the case of high 

fault resistance. Because during the arc suppression process, 

the fault voltage needs to be suppressed from close to power 

supply voltage to zero, which will cause a significant capacitor 

charge and discharge behavior in eqZ  of the system, resulting 

in transient components in the system voltage and current. 

This lumped uncertainty of system voltage and current is not 

considered in the design process of the three controllers.  

The proposed method has sufficiently strong adaptability in 

the full range of fault resistances and eliminates the transient 

DC bias decay processes since the lumped uncertainty of the 

system voltage and current is considered in its design process. 

Furthermore, the table summarizes the suppression rate (SR) 

of fault current or voltage in steady-state under different fault 

resistances. It can be seen that the ATSMC has better results 

than the other three typical control methods. Thus, not only 

does the proposed method improve adaptability to various 

fault resistances and eliminate severe transient components, 

but it also effectively improves the residual fault current and 

voltage steady-state suppression effect.  

TABLE III 
Summary of Implementation Results for Proposed and Typical Methods 

fR Items PI BSC SMC ATSMC 

Low 

Transient 

DC bias 
no no no no 

Crossing 

zero time 
short short short short 

SR > 93% > 77% > 98% > 98%

Medi-

um 

Transient 

DC bias 
medium medium medium no 

Crossing 

zero time 
medium medium medium short 

SR > 94% > 82% > 98% > 98%

High 

Transient 

DC bias 
severe severe severe no 

Crossing 

zero time 
long long long short 

SR > 95% > 80% > 88% > 98%

VI. CONCLUSION

This paper proposes a novel ATSMC for CHMC to improve 

the adaptability, speed, and reliability of arc suppression in 

distribution networks. This method can adapt to uncertain and 

various fault resistances with a wide range, and eliminate the 

long transient DC bias decay processes of residual SPG fault 

current and voltage to reduce arc suppression time. Moreover, 

the steady-state residual fault current and voltage can be better 

suppressed. The simulation and experimental results in the 

case of various fault resistances demonstrate that the proposed 

method has a shorter zero-crossing time due to the absence of 

transient DC bias and smaller residual SPG fault current and 

voltage, compared with PI, BSC, and SMC. Thus, the fault arc 

is suppressed rapidly and reliably under different conditions. 
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