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Abstract
In this paper, a dynamic super twisting sliding mode controller(ST-SMC) is proposed to  resolve the problems associated 
with sudden load changes in AC-DC inverter system such that a high-quality output can be obtained. By developing a 
non-linear extended state observer (NLESO), both system states and lumped parameter disturbances are estimated and 
incorporated into controller design. This dynamic disturbance estimation and rejection algorithm not only increases the 
control loop reliability by eliminating the current sensor dependency, but it also allows the ST-SMC to be implemented 
with a small switching gain that minimizes the chattering effect. Optimal observer gain parameters design has been 
achieved by adopting the particle swarm optimization approach. The stability of the entire closed-loop system is proven 
based on the Lyapunov stability criterion. The effectiveness of the proposed dynamic ST-SMC algorithm has been vali
dated in MATLAB Simulink environment where, the control strategy exhibit rapid dynamic response with a steady-state 
error of 0 V. The total harmonic distortion (THD) is also reduced to  0.02%% and 0.08%% for linear and non-linear 
loads, respectively.
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Introduction
Voltage source inverter (VSI) is widely employed in 
power generation systems, 1 3 uninterruptible power 
supplies, 1,4 electric vehicles systems (EVS) , 5 and renew
able energy systems,6,7 in order to supply power to the 
variety of loads. In these applications, accurate regula
tion of the inverter output voltage and current are of 
significant importance. Some of the important factors 
that degrade the inverter output performance in these 
applications include inverter non-linear dynamics, sud
den load changes, measurements errors, actuator degra
dation, electromagnetic interference, etc . 1 7 These 
disturbances cripple the inverter’s output voltage and 
degrade the control performance, which results in high 
harmonic content and steady-state error in the output8,9 

that may cause damage to the application systems. 
Therefore, it is important to design an inverter control 
scheme that will be robust enough to withstand the dis
turbances resulting from load fluctuations such that the

steady-state error performance can be improved, 
thereby minimizing the total harmonic distortion.

Up to present, many control approaches have been 
presented in the literature to handle these disturbances 
which includes, repetitive control,10#*, control,9 model 
predictive control, 11 backstepping control, 12 fuzzy & 
neural network-based control, 13,14 and sliding mode 
control (SMC) . 4,6,7 Among these control methods,
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SMC is a more favorable control algorithm for the 
inverter system because of its inherent switching nature4 

that is compatible with VSI gate switching. SMC has 
superior reference tracking capability and exhibits 
robustness against disturbances and ensures finite-time 
convergence. However, it suffers from chattering due to 
the high switching gain of discontinuous signum func
tion in the control law . 15 Chattering increases the 
switching losses in the inverter system and injects high- 
frequency harmonics into the output. 16 In addition, the 
traditional SMC is normally designed in state feed-back 
form, which requires comprehensive knowledge of the 
system parameters and system states.

To mitigate the adverse effects of discontinuous con
trol law, many elegant methods have been presented in 
the literature. A  hysteresis-SMC approach has been 
presented in Kukrer et al. 17 where a continuous satura
tion function replaces the discontinuous signum func
tion. However, in this method, there is a trade-off 
between chattering removal and robustness where large 
boundary thickness will reduce the chattering but the 
robustness toward the load variation is decreased. 18 
The second approach used for chattering alleviation is 
gain adaptation. In conventional SMC the switching 
gain in the controller is required to be larger than the 
bounds of disturbances in the system to fulfill the exis
tence condition that result in chattering . 15 In adaptive 
approach the gain over estimation is avoided by appro
priately adapting the switching gain proportional to the 
uncertainties in the system. Adaptive SMC approaches 
has been presented in Rezkallah et al.6 and Ghanbarian 
et al. 19 to improve the steady state performance and 
TH D  mitigation in the inverter system. The third 
approach that is being reported in the literature is to 
use higher order sliding mode control (HOSMC). The 
performance of the traditional SMC is restricted by the 
condition that the system relative degree must be 1  and 
the inclusion of the switching function in the first deri
vative of sliding surface. To remove this restriction 
HOSMC has been proposed in which switching func
tion is included in the higher order derivatives of sliding 
variables.20 HOSMC has been implemented on the 
inverter system in Del Pizzo et al.21 and Dai et al.22 to 
get a continuous control signal by overcoming chatter
ing phenomenon. Although HOSMC approach gives 
reasonable tracking performance but all of above 
approaches are designed through state feedback that 
needs complete information of the system parameters 
and system states. In addition, the conventional state 
feedback control laws also lack the ability to deliver 
superior control performance in the event of the failure 
of the current sensor to give proper feedback.

Researchers have presented several closed-loop algo
rithms which do not require any information other 
than the output of the system. These algorithms are not 
only straightforward to implement but also utilize 
fewer sensors. Output feedback SMC schemes have 
been investigated such as Chang et al.23 and Zhu 
et al.24 but again their gains are designed to be

proportional to the uncertainties in the system that 
causes chattering phenomenon. In Wang et al.25 output 
feedback based disturbance and state observer has been 
proposed to address the harmonic distortion mainly 
due to the linear load variations. The algorithm can be 
implemented with relatively low switching gain if the 
load disturbances are properly estimated however, in 
order to implement the algorithm comprehensive 
knowledge of system parameters are required. In Zhao 
et al.26 a higher order sliding mode observer based on 
terminal sliding mode control strategy has been pre
sented. The strategy is model dependent that requires 
the knowledge of system parameters and additionally 
the HOSMO performance depends on the bound of the 
disturbances. In similar scope of study, artificial neural 
network (ANN) based disturbance rejection SMC is 
presented in Zhu and Fei14 where disturbances are esti
mated using A NN  approach are rejected on the sliding 
surface. It has been noted that disturbances rejection 
strategies can be implemented by using small controller 
switching gains and the convergence of states mainly 
depends upon the convergence of estimation errors. 
With higher bandwidths of disturbance observers, 
accuracy of prediction is improved at the expense of 
amplification of the noise; therefore, the observer gains 
must be designed appropriately to accomodate these 
conflicting requirements for optimal system perfor
mance. Although output feedback SMC control 
schemes offers satisfying output, however, the studies 
in the existing literature concerning dynamic output 
feedback based continuous higher order SMC for 
inverter system with mismatched uncertainties are still 
lacking.

In this paper, a non-linear extended state observer 
(NLESO) based super twisting control algorithm has 
been proposed for a single phase inverter with mis
matched uncertainties due to a wide range of load var
iations. The extended state observer estimates the 
system states along with lumped parameter distur
bances. The non-linear terms in ESO contribute toward 
the convergence of estimation errors while the optimal 
gain selection has been made using PSO. The estimated 
states and lumped disturbances are then incorporated 
in sliding surface and control law. The proposed algo
rithm can be implemented with small switching gains 
that effectively reduce the chattering effect without the 
loss of robustness. The notable merits of this paper are 
as follows:

• The controller is model-independent, and only 
the output voltage measurement is required to 
implement the proposed control law.

• The NLESO proposed here is finite-time conver
gent and gives robust estimates of system states 
and accumulates the effects of load disturbances 
as a lumped parameter. Through the concept of 
lumped disturbance rejection, the effectiveness 
of the control law is enhanced and discontinuous 
control action is eliminated.
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• The complexity of observer gain design has been 
significantly reduced by using PSO technique.

The effectiveness of the proposed algorithm is verified 
via MATLAB simulations, where the system is sub
jected to both linear and non-linear load changes.

The rest of the paper is organized as follows: 
Inverter modeling is given in Section 2. Section 3 deals 
with the designing of the dynamic ST-SMC control 
law. Section 4 is devoted to the stability analysis of the 
proposed algorithm. Observer gain optimization using 
PSO is described in Section 5 followed by simulation 
results and discussions in Section 6. Finally, the paper 
is concluded in Section 7.

Inverter model

A single-phase inverter is shown in Figure 1, where Vdc 
is the DC input voltage, L is the inductor and C is the 
capacitor that forms the low pass filter whereas 
Si, S2, S3, S4 are the semiconductor switches that are 
controlled by the PWM signal generated based on con
troller output, R describes the variable linear load 
whereas, u, iL, iC, and io are the inductor current, capa
citor current, and output current, respectively.

Output voltage vo is taken across the filter capacitor 
which follows the desired sinusoidal reference voltage. 
Inverter dynamics by using Kirchhoff’s laws are 
expressed as

v = — — _o C
Vo

RC
■ = uVdc Vo
iL L L

(1)

Figure 1. Single phase DC-AC inverter.

Controller design
The main control objective is to develop a robust 
controller for this VSI system that can track the desired 
reference sinusoidal voltage vref  with minimized steady- 
state error and THD in the presence of load variations. 
In order to transform (2) into a class of non-linear sys
tem, the first state is defined as

X 1 vref v0 (3)

By taking derivative of (3) and inserting (2), it becomes

X 1 = vref -  CL + RC + d1(t) = X2 (4)

where, d1(t) = — ( Rc — r1c )vo is the mismatched uncer
tainty due to load parameter variations. By taking the 
derivative of (4) it gives

X2 = f(t) + bu (5)

For this system, output voltage vo and inductor current
iL are considered as state variables. In reference track
ing, the output voltage vo is designed in such a way that 
it is able to track the desired sinusoidal reference even 
in the presence of linear and non-linear load variations. 
From  (1) it is clear that the load is coupled to the out
put voltage vo and inductor current iL where any varia
tion in the load will affect both of the state variables. 
By considering the direct coupling between vo and load 
variation, the system (1) can be re-expressed as follows:

C rC + d(t)vo
RC

■ = uVdc vo
lL L L

(2)

where d(t) = (Rc — R1C )vo is the mismatched distur
bance that acts on the inverter through the channel that 
is different from the input channel. R0 is the nominal 
value of resistance, vo is assumed to be the only mea
surable output that is y  = vo and the control objective 
is to track a sinusoidal reference voltage vref such that 
vref — vo = 0.

where b = — Vdc and f(t) = vref + C (L — r 2c )  + RC2

—v^RC — R1^) Thus, the inverter system subjected to
load uncertainties can be presented, as a class of non
linear dynamic systems which contains the system states 
as chain of integrals and system uncertainties as lumped 
parameter, as follows,

X1 = X2

X2 = f(t) + bu 
y = X1

(6)

where, x 1, x2 are state vectors, f(t) is the lumped para
meter disturbance that includes both matched and mis
matched disturbances, u is the system input while b is 
the input coefficient. In order to estimate the system 
states and lumped parameter uncertainty the non-linear 
extended state observer can be defined as

Z1 = Z2 — b 1 e1
Z2 = Z3 — b 2/al(e1, « 2 , d)
Z3 = — b fa /( e 1, « 1 , d)

bu (7)
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where ^ ,  b 2, b 3 are the observer gains that need to be 
designed. e1 = z1 — x 1 represents estimation error, 
whereas fal( * ) is a continuous function given as

fal(e, a, 8) =
‘sign(e)

if
i f

|e| 4  8
lei >  8

where i = 1 ,2,8 >  0 is the length of the linear segment 
in the neighborhood of origin and 1 >  a i > 0 is a con
stant given in Table 1. z 1, z2 and z3 are the estimates of 
x 1, x2 and f(t)  respectively.

The control scheme is illustrated in the Figure 2 
which illustrates that the output of the observer is fed 
to the sliding surface that can be designed as

s = Ax1 + x2'1 x 1 + z2 (8)

where l  is a positive constant and z2 is the estimate of 
state x2 that contribute toward dynamic sliding surface. 
By taking the derivative of (8), it gives

s = Ax2 + x2 (9)

By inserting the value of x_ 2 from (5) in (9), then

s = Ax2 + f(t) + bu (10)

By the virtue of (7), equation (10) can be written as

s = Az2 + z3 + bu (11)

By making s !  0 the control law can be derived as.

u = -  ( — Az2 — z3 + usw) 
b

(12)

where

usw = — r 1 |s|2 sign(s) — r2 sign(s) (13)

Table 1. Non-linear function parameters.

Parameters Values

8 0.9
a \ 0.25
a2 0.5

Figure 2. Control strategy.

controller gain without sacrificing the system robust
ness significantly.

Stability analysis
This section illustrates the stability analysis of the pro
posed closed-loop system. Firstly, the observer stability 
is ensured by proving that the error dynamics converge 
to 0 and then it is proven that the system dynamics and 
sliding surface converge to 0 in finite time. For that pur
pose, the observation errors are defined as

e1 = z 1 — x 1 

e2 = z2 — x 2
e3 = z 3 — f (t)

(15)

By inserting the value of usw the composite control law 
can be written as

u = b ( — Az2 — z3 — r 1 jsj1 sign(s) — r2 sign(s)) (14)

Traditionally, in order to achieve fast convergence of 
sliding variable s, the signum functions gains r1 and r2 
are designed to be proportional to the disturbances in 
the system. However, these high gains results in long 
settling time, high overshoot in the sliding variable and 
chattering in the control input. On the other hand, 
smaller gain values results in slow convergence. A dis
turbance estimation and rejection strategy helps in 
implementing the proposed control law with small

As f  (t)| = C is bounded uncertainty where, C is a con
stant. By taking the derivative of the estimation error, 
the observer error dynamics becomes

e1 = z 1 — x 1 

e2 = z 2 — x 2

e3 = z3 — f(t)
(16)

From  (7) and (15), (16) continues to be 

e1 = (z2 — x2) — b1 e1
e2 = (z3 — f(t)) — b 2e1 + bu — bu 
e3 = — Pfal(e1, a2 ,8) + f(t)

Further simplification of (17) results in

(17)

e

0

0
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= e2 -  8 1 6  

62 = e3 — 8 2 6
e3 = — b 3e1 + fit)

By writing in matrix form we get

(18)

61 ' —81 1 0 61 0

62 = —8 2 0 1 e2 + 0

. 63 _ —8 3 0 0 _ 63 _ f_(t)

V = ss

V  = s(1x2 + X2)

By substituting the value of X2 and u(t), then 

V = s(Ax2 + f( t)  + bu(t))

1

(2 0 )

(23)

V = s(1X2 + f t )  + b( — -  (1Z2 + Z3 — Usw)) (24)
b

V = s(1X2 + f(t) — 1Z2 — Z3 + Usw) (25)

V = s(1(X2 — Z2) + f t )  — Z3) + Usw) (26)

V = (S + s — S)(A(X2 — Z2) + f t )  — Z3) + Usw) (27)

V 4  (|S| + |s — S|)(A(X2 — Z2) + (f t)  — Z3) + Usw)
(28)

V4  |S|(A(X2 — Z2) + f t )  — Z3)) + |s — |̂(A(X2 — Z2)
+ f t )  — Z3)) + | S | Usw + | s — S | Usw

(29)

By the virtue of observer convergence, V4 1 S| (A(x2 — 
Z2) + (f(t) Z3)) + | s — S | (A(X2 — Z2) + f (  t) — (f(t) — Z3)) +
| s — S | Usw is bounded and significantly small which 
leaves

V4  | S | Usw = | S | ( — r 11 s 10 '5sig«(s) — r2 sign(s)) (30)

V4  | S | Usw = — | S| ( r 11 s 10,5sig«(s) + r2 sign(sM (31)

V 4 sS | s 10,5sig«(s) | + | r2 sign(s) | (32)

(19) Equation (32) can be written as

V <  | S | Usw = — h | S | (33)

where |/( t)  | <  C is bounded and by proper selection of 
the parameters b 1 , b 2 and b 3 the characteristic polyno- where,
mial for above system P(s) = | S I — A | is made Hurwitz 
stable which leads the estimation errors e1 , e2 and e3 

converge to 0 in a finite time.27 Stability of proposed 
control law is proven by using Lyapunov stability cri
teria. Consider a positive definite Lyapunov candidate 
given by

h | s | °'5sigra(s) | + | r2 sign(s) |

thus, any positive value for r1 and r2 will result in

VV <  0 (34)

(21) This completes the proof.

(22) State convergence
In order to prove the state convergence following 
Lyapunov candidate function is selected.

V = — X2 + — z2 + — z
1 1
2  1 2 2

Differentiating the above equation gives 

V = X1X1 + z2 Z2 + Z3Z3

(35)

(36)

(37)V = X1X2 + Z2 Z2 + Z3Z3

V = X1(Z2 — e2) + Z2Z2 + Z3Z3 (38)

V = X1Z2 — X1 e2 + Z2Z2 + Z3 Z3 (39)

V = X1Z2 — X1e2 + Z2(Z3 + bU — b 2e1) + Z3Z3 (40)

By inserting U from (14), then

V = X1Z2 — X1e2 + Z2(Z3 + b

( — 1 (Az2 + Z3 — r1| s 10'5sign(s)
V b (41)

— r2 sig«(sH — 18261) + Z3Z3 

1 /0
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V = X1Z2 — X1e2 + Z2(Z3 — (1 Z2 + Z3 — r 1 |s|0,5sig«(s) „-Kt

r2 sig«(s)) — ^ 1) + Z3Z3

V = X1Z2 — X1e2 — AZ2Z2 — Z2( — r 1 |s|0,5sig«(s)

- r2 sig«(s)) — Z2^ 2e1 + Z3 Z3

(42)

(43)

V 4 X2 +  Z2  +  X. +  £ l +  az 2 +  h Z2 +  ftZ;
4  2  2  2  2  2 1 2  2

+ b 2e? Z23

+ T  b
(45)

By rearranging the terms

V4  i !  + XL + Zl + az 2 + ,  Z2 + M  + Zi f t2 32  2  2

+ e l + b e ?
2  2

It can be written as

(46)

V(t) = W )
1(t)Lvdt + c

where I(t) is the integral factor given as 

I(t) = eJ —Kdt = e—Kt

V(t) = -K 7 e KtLvdt + c

,-Kt

K Lv + c

(49)

(50)

(51)

(52)

For finding the constant c we find the initial conditions

V(t) = -K 7 K
c

V(t) = ceKt — L

V(0)= — K  + c

V4 IX1Z2 I + |X1 e2 1 + A|Z2Z2 1 h|z21 + b 2 |z2e1 1 + |Z3Z3 |
(44)

c =  V(0) +

(53)

(54)

(55)

(56)

Then (54) can be represented as 

V(t) = „Kt
K (57)

V 4 [ 2  1 + 2A + h + ^ 2 b 3 ]V + (|e2 | + ^ 2 |e1 |)
(47)

this equation can be written in the following form

V4 KV + Lv (48)

It is a first order differential equation whose general 
solution can be written as

If K and Lv are bounded, then states will remain 
bounded in finite time. This completes the proof.

Observer gain tuning
The estimation accuracy of the nonlinear extended 
state observer is critical to the closed-loop control 
performance of the system. The greater the conver
gence rate, the higher the accuracy of the control 
loop. In this text optimal observer param eters are 
obtained using particle swarm optimization tech
nique by developing a unique cost function presented 
in Anjum et a l .28

The procedure of the PSO is presented in Figure 3(a) 
where the members of the swarm are represented as 
particles and each particle provide a potential solu
tion to the estimation error-based objective function. 
At each iteration, the specified objective function is 
evaluated for each particle and particles are updated 
with personal best, pbest, and global best, gbest, posi
tions which indicate the best solution provided by 
individual particle and entire swarm, respectively. 
Before each iteration, particles change their position 
as follows;

k +1  k vk + 1 = wvk + c1 .ra«d1(..)(pbesti — Xk) 
+ c2 .ra«d2(..)(gbesti — Xk)

..k + 1  — -..k I ...k + 1X X v
(58)

where vk is the velocity of ith particle at kth iteration, 
w, c1 and c2 are the weighting factors, Xk is the current 
position of the particle i at kth iteration, pbest and 
gbest are the optimal solutions given by particle i and 
entire swarm, respectively, as shown in Figure 3(b). 
The values of param eters assigned to PSO are listed 
in Table 2. The primary goal of the proposed control 
algorithm  is to minimize the tracking error X1 in 
order to precisely follow the vref  of the VSI. Whereas, 
the state estimation errors e1 and e2 would be small if

0

0

2
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Figure 3. (a) flow  chart o f PSO algorithm, (b) particles position and velocity update, and (c) PSO convergence.

Table 2. PSO parameters.

Symbol Description Values

k No. of iteration 30
i No. of particles 30
8 I> 8 2> 8 3 N o  of designed parameters 3
ci Weighting factor 1.42
c2 Weighting factor 1.42
w Weighting factor 0.9

the observer gains are optimally designed . For that 
purpose, the objective function to be evaluated by the 
swarm particles is specified as

Figure 4. (a) O utput voltage and (b) tracking error.

J  = | 6 1 1 dt + | 6 2 1 dt + | X11 dt (59)

The PSO will minimize the objective function by select
ing the optimal observer parameters 8 1 , 8 2 , and 8 3 as 
shown in Figure 3(c), where more accurate estimation 
of system states are achieved. A comparison of PSO 
based algorithm and heuristic-based observer gain 
selection is given in Figures 4 and 5 which clearly 
depicts that PSO based algorithm exhibits superior per
formance in terms of both tracking and estimation 
error minimization. Being the integral part of proposed 
control law, the precise estimation of system states also

effectively contributes toward smooth control input as 
presented in Figure 6 .

Simulation results for reference tracking
The effectiveness of the proposed continuous dynamic 
SMC is validated through MATLAB Simulink. The 
performance of the proposed controller is compared 
with the back-stepping controller presented in Diouri 
et al. 12 The discrete components values used for simula
tion and designed controllers parameters are presented 
in Tables 3 and 4, respectively. This study compares 
the performance of the inverter under three operational

0 0 0
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Figure 5. (a) First state estimation e rro r and (b) second state 
estimation error.

Table 4. Contro ller parameters.

Symbol Description Values

Observer gain b i i.2e4
Observer gain b2 2.9 i7e7
Observer gain b3 i.563e11
Sliding constant l 15000
C ontro ller gain r i 20
C ontro ller gain r i 400

Figure 6 . Control input u.

Figure 7. (a) O utput voltage and (b) tracking error.

Table 3. Characteristic values used fo r simulation.

Symbol Description Values 2

A
Input DC voltage Vdc 240 V *  0' ja ' \
Reference voltage vre f 155 sin(2pft) v
Inductance l 5.4X  I0_3 H
Capacitance C 20X I0_6F
PWM switching frequency fs i5000
Output frequency f 50 0 2

Sampling time Ts 100 msec 4 _ 1

Nominal linear load R 100 O 3
Non-linear load Rs > RN L> CNL 0.32Q,80n,3200mF

2 -2 
' 0

conditions; at nominal load, sudden linear load varia-
=:

tions, and highly non-linear rectifier load. -2

-P roposedST  ...........Backstopping

tim e(sec)
(b)

Nominal load
At nominal load, the proposed controller accurately 
follows the reference voltage and the tracking error 
immediately converges to 0 as shown in Figure 7(a) 
and (b), respectively. It is clearly shown in Figure 7(b) 
that the tracking error for the backstepping controller 
is 1.4Vp_p whereas the tracking error for proposed ST- 
SMC is almost 0Vp_p. The output load current is 
smooth for both the controllers, as shown in Figure 
8 (a). Control input is presented in Figure 8 (b), which 
depicts significant oscillations in the backstepping con
troller while the control input for the proposed

Figure 8 . (a) Load current and (b) control input.

controller is relatively smooth and chattering free. The 
effect of control input is presented in Figure 9 which 
shows that the smooth inductor current for the pro
posed ST-SMC, whereas for the backstepping control
ler, the inductor current is oscillatory.

The state and disturbance estimation errors are pre
sented in described in Figure 10(a) and (b) which shows 
that the NLESO estimates the system states and distur
bance with accuracy. The sliding surface is presented in
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time(sec)

Figure 9. Inductor current.

2

£ oNO
-2

0,05 time(sec) ® 
(a)

1 0.15

2

5  o
<U

-2

°-05 time(sec) 0 
(b)

1 0.15

Figure 10. (a) State estimation e rro r and (b) disturbance 
estimation error.

Figure 11 which shows that states converge to 0 in a 
twisting fashion and the steady state error is 0.

Linear load variation
A step variation in the linear load has been made 
according to (60) where these resistive load variations 
occur on the system after the system has already 
reached the steady-state condition. In this case pro
posed algorithm exhibits excellent tracking perfor
mance for output voltage as shown in Figure 12(a) 
whereas a ripple of 14Vpeak and 4.8Vpeak has been 
noticed at decreasing and increasing load conditions, 
respectively for the backstepping controller. The track
ing error also converges to 0 in a robust manner for the 
proposed ST-SMC, while the output ripples are visible 
for the backstepping controller in Figure 12(b). The 
sliding surface is presented in Figure 13 which show 
that the tracking error remains at 0 at nominal load. In 
contrast, at load variation, a spike of 0.3 V has been 
observed at both increasing and decreasing loading 
conditions for the proposed ST-SMC controller. The 
output load current is presented in Figure 14(a), which 
shows that the proposed controller shows superior

e

Figure 11. Sliding surface convergence.

(a)

--------- Proposed ST
--------- Backstopping

"K
0 0.05 trnie(sec) 0.1 0.15

Cb)

Figure 12. (a) Output voltage and (b) tracking error.

performance in terms of robustness and settling time is 
almost 0, whereas the current ripple of 1A is visible for 
the backstepping controller, which also needs some set
tling time to reach the steady-state. Control input is 
depicted in Figure 14(b), which is a smooth and contin
uous for the proposed ST controller, whereas the oscil
latory control signal can be observed in the 
backstepping controller with some abrupt oscillations 
at the time of load variation.

( 100Q for 14  0.045 
R  = 1 500 for  0.045 4 1 < 0.095 (60)

[  1500 for 15  0.095

Non-linear load
The inverter’s output is connected to a full-wave bridge 
rectifier, which is common and widely used as a non
linear load for charging batteries as shown in Figure 1. 
Under this type of load, the proposed ST controller 
exhibits robust reference tracking capability as shown 
in Figure 15(a). The rectifier current is smooth, and
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Figure 13. Sliding surface convergence fo r load variation.
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Figure 14. (a) Load current and (b) control input.

tracking error converges to 0  immediately for proposed 
as presented in Figure 15(b) and (c), respectively. 
Whereas, for backstepping controller case the tracking 
error is 1.8 Vp—p and load current settles in 0.02scc as 
presented in Figure 15(b) and (c), respectively.

Total harmonic distortion
The proposed NLESO based STC algorithm exhibit 
superior performance in terms of harmonic rejection 
for both linear and non-linear loading conditions. For 
linear loads, the THD is 0:02% for ST-SMC controller 
while for the backstepping controller the THD is 
0:37% (Figure 1 6 (a) and (b)) and 0:46% for non-linear 
loads (Figure 1 6 (a) and (b)) respectively. For non-

Figure 15. (a) O utput voltage, (b) output current, and 
(c) tracking error.

linear load the THD for proposed ST-SMC controller 
is 0:08% whereas backstepping controller gives 0 :4 6 % 
as depicted in Figure 1 6 (c) and (d) respectively. 
Furthermore, a comparison of the proposed algorithm 
with the previous works is presented in Table 5, reflect
ing that the proposed controller exhibits superior per
formance compared to its counterparts.

Conclusion
In this paper, a higher-order SMC of single-phase VSI 
with non-linear extended state observer has been pre
sented for voltage reference tracking and THD removal 
against linear and non-linear load disturbances. The 
proposed observer estimates the lumped parameter dis
turbances along with system states in the presence of 
load disturbances. Simultaneously, the complexity of 
optimal gain design has been removed by using the 
PSO technique. After the proper estimation of system 
disturbances, the super twisting controller can be 
implemented with smaller gain values, reducing the 
chattering effect and minimizing the THD. The pro
posed algorithm has been compared with the backstep- 
ping controller. The simulation results depict that the 
designed dynamic ST-SMC controller tracks the refer
ence voltage vrf  effectively and the steady-state track
ing error remains at 0 V compared to 1.4Vpgak—p6ak for 
the BS control whereas, the THD remains at 0:02% 
and 0:08% for linear and non-linear loads, respectively, 
as compared to 0:37% and 0:45% for the BS control 
algorithm.



394 Measurement and Control 56 ( 1-2)

0.1

0.08

-o 0.06 

1
o 0.04
ES

: : : : _:_;_

Fundamental (50Hz) = 154.4, THD= 0.37%
0.05 r

0.04

•g 0.03 

i
o 0.02

'w '

s'o.oi
S

o
0 20

Harmonic order 
(a)

Fundamental (50Hz) = 155, THD= 0.08%
0.1

1  0.08

•g 0.06 

(2
o 0.04

£
JP 0.02

5 10 15

Harmonic order 
(b)

Fundamental (50Hz) = 154.4 , THD= 0.45%

5 10 15

Harmonic order 
(c)

20 5 10 15

Harmonic order 
(d)

Figure 16. (a) THD at linear load fo r ST control, (b) THD at linear load fo r BS control, (c) THD at non-linear load fo r ST control, 
and (d) THD at non-linear load fo r BS control.

Table 5. Proposed SMC and its comparison w ith other works.

References Wang et al.25 Willmann et al.29 Komurcugil et al.30 Anjum et al.28 Proposed

C ontro ller type SMC H ' Lyapunov SMC ST-SMC
Observer yes No No yes Yes
Input DC voltage 150 180 400 200 240
O utput AC voltage (rms) 77.7 110 230 70.7 110
Filter capacitor (pF) 5.25 300 49.404 200 20
Filter inductor (m H ) 1 1 0.6867 1 5.4
Switching frequency fsw(kHz) 15 20 12.5 15 15
Voltage tracking e rro r (V) 0.7 1.5 0 0.4 0
THD linear load (%) 0.8 1 0.13 0.20 0.02
THD non-linear load (%) 1.5 12 0.09 1.14 0.08
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