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Abstract: UPS is used to deliver a high quality sinusoidal waveform to
consumers without any interruptions. This work proposes an Enhanced
Exponential Reaching Law (EERL) based Sliding Mode Control (SMC) for a
three- phase UPS 30 kVA system used in industrial Applications. The work
presents the application of proposed controller on the rectifier side as well as on
the inverter side feeding a linear and/or a nonlinear load. Mathematical models
of the three phase rectifier (AC/DC) and three phase inverter (DC/AC) are
derived. Frequency response characteristics are plotted to observe the system
stability using state feedback approach. A DC/DC buck/boost converter is
utilised for charging and discharging of battery which acts as a secondary power
source for the UPS to feed critical loads. It also maintains power balance. The
design of SMC, HOSMC and EERL-SMC are presented. The EERL based SMC
is used in this work to obtain a pure sinusoidal waveform with less settling time
compared to a conventional SMC. It is robust against sudden changes in load and
is more efficient compared to SMC and higher order sliding mode controller
(HOSMC). Using EERL, chattering phenomenon can be very much reduced with
less steady state error. Chattering is observed through phase plane plots in this
paper. The system is presented with both linear and nonlinear loads. A
comparison is brought with respect to a classical SMC and a higher order SMC
(super twisting algorithm) for a UPS system. EERL-SMC performs better in
terms of pure sinusoidal waveform, good tracking, less settling time (4ms) and
less steady state error (1.74%) with low THD (0.12%). It can be an alternative to
a HOSMC. Simulation studies are presented in PSCAD/EMTDC version 4.6.
The system stability conditions are analysed from frequency response plots
obtained through MATLAB R2012b platform.
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1 Introduction

Nowadays every end user needs a good quality of power supply without
any interruptions. Uninterruptible Power Supply (UPS) is one such device used
to deliver a high quality sinusoidal waveform to consumers without any
interruptions. UPS is designed with a Voltage Source Converter (VSC) for
AC/DC/AC power conversion and a DC link battery for energy storage. The
output of the Voltage Source Inverter (VSI) is a sine wave with required
magnitude and phase for different critical load applications. The main important
applications of UPS include industrial plants, communication systems, hospital
and military system which are critical loads. There is always a need to design
new control strategy for UPS system to improve the quality of inverter output
voltage waveforms [1]. There are many controllers starting form hysteresis
current controllers to model predictive controllers available in the literature [2].
But Sliding Mode Controller (SMC) controller is a robust and a dynamic
controller compared to any other controllers [1]. It has better output voltage
reference tracking capability. Much literature is available on SMC, its
advantages and disadvantages for a power electronics system [3].

Chattering is defined as the operation of the system at very high
frequencies which creates noises in the system. A Higher order SMC is suitable
for elimination of this chattering phenomenon [4]. Many algorithms like
twisting, super twisting and suboptimal, terminal, fast terminal SMC are
available in the literature. These controllers are basically used to move any state
variable in the state space to origin making the system stable. In doing so, the
chattering and settling time are reduced or eliminated which was present in the
classical SMC [4].

A UPS operates with a Voltage Source Converter (VSC) for AC/DC/AC
power conversion and a DC link battery for energy storage [5]. Therefore, a
suitable control strategy is essential for an UPS system to deliver reliable power
supply for such applications. An efficient & effective control method always
enhances the system output power. Power Electronic converters are inherently
VSS in nature and hence SMC is suitable for an UPS system [6].

In this work, first a classical SMC is designed to control the desired
sinusoidal output voltage using an inner current control loop and an outer
voltage control loop as a dual-control scheme. The objective is to obtain a pure
sine wave with less harmonic content in output voltage waveform. It is observed
that the classical SMC has a major drawback in terms of high switching
frequency oscillations around the sliding surface i.e. chattering phenomenon [6].
To alleviate chattering in this work, secondly a Higher Order Sliding Mode
Controller (HOSMC) by name Super Twisting Algorithm (STA) is also
proposed [5]. These operate on the derivatives of state variables instead of the
state variable itself which reduces the use of number of sensors in the control
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system [4]. A saturation sign function of sliding surface is used to avoid
chattering in this work [6].

The proposed EERL-SMC in this work is a suitable alternative for
HOSMC. In literature, reaching laws can be classified as three types i.e.
Conventional, Power rate and Exponential reaching law [7]. An Enhanced
Exponential reaching Law based on SMC is proposed in this work which
overcomes the drawbacks of SMC, HOSMC. The system returns to the stable
state with less settling time. Also, the results obtained are nearer to a sine wave
with less THD. A comparison between the proposed algorithm w. r. t SMC and
HOSMC encourages the researchers to explore the possibilities of adapting this
new algorithm to a three phase UPS system.

The analysis not only delivers the use of EERL-SMC but also overcomes
the merits and demerits in the classical and Higher order SMC through
extensive Simulation and Mathematical models. This is for the first time that the
authors have presented the use of classical SMC, HOSMC and EERL-SMC for
a three phase UPS system both on the input (rectifier) and output side (inverter)
of the UPS system. The parameters used to observe the performance of the
proposed controller are the steady state error, settling time through phase plane
portraits and total harmonic distortion (THD, battery state of charge and
chattering. For hardware implementation, the number of sensors required is also
studied. Finally, to evaluate the proposed control algorithm EERL-SMC for a
three phase UPS in an Industrial Application.

Fig. 1 — Structure of VSC in UPS configuration.

A three phase UPS structure feeding linear and non-linear loads shown in
Fig. 1 is the system considered in this work. In Section 2 controlled rectifier and
voltage source inverter state space models are presented. The stability of the
system 1is studied using state feedback approach through frequency response
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characteristics. In Section 3 control methodologies of UPS system i.e. SMC,
HOSMC and Proposed Controller i.e. EERL-SMC are presented and section 4
includes DC/DC Buck-Boost converter control scheme. Section 5 includes
results and discussions from the work.

2 Mathematical Modeling of Three Phase Rectifier and VSI

The power circuit of a 3-@ UPS system with DC-DC buck/boost converter
for energy storage system is shown in Fig. 2. The system consists of a three
phase fully controlled rectifier for AC/DC power conversion. The DC energy
storage battery bank is connected to DC-Link voltage across the capacitor Cr
through DC- DC buck/boost converter for charging and discharging the battery
bank. It is operated in such a way that the battery supplies the stored energy
during grid power interruption. On the other side of the UPS, three phase
voltage source inverter (VSI) is connected to different types of critical loads
through passive LC filters. The loads taken are three phase balanced linear RL
and non-linear three phase diode bridge rectifier loads (DBR) [8].

Fig. 2 — Power circuit of a 3-O UPS system with
DC-DC buck/boost converter for energy storage.

2.1 Model of Three Phase Controlled Rectifier

KVL is applied to input side of the three phase control rectifier [9] to
determine the input source voltages equation (1). The derivatives of input
source currents of controlled rectifier are obtained because these currents are
taken as state variables (2), where n=a, b, c,

di
v, =i r+L —"+u, 1
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%:L[Vsn _isnr_un]’ (2)

dt L,

(3) represents the derivative of the output dc voltage of the rectifier

dI/dc — uaixa + ubisb + ucisc _Il (3)
dt ¢V o

A synchronously rotating reference frame transformation is used to express
the system equations in a d-q frame which is more convenient for control design
[10]

cos6 cos(e - E] cos[e + Ej
3 3

d a
q |=—] sinB sin(e—z—nj sin[e—z—n) b|. 4
0 3 3 c

1 1 1

2 2 2

The state vector x is represented with the state variables chosen as
T . .
X =(zd i, Vdc). %)

The obtained state space model is represented as (6)

_LL - 0 _V_d_
i 4 i VL
r
i |=l © -— 0 i+ Llu. 6
Vd(* 1 de 0
0 0 D
RLoad x Cf - -

Using state feedback approach, the stability of the system is observed
through bode plot [11]. The direct and quadrature rotating axis currents iy and i
and output DC voltage v, of the rectifier are considered as state variables, the
output equation is given by y = Cx, where C=[11 1].

The corresponding open loop transfer function is given in (7)
6.76x107°s” +4.5x10°s +5.63x10"
Gid,i Ve (S) = 3 2 5 7 (7)

o s +1167s" +5.15x10°s+5.81x10

The phase margin is 90° and gain margin is infinity which means the
system is said to be stable with the desired state variables.
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2.2 Model of Three Phase Voltage Source Inverter (VSI)

A three phase VSI circuit consists of LC filter to reduce harmonics present
in the output voltage of VSI which drives a linear load i.e. RL load [12].

Voltage equations for state variables (v, Vi, Ven) are as shown in (8)

i), o
dt  C, |\ Z,xC,

Inductor Current equations for state variables iy, k=1,2,3 andj=a, b, ¢

di, v, r . vV,
= g - 9
dte L, L," L ©)

i i i

The chosen state variables are:
T _ . . .
X = (van vbn vcn ll l2 l3 )' (10)

The abc model is transformed into the aff co-ordinate system by using
Clark’s transformation method. The transformation matrix is adopted as in [13]

0
! 0 0 19 0
. Z xC p C 0
van ¢ “ “ vlln
) -1 1 0
v, 0 0 0 — 0 ||y,
. Zb x C/bn C/brt " I/dc ua
V., - Ven
e 0 0 ! 0 o - M+ Ly || w, |,(10)
ll Z(: x Cfcn Cfcn l]
: Vi \\u,
L -1 0 0 LA 0 I I
: L : . bf
13 af af 13 V
0 -t 0 o L o de
L, L, L,
0 0 - o o =L
L‘I/ of
- LA N I
o
( J= - 2 2 (12)
B) V3 V33
o X2 Y2l
2 2
VSl in the stationary reference frame is derived as (13)
-1 1
y Z C C 0
v m =~ fmn mn an
M= [ J+ Vie' [t (13)
i, -1 -r |\, 37
mf
L, L,



Assuming m=a, . Open loop transfer function can be derived from the
state space model (11) for the VSI circuit. The corresponding open loop transfer
function is given (14)

S 11
: I1x10 S+61.72><10 _ (14)
s +1.67x10°s+2.77x10

Phase margin is 87.8° and gain margin is infinity. Both values are positive,
hence the system is said to be stable.

Gvi (S) =

2.3 Summary of the characteristics of VSC in UPS System

It is clearly observed that, in three phase rectifier direct and quadrature axis
currents and output voltage are to be controlled so that system exhibits desired
response with better stability. In three phase VSI, output phase voltages and
filter inductor currents are to be controlled, so that system exhibits better
stability margins.

Table 1
Summary of Frequency Response Characteristics.
State Variables Phase Margin (dB) | Gain Margin (dB) Stability
Vans & .

an ° Infinit Stabl
(for VSI) 89.9 ninity able

id, iq: Ve o Infinit Stabl
(For rectifier) 20 — able

3 Control Methodologies for UPS System
3.1 Classical Sliding Mode Controller (SMC)

SMC is a non-linear control technique and is an alternative to the linear
techniques. The geometrical locus having some boundaries is called sliding
surface (S) [14]. The foremost step to design the controller is appropriate
selection of sliding surface [15].

Xies

Sliding surface

Xerror
KXot k 1 (S)

Verror

Yact k2

yref

Fig. 3 — Control diagram of a classical SMC.
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Fig. 3 shows the block diagram of an SMC used in this work. It is the sum
of the two state variable errors with product of sliding coefficients gains (k; and
k,), respectively,

8= kX T Ky Y error 15)
where k; and k, are sliding coefficients of controller. The errors (x and y) of
system depends upon the ratio of sliding coefficients, i.e., t =k, /k, s. Its value is
chosen smaller so as to reach the origin in less time.

3.1.1 SMC for Three-Phase Controlled Rectifier Circuit

Equations (16) and (17) refer to the outer voltage loop of controlled
rectifier [16]. (17) represents PI controller which acts like a current regulator

sdc = vdcref - va'c 4 (1 6)

idrqf = k] (kpdcsdc + kidcjsdc dt) . (1 7)

Using (16) and (17) design of inner current loop is obtained as (18) and
19)

y =v, —oLi, ~k(k,s, +k, [5,d0), (18)

Pq9q i

u, =v, —oLi; —ky(k,,s, + k, [ s,d0). (19)
The decoupling feed forward method is used in SMC current controller.

3.1.2 SMC for Three Phase VSI Circuit
Equations (23) and (24) derive the SMC for a VSI using state variables
v, and vy,

v

aref

=v,_sin(wt+90). (24)

=y, sinot, (23)

Vorer

In stationary reference frame the phase angle difference between af is

90°. Magnitude of input AC voltage is v, =1.414v_ and v,, =415 V (rms).
Equations (25) and (26) represent the reference current generation for the SMC

k,
icxref = cherror [kpcx + T‘Xj H (25)
. kiﬁ
lB""f = VBerrar kPB +T . (26)

Now sliding surface is written as (27) and (28)
Scx = (Vaermr X k l) + (iocerrnr x k2) s (27)

SB =(V err();‘xk1)+(i XkZ)‘ (28)

error
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The sliding coefficients are set to k;= 280 and k,= 25 for a time constant of
T =9 ms in this work. The generating sliding surfaces (s) is compared with a
triangular carrier signal to generate switching gate pulses to VSIL.

S(0)= {+1 for S(¢)>0,

-1 for S(¢)<0. 29)

The stability condition is given by [17]

§8<0. (30)
This design process is used in this work for generating a pure sine voltage
waveform in a UPS system using SMC which feed different loads.

3.2 Higher Order Sliding Mode Controller (HOSMC)

The proposed HOSMC controller named as Super Twisting Algorithm (STA)
is an effective control algorithm for uncertain systems and it overcomes the
main drawbacks of classical sliding mode controller described in Section 3.1.

Fig. 4 shows block diagram representation of higher order sliding mode
control — Super Twisting Algorithm (STA) approach for Voltage Source
Converter (VSC) in UPS application. Proportional Integral (PI) controller is
used to reduce steady state errors in three phase output voltage waveform [17].

X = xrejf' - xact * (3 1)

error

The sliding surface in case of HOSMC is taken as (32) where £ is a sliding
coefficient of the controller

dx
_ error
§= xerror + k : (32)
dt
Pl
Controller
Compared
Control ufy with a _J_I_[LI—I_
law 7| carier [Gate pulses

signal to VSI

Fig. 4 —STA control diagram.

In SMC the control input applies on the first derivative of the sliding
surface, but in STA it acts on the second order derivative of the sliding surface.
The control input comprises of two inputs as (33)

u(t)=u, +u,, (33)
u, =1, |s| sign(s). (34)
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1, = —\, sign(s) , (35)

u, =, [ sign(s). (36)

Substitute (34) and (35) in (33), then the control input of the STA is
obtained as (37)

u(r) ==, \[|s| sign(s) -2, [sign(s) . (37)

where u; is continuous function of sliding surface and u, is discontinuous time
derivative function of sliding surface. The tuning constants A, and A, are used to
tune the STA to smoothen the controller. The modulus of sign function is to
increase the life of the components of the VSC circuit. The integral term of the
sign function resembles low pass filter characteristics [18]. The super twisting
control law do not require the knowledge of S and it can be applied to system
with relative degree one. Here VSI is a system with relative degree one and
hence STA can be applied. Hence it can reduce or eliminate chattering problem.

This is the design process using STA for the UPS system.

3.2.1 Implementation of STA for three phase voltage source inverter

In HOSMC, only output load voltages are taken as state variables of a three
phase voltage source inverter circuit. The Sinusoidal Pulse Width Modulation
(SPWM) method is used to generate gate pulses to the IGBT switches. By using
Clark transformation, transform three phase (abc) to two phase (af) co-
ordinates. The errors of the output voltage variable are shown in (38)—(39),

vaerror = varejf' - v(mct 4 (38)
vBerror = vﬁr‘ef - vBact . (3 9)
Correspondingly S, and Sg are obtained as (40) and (41)
dv k
S o=|v 4 e 4 L 40
a ( aerror 1 d ¢ j ( P s J ( )
dv k
S, = +he, —2r ke L 41
B ( Berror 2 d / ] ( P s j ( )

The control inputs are obtained from (42)
U, ==, /|Sa | sign(s,) — A, I sign(s, ),
u, ==k, \J|s, | sign(s,) =1, [ sign(s, ), (42)
u, =—h4/|s.|sign(s.)—2A, jsign(sﬂ).

The input control signals are compared with repetitive carrier waveforms to
get IGBT gate switching pulses of the three phase voltage source inverter
circuit.

322



3.2.2 Implementation of STA for Three Phase Controlled rectifier

For a rectifier, the controller consists of an inner current loop controller and
outer voltage loop controller. The system input source currents (iu, ips, ics) and
output dc voltage (v,.) are taken as state variables.

Sdc = vdcreff' - Vdc 4 (43)
Ly = k,(k pacSae T kich.Sdc d?), (44)

whereas k; using as a sliding coefficient for the controller. Considering here

i, =0 because the system effectively works under unity power factor
operation.
J error i ref —1
R } : (43)
lqerror = lqref - lq
di,...
Sd = iderror + k3 %
; (46)
i
o qerror
Sq - lqerror + k4 T
where k; and k4 are the sliding coefficients of the controller
u, =—\, |sd| sign(s,) — ijsign(sd)
(47)

u, =-\ Msign(sq) - kzjsign(sq)

The sliding surfaces shown in (46) are used as input to the STA control
law. The STA is used to smooth disturbances occurring in sliding surface and it
generates control inputs as shown in (47). Feed forward decoupling is
implemented to make the control design easier using (48)

e,=v,—olLi —u

o "} : (48)
e,=v,+oLi,—u,

The feed forward decoupling control strategy is used to produce the control

signals i.e. compared with triangular signal it creates the pulses to IGBT

switches of the three phase controlled rectifier.

This design process is implemented for a UPS system based on STA to
obtain a pure sinusoidal waveform and to reduce chattering phenomenon. The
controllers block diagram for HOSMC for the rectifier side and VSI of the UPS
system are presented in Fig. 5 which follows the design equations presented in
Section 3. 2.1 and 3.2.2 respectively.
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Fig. 5 — HOSMC Control block diagrams used in UPS for (a) rectifier, (b) VSL

3.3. Enhanced Exponential Reaching Law (EERL-SMC)

Fig. 6a shows the control algorithm of EERL-SMC. Fig. 6b shows the
locus of the reaching time in SMC and EERL-SMC.

Gs = kl (xrgf - xact) + k2 (yref - yact) ’ (49)

Gs = kl XX + k2 X yerror N (50)

error
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y

Reference > .(%?_, SMC EERL
iabl .
variable o (51)&(52) sg:}lcsr::g

Actual variable N\/\

carrier wave
(a)

A

EERL-SMC
(decreasing when
both R(s) and G
are proportionally
changed

Classical SMC

o(0)f

A\ 4

(b)

Fig. 6 — (a) Simplified Control Block Diagram of EERL-SMC;
(b) Comparison of Reaching time for SMC and EERL-SMC.

The proposed enhanced exponential reaching law completely eliminates the
chattering problem and is more robust against sudden change in load and line
variations [19]. The state variable error reaching to origin takes less time period.
The EERL is defined as (51) where

6=-Ao, - (% oy Sgn(cx)j , (51)
R(s)=o+((1-a)e N >0. (52)

A, G, B >0 are positive integers; 0 <a <1 and 0 <y <1 are also positive
integers. R(s) is always positive at all times; hence it has no effect on the
stability of the SMC [20 — 23]. Table 2 shows the system performance to
controller parameter variations. The reaching time ¢, for a first order SMC is

given by ¢, =|G(0)| / A and the reaching time for exponential reaching law is

+(1g—;°‘)[1—eﬁx°fﬂ [24].

iven by ¢ 1 olo
g y i, G s
Fig. 6b shows the EERL-SMC manipulates the system states whenever
modulus of ¢ is very high or very small. Therefore it reduces the settling time
and diminishes chattering whenever it is close to the sliding surface o. This
algorithm is used for the voltage control in a UPS system which produces a pure
sine wave with less THD. The methodology is the same for generating the inner
current references and outer voltage references in the rectifier. For the VSI, the
filter inductor currents and loads voltages references are generated using (53).
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iarcff = vaerrar (kpa + kia /S)
iBref = v[}ermr (kpB + kiB /S)
These are inputs to the EERL algorithm as shown in Fig. 6a.

Table 2
System performance for parametric variations.

(53)

Parameter Observation
Whenever this controlled parameter is increased the Vryp (%) in
A (Base value 2000) | voltage increases but output voltage steady state error decreases.

1000 < A4 <3500 Whenever this controlled parameter is decreased the Vryp (%) in
voltage is decreased but output voltage steady state error increases.
Whenever this controlled parameter is increased (or) decreased the
percentage of Vryp in voltage doesn’t change but steady state error of
the output voltage increases.

Whenever this controlled parameter also increased (or) decreased the
percentage of Vryp (%) in voltage doesn’t change but steady state error
of the output voltage increases.

G (Base value 10)
5<G<20

B (Base value 0.5)
02<p<2

Accordingly the switching pulses are produced to the IGBT switches of the
VSI circuit. The stability is analysed using the Lyapunov criterion (30).
4 Working of a Buck/Boost Converter

The design of closed loop controller for dc/dec buck/boost converter for
battery bank is based on the following algorithm.

> Sbuck = ON (5 4)
p grid p Load Sboost — OFF
S, = OFF

pgrid <pLoad7 S =ON (55)

boost

Skuck 18 ON, when the battery is in charging mode and Sp,,s is ON, when the
battery is in the discharging mode. Therefore the switching signals to the
switches of converter are generated based on whether battery needs to be
charged or discharged. Table 3 shows the battery specifications used in this
work.

Table 3
Specifications of Battery.
Parameters Values
Battery Rating 41.6 AH
Nominal Voltage 400 V
Nominal Discharge Current 20%
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5 Analysis and Simulation Results

Table 4 shows the specifications of the 30kVA UPS inverter working at a
frequency of 50Hz. The parameters for EERL-SMC are shown in Table 2.
Simulation results of EERL-SMC have been presented here to validate the
controllers performance to reach the origin i.e. achieve stability in minimum
time i. e. less settling time. Fig.7 shows a three phase rectifier input source
voltage and current for only one phase represented on a single graph when
resistive load is connected. Power factor of the system is near to unity.

Table 4
Specifications of UPS System.
Parameters Values
UPS system rating 30 kVA/415 V/50Hz
DC link voltage (Vierep) 850V
Switching Frequency 10 kHz
Input source & output load filter inductance 1 mH
Output load capacitive filter 0.23mF
Loads Linear lgadZIO kW,O.S pf lag and
Non-linear load i.e. 3-@ DBR
Sliding Coefficients k=280, k=25
Source Voltage Source Current
T 500 —22 =D2
-t
g 375
5 250
O
© 125
S
—~ 0
e
o -125
o
=2 250
o
> 375
-500
0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Time (s)

Fig. 7 — Input source voltage and current of a controlled rectifier for one phase.

Fig. 8 shows three phase-controlled rectifier output DC voltage (Vaeer =
850 V). When battery is in charging mode, the output dc voltage is less than the
reference value and during discharging mode; it is tracking the reference value
of 850 V.

Fig. 9 shows the switching pulses for the switches in buck/boost converter,
during charging and discharging states of the battery.
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Fig. 10 shows battery State of Charge conditions (SOC). During power
supply, buck converter is ON and the battery is in charging mode. During loss
of power supply, boost converter is ON and the battery is in discharging mode
of operation.

Qutput Voltage
= EDC
1.2k——
1.0k
So.ak-
&
0.6k,
©
> 0.4k
0.2k
0.0
0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 0.100
time (s)
Fig. 8 — Output DC voltage of controlled rectifier.
Switching pulses for buck/boost converter
1.20 = Bbuck = Gboost
0.80
q,UAGT.I
T
2
§n.4u
=
0.20
0.00
-0.20
0.2200 0.2210 0.2220 0.2230 0.2240 0.2250 0.2260
time (s)

Fig. 9 — Switching pulses for Buck/Boost converter.

Fig. 11 shows the EERL-SMC sliding surface of 1v (p-p) and from Fig. 12,
it is observed the dynamic response of the controller for a change in load from
15kW to 25kW at t =1.2 s to 1.3 s and again sudden change from 15 kW to
225kWatt=14stor=1.5s.
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THD
100

4]
o
2
e
[=2]
©
=
0'0 1 2 ? 4 H ] 7 8 9 0 u 12 0| 4 15 6 | 17 | 18 | 19 2| 2n 2| B x| % |7 | B % |32 | n
[5] 0.0782915
Harmonic number
Fig. 13 — Harmonic spectrum of load voltage for linear load.
THD
100 -
Q
T
2
=
o
©
=
N |

1 2 3 4 s ] 7 8 s 0| u || MW|15]| 18 7 b ] % 2 2 2 - - AR AE-AR ] ®  » N
[3] 1.85125
Harmonic number

Fig. 14 — Harmonic spectrum of load voltage for non-linear load.

Fig. 15 shows the voltage error in EERL-SMC is 1000 times less than that
in SMC which clearly states that the proposed controller works well in reducing
the steady state error. The settling time is observed to be 4 ms in case of EERL-
SMC while it is 10 ms in SMC. The simulations are performed with the same
parameters for SMC, HOSMC and EERL-SMC for more understanding.

It therefore confirms that EERL based SMC is fast and accurate.

Fig. 16 shows the tracking of the reference output phase voltage v, to the
actual output phase voltage v, in SMC, HOSMC and EERL-SMC. 1t is clear
that the proposed controller well tracks effectively with very less steady state
error. It is 10V in SMC, 6V in HOSMC and 4V in EERL-SMC. Hence the

controller is said to possess good tracking capability.
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Figs. 17a and 17b show the state variable i.e. the output voltage is able to
reach the origin from its unstable state in the phase plane in a very short period.
Compared to SMC HOSMC is better in regulating the high frequency
oscillations associated during the controllers operation. Fig. 18 shows the shows
a phase plane trajectory view of EERL-SMC. The chattering problem in the
system is completely eliminated by using proposed Enhanced Exponential

Reaching Law.
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Fig. 18 — Phase Plane trajectory view of EERL-SMC.

It is clear that the THD obtained in output voltage is very less compared to
that obtained in SMC and HOSMC. Also steady state error (voltage regulation)
and settling time observed using this algorithm is 1.74 % and 4ms. The dynamic
nature of the proposed algorithm is good in obtaining a sinusoidal output
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voltage waveform. Hence this controller can be adapted in place of HOSMC for
obtaining a better voltage waveform for critical loads.
Table 5
Comparison of EERL-SMC with HOSMC and SMC.
% Voltage THD

Type of load Conrol Algorithm
connected at PCC

SMC HOSMC | EERL-SMC

Linear Load 0.91 0.14 0.12
Non-Linear Load 1.14 0.28 0.18

5 Conclusion and Future Scope

The work addresses an enhanced exponential reaching law (EERL) based
SMC EERL-SMC for a three phase UPS system used in industrial applications.
A DC-DC Buck/Boost switch is used for charging and discharging the battery
during on grid and off grid conditions. The state space models of three phase
rectifier, VSI are developed to realize the control parameters and stability.
Mathematical 5" of SMC, HOSMC and the proposed EERL-SMC are
discussed in detail for the UPS system. The controller is applied both on the
rectifier side to regulate the DC voltage and also to the VSI to control the output
voltage across the load. It is observed that this controller is robust with less
steady state error and less settling time compared to a classical SMC and
HOSMC. Good tracking capabilities of the desired variable, very fast steady
state reaching speed, robust in dynamic nature of the controller and also
elimination of chattering problem in SMC is realized. A phase plane plot has
been shown to validate it. This controller can be an alternative to HOSMC. This
controller suits to the UPS system connected to any critical load like the
military and hospital systems where reliable power supply is very much
essential. A comparison is brought out with respect to SMC and HOSMC in
terms of chattering, tracking and output voltage THD for use of this algorithm
for UPS systems. The work can be extended with fractional order sliding mode
controllers (FOSMC) to obtain zero steady state error and zero settling time.
Solar based UPS System can also be taken up as an extension of this work.

6 References

[1] P.S. Bimbhra: Power Electronics, 5" Edition, Khanna Publishers, New Delhi, 2012.

[2] V. Utkin: Variable Structure Systems with Sliding Modes, IEEE Transactions on Automatic
Control, Vol. 22, No. 2, April 1977, pp. 212 — 222.

[3] S. K. Gudey, R. Gupta: Reduced State Feedback Sliding-Mode Current Control for Voltage
Source Inverter-Based Higher-Order Circuit, IET Power Electronics, Vol. 8, No. 8, August
2015, pp. 1367 — 1376.

334



(4]

[14]

S. K. Gudey, R. Gupta: Second Order Sliding Mode Control for a Single Phase Voltage
Source Inverter, Proceedings of the IEEE Region 10 Conference (TENCON), Bangkok,
Thailand, October 2014, pp. 1 — 6.

X. Q. Guo, W. Y. Wu: Improved Current Regulation of Three-Phase Grid-Connected
Voltage-Source Inverters for Distributed Generation Systems, IET Renewable Power
Generation, Vol. 4, No. 2, March 2010, pp. 101 — 115.

S. K. Gudey, R. Gupta: Sliding-Mode Control in Voltage Source Inverter-Based Higher-Order
Circuits, International Journal of Electronics, Vol. 102, No. 4, July 2014, pp. 668 — 689.

G. S. Rajan, H. N. Nagaraj: Comparison Between Sigmoid Variable Reaching Law and
Exponential Reaching Law for Sliding Mode Controlled DC-DC Buck Converter,
Proceedings of the International Conference on Power, Energy and Control (ICPEC), Sri
Rangalatchum Dindigul, India, February 2013, pp. 316 — 319.

Q.- N. Trinh, F.- H. Choo, J. Chi, W. Peng: An Improved Control Strategy for Three-phase
AC/DC/AC Converter in UPS Application, Proceedings of the Asian Conference on Energy
Power and Transportation on Electrification (ACEPT), Singapore, Singapore, October 2016,
pp- 1 —6.

A. Bouzidi, M. L. Bendaas, S. Barkat, M. Bouzidi: Sliding Mode Control of Three-Level
NPC Inverter Based Grid-Connected Photovoltaic System, Proceedings of the 6™
International Conference on Systems and Control (ICSC), Batna, Algeria, May 2017,
pp- 354 — 359.

M. Bani Shamseh, A. Kawamura, T. Yoshino: A Novel Autonomous Control Scheme for
Parallel, LCL-Based UPS Systems, Proceedings of the IEEE Energy Conversion Congress
and Exposition (ECCE), Milwaukee, USA, September 2016, pp. 1 — 8.

B. Sudhakar, G. V. E. Satish Kumar: Co-simulation of Sliding Mode Control of Single
Phase Grid Connected LCL Filtered Voltage Source Inverter Using Lab VIEW and
Multisim, Proceedings of the IEEE Region 10 Conference (TENCON), Singapore,
Singapore, November 2016, pp. 311 — 315.

B. Bhutia, S. M. Ali, N. Tiadi: Design of Three-Phase PWM Voltage Source Inverter for
Photovoltaic Application, International Journal of Innovative Research in Electrical, Electronics,
Instrumentation and Control Engineering, Vol. 2, No. 4, April 2014, pp. 1364 — 1367.

S. A. Lakshmanan, B. S. Rajpourhit, A. Jain: Modelling and Analysis of 3-Phase VSI Using
SPWM Technique for Grid Connected Solar PV system, Proceedings of the IEEE Students’
Conference on Electrical, Electronics and Computer Science, Bhopal, India, March 2014,
pp- 1 -6.

H. Komurcugil, N. Altin, S. Ozdemir, I. Sefa: Sliding-Mode and Proportional-Resonant
Based Control Strategy for Three-Phase Grid-Connected LCL-Filtered VSI, Proceedings of
the 42" Annual Conference of the IEEE Industrial Electronics Society, Florence, Italy,
October 2016, pp. 316 — 319.

M. M. Alhato, S. Bouallegue, M. Ayadi: Modeling and Control of an AC-DC Voltage
Source Converter based on Sliding Mode and Fuzzy Gain-Scheduling Approaches,
Proceedings of the 7" International Conference on Sciences of Electronics, Technologies of
Information and Telecommunications (SETIT), Hammamet, Tunisia, December 2016,
pp. 332 - 337.

Z. Zhang, X. Liu, C. Liu, J. Ming, L. Yang: Sliding Mode and Feedback Linearization
Control of Three Phase Voltage Source PWM Converter, Proceedings of the 35" Chinese
Control Conference (CCC), Chengdu, China, July 2016, pp. 8666 — 8670.

335



[17]

(18]

[24]

M. Cucuzzella, G. P. Incremona, A. Ferrara: Design of Robust Higher Order Sliding Mode
Control for Microgrids, IEEE Journal on Emerging and Selected Topics in Circuits and
Systems, Vol. 5, No. 3, September 2015, pp. 393 — 401.

V. Naik, S. K. Gudey, A. R. Anuku: Design of Robust Feedback Controller for a UPS
System in Industrial Application, Proceedings of the Recent Advances on Engineering,
Technology and Computational Sciences (RAETCS), Allahabad, India, February 2018,
pp- 1 —6.

H. Ma, J. Wu, Z. Xiong: A Novel Exponential Reaching Law of Discrete-Time Sliding-
Mode Control, IEEE Transactions on Industrial Electronics, Vol. 64, No. 5, May 2017,
pp. 3840 — 3850.

S. Su, H. Wang, H. Zhang, Y. Liang, W. Xiong: Reducing Chattering Using Adaptive
Exponential Reaching Law, Proceedings of the 6" International Conference on Natural
Computation (ICNC), Yantai, China, August 2010, pp. 3213 —3216.

S. M. Mozayan, M. Saad, H. Vahedi, H. Fortin-Blanchette, M. Soltani: Sliding Mode
Control of PMSM Wind Turbine based on Enhanced Exponential Reaching Law, IEEE
Transactions on Industrial Electronics, Vol. 63, No. 10, October 2016, pp. 6148 — 6159.
Z.Yin, Y. Zhang, X. Tong, Y. Zhong: Model Predictive Control Using Globe Exponential
Reaching Law Sliding Mode Design Method for Induction Motor Drives, Proceedings of the
IEEE Applied Power Electronics Conference and Exposition (APEC), Anaheim, USA,
March 2019, pp. 2559 — 2563.

K. B. Devika, S. Thomas: Improved Sliding Mode Controller Performance Through Power
Rate Exponential Reaching Law, Proceedings of the 2™ International Conference on
Electrical, Computer and Communication Technologies (ICECCT), Coimbatore, India,
February 2017, pp. 1 — 7.

V. K. Nagaboina, S. K. Gudey: Design and Analysis of a Three Phase Transformerless
Hybrid Series Active Power Filter based on Sliding Mode Control Using PQ- Theory and
Stationary Reference Frames, Serbian Journal of Electrical Engineering, Vol. 16, No. 3,
October 2019, pp. 289 — 310.

336




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


