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Direct Power based Sliding Mode Control of AC-DC Converter with Reduced THD

M. SUDALAIMANI, L. V. REVATHI, N. SENTHILKUMAR

Abstract: Direct Power based Sliding Mode (DPSMC) control for controlling single phase AC-DC pre regulator assuring unity power factor and stable output voltage under
load variation is proposed in this paper. Direct Power Based Control (DPC) commonly applied for three phase circuits, is combined with Sliding mode control (SMC) to
control and regulate the single-phase AC-DC pre regulator. The proposed DPSMC apart from being simple to design and robust to parameter variations also helps in
reducing the line current distortion inherent to AC-DC Converters. The design of the proposed power based sliding mode control along with its existence condition is
discussed. The performance of the proposed method over conventional sliding mode control is assessed through computer simulations and the feasibility of the proposed
controller is confirmed through experimental implementation carried out with the help of LabVIEW and sbRIO FPGA development board.
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1 INTRODUCTION

AC-DC converters find a wide range of application in
our day-to-day life in homes in the form of chargers, LED
based lighting, etc. Conventional AC-DC converters use a
diode rectifier followed by a DC link capacitor drawing a
non sinusoidal AC line current from the supply, injecting
higher order harmonics into supply mains and result in the
reduction of power factor [1]. With the emerging use of
AC-DC converters at the consumer end, strict regulations
such as IEC 61000-2-2, have been imposed to regulate the
Power factor of these devices [2].

To mitigate the above problem, power factor pre-
regulator circuits are widely used, which introduces a
boost converter in between the diode rectifier and the
load. Power factor pre- regulator topology, remains to be
an ample choice for low power applications where the
power transfer is unidirectional, because of its simplicity
of design and control [3].

Many linear as well as non-linear control strategies
have been proposed in literature, to control the output
voltage and to regulate the power factor of these
converters. Model based linear Average Current mode
control proposed in [4] seems to work fine under
predefined operating points, but its performance gets
deteriorated with variable load conditions. Feed forward
current mode control [5, 6], mitigates the problems with
averaged mode control by generating a duty cycle in
proportion to the supply voltage and the desired output,
but suffers from duty ratio saturation at converter start up
and slow response to load variations. Digital controllers
proposed in [7, 8] have faster response to load variations,
but are complex to implement.

In recent days, because of the nonlinear
characteristics of AC-DC converter introduced by the
switching action of the switch, Non linear control
methods like hysteresis control, fuzzy control and Sliding
mode control are widely used to control and regulate
these converters. Fuzzy mode controllers proposed in [9]
and [10] are robust, but the accuracy and performance of
the controller is highly dependent on the selection of
number of fuzzy variables and fuzzy logic rule base. The
real-time implementation of the controller is limited due
to its tedious fuzzy rule tuning and its need for significant
computational resources.

Sliding mode controller (SMC) initially used for the
control of Variable structure systems, is gaining
importance in the field of power electronics because of its
robustness to disturbances [11, 12]. Chattering problem
predominant in sliding mode control is minimized by
using fixed switching frequency sliding mode control as
proposed in [13]. However, the performance of the
controller depends on the selection of sliding variables
and the dynamic response is highly dependent on the
sliding mode constant as proposed in [14].To overcome
the above difficulty a Rotating sliding mode control
employing a time variable slope based sliding surface has
been proposed in [15]. Even though the dynamic response
of the converter is improved, it takes time for the tracking
error to become zero.

To improve the dynamic response and to reduce the
settling time, PID controller based SMC replacing the
sliding mode constant with PID controller parameters has
been proposed in [16]. Even though the performance is
better, the performance of the controller is still dependent
on the tedious tuning of PID parameters and requires
tedious tuning algorithms and optimization techniques as
proposed in [17, 18]. The DPSMC proposed here not only
being simple to implement and robust to disturbances, it
overcomes the problems in the selection of sliding co-
efficient, which is evident with the sliding mode control.

Direct Power control (DPC) previously used for
Direct flux control of Induction motor is emerging as an
attractive control strategy for the control of grid
connected Three Phase converters because of its
simplicity, robustness and fast dynamic response [19]. By
[20], DPC directly regulates the Instantaneous Active and
Reactive power of a three-phase circuit by the proper
selection of switching states. [21] & [22] have proposed
the feasibility of applying DPC to switched mode three
phase power converters by using an outer PI controller
and an inner Fuzzy based switching state selector to select
the switching states of the converter. All these DPC
methods proposed in the literature aim at the regulation
and control of three phase converter circuits and a very
little emphasis is given to the control of single-phase
systems. DPC could be extended to control and regulate
single-phase systems.

In this paper, a Direct Power based sliding mode
Control (DPSMC) for the control and regulation of
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single-phase AC-DC power factor pre-regulator is
proposed. The proposed control strategy consists of a
DPC based outer loop controller generating the reference
current for the inner current loop SMC controller. The
proposed control, apart from being simple, provides a
robust output under disturbances with reduced line current
distortion. Section II presents the system modelling and
the control objective along with the traditional PI based
sliding mode control as proposed in [16]. The DPSMC
proposed is discussed in section III, followed by its
existence condition and the sliding mode load estimator.
Section IV provides the comparative simulation results of
the proposed control strategy over the traditional SMC.
Simulation results are justified by the hardware
experimentation results of the proposed control method in
section V followed by the conclusion.

2 SYSTEM MODEL AND CONTROL OBJECTIVE
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Figure 1 Traditional Pl based SMC

Fig. 1 gives the model of the AC-DC pre regulator
circuit selected along with the traditional PI based SMC
controller. The circuit selected is a simple diode rectifier,
followed by a boost converter. To get the desired output
voltage with a sinusoidal line current, which is in phase
with line voltage, the controller controls the switch
position. Eq. (1) gives the behaviour of the circuit
proposed,

290 (),

dr 1
) -l @
dr R

where vy = V,-sin ot is the input AC supply; v,(?) is
the full wave rectified voltage available at the output of
full bridge rectifier, i(f) - being the current through the
inductor and v.(¢) being the output DC voltage. u is the
control signal defining the position of the switch and is
given by Eq. (2),

u =1 Switch in On - state 2)
u =0 Switch in Off -state -

2.1 Control Objective

The controller is designed to meet the following
control objectives: 1) The converter should draw a
sinusoidal line current which is in phase with the line
voltage guaranteeing a unity power factor at AC mains 2)
Output DC voltage Vo should be greater than the input

supply voltage V; ensuring boost operation

Because of the non-minimum phase behaviour of the
proposed converter circuit with respect to output voltage,
the controller regulates the output voltage indirectly by
forcing the converter input current to track a desirable
current profile.

2.2 Traditional Pl based SMC

In case of Traditional SMC, an outer PI based
Voltage loop controller generates the reference current
signal iger for the inner SMC based current loop controller
as depicted in Fig. 1. Eq. (3), gives the sliding surface
selected

S=i-iges 3)

with the control signal given by Eq. (4)

u = sign (S)
§<0,u=1 “)
§>0,u=0

where iy . = Bsin wr , with  being the output of outer loop
PI controller and is given by

ﬂ:kp(Vd_V0)+kiJ(Vd_V0)dt (%)

where k, and k; are the gain constants of the PI Controller,
derived based on the small signal model of the converter
under nominal operating conditions.

From Eq. (5), the performance of the traditional SMC
is highly dependent on the values of kp and ;. As the gain
constant values are selected for some nominal condition,
the performance of the traditional SMC deteriorates under
wide load disturbances and a lot of tuning has to be done
in selecting a perfect gain constant to get a better
performance as proposed in [2].

DPSMC overcomes the above difficulties of
traditional SMC by generating the reference current signal
iref Dy the outer loop Direct power based Controller
(DPC) based on input — output power balance providing a
better performance under a wide range of operating
conditions.

3 DIRECT POWER BASED SMC

D1)§ D2
| “
.
Vs (:j QET cdd R
o
Dst D4
Vo
Rest

- Iref
Driver I Lancltimator v

Figure 2 Proposed control structure
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Fig. 2 gives the converter model along with the
proposed control structure. The DPSMC proposed, aims
at achieving unity power factor by forcing the line current
to follow the reference current signal ig.s that is in phase
with line voltage using the inner loop SMC current
controller, with the desired reference current generated by
the outer DPC, based on disturbances.

Ipes = 14 sin ot (6)

where ip.s 18 the reference current waveform and I is the
desired current profile generated by the outer loop DPC.

3.1 Proposed DPSMC Controller

As per the Instantancous power theory, the power
converter operates at unity power factor if the power
consumed by the converter is purely equivalent to Active
power component.

To make the power consumed by the converter
equivalent to active power component, the outer loop
DPC generates the reference current profile iper, by
equating the Active power components of Input and
output at steady state and the converter is forced to follow
the irer by the inner loop SMC thus forcing the reactive
power component to zero.

Under steady state conditions, Active power
component of input is equivalent to the Input DC power
component and is given by Eq. (7),

<IP>DC = <vSiRef>dc = (Vm sin @t - 1 4 sin wt)dc = ,
= <led sinza)t>dc = % @

Similarly, the output DC component is given by Eq. (8)

— ; — (2 —
(OP)ye = (veio)y, =(va /R) = @®)
Equating Eq. (7) and Eq. (8), and solving for /;,

212
Id: 0.
V. R

m

)

From Eq. (9), it is evident that the desired current 1, is
dependent on the converter parameters V, — desired output
voltage, V,,, peak value of supply voltage and the value of
load resistance R and the performance of the proposed
DPSMC depends on accurately sensing the above
parameters.

Because of the practical difficulty in accurately
sensing load resistance R, the value of load resistor is
estimated using a sliding mode based load estimator and
its design is also discussed later in this paper.

3.2 SMC based Inner Loop Control

DPSMC uses an inner loop SMC controller to force
the inductor current follow the desired reference current
profile. The first phase in the design of the sliding mode
controller is the selection of sliding surface, such that

system trajectory when forced to the surface will have the
desired dynamics. The following sliding surface is
selected to force the inductor current to follow the
reference current iger.

S = i—igy. (10)

With control signal u given by

u = sign (S)
S<0,u=1 (11)
S>0,u=0

Around the Sliding line S = 0, inductor current i and
the reference current ir.r would be equal, thus forcing the
system to the desired dynamics, v, = V4 and i = iy, and
thus assuring zero reactive power component.

3.3 Existence condition of DPSMC

Existence condition guarantees the presence of
sliding mode around the sliding line. For the sliding mode
to exist the following condition needs to be satisfied

SS<0 (12)

Lyapunov method is used to derive the existence
condition of the proposed DPSMC. For the existence of
proposed DPSMC, the first derivative of Lyapunouv
function selected should be negative definite. The
following Lyapunov function is selected for the analysis

purpose,

y=lg
2 (13)
and its first derivative is given by Eq. (14)
V=8S (14)
where
S = i(i—iRef)zz Y~ WV -l cos ot =
dr L (15)
vy uv,
=——wl, cos wt -
L
or simply
: uv
S=p——2 16
- (16)
and
(pzvfr—a)ld cos wt a7
With the upper band of ¢ is given by Eq. (18),
|4
="+l 18
4 17 d (18)
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For the existence of sliding mode control, first
derivative of Lyapunov function should be negative
definite that is

V<0
= ISI[fﬂ—vf"j <0 (19)
=V, > L|g0|

Substituting Eq. (18) in Eq. (19), the sufficient condition
that ensures the existence of the proposed sliding mode is
given by

vy >V, +olly. (20)
Sub Eq. (9) in Eq. (20), and solving for v,, gives the

minimum value of v, that needs to be selected for the
existence of sliding mode control and is given by

Vm(R —,/iR2 ~8wLR )j

21
4oL @1

Vo >

Eq. (21), gives the lower bound of v, that needs to be
met for the existence of sliding mode control and the
proposed control algorithm. From Eq. (21), it is evident
that the existence of the proposed DPSMC depends
mainly on the circuit components and the desired output
voltage.

The first derivation of the estimation error e, is

given by,
5 Ve Vo | 1
e, =v —v =|->-"|—— 23
Vo o o (Re Roj C € ( )
R. is the estimated Load resistance value. On
achieving sliding motion,
e, =0,e, =0
o o
. 1 V
by =] == |-V, =0 (24)
° C\R, R,

R,v,
R, =—"7""—
(CR Ve +v,)

WithV, =sign (e, ), Eq. (24) gives the estimate of load

resistance obtained by the sliding mode estimator.
4  SIMULATION RESULTS

To prove the effectiveness of the proposed control
method over the traditional SMC, dynamic and steady
state performance analysis of the converter with the
traditional SMC and proposed DPSMC is done through
Matlab/Simulink simulations. Tab. 1 gives the parameter
values used for the simulation purpose.

Table 1 Simulation parameters

Supply voltage V', 6V
3.4 Sliding Mode based Load Estimator Desired output voltage v, 12V
Nominal power output 20 W
From Eq. (9), it is evident that for achieving the lnductgr 2 mH
. . " Capacitor 2200 pF
design objectives, it is necessary to find the value of load P
. . R . Switching frequency 20 kHz
resistor R accurately. This section is devoted to the design
of sliding mode based load estimator. Estimated Resistance
From Eq. (1), the dynamical model of the Estimator 350 .
is given by 300 p-onnnmeednenenne —— L ]
- A S 250} -nnneees SN S S S S .
dv v kS ;
C—2=ui-—">-V,, (22 . —— R IR S
dr Rn eq ) 2 200 ﬂ -
L S e ICEEREr SRREREEERF PR
. . . . £ :
vy is the output voltage estimate, estimated by observing B 100 et
the current, Veq being the equ.lvalent injection applied 50 b= o R s K25 ]
during sliding mode and R, being the nominal value of o < : - : > :
load resistance. 0 1 2 3 4 & 6
ime (sec
Figure 3 Estimated load resistance
Table 2 Simulation result of converter under SMC and DPSMC
Simulation Parameters SMC DPSMC
V.(V) | Va(V) | R(Q) | T.(s) | T.(s) | PO(N) | PUN) | %THD | T,(s) | T.(s) | PO(V) | PU(V) | %THD
5 12 100 0.4 1.1 13.4 11.5 3.38 0.3 1 12.2 11.9 1.21
8 12 100 0.05 0.8 13.2 11.8 5.65 0.1 0.6 12.2 11.7 2.04
6 12 100 0.08 1.0 134 11.8 6.93 0.2 0.8 12.1 11.9 2.81
6 12 200 0.08 1.0 14.0 11.5 5.54 0.12 0.7 12.1 11.9 1.33
6 12 300 0.08 1.1 14.1 11.4 5.72 0.14 0.75 12.2 11.8 1.73
6 14 100 0.2 0.8 16.0 13.5 7.70 0.3 0.8 12.1 11.9 1.34
6 8 100 0.05 0.4 8.5 7.8 7.13 0.05 0.4 12.1 11.9 1.46
6 10 100 0.05 0.7 11.0 9.8 7.53 0.05 0.6 12.1 11.8 1.88

T., Ty — Rise time and settling time of output voltage; PO, PU — Peak overshoot and peak undershoot of output voltage
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4.1 Performance of Sliding Mode Estimator Traditional SMC
Fig. 3 gives the performance of the sliding mode ;;
based load estimator and it could be seen that the 3
estimator tracks the change in load accurately thus &
making the proposed control algorithm feasible. 2
Traditional SMC g
o T T T T
s S N -
= i i 5
% -------- [ [ s P [—
CoR U SRR SRR S S S =
& Vst sv—)--(—vhav—)(— VSTEV—)' &
° % 1 2 3 2 5 6 =
DPSMC Time (sec) 2
15 : S i i i
= 5 e VARV 2V ]
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% Figure 6 Output voltage with change in desired voltage
c=c:‘: Traditional SMC
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g Figure 7 Output voltage under nominal condition
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Figure 5 Output voltage with load disturbance 2} |I H [ H | || [ l:l P | LI, P |:' 1 | ll+
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. IR ERTERT [T I
4.2 Performance under Disturbances . oIy
075 0.8 085 09 0.95 1
Fig. 4, Fig. 5 and Fig. 6, give the output voltage a) Time (sec)
waveform of the converter conFrolle.d by Traditiqnal SMC Rectifier End Line Voltage Vs Line Current
and by proposed DPSMC, with disturbances in supply &
voltage, load, and with changes in desired voltage. st i

Tab. 2 gives the results of simulation under various
conditions. From the simulation results, it is observed that
the voltage output of the converter under DPSMC is free
from Peak Overshoot and undershoot which is evident in
traditional SMC. This reduces the stress experienced by
the load connected at the output of the converter. Apart

Voltage Vs Current
[}

from being robust to disturbances, the dynamic and steady 0o To7e 13 ey Tas
state performance of the converter under DPSMC is Time (sec)
improved and is better compared to its counterpart. b)

Figure 8 a) Line voltage and line current under DPSMC; b) Rectifier side line
voltage and current
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Figure 9 Line current THD under nominal condition
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4.3 Performance under Nominal Condition

Fig. 7 gives the output voltage waveform of the
converter under nominal operating condition. Fig. 8a (line
voltage V; line current) and Fig. 8b (voltage and current
waveform at rectifier end) give the voltage and current of
the converter under DPSMC

Fig. 9 gives the THD of line current of the converter
under both the control methods. From Figs. 8 and 9, it is
evident that DPSMC assures a unity Power Factor with
reduced line current THD. From the simulation results it
is evident that the proposed DPSMC improves the
performance of the converter with a reduced line current
THD. The same is verified by using a laboratory
prototype AC-DC converter.

5 HARDWARE RESULTS
Implementation of the proposed DPSMC in real time

is carried out with the help of LabVIEW, Sb-Rio FPGA
development board and NI USB myDAQ devices. The

control logic is implemented in the Sb-Rio FPGA
development board with 40 MHz clock and USB-
myDAQ is used to acquire and generate the visual display
of data acquired. ACS712 current sensor is used to sense
the line current.

Fig. 10 gives the real time implementation of the
controller and Tab. 3, gives the list of parameter used for
the real time implementation of the controller.

Figure 10 Photograph of real time implementaion

Table 3 Real time implementation parameters

Supply voltage V, 6V
Desired output voltage v, 12V
Output Power 20 W
Inductor 2 mH
Capacitor 2200 puF
Switching frequency 20 kHz

5.1 Performance under disturbances

Figs. 11, 12 and 13 give the real-time output voltage
of the converter controlled by DPSMC controller under
disturbances in the form of change in supply voltage,
change in load and change in desired output voltage.
From the figures, it is evident that the real time output of
the converter resembles the simulated output and it is
clear that the proposed DPSMC is robust to disturbances.

2,1
&V

v

oo

Ve

S

8V D¢ Kk=6V o

Time

218:59670 PM

Figure 11 Output voltage under supply variations
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Figure 12 Output voltage under load variations
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N
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Figure 14 Output voltage under nominal condition
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eé;iﬁer
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41915088 PM
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: I
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96,

b)
Figure 15 a) Line current waveform with DPSMC; b) Rectifier side voltage and
current waveform with DPSMC

5.2 Performance under Nominal Conditions

Fig. 14, gives the real time output voltage waveform
of the converter controlled by DPSMC under nominal
operating condition as described in Tab. 3. Line Current
versus line Voltage waveform of the converter controlled
by DPSMC under nominal operating condition is given in
Fig. 15a (Line Current) and Fig. 15b (Rectifier side
voltage and current) along with the converters firing pulse
in Fig. 16. Fig.14 gives the controller’s ability to regulate
the output of the converter to the desired output voltage
without overshoot as depicted in the simulation results.

Switching Pulse
-

0-]

05+ i
7:34:36.168 PM Time 73436170 PM
9/1/2016 9/1/2016

Figure 16 Converter Firing Pulse

78

Technical Gazette 25, 1(2018), 72-79



M. SUDALAIMANI et al.: Direct Power based Sliding Mode Control of AC-DC Converter with Reduced THD

6 CONCLUSION

In this paper, a direct power based sliding mode
control has been proposed for the control of Single phase
AC-DC power factor pre regulator circuit. The simulation
results of the converter controlled by DPSMC have been
justified through real time implementation. Both the
simulation and hardware results have proved the
feasibility of implementing DPSMC controller for the
AC-DC power factor pre-regulator and the performance
of the converter under proposed DPSMC is better
compared to the traditional SMC.
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