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A DSPIC Implementation of a Sliding Mode
Strategy for a SEPIC Converter

Arivukkannu Ezhilarasi', Muthiah Ramaswamy’

Abstract: This paper attempts to implement an elegant Variable Structure
Controller (VSC), with a view to regulate the output voltage and improve the
power quality of input current of a Single-Ended Primary Inductance Converter
(SEPIC) through the use of a DSPIC processor. It aims to exploit the advantages
of ease of implementation and robustness of VSC, which facilitates to produce
an output that is independent of input voltage, circuit parameters and/or output
load. The DSPIC card is designed to perform the function of a VSC, besides
serving to generate trigger pulses for the power switches. Simulation and
experimental results are presented to demonstrate the merits of the proposed

approach.
Keywords: VSC, DSPIC, Voltage regulation, Time response, Power quality.

1 Introduction

DC-DC converters are popularly used with switch mode power supplies.
They exhibit complex dynamic behaviour due to their nonlinear nature,
resulting from repeated switching operation [5,15]. The Single-Ended Primary
Inductance Converter (SEPIC) has become a popular topology that finds
applications in distributed power systems and battery chargers. However there
is still considerable scope for improvement in its time response characteristics
and enhancement of power quality.

The SEPIC structure is consisted of two inductors, two capacitors and a
diode in its configuration. It produces output voltages that are lower or higher
than the input voltage and also of the same polarity as the input voltage in
contrast with the boost, buck-boost and CUK converters. The dc blocking
capacitor in the power path offers some degree of isolation between the input
and output voltages, thereby protecting the complete system. The switching
voltages are clamped by capacitors, so that the ringing caused by the leakage
inductance is of little or no consequence in a SEPIC converter. The input
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inductor serves to avoid a pulsating input current as in the case of a
conventional buck boost converter.

A small signal model for a current mode controlled SEPIC converter has
been developed [14]. A current controlled PWM switch model based on the
average large and small signal models of a current programmed SEPIC
converter to operate in continuous conduction mode has been built [11]. A
dynamic model of a non-isolated and isolated SEPIC converter has been
proposed [8]. An average switch model to represent the power devices has been
suggested [3]. A posicast controller has been designed for a DC-DC buck
converter in order to lower the noise in the control signal [9].

An improved power quality has been found to significantly relieve the
burden of the input ac source. The most commonly used power factor (PF)
correction circuit has been the boost PF pre-regulator. However, the main
disadvantage of the boost converter has been that the output voltage tends to be
higher than the input voltage over the entire input range [1,4]. A continuous
conduction mode SEPIC converter has been proposed for power factor
correction [6]. A new topology of SEPIC converter has been designed for power
factor correction applications [13].

The control strategy has been found to greatly influence the effective
operation of a SEPIC converter [7,10]. Hence it is proposed to design a control
algorithm suitable for SEPIC and implement it with a state-of-the-art processor
in order to achieve an improved time response and the desired power quality.

2 Problem Formulation

The objective of this paper is to model a SEPIC converter in the state space
domain, build the sliding mode strategy and evaluate the performance through
simulation and hardware implementation. The DSPIC processor is to be
programmed to generate PWM signals for the power switch in the converter,
besides performing the role of a Proportional Integral (PI)/ Sliding Mode(SM)
controller. The simulated performance is to be validated through experimental
results.

3 Modelling

Most modelling concepts in power electronics are mainly intended to
express the nonlinear time varying phenomena in a mathematical form [2,12,16]
to permit the incorporation of a suitable controller. The state space averaging
method which serves to bring out explicitly the static and dynamic
characteristics of the system is used to build the control algorithm.

The state matrix governing the operation of the SEPIC, with power switch
on is:
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Using state space averaging technique the final state matrix reduces to the

form:
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The desired objective is inserted into the controller through the design of a
switching surface, predicted from the switching pattern. The converter is forced
to switch across this sliding surface through the construction of a switching
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control law, which satisfies a set of necessary conditions for the operation of the
sliding mode.

The switching function is chosen to be:

G:[gl 8 & g4]' =gk, “)

Vel

ey

o

where g, to g, are constant gains and e, is error in the input inductor current:
€1 Tl T
e., is error in the current of inductor L,:

€ = by ~hs

e,,, 1s error in the coupling capacitor voltage:

chl = I/clref - I/cl 5
e,, 1s error in the output voltage:
eVa = I/oref - Vo N

The input current and output voltage are measured and controlled directly.

This is equivalent to setting gains g, and g, to zero. Thus the sliding surface
will be:

cF=<gieil +gveV0‘ (5)

The term D representing duty cycle in equation (3) is replaced by a variable
u, such that it depends on the state of the switch.

1, when S is ON;
u=
0, when S is OFF.
Thus the overall state space model is given by:
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The control law is expressed as:

1 o<0 Rl
u:
0 >0

A necessary condition for the sliding surface to exist is:
g[ ' A4 S 0 B (8)

where g, is the gain matrix and A4, is fourth column of matrix 4 of the overall

state space model at which u is set to zero. The above matrix is reduced with a
view to determining the criterion for calculation of gain.

& _ & ¢ )
L, RC,
If the sliding condition exists, then the system trajectory will move along
the designed sliding surface, so long as the above two conditions are satisfied.

5 Simulation Results

The scheme is simulated using MATLAB SIMULINK. The buck/boost
converter parameters are chosen as R =0.1Q, L =200pH, R, =0.2Q,
L,=510pH, C,=47pF, C, =200pF, switching frequency is 50 Hz and
allowed to a load vary up to 5000 W. A dc voltage of 350 V obtained through a

front end rectifier is applied to the buck/boost converter. The reference outputs
are fixed at 230 V for buck converter and 440 V in the case of boost converter.

The output voltage and current corresponding to a load of 1 kW for both
buck and boost modes of the SEPIC are depicted in Figs. 2 and 3. Sudden
changes in load and supply are introduced at 7=0.06s and ¢=0.08s,

respectively, in order to evaluate the robustness of the controllers. The load
current increases as seen in Figs. 2 and 3 due to the occurrence of a load
disturbance at 0.06 s. However, the SM controller is designed in such a way as

to modify the duty cycle, in order to minimize the error generated because of
the deviation of the output from its reference value and to maintain the desired
output voltage in both cases

The input current frequency spectra displayed in Figs. 4 and 5 are obtained
for the same operating state. It is observed that both PI and SM controllers offer
more or less the same power quality, which is further substantiated through a
THD (Total Harmonic Distortion) versus Power Factor graph shown in Fig. 6.
The THD computed for output voltage at the same operating point, depicted in
the bar diagram in Fig. 7 brings out the role of the SM controller.
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Fig. 1 — SEPIC converter.

Fig. 2 — Buck mode.

Fig. 3 — Boost mode.
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Fig. 5 — Frequency spectrum of SM controller.
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Fig. 6 — %THD vs. Power factor.
221



A. Ezhilarasi, M. Ramaswamy

3.4 4 open loop
3.3 1

3.2 A
31 5

3 4
2.9 7
2.8 1
2.7 1
2.8 1

S
controll er

% THD

1000

Load
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The SM controller, besides regulating the output voltage, reduces the wide
distortion in the input current. It can be noticed that there is minimal overshoot
during start-up while using the SM controller, thus highlighting the superiority
of the SM controller. The conventional PI controller is seen to offer a second
order response with a higher peak overshoot. However the SM controller is
observed to give a first order response with no overshoot. It follows from
Table 1 that the time response specification of an SM controller is far better
than that of a PI controller for a SEPIC.

Table 1
Time response of P and SM in buck mode.

% MP Rise time Peak time Settling time
(1)
Load [ms] [ms] [ms]

P1 SM P1 SM P1 SM Pl SM
1000 | 86.74 | 4.07 | 1.660 | 1.667 | 3.100 | 1.735 | 18.00 2.80
2000 | 83.09 | 4.27 | 1.704 | 1.703 | 3.120 | 1.775 | 10.40 2.33
3000 | 86.66 | 3.94 | 1.725 | 1.725 | 3.220 | 1.793 | 8.56 2.13
4000 | 88.35 | 3.85 | 1.760 | 1.764 | 3.315 | 1.832 | 6.28 2.10
5000 | 91.01 | 3.97 | 1.780 | 1.785 | 3.400 | 1.856 | 4.92 2.08

6 Hardware Implementation

The prototype model shown in Fig. 8 is built for SkW and tested for similar
values of load powers. DSPIC is a single chip embedded controller that
seamlessly integrates the control attributes of a microcontroller with the
computation throughput capabilities of DSP in a single core. The DSPIC
processor is programmed to function both as a PWM generator and an SM
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controller. The algorithm is tailor-made to calculate the switching function for
the SM controller, which in turn serves to alter the duty cycle of the SEPIC
converter. The PWM pulses and the steady state output voltage waveform
obtained from the prototype are displayed in Figs. 9 and 10 respectively.

Fig. 8 — Experimental setup.

Fig. 9 — PWM Pulse. Fig. 10 — Output Voltage.
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The experimental results obtained over a wide range of load variations seen
in Table 2 closely compare with the simulated performance. The entries in
Table 3 serve to highlight the regulating action of the SM controller.

Table 2
Comparison of simulation and hardware results.

Load Load Current Output Voltage [V] Input Power Factor
(kW] [A] Hardware | Simulation | Hardware | Simulation
1000 4.4 228.9 229.3 0.99 0.9971
2000 8.8 229 229.7 0.99 0.9948
3000 13.2 229.2 229.5 0.99 0.9926
4000 17.6 2293 229.8 0.99 0.9903
5000 22.0 229.1 229.6 0.98 0.9877
Table 3
Comparison of simulation and hardware results with load and source disturbances.
Time [s] a\l
Before After
(10%) Source Simulation 0.08 230.4 2303
disturbance Hardware 0.08 230.1 230.5
(10%) Load Simulation 0.06 230.2 229.9
disturbance Hardware 0.06 2305 2292

7 Conclusion

A DSPIC processor has been programmed to generate the trigger pulses for
the power switch in a SEPIC buck/boost converter and function as a PI/SM
controller. The implementation of the designed control algorithm has been
found to offer very good time response performance and acceptable power
quality, in addition to regulating the output voltage. The results having
demonstrated the suitability of the proposed approach for use in critical
applications, will go a long way in enhancing the scope of such converters.

8 References

[1] K. Matsui, I. Yamamoto, T. Kishi, M. Hasegawa, H. Mori, F. Ueda: A Comparison of
Various Buck-Boost Converters and their Application to PFC, IEEE Indust. Electronics
Conf. IECON 02, 5-8 Nov. 2002, Vol. 1, pp. 30 — 36.

[2] R.B. Ridley: A New Continuous-time Model for Current-mode Control, IEEE Transaction
on Power Electronics, Vol. 6 , No 2, April 1991, pp. 271 — 280.

224



[15]

[16]

A DSPIC Implementation of a Sliding Mode Strategy for a SEPIC Converter

C-M. Lee, Y.S. Lai: Averaged Switch Modeling of DC/DC Converters using New Switch
Network, Power Electronics and Drive System 2007, PEDS 07, 7th Int. Conf., 27-30 Nov.
2007, pp.1427 — 1430.

W. Guo, P. Jain: Comparison between Boost and Buck-Boost Implemented PFC Inverter
with Built in Soft Switching and Unified Controller, IEEE Power Electronics Specialists
Conf. PESC 2001, pp. 472 —477.

C.K. Tse, M. di Bernado: Complex Behavior in Switching Power Converters, Proc. IEEE,
Vol. 90, No. 5, May 2002, pp. 768 — 781.

JM. Kwon, W.Y. Choi, J.J. Lee, E.H. Kim, B.H. Kwon: Continuous Conduction Mode
SEPIC Converter with Low Reverse-recovery Loss for Power Factor Correction, IEE Proc.
Electric Power Application, Vol. 153, No. 5, September 2006, pp. 673 — 681.

G. Spiazzi, P. Mattavelli: Design Criteria for Power Factor Pre Regulators Based on SEPIC
and CUK Converters in Continuous Conduction Mode, IEEIAS, Denver, Oct.1994,
pp. 1084 — 1089.

A. Hren, P. Slibar: Full Order Dynamic Model of SEPIC Converter, IEEE ISIE 2005, 20-23
June 2005, Vol. 2, pp.553 — 558.

K. Udhayakumar, P. Lakshmi, K. Boobal: Hybrid Posicast Controller for a DC — DC Buck
Converter, Serbian Journal of Electrical Engineering, Vol. 5, No. 1, May 2008, pp. 121 — 138.

J. Sebastian, J. Uceda, J.A. Cobos, J. Arau, F. Aldana: Improving Power Factor Correction
in Distributed Power Supply Systems using PWM and ZCS-QR SEPIC Topologies, IEEE
PESC 1991, pp. 780 — 791.

W.M. Moussa: Modeling and Performance Evaluation of a DC/DC SEPIC Converter, Appl.
Power Electronics Conf. and Expo. 1995, APEC ’95, Conf. Proc. 1995, 5-9 March 1995,
Vol. 2, pp. 702 — 706.

R.D. Middlebrook: Modeling Current-programmed Buck and Boost Regulators, IEEE
Transaction on Power Electronics, Vol. 4, No. 1, Jan. 1989, pp. 36 — 52.

O. Pop, G. Chindris, A. Grama, F. Hurgoi: Power Factor Correction Circuit with a New
Modified SEPIC Converter, Electronics Technology: Concurrent Engineering in Electronic
Packaging, 2001, 24th Int. Spring Seminar, 5-9 May 2001, pp. 117 — 120.

W. Gu: Small Signal Modeling for Current Mode Controlled CUK and SEPIC Converters,
Appl. Power Electronics Conf. and Expo. 2005, APEC 2005, Twentieth Annual IEEE, 6-10
March 2005, Vol. 2, pp. 906 — 910.

M.B. Debbat, A. El-Aroudi, R. Giral, L. Martienz-Salamero: Stability Analysis and
Bifurcation of SEPIC DC-DC Converter using a Discrete-time Model, IEEE Int. Conf. Industry
and Technol., ICIT *02, Bangkok, Thailand, 11-14 Dec. 2002, Vol. 2, pp. 1055 — 1060.

R. Tymerski, D. Li: State-space Models for Current Programmed Pulse width Modulated
Converters, IEEE Transaction on Power Electronics, Vol. 8, No. 3, July 1993, pp. 271 —278.

225




<<
  /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 true
  /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 true
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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


