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Abstract—The use of dc-dc converters connected in parallel
is a suitable way to solve the technological problems that
arise in large-capability power supply systems. This paper
presents a new approach to parallel converters using
double integral sliding mode control. This approach could
alleviating the steady-state regulation error and enhancing
dynamic current-sharing property by increasing the order
of the proportional integral sliding mode (ISM) controllers
using an additional integral term. Theoretical analysis and
simulation results are provided for verification.

Index Terms—Paralleled DC/DC Converters, Integral
Sliding Mode(ISM) Control, Double-integral sliding mode
(DISM), Current-sharing

[.  INTRODUCTION

Paralleling of power converters has become a popular
approach to construction power supplies for high-current
high-power applications, with high degree of flexibility,
maintainability, reliability and ease of expansion.
Currently, the parallel DC / DC converters are widely
used in motor drive, the computer system,
communications equipment and other industrial
applications!' . For the effectiveness of the parallel
system the control must ensure both the equal sharing of
the load current among the converters and the regulation
of the output voltage. In order to achieve current sharing
between the converters, this paper uses a master-slave
current sharing method, which ensures that all of the
slave modules follow the reference current of the
master' "],

Dc-dc converters are non-linear in nature. And sliding
mode controller is a kind of non-linear controller which
was introduced for controlling variable structure systems.
Its major advantages are guaranteed stability and

robustness against parameter, line, and load uncertainties.

Various studies in the application of sliding-mode
control for paralleled dc-dc converters have been
reported in the past several decades®'".

The main feature of the sliding mode is the robustness
that the system acquires against disturbances in the load
and in the input voltage!''. And the integral sliding
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mode(ISM) control strategy could get a good dynamic
responsel'”), but does not effectively eliminate the steady
state error which is due to the imperfect steady-state
error correction method of the PWM-based sliding-mode
controller!"!.

This paper explores the possibility of alleviating the
steady-state regulation error by increasing the order of
the integral sliding mode controllers using an additional
integral term.

II. PARALLELED BUCK CONVERTER CURRENT-
SHARING BASED ON DOUBLE INTEGRAL SLIDING
MODE CONTROL

A.  Proposed Solution

Direct SM controllers are enforced to track a desired
sliding surface to the equilibrium state. Since SM control
can achieve order reduction, it is typically sufficient to

have an SM controller of #—1th order for achieving
stable control of an n 7 th order converter.

And it explains why the steady-state errors are
presents in the equivalent control. This paper will
introduced an additional double-integral term of the state

variables ( I( J-x,.dt )dt ) to correct the error of the

steady-error. And the instantaneous state variable’s
trajectory can be represented by

S= ni:al.xi +a, J.nz_lxidt
i=1 i=1

+a,, || i xdrdt . (1)
i=1

And its time differentiation is represented by
n-1 n—1 n-1
S=>ax+a,) x+a,, J.le.dt )
i=1 i=1 i=1

And the equivalent control u,, is a function of the

state variables X, . X, ,and Ixidt . And the term Ixidt

could correcting the steady-state errors.

So introduced an additional double-integral term of
the state variables easily resolves the problem of steady-
state errors in integral sliding-mode controlled converters.
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B. Control Design Process Based on the Double
Integral Sliding Mode Control

To verify the feasibility of the control strategy ,a two
cell paralleled buck converter under the Master/Slave
current-sharing configuration was constructed and
analyzed.

And the paralleled buck converter’s state equation in a
complete cycle can be written as:

di,
— ==V +—VXu j=L2
b
e
i o3
G =
Where u is the system s control vector which

represents the logic state of power switch. Also
Lj,Cj ,and R, denote the inductance, capacitance, and
resistance

instantaneous load respectively;

I, ,i.,v,,andV, denote the inductor currents, capacitor
J

currents, output voltages, and input voltage.
The paralleled buck converter use the switching

1 .
function u = 5 (1+Sign(S)) and the sliding surface

S, =ox to,x, +toxtoyx, j=12. (4

Where ¢ - @, . ¢ and ¢, represent the desired

sliding coefficients.
For the DISM voltage controlled paralleled buck
converter, the controlled state variables are the current

error X, ,the voltage error X, ,the integral of the current
and the voltage errors X, ,and the double integral of the
current and the voltage errors X, ,which are expressed as
X, =l —Ip;

= rej ﬂv

X, = I(xl +x, )dt J=12 .6
x, = ([ +x,)dret
Where
v =KV, = Bv,) (6)

and K is the amplified gain of the voltage error.
substituting the paralleled buck converter’s behavioral
models under CCM into the time differentiation of (5)
gives the dynamical model of the proposed system as

d(l ,BKl v, —viu
i ch L
v ) _ B,
- T L =L2 . (7
d o Jj=L2
=0+,
x4:J.(x1+xz)a?
By solving $=0 ;the equivalent control #, could be
expressed as
AL o I,
, ==K
06 j
By ]
s [ (=)=,
a LA
+ 245 j[ V., -Bv,)- j]dt ®)

oy,
where u,, is continuous and bounded between 0 and 1.

In PWM form, the proposed DISM voltage controller
for the paralleled buck converter inherits the expression

v=-Ki+Gyv,
K[ (K+1)(V =P, ) =i, |

K, [[(K+)(V,, - Bv,) =iy, |de
=Gy,

J=L2 9

ramp

(04 o
where K| =GS—3Lj K, =GS—4L],;and
o4 o

L «
K3=Gs—ﬂ “(—+K) (10)
C o

are the fixed gain parameters in the propose controller.
Figure 1 shows a schematic diagram of the derived
PWM-based DISM voltage controller for the paralleled
buck converter.
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R ‘&+ Description Parameter Nominal value
L
vU
- Input voltage vl' 12v
% L =Av, Output voltage Vo 24V
Yo
O capacitance C 100pF
l inductance Ll = L2 10pH
G
i Switching frequency _](; 400K
- Minimum load resistance Ri(min) 0.3Q
AR
WA ]
Maximum load resistance Ry (max) 0.6Q
Figure 1. schematic diagram of the derived PWM-based DISM
voltage controller for the paralleled buck converter.
TABLE L SPECIFICATION OF THE PARALLELED BUCK CONVERTER
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Figure 2. The Matlab simulation model of the paralleled buck converter under PWM-based DISM voltage controller
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Figure 3. The steady-state output voltage waveforms of the Figure 4. The output voltage and current waveforms of the paralleled
paralleled buck converter under ISM and DISM controllers. buck converter under DISM controllers during load-transient
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Figure 5. The steady-state output voltage waveforms of the paralleled
buck converter under a step input voltage changes from 12 to 24V.
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(b)Slave inductor current under DISM controller

Figure 6. The master and slave inductor currents waveforms against
disturbances in the load.

III.  SIMULATION RESULTS AND ANALYSIS

This paper is verified alleviating the steady-state
regulation error and enhancing dynamic current-sharing
property of the DISM  controller through
Matlab/Simulink simulation. The specification of the
paralleled buck converter is given in Table I.

The Matlab simulation model of the paralleled buck
converter under PWM-based DISM voltage controller
has been shown in Figure 2.

And Figure 3 represents the steady-state output
voltage waveforms of the paralleled buck converter
under ISM and DISM controllers. Figure 3(a) shows that
the paralleled buck converter output voltage contains a
significant level of steady-state error of around 30 mV
under ISM controller. However, the steady-state error is
not present in the converter under DISM controller[see
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Figure 3(b)].

Figure 4 represents the output voltage and current
waveforms of the paralleled buck converter under DISM
controllers during load-transient. The simulation result
demonstrate that the controller has a robust response
during load-transient. And Figure 5 shows the output
voltage waveforms of the paralleled buck converter
operate under a step input voltage changes from 12 to
24V. It is not usually finding the steady-state output
voltage is very stable with little oscillation. And the
simulation results demonstrate that the robustness against
disturbances in the input voltage. And the Figure 6
shows that the master and slave inductor currents under a
step load change from 0.6 to 0.3Q. And it is worth
mentioning that the inductor currents of the slave module
track the corresponding signal of the master well.

IV. SUMMARY AND CONCLUSION

This paper presents using double integral sliding
mode(DISM) control parallel dc/dc converters to
eliminate the steady-state output voltage error. And the
simulation results have been shown that introduced an
additional double-integral term of the state variables
easily alleviating the steady-state regulation error and
enhancing dynamic current-sharing property. And this
paper has also shown the controller is robust against
disturbances in the load and in the input voltage.
Although this paper was evaluated with a parallel buck
converter comprising two modules, it should be noted
that the approach could be applied to system with
arbitrary modules.

ACKNOWLEDGMENT

This work is supported by the National Natural
Science Foundation of China under project no. 51277003
and the Excellent Youth Scholars Foundation of the
Higher Education Institutions of AhHui Province, China
under project no. 2012SQRL034.

REFERENCES

[1] Huang,Y.Tse,C.K. “Circuit Theoretic Classification of Parallel
Connected dc-dc Converters,”[EEE Transactions on Circuits and
Systems I, 54(5):1099-1108,2007.

[2] Ciezki, J.G., Ashton, R.W. “Selection and Stability Issues
Associated with a Navy Shipboard DC Zonal Electric
Distribution System,” IEEE Transactions on Power Delivery,
15(2): 665-669,2001 .

[3] Ackermann.T., Andersson.G., Soder.L. “electricity market
regulations and their impact on distributed generation,”
IEEE International Conference on Electric Utility Deregulation
and Restructuring and power Technologies,2000,Page(s): 608-
613.

[4] Wei Yongqing, Zhang Xiaofeng, Qiao Mingzllong, Kang Jun.
“Control of Parallel Inverters Based on CAN Bus in Large-
Capacity Motor Drives”, 2008, 1375-1379.

[5] Jung-Won Kim, Hang-Seok Choi, BoHyung Cho. “A Novel
Droop Method for Converter Parallel Operation,” IEEE Trans.on
Power Electronics.2002,17(1):25-32.

[6] Mariano Lopez,Luis Garcia de Vicuna,Miguel Castilla ,Oscar
Lopez and Joan Majo, “Interleaving of Parallel dc-dc Converters
Using Sliding Mode Control,”IEEE Transactions on industrial
Electronics,1998,6(20):1055-1059.

1137



[7] P.F.Donoso-Garcia,P.C.Cortizo,B.R.de Menezes,M.A.Severo
Mendes. “sliding mode control for current distribution in parallel-
connected dc-dc converters,”IEEE Proceedings on Electrical
Power Application,1998,5(145):333-338.

[8] Y. B, Shtessel, O. A. Raznopolov,and L. A.Ozerov, “Sliding
mode control of multiple modular DC-to-DC power
converters,”in Proceedings of IEEE international Conference on
Control Applications, pp.685-690, 1996.

[9] S. K. Mazumder, A. H. Nayfeh, A, Borojevic, “Robust control of
parallel DC-DC Buck converters By comining integral-variable-
structure and multiple-sliding-surface control schemes,” IEEE
Transactions on Power Electronics,vol.17, no 3, pp.428-437,
2002.

[10] Mariano.Lopez,Luis Garicia .de Vicuna. “Current distribution
control design for paralleled DC/DC converters using sliding-
mode control,”IEEE Transactions on industrial Electronics,
2004,10(51):419.

[11] V.LUtkin, “Sliding Mode and Their Application in Variable
Structure Systems,” Moscow,U.S.S.R.:MIR,1978.

[12] V.M.Nguyen and C.Q.Lee, “Indirect implementations of sliding-
mode control law in buck-type converters, in Proc.IEEE Appl.
Power Electron,”Conf.Expo(APEC),Mar.1996,vol.1,pp.111-
577,Jul.1996.

[13] S.-C. Tan, Y.M. Lai, C.K. Tse, * Indirect Sliding Mode Control
of Power Converters Via Double Integral Sliding Surface”, IEEE
Trans. on Power Electronics vol. 23; no. 2, Mar. 2008; pp. 600-
611.

1138 2015 IEEE 10th Conference on Industrial Electronics and Applications (ICIEA)




<<
  /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


