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ABSTRACT

In view of the switching property and the existendalisturbance in DC-DC converters, a robust aintr
algorithm by adjusting input voltage is studied dzh®n the switched linear model of DC-DC converters
Considering the output disturbance and weightedtfons chosen for perturbation input and controlled
output, the augmented switched linear model of DC-Ebnverters is established, in which the input
voltage is as control variable. According to lingaatrix inequality (LMI) and H control theories, the
sufficient condition of controller existence ancdetdesign method of Hcontroller for the proposed
switched system are derived in the form of LMI. Tdiained controller is such that the closed loggiesn

is asymptotically stable under arbitrary switchditions and has an Hlisturbance attenuation bound. The
simulation results for buck and boost converteespesented to show that the good robust staloiitybe
obtained with respect to the output disturbanceaBjysting the input voltage, the output voltaga ba
stabilized on the expected value with the paramederturbation under arbitrary constant duty cyefeich
demonstrates the effectiveness of the proposedithgo

Keywords: H, Control, Switched System, Linear Matrix Inequality(LMI), DC-DC Converter

1. INTRODUCTION switching between these linear subsystems.
However, DC-DC switch converters are typically
DC-DC switch converters are the core of poweswitched linear system due to their operating
supply and have been used extensively in margharacteristics as follows: a converter operates on
fields. The classical control technique for suchlifferent states when switches are on or off; each
converters is PID control, which is derived based ooperating state will correspond to a continuous
small-signal models of converters. However, DClinear time-invariant system; the converter switche
DC converters are nonlinear systems in essendetween these different linear systems. In recent
whose small-signal models obtained byears, a considerable number of study results were
linearization and averaging procedure can natported for the stability of switched systems[4~6]
describe their nonlinear behavior entirely. Hente, In [6], the periodic switched linear system models
is primary to find more exact models for controllemwere built for the buck and boost converter.
design of the converters. Some models of DC-DEurthermore, the controllability and reachability o
converters have been proposed. The sampled-d&€-DC converters were proved based on the
model[1] of PWM systems was proposed, whiclswitched linear system models. However, the
accurately describes the robustness constraine Basterference problem is not considered in the
on the linear approximation of the model thamodeling for the above systems.
captures the primary switching behavior of the .
system, some discrete time control methods were Ho, lcontrpl hstrategy has zeen mtrgduc;?d to
derived such as LQ optimal control[2] and, H control - switch —converters - due to its linear
control[3]. The switched linear system model iSJaIScharacterlsucs partially. The derived controllanc

proposed to describe dynamical performance so be used in Iarg(_a signal .appllcauons. Morgover
hybrid dynamic systems. This model included™ control strategy is superior to the conventional

. : 8ontrol approach in robustness and interference
several linear subsystems, and can achieve arcertar. =~ ° : :
erformance  requirements by appropriatelrejecnon' Nalm et al. applied, Hontrol to a boost
P )éonverter, which show the good agreement between
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simulation and experimental results[7]. Vidal et alswitching period. Each state will lead to a set of
designed an K controller for boost and buck-boostlinear equations that describe one linear subsystem
converters that maximizes the bandwidth contrdbuppose that a converter switches between itsrlinea
loop with good tracking and high rejectionsubsystem on a switch sequence denoted,biX,

capability of disturbances introduced by changes @t1, 2, ... | where;< t,<...< t,<..., lim t, =,
load and input voltage[8]. An Hloop-shaping koo )
controller is proposed that not only retains th&SM={1, 2, ..., N}. The converter comes into

advantages of the existing,Hontrol strategy but Subsystemi, at time t. Further, suppose state
also affords an additional tuning parameter whicMariables of a converter are continuous,
reflects a trade-off be.tween stapility robustness a given x(tk‘) = X(t;) . Then the switched linear

the performance in time domain[9]. Nevertheles

S . . i )
the above mentioned.fcontrollers were designed thodel for DC-DC switch converter is defined as:

based on linear and averaged models of converters. X(t) = A x(t) + B,w(t) + B,,u(t)

The H, controllers were obtained by solving two ' 2

algebraic Riccati equations, which requires z(t) =Ciyx(t) + Eyw(t) + Eju(t) (1)
controlled systems satisfy several assumptions. y(t) = C,,x(t) + D,,w(t) + D,,u(t)

Thus the modeling for the system will become more

difficult. As the H, control problem can be wherex(t)€R" is the state vector of the converter,
described in terms of LMlIs, the robust controlw(t)€RY perturbation inputu(t) €R™ control input,
strategies based on LMI approach[10~13] havgt)€RP measurement output, andz(t)ER’
come out with more and more methods wereontrolled outputA;, Bi;, Bis, Ci1, Ciz, Di1, Dio, Eis,
presented to solve the convex optimizatiolE;, are real constant matrixes with appropriate
problem. The controller design based on LMI onlydimensionjeM={1, 2, ...,N}

requires the controlled objects are stabilizabld an
detectable, so that the modeling for the system an
computing for the controller get easier and mor
reasonable.

dDefine error variables as followsz;=x-Xq, Ye=Y-
4 Ue=U-Ug, We=W-Wg, WhereXg, Vg, Ug andwy are
esirable operating point. System (1) can be
described by error variables as:

In this report, choosing input voltage as control
variable, a switched linear error model with Xe(t) = AiXo(t) + Biwe (t) + Bj,u,(t)
perturbations is built for DC-DC switch converters. Z,() =C X, (1) + E,w, (1) + E,u.(t) . (2)
Based on the proposed model, an, tdutput
feedback controller is developed, achieving output Ye(t) = CizXe(t) + Diywe (1) + D;pU, (1)
voltage tracking by regulating input voltage. The To obtan high rejection capability of

sufficient condition of the existence of thedisturbances and good tracking performance,

afore_mentloned controller and the controlle(NeighteOI functions are appropriately chosen for
algorithm are presented by LMI approach,, H erturbation input and controlled output.
output feedback controllers for buck and boo£

converters operating in continuous conduction Define We(s):WW(S)VT/e(S), Ee(s)zwz(s)ze(s)_
mode are derived. Finally, simulations arérpen the aim of H control can be transformed into

performed to demonstrate the dynam!c perform:’;mta’eesign an output feedback controller of the
and robustness of the ttontrollers derived.

2. SWITCHED LINEAR MODEL'S
DERIVATION

augmented error systeR(s): [W,ud ' —[Z, yd',

satisfying the prescribed Hnorm bound of the
closed-loop system transfer function from the input

In DC-DC switch converters, there are two kindsWe 10 the outputZ, denoted byT.. P(s) can be
of storage elements, namely capacitors andbtained as:
inductors. The inductor current and capacitor
voltage are chosen as state variables as usually P(s) :{Wz O}G (S)[WW O}
during modeling system. Here, input voltage is 0 | 0 |
chosen as control input signal, the load voltage as
measurement output and output disturbance as owkereG(s) is the transfer function form of (2). The
input. According to on or off state of powerabove system can be written easily as state-space
switches, a converter presents different circuitepresentation:
topologies meaning different states during a

s
317




Journal of Theoretical and Applied Information Technology
10™ March 2013. Vol. 49 No.1 N

© 2005 - 2013 JATIT & LLS. All rights reserved-

SATIT

ISSN:1992-8645 www.jatit.org E-ISSI¥17-3195
. _x S~ - of symmetric positive definite matrix i=1, 2,
%o(t) = A X, (t) + ByW, (1) + B, (1) y P & (

- ~ ~ - ., N) such that:
Ze(t) = Cilxe(t) + Eilwe(t) + Ei2ue(t) (3)

~ ~ ~ AP +PA PB, C'
ye(t)=Ci2Xe(t)+Di1We(t)+Di2ue(t) I I v H I

B'/R  -p D |<0
Equation (3) is the augmented error switched linear C D - "
model for DC-DC converters, which is also the ! !
trolled object. .
controlled objec OiOM = {12, N} ©)

3. H, OUTPUT FEEDBACK CONTROLLER
BASED ON LMI Proof' Define a performance function denoted

=[&.,&,--,&]" . So thaté =y when

Assuming that the controlled object described aﬁNltched system is on the subsystemepresented

(3) satisfies the following condition: /51 B by matrix coe1‘f|C|entA1 while other subsystem

CIZ) is stabilizable and detectable. The outputgz = 0. Note thatA = dlag{fl/zl {yzl & 1/2|}

feedback K control aims to design a controller

there is
with state-space expression as:

5 . AP +PA PB C'
2= AR +BLY, (1) “ ARTRA BB ©
- A B, P - D. A=
() = CI%() + DIy, () no b
Ci Di -®
where X(t) OR ™ is state vector of controller\, — _ —
K ok Pk &(ATP +PRA) §PB G
B, C", D/ (i=1, 2, ...,N) are parameter matrixes —1 —
$Bi P Sl D, =

to be solved. The controller (4) should assure that

the closed-loop system made of (3) and (4) is (j 5. -1
asymptotically stable and satisfies the prescribed
H,, norm bound off,,. KIT—I + EKI _|§| 6iT
3.1. Sufficient Condition of Controller Existence ——— —
P -y’l D/
Applying (4) to (3), the closed-loop system is — —
obtained as: G D; -l
X(t) = AX(t) + B;We (1) 5) where P =& P, . Then there exists a series of
Z.(t) =§7(t) +5iv'\‘/e(t) symmetric positive definite matrixeB; such that
(6) holds if there exists a series of symmetric
where X = [Xe )“(]T positive definite matrixes!si such that:
 [A+B,DC, B,ck A'P +PA PB, C'
AT BXC,, AX B'R -y D' |<0. (1)
= C D -l
B = B, +B,DD; ' '
' Bik D, According to (7), the following inequality holds:

_ ~ ~ ~ ~ TS =~ = .

C, =|_Ci1+ EiZDikCiz Ei2CikJ A P +PA <0. Moreove-zr, P, >0. $0 it is

— proved that the system (5) is asymptotically stable
under arbitrary switch conditions.

Theorem: The system (5) is robust stable under As (7) holds strictly, a suitable constanf0 <e
arbitrary switch conditions and the infinite nor o <1) always can be chosen so that

T, is smaller thany () >0) if there exists a series

D =Ey+ EiZDik D, .
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KiT_i +5IKI ﬁgl (_:iT coqtroller is hard to be computeq from (6). Here
o o variable substitution method is applied. By
B/'P -y*@-¢)l D |<O0. introducing new variables, (6) can be transformed
= = into a new form which is a LMI expressed by new

[ l variables.

Using properties of Schur complement of matrix, Lemma[14] A necessary and sufficient condition
the above inequality can be equivalent to thé
following inequality: X
>0 9
T ®

C'- _1|ATP+PA PB.
|:8T:|[Ci Di]“{AI—Fi—PIAI 2 ]<0
D, B P -y @-e)l for existing a symmetric positive definite matrixes

(8) P such that the following equations:

a X M
P~ = 0 hold, where *

For any T>0, considering the performance =) _{Y N}
M T

function:J = [ |7, ct - @)y [ [ ) et NT o)

. . is any possible matrix.
under the condition of zero initial stat&,can be

calculated Two new matrix variablesX; and Y; are
. introduced to deduce the below formula according
J=| [Z 0)Z)- L&)y W, (t)W.(t) + X; | Y,
[ [Z 0Z0- - O®R0 e above |emma;p{ ] H ;}
V(R(E)]dt-V(X(T)) M 01 LON,

-1
<[, [Z O%0- - OF. 0+ decomposing the maliE X% hough snausn
ox T (t)Pik(KikX(t)-i-gikWe ()] dt -V(X(T)) value y dlecomposition. Here denote:
T - C' - _ Fo=| ' )
=.[0[XT(t) Wg(t)]ﬂﬁg}[ci Di]+ ' L\AiT 0}
RTP- op KI b §I %) for%elj::\? the following variable substitution
{ e g DP }dt—vw» o -
BiPi —y - [LWe® A =Y, (A +B,DfC))X; + N;BfC,, X, +

: Accordi_ng to (8), it can be seen th_at the inFe_g_raI Y, giZCikM iT + NiAikM iT
item ofJ is less than zero. Further using zero initial
conditions, there is

Dk

X" MBXM+ [ 2 070t <
a-a)? [ W, (), (et | 10)

For W, (t) €L,[0 ) and asymptotic stability of the

system (5), if makingl—w on both sides of the
above inequality, the formula can be obtained

follows: |Z,(1)]” < - &)W 0] < VW) .
which implies that the system (5) has thendbust

0>

i =Y, éiZDik +N;Bf
éi :Dikéizxi +CikMiT

O
I

The left of (6) multiplies diag{:iT , 1, 1} on the left

A£nd diag{F; , I, 1} on the right respectively. Then
an equivalent inequality of (6) is obtained as (11)

@ll @12 013 @ 14

erformancey . The proof is complete. g e, 6, 0
p 4 p p 22 23 2|0 (11)
3.2 Controller Algorithm 0 O -n 0,

In the existence condition (6) of the controller, 0 0 0 -u

the matrix variable®; and the controller parameter

N AT R -~ R AT
matrixes emerge in a nonlinear way. So th¥here@y =AX; +X;A" +B;,C; +(B;,C;)

s
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0,=A" +A +B,DC, Al{—(Rs““RﬁaRc)/'— —3/|—}
0= g.l + é‘izlﬁi ISil 9/C YR |
01, =(CuX; + E;,C)' By, = {a:j/{j B = []C{L} G = [ZRC (j ’
0, =AY, +Y /A +B,C;, +(B,C;,)’ R o
=~ s = -al
@23 :Yi Bil + Bi Dil Ell =|: 0 :| 1 E12 = |:1:| 1 C12 = [aRC a] !
=(C. +E.DC.\T
@24 ] ((ill —E~|2|?I(EIZ)T Dj_]_ - _aRC, D12 - 0'
0y, =(Ejy + E;,DiDyy) -(Ry+R +aR))/L -a/L
The symbol * in (11) represents symmetric terms i, = c _YRrC |
the LMI. From (11), it can be seen that it is a LMI ! y

about matrix variabIeA,- , B, C, I5i , X; and

0
B,,=B,, B,, = , C,,=C,,, E,=E,,
Y, , which can be solved using the LMI tools of 2 H - [0} 2 " 2 H

Matlab. Exn =B, Cp=Gy, Dy=D;, Dp=Dy,
Designing output feedback .H controller wherea=R/(R+R.).

concludes following steps. Setting weighted functions for perturbations
Step 1: Sety . input and controlled output respectively as follows

W,=0.1,W,=0.31,W,=(0.01s+1500)/6™+10"s+180),

Step 2: Choose weighted functions. and y =1. The desirable operating point is set as

Step 3: Solve the LMI (11), if no solution, go to T i
step 2. x=[0.14A 3VT], y4=3V, ug=yy /d, d_|s duty cycle,

Step 4: DerivingM; andN; by solving singular wy=0.5A. The parameter matrixes of output
value decomposition dfXY; feedback H controller for buck converter are

Step 5: Deriving the controller parametercalcmate‘j by the LMI tools of Matlab as follows:

matrixes by (10). (71528 -39944 12415 -993320
4. DESIGNED EXAMPLE A -40497 -21276051872 47377
21829 51871 -98436 -126360

41 Buck Converter 59648 -33215 91827 -82632

The topology of the buck converter is shown in

Figure 1, wherd/;, is DC S(I)_urce voltagds, Ry, Ry, (34951 14857 T
Rs R « _| 212770 _, | 288225 K
0.1 B = ,Ch = D; =0;
T | -5209 v 197494
Lvin CT4MF £5 louty 29501 -20074
THV Rd 01 0%) [-99996 -60469 76568 53167
Ak | 60456 212760 1487 -043897
Figure 1. Topology of Buck Converter 2 | 76585 1487 -50985 -04381
R. the internal resistances of the switch transistor, -34801 -0.09963 0.25911 005463

inductorL, diodeD, and capacito€. The symboR r

represents the load resistance. The output current ~25476 0

source is inserted in the circuit to introduce load_, | 212760 « |0 K
perturbation. In this paper, the buck converteB, = 15371 Gy = ol D; =0.
operating continuous conduction mode is only
considered, where the circuit can be identified two |-9.7834-3 0

switched subsystems. The error signglsu. of ]
measurement output and control input are chosen as! e buck converter under the above-mentioned
controlled output. The coefficient matrix controller is simulated by switching its two

expressions for the two switched subsystems can Bebsystems on a pulse signal with 100kHz
put in the form shown below: frequency and 0.5 duty cycle. The error waveform

s
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of output voltage and reference output voltage is 4.2 Boost Converter

shown in Figure 2. In the case of reference input The boost converter is depicted in Figure 5. The

voltage V,, step changes from 12V to 18V as start
up performance at 0.3s and from 18V to 6V at 0.6s,
the behaviors of output voltage and control signal
are shown in Figure 3 and Figure 4. It can be seern

in Figure 3 that the closed-loop system has good-

damping response to the wide change in the input
voltage, and the output voltage is stabilized at th
desirable voltage of 3V. Figure 4 depicts that the

R1 Rd D
0.7 200uH J Vo“fl D
) D_| C T 220uF § R loute
Vin 44
T12v 09
Rs 0.1 Rc 0.1

L

designed controller have a good adjustment ability
following the input voltage variation.

Figure5. Topology of Boost Converter

circuit is also considered working in the continsou

0.2 conduction mode. The coefficient matrix
> expressions of its two switched subsystems are
= 0.1 given as follows:
> —(R. + L O 0
o Aﬁ[ (R +R)/ } | Bﬂ{ } |
= / 0 -a/RC -a/C
2 01 ’ YL 01 0
= 0.2 ‘ ‘ B, = 0 : Cu= 0ol En= ol

0 0.1 0.2 0.3
Time t/s _|0 _ — -0-
, E, =  Cpp —[Oa]’ D;, =-aR;, D,=0;
Figure 2. The Error Waveform of Output Voltage for the 1
Buck Converter
- e AZ:[—(&+a+aa)/L —aﬂ
;O 6l i a/C -1RC ’
e L 5 IS
2 B,, = B,, = C, =C
IS I | 21| _ ' 22 ' 21 1
(_>3 2 a/C 0
= 27 | En=En » Exn=Ep C22=[aRca] ;
o -2t i
g . Dy =Dy, Dy =Dys.
0 62 04 06 038 1 Setting weighted functions and the desired
Time t/s operating point respectively as follows:

W,=0.01/(40@s+200z), W,=(0.35+1200¢)/(s+100r)
, W,=0.4. x=[1.14A 50V], ys=50V, us=d-yq,
wy=0.5A, y =1, the parameter matrixes of output

Figure 3. Output Voltage Response of Buck Converter
for Input Voltage Variations

5
> feedback H controller for boost converter are
S calculated as follows:
§ 55716 0 0 0
% K 0 -4134 -14672 -19921
— A = )
‘g ! 0 -16014 -62216 -82384
O .15 : : ‘ : 0 -14034 -93125 -58023
0 0.2 0.4 0.6 0.8 1 T
Time t/s 0 -0314
Figure 4. Control Input Response of Buck Converter 512 0
for Input Voltage Variations Blk = , Clk = , le =0 :
-14541 0
63948 0
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139491 -10383 11918 125180 5
Ak = 25845 39204 16014 -11934 E
2 1195270-18534 -53295 606710 3
|-17333 43052 -48034 -54741 g
[-76629 -42725]" £
O
98636 0159 10 ‘ ‘ ‘ ‘
Bk = ,Ck= ,Dk=0. 0 02 04 06 08 1
2 121716 210239 2 ;
Tme t/s
| 45613 1276

Figure 8. Control Input Response of Boost Converter
The boost converter under the above-mentioned for Input Voltage Variations

controller is simulated by switching its two |nthe above two application examples, observing
subsystems on a pulse signal with 100kHzhe derived controllers, it can be found that the
frequency and 0.2 duty cycle. The input voltaggontroller for the second subsystem of buck
variation for boost converter are chosen as same @snverter is zero, and the controller for the first
in section 4.1. The error waveform of outputsubsystem of boost converter is too small to be
voltage and reference output, output voltage angnored its function. It means that only one of
control input responses of the controlled boosgontrollers of switched subsystems will control the
circuit are shown respectively in Figure 6~Figure 8closed-loop switched system. Therefore, in the
which depict the closed-loop system has goodesign of the control for actual circuits, it istno

stability and good tracking performance. need to switch between multiple controllers to
1 control the converter. It will not increase the
> N complexity of the control circuit.
o ° 5. CONCLUSION
g -1 Based on LMI and H control theory, a control
$ P strategy of adjusting input voltage to stabilize
= output is study in this paper by building switched
3 ‘ ‘ linear model under perturbations for DC-DC
0 0.1 0.2 0.3 converters. The designed controller guarantees the
Time t/s closed-loop system asymptotically stability and

shows good robust performance to perturbations.

Figure 6. The Error Waveform of Output Voltage for the The method in this paper has the following

Boost Converter

advantages:
> 54 ‘ ‘ ‘ ‘ (1) The derivation of a switched linear model
;o 52| i does not require any approximation. Comparing to
o L the linear average model, the switched linear model
2 S0 more accurately represents nonlinear charactevistic
S sl | of DC-DC converter.
>
5 46l | (2) The number of controllers for closed-loop
%‘ system can be less than the number of switched
o 44 ‘ ‘ subsystems, which can reduce the size and

0 0.2 0.4 0.6 0.8 1

i complexity of control circuit.
Time t/s

(3) It is different from usually pulse-width-
Figure 7. Output Voltage Response of Boost Converter modulation switching concepts, where the switch
for Input \oltage Variations position acts as the control input and the dutyecyc
is solved to adjust the output voltage. The output
feedback H control method here use input voltage
as control input and can use an arbitrary constant
duty cycle to control converter tracking to the
expected value of the output voltage by adjusting

s
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the control input. It is no need to modulate PWM[9] S.K. Patnaik and B. Umamaheswari, ,,'H
signal. Loop-Shaping Controller for a Boost Converter
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