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Abstract The application of the sliding mode control
technique to DC-DC converters is addressed in this
paper. It is shown that this control approach can give
good results in terms of robustness toward load and input
voltage variations, while maintaining a dynamic response
at least comparable to standard current control
techniques.

The sliding mode control application to buck and boost
converters is analyzed in detail, while general design
considerations are given for buck-boost Cuk and Sepic
converters.

Control refinements, like current limitation, constant
switching frequency and output voltage steady-state error
cancellation are also discussed.

[. INTRODUCTION

In order to describe the salient characteristic of this control
technique, let us consider, as an example, a simple VSS
described by the following equations:

oo 1)

K =y-Kux
whereu is a discontinuous control input which can assume
the valuestl. Withu = +1 the eigenvalues are complex with
zero real part; thus, for this substructure the phase trajectories
are circles as shown in Fig. 1 and the system is marginally
stable. Withu =-1 the corresponding substructure has real
eigenvalues with opposite sign; the corresponding phase
trajectories are shown in Fig. 1. Only one phase trajectory,

namely x, = —-gx (q= \/E) converges toward the origin

(stable system), while all other trajectories are divergent
(unstable system). Now let us define the following control

Switched mode DC-DC converters are nonlinear and tim@W:
variant systems, and do not lend themselves to theRegion I: xltﬁx2 + Cxl) <00 u=-1

application of linear control theoryThe State Space

Averagingmethod is usually applied for characterization of Region Il:x, [(Xz + Cxi) >0 0 u=+1
DC-DC converters. With this approach an equivalent averagghere ¢ is lower than ¢ (the system eigenvalue). The
model is developed by circuit averaging in a switchingswitching boundaries are the, axis and the line

period all the system variables: in this way only the system
dynamic is preserved while the high frequency behavior o

,+Cx =0.The system structure changes whenever the

the variables is lost. This derivation relies on the assumptiorfyStém Representative Point (RP) enters a region defined by

of a switching frequency much greater than the naturd
frequency of the system and of small state variable ripple

pe switching boundaries. The important property of the
phase trajectories of both substructures is that, in the vicinity

From the average model, a suitable small-signal model & the switching line x, +cx =0, they converge to the

then derived by perturbation and linearization around

awitching line. The immediate consequence of this property

precise operating point under small ripple approximationis that, once the RP hits the switching line, the control law
Finally, the small-signal model is used to derive all theensures that the RP does not move away from the switching
necessary converter transfer function in order to design lse. Fig. 2a shows a typical overall trajectory starting from

linear control system by using classical linear controbn arbitrary

technigues.

initial condition R{y Xg). The resultant
trajectory is seen to be on the switching line (in the

Sliding Mode approach for Variable Structure Systemsiypothesis of ideal infinite frequency commutations between
(VSS) offers an alternative way to implement a controfhe two substructures). The switching line +cx = 0

action which exploits the inherent variable structure nature
DC-DC converters [1-7]. In particular, the converter switche
are driven as a function of the instantaneous values of th
state variables in such a way so as to force the syste[W
. ; e
trajectory to stay on a suitable selected surface on the ph
space called the sliding surface. The most remarkable featu'\r/F q
of sliding mode control is its ability to result in very robust 0

control systems.

Q

ofefined by the control law is not part of the trajectories of

%ny of the substructures of the VSS.

his motion of the system RP along a trajectory, on which
structure of the system changes, and that is not part of
of the substructure trajectories, is called 8iieling

e and the switching linex, +cx =0 is called the
Sliding Line When sliding mode exists the resultant system

performance is completely different from that dictated by any
of the substructures of the VSS and can be, under particular



conditions, made independent of the properties of the
substructures employed and dependent only on the preset
control law (in this example the boundaxy+ cx = 0).
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Fig. 2 - Sliding regime in VSS. a) ideal switching line; b) switching
line with hysteresis
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A. Existence Conditions
As stated previously, In order for a sliding mode to exist,

When the switching boundary is not ideal, i.e. thethe phase trajectories of the two substructures corresponding

commutation frequency between the two substructures E the two dlfferehnt "l‘f’"PeS of fthe vecior functrﬁmust be
finite, then the overall system trajectory is as shown i irected toward the sliding surfacéx,t) = 0. In other words,

Fig. 2b. Of course, if the width of the hysteresis around th@PProaching the sliding surface from points which satisfy

switching line goes to zero the system behavior returns to fwe< 0, the corresponding state velocity vecformust be
ideal. directed toward the sliding surface, and the same must
happens when we consider points above the surface0]

for which the corresponding state velocity vectorfts

. . ) Indicating with subscript N the components of state velocity
Let us consider, the following general system with scalar

Fig. 1 - Example of VSS with phase-plane description

II. REVIEW OF SLIDING MODE THEORY

control [1]: vectorsft andf” orthogonal to the sliding surface we can
% = fx,t,u) (2 Wnte . )
wherex is a column vector anfdis a function vector both of (’Ier(] fn <0 0 0'["3 Holi” <0 @)
dimension n andi is an element which can influence the |im fy >0 lim Do~ >0
system motion (control input). We consider that the function 9-° o-0
vectorf is discontinuous on a surfagéx,t) = 0. Thus we can ~ SINCe )
o 0o dx
write: do _ < 90 dx _ - )
fot) = G (x,t,u’) for o - 0O @) dt & ox dt
v “x,t,u) for 0 - 0 the existence condition of the sliding mode becomes:
The system is in sliding mode if its representative point Iim+%—? <0 do
moves on the sliding surface(x,t) = 0. o0 do O lim o < 0 (6)
lim 9 0 o-0
g-0

When the inequality given by (6) holds in the entire state
space and not only in an infinitesimal region around the



sliding surface then this condition is also a sufficiensliding surface. As a consequence, the equivalent system

condition that the system will reach the sliding surface. described by (14) is of order n-1.
This equivalent control description of a VSS in sliding
B. Reaching Conditions regime is valid also for multiple control inputs. In this case,

We want to illustrate here a simple sufficient condition forthe system motion is constrained on the hypersurface
reaching of the sliding regime that we will use later withobtained by the intersection of the individual switching
respect to the application of the sliding mode control teurfacesS(x,t) =0, i.e.:
switching power supplies. Let us consider the system (2) for . _ T _
which the scalar discontinuous inpuis given by: o= [S“ S § =0 o . (15).

A for c(x) >0 In this case, (13) and (14) are still valid provided U@tls
u=r._ ) now an equivalent vector control a@lis a m by n matrix
E‘ for U(X) <0 whose rows are the gradient vectorsStk,t). In this case,

Let [x*] and 7] be the steady state RPs corresponding tthe equivalent system described by (14) results of order n-m.
the inputsu* andu. Then a sufficient condition for reaching

the S+I|d|ng surface s given by: Analyzing the system behavior in the phase plane for the

[X ] Do(x) <0 second order system, we found that the system stability is
[x_] Dc(x) >0 (8) guaranteed if its trajectory, in sliding regime, is directed

toward a stable operating point. For higher order systems, a

In other words, if the steady state point for one substructudirect view of the phase space is not feasible and we must
belongs to the region of the phase space reserved to the othsses the stability problem through mathematical tools. To
substructure, then soon or later the system RP will hit thiais purpose, let us first consider a simple linear system with

D. Stability

sliding surface. scalar control in the following canonical form:
s . .- . D'(i:)g.;.l i::LZ,...,n_l
C. System Description in Sliding Mode: Equivalent Control [ n
The next focus of interest in the analysis of VSS is the %'(n = z ayX +bu (16)
behavior of the system operating in sliding regime. O =1

Let us consider here a particular class of systems that argpg
linear with the control input, i.e.

n n di—l
x = 1(x.t) +B (x.t)u © o)=Y ax =) ¢ g =0 17)
1=1 =1

wherex 00", f,B 00", u00". This latter equation completely defines the system dynamic
The scalar control input is discontinuous on the sliding in sliding regime. In particular, the system stability is

surface o(x,t) =0, as shown in (7) whild and B are ensured by choosing all positive sliding surface coefficients

continuous function vectors. Under sliding mode control, the,. Moreover, since in this case the system dynamic in sliding

system trajectories stay on the sliding surface, hence: mode depends only on the sliding surface coefficientse
o(xt)=0 O &(xt)=0 (10)  have a system behavior which is completely different from
N those given by the substructures defined by the two control
d(x,t) = %—0 = Zg—cij—x =0oX=Gx (11) input valuesu* andu. This is a highly desirable situation
t & 0% t because the system dynamic can be directly determined by a

where G is a 1 by n matrix whose elements are theproperc selection. Unfortunately, for high order systems, not
derivatives of the sliding surface with respect to the statenly high order derivatives are difficult to measure, but could

variables (gradient vector). Using (9) and (11) we find: prove to be discontinuous as well. Therefore we are obliged
. _ to select system states which are measurable, physical, and

= t)+ t = 12 ; : : oo

Gx Gf(x,) GB(X’ )ueq 0 (12) continuous variables. In this case the system stability in

where the control inpuil was substituted by an equivalent sjiging mode can be analyze by using the equivalent control
control ug, that represents an equivalent continuous contrghethod (14). Here a different procedure is followed which
input that maintains the system evolution on the slidingvill be illustrated with reference to the boost converter with

surface. On the assumption th&l] L exists, from (12) we sliding mode control.
can derive the expression for the equivalent control:

-1
U, = -(68) "6t lx 1) (13) lll. SLIDING MODE CONTROL OF BUCK DC-DC
Lastly, substituting this expression into (9) we find: CONVERTERS
. -1
X ‘[' -B (G B) G]f (Xt) (14) It was already mentioned that one of the most important

Equation (14) describes the system motion under slidinfgature of the sliding mode regimes in VSS is the ability to
mode control. It is important to note that the matrixachieve responses that are independent of system parameters,

-1 . the only constraint being the canonical form description of

I—B(G B) G is less than full rank. This is because, undeg,o system. From this point of view, the buck DC-DC

sliding regime, the system motion is constrained to be on tlenverter is particularly suitable for the application of the



sliding mode control, since its controllable states (output \
voltage and its derivative) are all continuous and accessible |
for measurement. |

A. Phase Plane Description u= lt\,
The basic Buck DC-DC converter topology is shown In |
Fig. 3. N\
\l -
i . . % Xl
1 1 -U
g L L 0 o
S + +
+ l
Ug D uD D C uo R
T ‘ =0 o(x)=0
~ L Fig. 4 - Subsystem trajectories and sliding line in the phase plane of
Fig. 3 - Buck DC-DC converter topology the buck converter

As already mentioned it is more convenient to use a systenThis equation describes a line in the phase plane passing
description which involves the output error and its derivativethrough the origin, which represents the stable operating

i.e. point for this converter (zero output voltage error and its
- —1 derivative). Using (19), (21) becomes:
= U
1 o o i - ¥ =
0 dx _du, e (18) o(x) =+ % =0 (22)
HXZ “dt " dt " C which completely describes the system dynamic in sliding

mode. Thus, if existence and reaching conditions of the
liding mode are satisfied, a stable system is obtained by
hoosing a positive value fag. The sliding line is shown in

Fig. 4. This picture reveals the great potentialities of the
phase plane representation for second order systems. In fact a

The system equations, in terms of state variakjemndx,

and considering a Continuous Conduction Mode (CCMi
operation can be written as:

B.(1=X2

L% _ﬁ+u_9u_u_° (19) direct inspection of Fig. 4 shows that if we choose the
Ek LC RC LC LC following control law
whereu is the discontinuous input which can assume the H) for g(x) >0
values 0 (switch OFF) or 1(switch ON). In matricial form: u= %L for  ofx) <0 (23)
X =Ax+Bu+D (20)
then both existence and reaching conditions are satisfied. In
oo 10 EUO O B 0 B fact we can easily see that with this control law, for both
A=0 1 _ 10B=RGH D=0, sides of the sliding line the phase trajectories of the
Hic RrcE HcH Hic

corresponding substructures are directed toward the sliding

In normal converters the damping factor of this secon@ine (at least in a small region around it). Moreover, the
order system is less than 1, resulting in complex conjugatguilibrium point for the substructure corresponding 0
eigenvalues with negative real part. The phase trajectorig®longs to the region of the phase plane relative to the other
corresponding to the substructutes +1 are shown in Fig. 4 substructure and viceversa, thus ensuring the reachability of
for different values of the initial conditions. the sliding line from any allowed initial state condition.

It is convenient to select the sliding surface as a linearNote that the real structure of Fig.3 has a physical
combination of the state variables since it results very simplémitation due to the rectifying characteristic of the
to implement in the real control system and it allows the usieewheeling diode. In fact, when the switch is OFF, the
of the equivalent control method to describe the systempductor current can assume only non negative values. In
dynamic in sliding mode. Thus, we can write: particular, wheni; goes to zero it remains zero and the

o(x)=cx+%=C'x=0 (21)  output capacitor discharge exponentially to zero. This
whereC™ = [c,, 1] is the vector of sliding surface coefficients situation corr_esponds to the Dis_continuous Conduction Mode
which correspond t& in (11) (coefficientcy was set to 1 (DCM) and it poses a constraint on the state variables. In
without loss of generality). other_ words, part of the phase plane does not correspond to

possible physical states of the system and so need not to be
analyzed. The boundary of this region can be derived from
the constraint.i= 0 and is given by the equation:

x,=— Ly Yo

> RC™ RC
which corresponds to the straight line with a negative slope
equal to -1/RC and passing through the pointJ(—,UO)

(24)



shown in dashed line in Fig. 4. In the same figure, the line

x,=-U, is also reported which defines another not

physically accessible region of the phase plane, i.e. the
region in whichug < 0.

B. Existence Conditions

We want know to give a more precise demonstration of the
existence of the sliding regime for the buck converter. From
the sliding mode theory the conditions for the sliding regime
to exist are (see (6)):

_ECTAx+C'BU"+C'D <0 for ox)>0

olx 25
(4 %ﬁAx+dBuﬂﬂfD>0fm o@)<o()

Using (20) and (21) these inequality become:

Oy - 1 1, U

M) = - Ten e <0 ol)>0
B (o = 1 1Y 7Y% 0 oh<o

a\z(x) = %1 RCFeIcX C a(x) 6(x) =0
Equationsi1(x) = 0 andAo(x) = 0 define two lines in the

phase plane with the same slope passing through points (- h N

*

U, ., 0) and (Lé—UO*, 0) respectively. The regions of
existence of the sliding mode are depicted in Fig. 5 for two
different situations: a; > 1/RC, and b); < 1/RC. As we
can see, the increase@fvalue causes a reduction of sliding
mode existence region. Remember that the sliding line
coefficientc; determines also the system dynamic response
in sliding mode. In particular from (22) the system dynamic
response results of first order with a time constart1t;.

Thus high response speeds, ie RC, limit the existence Fig. 5 - Regions of existence of the sliding mode in the phase plane.

region of the sliding mode. This can cause overshoots and
ringing during transients.

In order to better understand this concept, let's take a look
to some simulation results. Fig.6 shows the phase
trajectories of a buck converter with sliding mode control for
two different c; values: when the slope of the sliding line
becomes too high the system RP hits the sliding line in a
point outside the region of the existence of the sliding mode.
As a consequence the switch remains in a fixed position
(open in this case) until the RP hits the sliding line again.

The time responses of the inductor currgneind output

voltageug for differentc, values are reported in Fig. 7a and

b respectively. Note that withh = 1/RC neither the inductor
current nor the output voltage have overshoot during start up.
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WM Lokt ] Ox,+U.0 0OUy O
572 M 0 O O—/ O 0+ O
A= _10B=0 . 0D=0 "~.0
d e ] rRcE O0x*! 0 0Y.n
B c § HRcH
sl L ] where U:1—u.* Let us assume for the moment that
I reference signal is available and constant. The system
2L phase trajectories are shown in Fig. 9 together with the
e following sliding line:
o t‘?me‘[104‘3$] R o(x)=x+g% =C'x=0 (31)
|
Fig. 7b - Time responses of output voltaggat differentcq Choosing the same control law (23) of the buck converter it

can be easily seen that both existence and reaching
conditions are satisfied (the former at least in a small region
enclosing the origin). As for the buck converter, constraint

values (k 1[RC)

C. Switching Frequency ) ) .

A real system cannot switch at an infinite frequency, thul 2 0 holds which meang, > -1".
usually an hysteresis band is used around the sliding line inFrom (6) the sliding mode existence region is given by the
order to set the switching frequency at the desired value. fallowing inequalities:

this case we can estimate the switching frequency looking at g U, u’
Fig. 8: DKl(X):_W:X2+_L_gR_(():>O for o(x) <0
t:At] _ g 1 g
el = e * e 2
D *
H E Ug_U"—gE{U—:’—I*E<O for o(x)>0
E L COoR [
t=0 t=At,+At,
Fig. 8 - Detail of system commutation with hysteresis Xy 1
1 1 fufy _
fs= AL +a, “H T -t u=1 u=0
1 AL fn =T (26)
f =CTk=6(x) BN
Using (11) and (12), (26) can be written as: i \ \ X
C'B e @ |
fs = H UeQ(l_ ueq) (27) — — I=0
Using (13) and considering a steady state situation (i.e. 0(x) =0
x = 0) (27) gives: Fig. 9 - Phase trajectories and sliding line for a boost dc-dc
f 1 - ETL U, B o8 converter
sTHic g U,g (28)

The equationg\((x) = 0 andA,(x) = 0 define two lines in

the phase plane which are shown in Fig. 10. As we can see in
order to obtain an existence region for the sliding mode
which includes the origin (which represents the steady-state

For boost as well as buck-boost DC-DC converters thEOint) we must ensure that both the intersections of line
derivative of the output voltage turns out to be 1) = 0 with thex, axes and oh,(x) =0 withx, axes are

discontinuous variable, and we cannot express the systemRHSit_iV_e' With this constraint from the above inequality we
canonical form. Thus, the inductor current and output voltagPtain:

IV. SLIDING MODE CONTROL OF BOOST DC-DC
CONVERTERS

errors are chosen as state variables i.e.: U
o g<REe (32)
Lk, =i—1 - U,
o _ . _ u (29) The value of the sliding surface coefficient must therefore
EP(Z uo [¢]

be chosen to satisfy (32) in order to ensure that sliding mode
exists at least in a region around the steady-state operating
point.

where the current referendé depends on the converter
operating point (output power and input voltage).

A. Phase Plane Description and Existence Conditions
The system equations for the boost converter in terms of
state variables] andx, can be written as:

X=AXx +BU+D (30)



A(x)=0 D’ O 1 O
x ° T %0 Hf 0 ¢ O
1 0 O U, O 0
A= _ 1 oO0pg_gg0 p=—-97 -1 _
Oc RC o ' "U"DRcH
01, _1i0 @o@ @ 0 @
u=1 u=0 ET TE

T a ~x]T
: where x:[f(l,f(z,kB] :[i,tlo,i ] and D'=1-D. In (37),
-U;A&\N X2 eg. (33), which is valid also for perturbed variables, was
< — — =0 added to the original boost equations. From the sliding
Ax)=0 surface definition we can write:
O'(X):O _f .= s\ _ o~ A ATo
Fig. 10 - Existence region in the phase plane alx) = (' -l )"'9 (uo _Uo) =1 -1 +gU,=CX (38)
. o whereCT = 1,0, —1]T and the steady-state valuésof the
The assumption we made about the availability of thgiate variables coincide with the corresponding reference
current reference signth is not realistic in practice, since valuesX”*. Now, if the system is in sliding regime we can
the latter depends on the converter operating point (outpyfite:
power and input voltage). What it is usually done in practic% -0 0 o&(x)=cT%=
is to derive this reference signal directly from the inductor (X) 0 G(X) Cx=0 _ _(39)
current by using a low-pass filter. Clearly, this approackom (37) and (39) we can derive an expression for the
greatly affects all the aspects of the sliding regime. First diuty-cycle perturbation as a function of the state variables
all, the system order is increased by one due to the sttBd the input which, substituted into (37), yields:

variable introduced by the low-pass filter, i.e.: X=A'X+B'( (40)
di _ B L ¥ (33) In (40), which represents a third order system, one equation
dt T T (for example the last one corresponding to the varigplis
Thus we can represent the overall system choosing as steé@lundant and can be eliminated by using the equatiof.
variables: The result is
X, =i A X . X P L)
ge ) X=AR+Bq0y, x:[xl, Xz] (41)
X, = U, — U, (34) ,
B< _ g gb' 2 ;% 0
Je =t A .10 cC OhRc 1 O 5. 1 [oC
%= AX +B T +D (35) Tkgo gl —2%’ T “KDRCH1
ou, O C RCOD't
: R L
0 01 0 B 0 iL 0 EL u; E where k :1—D9—RC. Equations (41) completely describe
A= ~pe 00 B=0¢ 0P Rel . .
mil 10 Og O 00 O the system behavior under sliding mode control. Moreover,
=3 0 1A H H O 0 they can be used to derive closed loop transfer functions like
U U output impedance and audiosusceptibility which allow

The sliding line becomes a sliding surface in the phasaeaningful comparison with other control technigues.

space: As far as the system stability is concerned, by imposing

o(x)=x +gx- %=C'x=0 (36) positive values for the coefficients of the characteristic
T_ _ . polynomial we get:

where C! =[1 g -1] is the vector of the sliding surface RCD'

coefficients andx;-X; represents now the inductor current 0<9 < Gei TTL (42)

error. Fortunately, the existence conditions analysis for theand

system (35) leads to same constraint (32) which was derived L 1

without take into account the low-pass filter dynamic. T~ DrzRE 2 (43)

However, unlike the buck converter, (36) does not give 1+ RD'g

directly information on the system stability and on the |t s interesting to note that constraint (42) coincides with

possible values of filter time constamt the existence condition given by (32). In fact, in steady-state
we have:
B. Stability Analysis U U
In the following, a procedure similar to the equivalent —% =_—° :i’ (44)
control method is used in order to derive a suitable small Yg Yy D

signal model for the system (35) in sliding mode. The Thus, (42) and (43) are the design equations for a sliding
starting point is theSmall-Signal State Space Averaged mode control of boost converters in which a low-pass filter is

Modelof the boost converter: used to derive the inductor current reference signal.
X=AX+B(,+Cd (37) _
C. Alternative Approach



Another interesting way of applying the sliding modesliding surface coefficients and filter time constants. As an
control to boost converters is to use the following slidingexample, from the small signal model in sliding mode
line: (similar to (41)) the root locus of closed-loop system

_ 1. _ 7o eigenvalues can be plotted as a function of the low-pass filter
ol)=x+g%+ 1 %6=Cx=0 (45) time constant as shown in Fig. 11 in the case of a Sepic
where converter [7].
=i A Imag
K =W~ Uo (46)
§<3 = J' X, dt L
point. Once again the system order increases by one due to Real

the new state variablg. The same analysis done for the
system with low-pass filter can be carried out also for this
case in order to check for the system stability in sliding
mode.

R\&e—wps

In this way, at steady state, (45) force the output voltage

error X, to be zero irrespective of the converter operating P P
{/—m P4

V. SLIDING MODE CONTROL OF OTHER
DC-DC CONVERTERS Fig. 11- Root locus of closed-loop system for variation of low-pass
filter time constant of a Sepic converter
A. Buck-Boost Converters
The application of sliding mode control to buck-boost VI. CONTROL REFINEMENTS
DC-DC converters follows the same approach as for the o
boost DC-DC converters, thus it will be not reported here. Compare to the current control, the sliding mode approach
The results of the stability analysis gives the followinghas still some aspects that must be improved. In particular it
design constraint on the sliding surface coefficignand ~ should provide:

low-pass filter time constant (i) current limitation,
RC D' (ii) zero output voltage steady-state error,
0<9<Gu =" (47) (i) constant switching frequency.
and S
L A. Current Limitation
T>Tyy = D2 L (48) As we have seen from Fig. 7a, a fast converter response
D R+(2- D')ﬁ: calls for overshoots in the inductor curr@ntin fact the first

part of the transient response depends on the system
parameters, and only when the system RP hits the sliding line
in a point belonging to the existence region the system
B. Cuk and Sepic Converters dynamic is dictated by the sliding equation (for the buck

As a general approach to high-order converters like CufPnVverter it is actually independent of the converter
and Sepic a sliding function can be built as lineaParameters and dependent only on the sliding coefficignt

where 1;; is the limit expression for obtained using the
valueg. for g.

combination of all state variable errogsi.e. The large inductor current could not be tolerated by the
N converter devices for two reasons: it can cause the inductor

o(x) = Zki X (49) core to saturate with consequent even high peak current
=1 value or can be simply greater than the maximum allowed

This general approach, although interesting in theory, is nswitch current. Thus it is convenient to introduce into the
practical. In fact, it requires sensing of too many stateontroller a protection circuit which prevents the inductor
variables with an unacceptable increase of complexity agurrent from reaching dangerous values. This feature can be
compare to standard control techniques like current modeasily incorporated into the sliding mode controller by a
control. However, for Cuk and Sepic converters a reducesuitable modification of the sliding line. For example, in the
order sliding mode control can be used with satisfactorgase of buck converters, in order to keep constant the
performances with respect to standard control techniquésductor current we have to force the system RP on the line:
[5-8]. In this case some sliding coefficients in (49) can be set 1 I, u®

. . — _ max _ o]
to zero. In particular, for Cuk and Sepic converters, the X2 = W:Xl “¢c RC (50)
sensing of only output voltage and input inductor current was
proposed and the current reference signal was obtained, a$p,s the global sliding line consists of two pieces:
for the boost converter, by using a low-pass filter.

The small signal analysis performed for the sliding mode
control of boost converters can be generalized [6]. This can
be used to derive useful design hints for the selection of



Ox, 10 * the sliding surface; in this way, the system behavior during
o+ X —=0 -0 for iy >1 . large transients, whem can have values far from zero, is not
o'(x) = ORC co'™ Rp (51) hcan . .
. affected, thus maintaining the large-signal dynamic
Hg+ % fol. < 1\ max characteristics of sliding mode control.

The phase plane trajectories for a buck converter with
inductor current limitation and witb; = 2/RC are shown in
Fig. 12 and the corresponding inductor current transient
behavior is shown in Fig. 13. It is interesting to note that (51)
gives an explanation of why the fastest response without__|

+

|
!
overshoots is obtained far = 1/RC. In fact, ifc; = 1/RC —_
and I max= U, /R the two pieces of the sliding ling' s

become a single line and thus the inductor current reaches its
steady-state valug, /R without overshoot.

In general, current limitation can be provided with the
simple arrangements shown in Fig. 14, i.e. by using anothe
hysteretic comparator and an AND port.

Elimination of
steady-state error

1
Trigger ‘
. X, A £ & & & |
IL = kmax Current Limitation Smhroimzaoni
Fig. 14 - Reduced-order sliding mode controller with inductor

\ u=0 current limitation, constant switching frequency
\ and no output voltage steady state error

\» C. Constant Switching Frequency
As already shown for the buck converter, the switching
> X frequency depends on the converter operating point. This can
A\ ! be unacceptable if the range of variation becomes too high.
\ One possible solution is the implementation of a variable
\ hysteresis band, for example using a PLL [9]. Another
o(x) =0 approach is to inject a suitable constant frequency signal w
Fig. 12- Phase trajecto'rie's forabuck converter with inductor into the sliding function as shown in Fig. 14 [6]. If, in the
current limitation ¢; = 2/RC) steady state, the amplitude of is predominant ino;, a

i commutation occurs at any cycle wf This also allows
'L[A] o C o converter synchronization to an external trigger. Instead,
P U under dynamic conditions, error termsandx, increasew is
overridden, and the system retains the excellent dynamic
response of the sliding mode. Simulated waveforms of ramp
w, andop,, 05 signals are reported in Fig. 15.

The selection of the ramp signalamplitude is worthy to
be further discussed. In fact it should be selected by taking
into account the slope of functiarp, and the hysteresis band

amplitude, so that functiow; hits the lower part of the

hysteresis band at the end of the ramp, causing the
L s L commutation. From the analysis of the waveform shown in
0 1 2 8 4 5 Fig. 15, we can find that the slopg & the external ramp

time [104 s] . L .
Fig. 13- Time response of inductor currgnof a buck converter must satisfy the following inequality

with current limitation ¢; = 2/RC) S, > % - (52)

S

B. Zero Output Voltage Steady-State Error in which AB represent the hysteresis band amplitudeSumsl

When the inductor current error is computed by using the slope of functiorop, during the switch on-time. Note
high-pass filter, its steady-state average value is necessarhat, in the presence of an external ramp, signalmust

zero. Thus, if sliding functio, due to the hysteretic control, have a non zero average value in order to accommodate for
has non-zero average value, a steady-state output voltage desired converter duty-cycle (see Fig. 15).

error necessarily appears. This problem can be solved byof Course a triangular disturbing signal is not the only
introducing a Pl action on sliding functiom in order to waveform we can use. A pulse signal can be used
eliminate its dc value (see Fig. 14). In practice, the integraliternatively as reported in [10].

action of this regulator is enabled only when the system is on

| ,
Lmax

10




mbV)|
300+

(1]

—3001

(2]

mV
300t

(3]

-3001

mV
3001

[4]

0+

-3001
20 40 60 80  MS
Fig. 15 - simulated waveforms of ramp andop,, o;
signals. [5]

CONCLUSIONS

The application of the sliding mode control technique to[
DC-DC converters is analyzed in detail with reference to
buck and boost converters. This control techniques provides
good overall performances compared to standard current
control and good robustness against load and input voltage
variations. [7]

Guidelines for the extension of this control technique to
buck-boost Cuk and Sepic converters are given and
improvements like current limitation, constant switching
frequency and output voltage steady-state error cancellati%l]
are discussed.

9]

[10]
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