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Nonlinear state-feedback with disturbances estimatin for DC-DC
Buck Converter

L. Fall, O. Gehan, E. Pigeon, M. Pouliquen, M. Ma€

Abstract—The aim of this paper is to present new results on adapting the control law with a measure of the ciered

the Buck converter control. The behaviour of the bek disturbance.
converter is described by the well-known average nuel and
the control strategy is based_on a double integrahigh ga!n In this paper, the main objective is the control thé
control law |nclud_|ng an estimation o_f current _Ioad This converter output voltage in the presence of tweesypf
control scheme rejects efficiently the disturbanceéntroduced . ! .
by the battery dynamics that depends on both the docurrent ~ disturbances. The first one, namely the input ggita
and its charge level. Of particular interest, this nonlinear ~Variations induced by the charge level, may be iciened in
control algorithm ensures on the concerned open ssbt a first approximation as ramp-like type and canseguently
exponentially convergence of the state errors on ¢hentire  pe taken into account with a double integral acti®he
domain in a free disturbance case. The control law gecond ones are the load current variations anddhe be
sgrrif;tri?r?snces are evaluated regarding load and suppl rejected using a feed-forward action based on dimeon
’ estimation of the load current and its first detive [6]. In

fact, the average model of the buck converter étehia
minimum-phase behavior which allows such an apgroac

This paper is organized as follows. In the secadicn,
the average buck converter model is presented &nd i
¥|onlinear state-space representation is given. Alimear
high gain observer is synthesized to deliver one lin

|. INTRODUCTION

Control of DC / DC buck converters has been highl
investigated in the two last decades for two maiasons.

Firstly, these components are actually used in npaagtical estimation of the unmeasured variables. In SecBom

applications of great interest especially electrieahicles change of variables is introduced to conduct thgiral

and embedded systems. In a second way, these tensver . S
) Y ) . Y, . model into the control model which is used to sgsthe the
have nonlinear dynamics and a discontinuous bebavio

which is of great investigation interest in the Idieof g?ggﬁ%ﬂche'ghtgalzr?gp:qro\l/vz\llvinAtfhied':g;Vgséz tm
nonlinear control. Its rapid structure variationaiscounted P P

: disturbances. Section 4 is devoted to the simulatésults
for using averaged models [1], [2]. Based on theskaone, . .

. . - which are discussed for both the observer and tmtra
different nonlinear control techniques have beeveliped, | ; Conclusi . in thedast
including passivity techniques [2], sliding moddg, [Back- aw periormances. L.onciusions are given in thesaston.
stepping [4], feedback linearization and, more galhe
flatness methods [5]. [I. BUCK CONVERTER MODELING AND OBSERVER DESIGN

A. Buck Modeling

All these approaches have the same objective shtt say ~ The Buck DC / DC converter which is consideredis t
controlling the converter output voltage despitee thpaper is described on figure 1. The average etettscheme
variations of the different physical variables gmieg its includes a coil I{) with its internal resistor (8, a diode, a
behavior. The control scheme performance is maitugied capacitor €) and a controlled power switch. The average
as regards the uncertainties on the componentshenibad buck converter model can be described by the fatigw
current disturbances and the changes in supplygeltin - dynamical system
fact, the latest one is inherent to embedded systenause 1
the energy storage device is usually a batteryphatides a v, ®= _(iL (t)—i(t))
voltage which depends on the supplied current nchiarge C 1)
level. . 1 ]
In general, the proposed algorithms attenuate tfeete of ()= _E(RLIL (t) + v, (t) — u(t)v, (1)
disturbances thanks to their intrinsic properties hy ] ) )

wherei(t) and(t) respectively denote the input current
and the output voltage(t) denotes the load current. The

Authors are with the Groupe de Recherche en Infoque, Image, contro| variable isi(t) and is related to the switch duty cycle
Automatique et Instrumentation de Caen (GREYC), EM&EN and Caen ® y cycle.

University, 14050 Caen, FRANCE (corresponding authgrovide phone:  Finally, v, (t) is the input DC/DC voltage and belongs to the
33-231452707; e-mail: olivier.gehan@ensicaen.fr).




following interval v,(t) O[v, ] with v, =V its Sbace vector

min Vemax

max e
nominal value. %, (1)
The control objective consists in keeping the ottpu X (1) 0 )
voltagev(t) in the neighborhood of a pre-specified constant %, (t) =| X, (t) |=| ——
reference value V; independently of the different X)) | _1di)
C dt

disturbances that are step-like ones and they soral to

the variations of the curreit) as well as the input voltage USing the output voltage dynamidd), the observer
Ve(t). design model can then be written under the follgwin

canonical and uniformly observable form

batter : 1.
,________y__, u() Zu(jw)=R_+Lw X (1) :EIL(t)+X02(t)

XOZ (t) = Xo3 (t)
Xs(t) =17

(6)

— ve(® it)
where /7 denotes an unknown constant whose upper
bound is denoted by . The underlying load current model
Fig. 1. Schematic Buck converter. is motivated by the class of disturbances the cbstheme
as to deal with, namely ramp-like variations. Systo)
The control model can be described by the follovstaye belongs to the class of systems proposed in [8fanerhich

space model the underlying high gain observer has been proposed
p
Y = i A 1. ~ ~
{X“) Fx{l) +Gult) + Mi(h @ 0= 0+ %0 ~30(% 0~ xa0)
Vo(t) = HX (1) . , (7)
t v (t X, (1) =X, (t) =367 (X (t) = x_, (t
with x(t):(xl( )J:(_°( )J andF and G are defined as ;’2() 03()A (al®) = )
%®) i) X3 (1) = =6 (%, () = %1 (1))
follows A S .
0 e 0 where X ;(t) denotes the estimation ok (t) with
F :[—1/(RLL) —1/LJ ; G:(ve(t)/Lj 3) i0{123 and @ is the observer design parameter. Using
~1c observer (7), the estimatiod™(t) of u'(t)can be easily
M:( 0 ] . H=@ 0) obtained
The varying-time equilibrium point of (1) associteo a’(t) :Ij[— ons(t)—c%A 2(t)+VL°J (8)
Ve

V. is given b
c 159 y Under the hypothesis thal is bounded, the trajectories

of observe(7) satisfy the following property [11] :

ve() =V, =% £8,>0,06=8,;C u,(6).17,(6)>0 such thatIt >0 :

. . (4)
@) =i, ) =x0)=i(t A _ - o
OFLO=L0=0 %)% 0] s u(0)e ™ [5,(0)-x () +my O
sy L{dit) R A ] ) ) )
u (t) Ve T+Tl(t)+T where m> 0 is real constant. In this case, the estimation
€ error remains in a ball whose radius can be madenadl as
B. Observer design desired by choosing high enough. This implies that the

As we shall see later, the expression of the pregos€TOr Of estimatiort” () = (t) —u’ (t) also remains in a ball
control law includes the variablg'(t) which depends on whose radius depends éhin fact, one has

both the load current and its first derivative. Oufethe %6 (€)= % (1) <%0 (6) - %o ()] Ti O{123} (10)
objectives is to design a load current sensor+esginear
control law for the on line monitoring of the outproltage
of the buck DC / DC converter. Consequently, oredlskse . LC R . R 5
an observer which provides on-line estimate of Hérand ‘U (t)‘ s V*(“L](Uo(g)e 00 %,(0) = % (0)] + mgj
its derivative. Such an observer can be designedjuke ’ (11)
sole output voltage and coil current measurements.
For that purpose, let us first define the followistate

Hence, using (8), (9) and (10), one obtains



Ill.  CONTROL ALGORITHM

A. Control Model

To design the controller,
change of variables

let us define the followi

" (t)J = AX(t)

Y v
l,[/DJs< O 0% 0O ’X(t)_)W(t)_(Wz(t)

where

3

The control objective can be expressed in the new

coordinates where the variableg(t) and w,(t) should be
kept in the neighborhood of a pre-specified coupfe
reference values defined as

{Wi o 12)
(0 =X, 1)

The underlying control variabla(t) must be synthesized

to ensure that

lim &, (t) = w, (t) -w/ =0 0i0{1,3 (13)

According to(2) and (9), the dynamics of the tracking

errors can be expressed as
W, (£) =W, () = Cxy (1) = X, (t) = X (t) = W, (t)

W, (t) =~ (t)(

u(t) - u’(t)) (14)

R 1
——W,(t) ———=w, (t
L » (1) C 1 (1)

In order to compensate the ramp-like disturbantes,
control algorithm must integrate a double integaation.
Consequently, and usir{i4), the control model is given by

nt) = a(t)

o(t) =w,(t)

W, (t) = W, (t)
\/ (t) (

(15)

1 .

W, (t) = u(t) —u* (1) - —w(t) oo

B. Observer—Based High Gain Control Law

The control mode(15) can be written under the following

canonical form

Z(t):Az(t)+BV€(t) (u(®) - ") + #(z()) (16)
with
z(t) 40
_|z®|_| o® (17)
0% 07| mo
z, (1)) (Wy(t)
and

[03*1 I &SJ [O&lj
A= ,B=
0l><l 01><3 1
0 (18)
0
#(z(t)= 0
3(t) -—=z,(t)

The state-feedback high gain control law based hen t
control model(16) and using the estimation of the current
load and its derivative as well as the input vaitag
Measurement can be written as follows

U =0 () + > (V) (19)
Ve

with

v(z(t)) =- K B'ST, z(t) (20)

whereT , is the following diagonal matrix

r, =diag(A*,2°,42,1) (21)

with A0O0%and S, the unique symmetric positive
definite solution of the following algebraic Lyapun
equation

S+ AS+SA=SBB'S (22)
and can be calculated
BS=1 4 6 4 (23)

This feedback gain choice is mainly motivated bg th
simplicity of the design procedure which is basedaasole
parameter even in the case of multivariable systéohs
Furthermore, the high bandwidth value of the preagsder
consideration enables such a choice.

Of particular interest, the first term of the camtiaw
G’ (t)ensures both a perfect tracking performance capabil
as well as a feed-forward type action as regardsiaad

current disturbances whose estimation are on-lglveted
by the observe(rS)

Z(t)H remains bounded

and converges exponentially for high values of the glesi
parameter] .

Proof

The different steps of the proof have been propas¢d]
whenever the input non-linearity is exactly comped
which actually corresponds to the nominal but retste
casev,(t) =v,. As a result, a few calculus lines have been

omitted and the reader is invited to refer to [6f fmore
details.

Introducing the expressiond9), (20) and (21) of the
control law in the control mod¢16), one obtains



2(t) = AZ(t) - Ve—ﬂt) k.BBTST, ()

A (24)
+8%0 (1 - ©)+ prae)
Letus defln@(t) =T, z(t), then
2(t) = A A(t) —Ve—ﬂt)AkcBBT () 25)

+ABW“)*ar+r¢ua»

Setv(t) = zT () S(t) the Lyapunov candidate function. The
first derivative ofV (t) can be written as follows
V(t) = 2272 () SAz(t) + 27 () ST, ((t))

_ (26)
2";—@/1 k7 ()SBB" (1)

217 (g Vi

Using the expression dBAdeduced from the Lyapunov
equation(22), one can easily obtain
V(t) =-AV(t) + 27 ()ST,é(z(t))
: m~ 27
+ A7 ()SBB" S(t) + 247 () SB—=20T" (1)

~ 20k, "V(t) 7 ()3BB' (1)

Set the following change of variablg&) = Sz(t). Then one
has
V(t) =-AV(t) +27 ()ST,4(z(1))

28
+AET(H)BB'&(t) + 207 ( oésve—lft) a (1) (28)
-2k 2 e
which leads tg
V(t) <-AV(t) + 27 ()ST,P(z(t)) + 247 () SB—=-~ Ve ® o (t)
(29)
under the following condition
1 V (30)
Using(11), oneergnbtains
H/IBVE—IEI)LT () <|pp Yemer (t)H (31)

< ac{1e R ) 5, 0)- (o) +m |
With this inequality, we obtain an expression samilo [6]
and we invite readers to see the end of the pnodthis
paper.

IV. SIMULATION RESULTS

In this section, the integral high gain control 1§h9) is
applied to a chopper buck converter supplied byateby.
Given the complexity of phenomena involved in alect

chemical battery, we will take an approximate dyitam
model corresponding to an equivalent source wétlniernal

impedance as described on figure 2 [7].

Rn1

RN2

‘ VWA
En—— Il

Tt

iL(t)

Fig. 2. Schematic of Battery.

Ve(t)

The supplied voltagee(t) by the battery depends on its

charge level and supplied current wn&Q

_EN

emax

The variations of the voltagé, from the charge state of the
battery are considered as ramp type disturbances.

In this application, the input voltadey has been fixed to
14V whereas the output voltage reference is 6V.skay
parameters of the battery and converter have begorted
in Table 1.

TABLE |
MODEL PARAMETERS
Symbol Quantity Value Unit

Ru1 resistor 0.2044 Q
Ry resistor 0.3844 Q

Cn capacity 0.3 F

En input voltage 14 Volts
L inductance 0.56 mH
C capacity 10 mF
R resistor 30 (9]
Umay used in control 0.98 -
Unnin used in control 0.02 -
Ve Operating voltage 6 Volts

The source voltage profileEy(t) including a ramp

disturbance fromEy(t)=14V to Ey(t)=12.5V from time
t=10s up to time t=50s is presented on figure 2 fiture 4
shows the load resist®(t) profile. This profile imposes the

following load current oni(t) =V_ / R(t) . It consists of

two steps and two ramps in opposite sign filtergdab
second order transfer function (dumping factor=1d an
w,=60rd/s). The supply voltage disturbance occursnthe
after load current one has been effectively repecte step-
like disturbance with magnitude 0.5V is applied ttee
output voltage at t = 50&inally, the output voltage values
have been corrupted by a measurement noise withnzean
value and a standard deviation equal to 0.00025V.

Several simulations have been carried out in otder
obtain the optimal control design parameters aartsgthe
input and output performances. The following valhese
been selected:

A=506=50k, =5

The input voltagevg(t) is presented on figure 5. The
voltage firstly quickly drops because of the impaztaof the
battery. On the other hand, the observed variati@gsnning
at time t=35s are due to the ramp like disturbaplied to

Ex(t).



The output voltage(t) and the estimated output voltage
performanceare shown in figures 6 and 7. The results ar
presented on two separated figures to see with mc
accuracy the effect of the different disturbandegure 6 : 5 o
shows the good performances of the control lavatt, the Time (s)

effects of the load current and the supply voltag s | | : : : :
perturbations are below the measurement noise Magni e : ; : : : :
Of particular interest, the double integral actiaoviously > | ! ! ! ! ! !
ensures the static error to be null. In Figure & see that the 910 15 20 25 30 35 40 45

Time (s)

control law rejects efficiently the output distunica voltage ~
Fig. 6. Output VoltagevC ) and A t)-

with the dynamics of the observer.

The other simulation results are shown in figurds 81. 7 ; ; ; ‘, ‘, ‘, ‘,
In particular, the control variable is presentedfigare 11. Se5---L--- K e iy
The input performances are relatively well filtenetlereas > 6 } ‘ } } } } }
the output voltage values have been corrupted hkigeno 599 295 50 505 51 515 52 525 53
measurements. Finally, the coil current (figure @dfile , Time (5)
follows the load current one (figure 8) as we statdor the Uy I R R
control law synthesis. g } b j } } } }
O 9
> | | | | | | |
5'.—9 45;.5 5‘0 56.5 5‘1 51.5 5‘2 Sé.S 53
14.5 T T T Time (s)
| | |
14 1 1 1 Fig. 7. Output Voltaga/c(t) and Vc(t) .
| | | | |
< 135 - -~ e == === b | |
?, | | | I e T T T T T
= | | | | |
w g3 - - - 4= — J— - — — b — 4 — o i i
1 1 1 < Lo . ]
125 ---- bomoo - booood % | |
| | | B : :
1 1 1 1 [ | |
L) 10 20 30 - ‘
Time (s) |
Fig. 3. : Supply voltag&y(t) simulation profile ! !
6 20 50 60

Time (s)

%))

,,,,,, Fig. 8. Load current(t) and  (t) .

Load resistor (Ohm)
Ry

w

i (A)

20 10 20 30 40 50 60

S 5 T T
| |
2 e R SRR
- - — - - - - - - -+ - - — a4 - - - = - — - - _1
<3 | |
8- — -t ———— H4-----= - - ===
P L | R [ ]
= 1
Time (s) s - J‘ 7777777777777
Fig. 5. Input Voltage/q(t). S R
|
- ===t -=-=-—-- 4A--—--=-- == === -
1 1
40 50 60
Time (s)

Fig. 10. Derivative load currerdi(t) / dt and its estimation.
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u : duty cycle

Time (s)

Fig. 11. Duty cycleu(t).

V. CONCLUSION

In this paper, we have presented a non linear abolaw
for buck DC/DC static converter. The high gain etat
feedback controller has been synthesized usingahénear
model. The main interest of this approach comem fthe
fact that globally exponentially stability of theortrol
scheme has been proved for the considered clas®dél.
Of great interest the load current disturbances exactly
rejected and the control scheme deals with the dfithe
voltage supply without any additional sensor. Nuoar
simulations have been carried out and the obtaiesdlts
confirm the good performances of the proposed obntr
scheme. Experimental evaluation of the control @éigm is
actually under investigations.
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