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ABSTRACT. In this work, a robust adaptive nonlinear controller is designed for a boost
converter subject to completely unknown uncertainties about the converter nominal pa-
rameters. Adaptation laws are designed using an estimator to estimate these uncertain-
ties. The stability analysis is carried out within the framework of the highly nonlinear
nonminimum phase system. Using simulation, the effectiveness of the developed con-
troller is compared with the widely popular proportional integral (PI) and sliding mode
cascade controller that has shown excellent features in terms of output tracking abilities,
robustness to system uncertainties and disturbances. The robustness of the controller de-
veloped in this paper is also validated experimentally and tested against large parameter
uncertainties, large input voltage variations and step load changes.

Keywords: Robust adaptive nonlinear control, DC-DC boost, converter, Nonminimum
phase system, Pulsewidth modulation

1. Introduction. There have been a large number of control strategies that have been
developed to regulate the output voltage of the boost converter. They include conven-
tional control methodologies based on the application of linear control theory on linearized
small-signal models to various nonlinear control schemes such as backstepping technique
[1], input-output feedback linearization technique, flatness-based control [2], sliding mode
control [3-9], and passitivity-based controllers [10-13]. In the context of PWM-based
control of DC-DC boost converters, conventional control strategies based on linear tech-
niques are still widely used. However, linearization of highly nonlinear nonminimum
phase systems and application of linear control techniques may lead to poor performance
under different operating points, large disturbances and large parameters uncertainties.
Nonlinear adaptive controllers that are developed within the framework of the nonlinear
model, will in general provide robustness and satisfactory response under a wide range of
operating conditions, parameter uncertainties and large disturbances.

Some nonlinear controller designs require a precise knowledge of the converter param-
eters. However, their robustness to parameter uncertainties and large disturbances has
not been tested. Others, assume only the load and/or the external input voltage to be
unknown. More practical and robust controller designs take into account incremental
variations of the boost converter parameters from their nominal values. However, their
implementations require the exact knowledge of the bounds of the parameter uncertain-
ties. There are many practical situations where perfect knowledge of component values is
not available due to many factors such as wide manufacturing tolerances, parameter drifts,
ageing, measurements errors, temperature and the effect of coil magnetic saturation. In
addition, the external input voltage and the loads are also subject to large uncertainties.
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In this work, we consider the design of a PWM-based robust nonlinear adaptive con-
troller for the DC-DC boost converter subject to completely unknown parameter uncer-
tainty bounds. The adaptive controller is designed to always guarantee a tight asymptotic
regulation of the output voltage regardless of system uncertainties and large external in-
put and load variations. The stability of the closed-loop system is carried out using the
highly nonlinear and nonminimum phase model of the boost converter as opposed to the
customary linearization techniques that guarantee only local stability. To the best of this
author’s knowledge, the design of such a robust controller under unknown parametric
uncertainties and large disturbances coupled with a rigorous stability analysis carried out
within the framework of the nonlinear nonminimun phase model has not been addressed
in the control literature.

The proportional integral (PI) in combination with sliding mode control (SMC) pre-
sented in [8] is widely applied to switching converters because of its excellent tight output
regulation and robustness to parametric uncertainties and large disturbances, and there-
fore is a very good candidate to perform a comparative simulation with the proposed
controller. Finally, we also present experimental results that show that the proposed
controller forces the output voltage to tightly track the reference voltage despite large pa-
rameter uncertainties, large external input voltage and load step variations. The design
method of the robust adaptive controller can be easily extended to buck and buck-boost
converters.

The structure of this paper is as follows. In Section 2, adaptation laws for the uncertain
parameters and the adaptive controller are designed. In Section 3, the closed-loop stability
of the converter is analyzed. Section 4 provides comparative simulation results, while
Section 5 provides the plots of the experimental results. Section 6 is the conclusion.

2. Preliminaries and Robust Adaptive Controller Design.

2.1. DC-DC boost converter model. A basic boost converter is shown in Figure 1.
Under continuous conduction mode (CCM), the averaged model of the converter is

1= —(1—u)(a+ Aa)xs + (b+ Ab) 1
iy = (1= u)(c+ Ac)zy — (d+ Ad)y (1)

where the state variable x; represents the average inductor current i, xo the average

capacitor voltage v,. The parameters a, b, ¢, d represent the nominal parameters given
by
1 Ey 1 1

=N d =
a c Rl

Ly’ Ly’ Oy’ 2)
and the components Ly, Cy, and Ry represent the known nominal values of the inductor,
capacitor and load resistor respectively. The parameter Ey represents the nominal value of
the external input voltage. The parameters Aa, Ab, Ac and Ad represent the completely

FIGURE 1. A boost converter
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unknown incremental variations of a, b, ¢ and d, respectively. The control input u to the
converter is the duty ratio function.

2.2. Estimator-based adaptation laws. In this work, both x; and x5 are assumed to
be accessible. Nevertheless, an estimator is used to facilitate the design of the parameter
adaptation laws for the DC-DC boost converter uncertain parameters. Moreover, it will
be seen in the sequel, that a proper choice of the estimator initial condition will always
guarantee the existence of a robust adaptive controller that yields a very tight asymptotic
regulation of the output voltage despite parameter uncertainties, large external input and

load variations. To this end, we consider the following estimator
= —(1 —w)ads — (1 — u)Baws + b+ Ab + K1y
5}'2 = (1 — U,)C,ﬁi‘l + (1 — U)E\C 1 — <d+ &i> ) + K2j2

(3)

where K7 > 0 and K5 > 0 are the estimator gains, Z; and Z, are the estimates of x; and
Ty respectively, 1 = x1 — 7 and 9 = x5 — . The parameters Aa, Ab, Ac and Ad
are the estimates of Aa, Ab, Ac and Ad respectively. Using (1) and (3) we obtain the
following error equations
.%1 = —(]_ — u)an — (]_ — U)Ka To + &) - Kl.'i’l
.%2 = (1 — U)Ci‘l + (1 — U)XC ry — Kdl‘Q — Kgi'Q
where &L:ACL—&L, &):Ab—ﬁ\b, Ac=Ac— Ac and Ad = Ad — Ad.
To generate the adaptation laws we consider the following quadratic Lyapunov function.

(4)

1 1 1 —2 1 —2
V= —&+ i3+ —Aa +—Ab
2a 2c 2av, 2ay9
1 —~2 1 —2
+—Ac +—Ad (5)

2c73 2c
where v; > 0, 75 > 0, 73 > 0 and 4 > 0 are design parameters. Its time derivative along
the trajectories of (4) is

. K K Aa 1 =
V= iz 222 2O [(1 — u)Tydy + —Aa]
a c a T
Ab 1 =~ Ac 1 =~
+—b [xﬁl — —Ab] + =¢ {(1 —u)x1 Ty — —AC]
a Y2 c V3
Ad 1~
c V4

The adaptation laws are determined by cancelling the terms in brackets and are given
by the following expressions

Z\a = - (1 —u) 2974
Z\b =2 I

Z\c = (1 —u) 139
z\d = —y ToZo

With the adaptation laws given by (7), we now have

. K K
v K Ky )
C

a
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Using Lasalle invariance principle, we can conclude that £, — 0, 5 — 0 asymptotically.
Consequently, the estimates given by (7), converge asymptotically and respectively to the

constants Aag,, Abgg, Acgs and Ady,.

2.3. Robust nonlinear adaptive controller design. We consider the following track-
ing error

t
O'Zi'1+’)// (.@Q—V;ef)dT (9)
0

where v > 0 is a design parameter and V,. is the desired output voltage.
The controller u is derived by differentiating ¢ with respect to time and setting ¢ = 0.
Using (3) and (9), the controller is

(b + Ab + K 7y + v (29 — Wef))

(10)

u=1-— ——
azs + Aa T

where Z5(0) > 0.
The initial condition #;(0) of the estimator is selected as #;(0) = 0, then from (9) we
have ¢(0) = 0 and since the controller guarantees

G(t) =0, t>0 (11)
then o(t) = 0 for all ¢ > 0. In this case we have

t
i 21(1) = &1 ()0 = = [ (52 = Viey)dr (12)
0

t—o0

3. Stability Analysis. The evolution of the state estimate 5 is determined by substi-
tuting the controller (10), the integration term in (12) for #; into the second equation of
(3). We also use x; = &y + 1 and x5 = &9 + To to obtain the following integro-differential
equation

(b +Ab+ K17y 4y [ds — Vref])

To = —
Cl.fz'g + Aa (.@2 + 5'2)

t
X [—7 (c + Ac) / (T3 — Viep) dT + Ac jl]

0
- (d + &i) (g + Ta) + Koo (13)

As t — o0, we have & — 0, T3 — 0 and from (7), Aa — &zss, Ab — A\bss, Ac — Ac,
and Ad — Ad,, asymptotically, and then the above integro-differential equation admits
as a limit integro-differential equation

: b+ @y — V, (&g — Vyep) dr

3o = _( ( 2 ref)) fo ( 2 ref) . d*@ (14)

a*.'ig

where -
b* =~ (b + Abss) (c + Ac“) , cf =172 (c + Acss>
a* = (a—i—&zss) , df = (d+£\dss>
It was found through extensive simulations that the selection of high estimator gains K
and K, and adaptation gains 71, 72, 73 and 74 to be much greater than 1/RyCy and less

than the switching frequency, will ensure that the dynamics of the estimator are made
much faster than the dynamics of the closed-loop system. Here, the parameter RyCy

(15)
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represents the nominal time constant of the open-loop system. In our simulations and
experimental results, the estimator and adaptation gains were chosen to be greater than
RN5CN' In this case the evolution of &, given by (13) can be accurately described by the
evolution of %5 given by the limit Equation (14). Also, the asymptotic behavior of the
trajectories of (13) converges towards the equilibrium of (14), which will be shown to be
an asymptotically stable equilibrium. To this end we define the state variables y; and y»

as

t
hn = / (:%2 - V;"ef) dTa Yo = Ty — V;"ef (16)
0
Using (16) into (14) we obtain
= y2( )
. b* + c*y2)yn (17)
e Ly e
T Tt ) )
The system (17) admits the equilibrium (y7, y5) given by
SV
vi= -0 g0 (18)

To determine the region of attraction of the equilibrium point we consider the Lyapunov
function

1 . 1
V() =50 (n =)+ 5893 (19)
where y = (y1,72)", and a > 0 and 3 > 0 are parameters to be determined. Its derivative
along the trajectories of (17) is
By + cy1ya)ys
a* (y2 + V;‘ef)

—Bd"y; — d"BViepye (20)
After reduction to the same denominator and basic algebraic manipulations and rearrange-
ment, we obtain

V= aly —y)y —

—y3 [—(a*a — Bc* )y + a*ay; + a* Bd*Vey]

Vi) = a*(y2 + Vres)
{0 0Veey = B — (0 ayi + @B Voeg) Vees 12
a*(y2 + Vier)
—Bd*y? (21)
We choose the parameters a > 0 and S > 0 to satisfy
a*aVyper = b* (22)
Using (18) and (22) we also have the following equality
a*ay; = —a*d* Vs (23)

In view of (22) and (23), Equation (21) reduces to

o _ Y3 [—(ata — By

Viy) = :

a*(y2 + Vier)

With practical boost component values and reference voltages, we generally have a*a >
pe*. Using (15) and (22) this inequality reduces to (b + Abgs) > YVies. Also, v > 0 is a
design parameter that can be chosen such that the inequality condition is satisfied. We
should also mention that ys + V,ep = 22 > 0 for all £ > 0.

— Bd*y3 (24)
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If

ye={yly <0} (25)
then from (24) we have

V(y) < —Bd*y; <0 (26)

which is negative semi definite. Using LaSalle’s invariance theorem, we conclude that
y2 — 0 and therefore 5 — V. and z9 — V.. Also, substituting y, = 0 and 7, = 0 in
(17) yields y; = y;. Therefore, for any y = (y1,y2)” in the set

Q={y|ly1 <0} (27)

the equilibrium is locally asymptotically stable.
Next we will determine a region of attraction that will always include our initial con-
ditions and ensures that o — V,.¢. Let

1 *
r={Ve) < jout* (29)
If y € R then we must also have y € {2 since
1 . 1 L,
s —y)" + 58y; < Sayp” (29)
implies that y; < 0. Please note here that y; < 0. Therefore,
RcCQ (30)

and R is an invariant set that includes the equilibrium point given by (18). Any trajectory
starting in R at t = 0 will remain in R C €2 for all ¢ > 0. This is true since in €2, inequality
(26) holds and we have

V{y(1) <0 = Viy(t) < V((0) < oy (31)

If we choose the initial condition Z5(0) = V;.; then from (16) we have y,(0) = 0 and
y1(0) = 0 and from (19) V(y(0)) = oy}, This implies that y(0) € R and y(¢t) € R C Q
for all ¢ > 0. In view of (25) and (26), the application of LaSalle’s invariance theorem
yields y, — 0 and consequently Z, — 0 and x3 — V,.r. The choice of 5(0) = V,¢; will
guarantee that the output voltage will always converge to V...

4. Simulation Results. A Matlab/Simulink simulation is performed to compare the
proportional integral (PI) and sliding mode cascade controller developed in [8] with the
proposed robust adaptive controller. The nominal parameters of the boost converter are
selected as in [8] and are Ly = 40mH, Cy = 4uF, Ry = 40Q, Ex = 20V and V,..; = 50V.
The controller developed in [8] is given by

u = 0.5(1 — sign(9)) (32)

where the switching manifold S is given by

RyEN
with e = V,.y — 2. The gains K, and K; are obtained through the linearization of the
system around the equilibrium and are given [8] as K, = —0.0087 and K; = 10.3347. For
the proposed controller, the estimator gains K; and K, and the adaptation gains 7, 7o,
v3 and 7y, are chosen as 5/RyCx = 31,250 with v = 10.
To model system uncertainties, we consider the actual parameters of the boost con-
verter, which are unknown to both controllers, to be £ = 75%Eyx = 15V, L = 50%Ly =

V2 t
S=z,——Y% _Ke—K; / e(t)dr (33)
0
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20mH, C' = 500%Cy = 20pF, and R = 300%Ry = 120Q with V;.; = 35V. In addition,
we assume that the load resistance R varies stepwise from R = 1200 to R = 24012 at
t = 100ms and then back to R = 1209 at ¢ = 200ms. The input voltage E is changed
stepwise from 15V to 20V at ¢ = 300ms and then back to 15V at ¢ = 400ms. Finally, the
reference voltage is changed from 35V to 50V at ¢ = 500ms.

The performance index used in the comparaison of the two controllers is the integral of
the absolute magnitude of the error, TAE, which is defined as in [14] and given by

[AE = /0 et (34)

The plots of the output voltage are shown in Figure 2 for the boost converter subject to
the controller given in [8] and Figure 3 for the proposed controller.
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FIGURE 2. Transient output response of the boost converter subject to the
controller of [8]
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FIGURE 3. Transient output response of the boost converter subject to the
proposed controller

As seen from the figures, there is a substantial percent overshoot of 41% at start-up
and 6.10% during voltage reference change using the controller of [8] and 5.7% at start-up
and 1.14% during voltage reference change using the proposed controller. In addition,
the output voltage transient exhibits an oscillatory response during the load step change
when using the controller of [8]. Finally, the performance of the controlled system as
measured by the output voltage tracking error index TAE is 0.52 with the controller of [8]
and 0.30 with the proposed controller.

During start-up, and using the controller given in [8], the percent overshoot of the
output voltage as well as the peak of the inductor current are heavily influenced by
system uncertainties since they affect the duration of the reaching phase during which the
controlled system is sensitive to parameter uncertainties and disturbances. In particular,
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we should note that the reaching phase is substantially increased with an increase of the
value of the actual inductance, and as a result a substantial degradation of the performance
of the system response was observed.

Linearization of highly nonlinear nonminimum phase systems, as it is done in [8], and
application of linear control techniques may lead to poor performance under different op-
erating points, large disturbances and large parameters uncertainties. Adaptive nonlinear
controllers that are developed within the framework of the nonlinear model, as the case of
the proposed controller, will in general provide robustness and satisfactory response under
a wide range of operating conditions, parameter uncertainties and large disturbances.

5. Experimental Results. The boost converter nominal parameters used in the imple-
mentation of the robust nonlinear adaptive controller are Ly = 300uH, C'y = 280uF,
RN = 1009, and EN = 8V.

The actual boost converter parameters used in the experiment and assumed completely
unknown in the implementation of the adaptive controller are L = 180uH, C' = 150uF,
R = 4092, and E = 6V. The switching frequency of the PWM modulator is 200kHz. A
prototype of the boost converter was constructed and the adaptive nonlinear controller
was implemented using the dSpace 1104 controller board.

The estimator gains and the adaptation gains are chosen to be 100/RyC. In this
case we have 1 = Ky = 3571 and 1 = 75 = 73 = 74 = 3571. Using v = 250 with the
estimator initial conditions as 1(0) = 0 and #5(0) = 12V, the experimental results are
depicted in Figures 4, 5, 6 and 7.

Figure 4 shows the response due to a periodic step change of the reference V¢ from 8V
to 12V and from 12V to 8V. Figure 5 depicts the robustness of the adaptive controller to
step load variation. In our case, the load resistor R varies stepwise periodically between
4092 and 160€2 with V;.; = 12V. Shown in Figure 6 is the robustness of the controller to
the external input voltage change. In this case E' undergoes a variation of 67% from its
nominal value of 6V to 10V. Finally, shown in Figure 7 is the output voltage when the
external input voltage undergoes a variation of —40% from 10V to 6V. These experimental
results show the excellent features in terms of robustness and recovery of the proposed
adaptive controller to large and unknown parameter uncertainties, large external input
voltage variations and load step variations.

Tek JL ® Stop M Pos: —-2,000ms
+

il CHZ S00mY M 100ms
CH3 S00mY 24-0ct-12 22112

FIGURE 4. Transient response with reference voltage change, V,.; vary-
ing periodically stepwise between 8V and 12V. Top: Output voltage V,
(5V/div). Middle: Tracking error o (500 mV/div). Bottom: Inductor cur-
rent 7, (0.5A/div).
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Tek ANk ® Stop M Pos: 0,000s
+

CHZ 500mY M 100ms CH3 7 3
CH3 S00mYy 24-0ct-12 2237 <10Hz

FI1GURE 5. Transient response with the load resistor R, varying periodically
stepwise between 40€2 and 1602. Top: Output voltage V, (5V/div). Middle:
Tracking error o (500mV/div). Bottom: Inductor current iy (0.5A/div).

Tek Al @ Acq Complete M Pos: 0,000s
+

-
/ «
1
3 PETER TS
CH2 500mY M 250ms CH3 /6
CH3 500 24-0¢1-12 22242 <10Hz

FIGURE 6. Transient response with the input voltage E undergoing a vari-
ation of 67% from its nominal value of 6V to 10V. Top: Output voltage V,
(5V/div). Middle: Tracking error o (500mV/div). Bottom: Input voltage
E (5V/div).

Tek ... @ 4cq Complete M Pos: 0.000s
-

\________h_w_:]

CH2 S00mY M 250ms CH3 W 8
CH3 5.00% 24-0ct-12 2253 <10Hz

i

FIGURE 7. Transient response with the input voltage E undergoing a vari-
ation of —40% from 10V to 6V. Top: Output voltage V, (5V/div). Middle:
Tracking error o (500mV/div). Bottom: Input voltage E (5V/div).
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6. Conclusion. Estimator-based robust adaptive controllers are designed for the boost
converter to deal with the unknown incremental variations of the converter parameters
from their nominal values. Through experimental results, the controller designed yields
a tight output regulation, is robust to uncertain parameters and has excellent recovery
features to large input voltage variations and large step load changes.
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