Proceedings of the World Congress on Engineering and Computer Science 2008
WCECS 2008, October 22 - 24, 2008, San Francisco, USA

Passivity-based Controller Design for PWM
DC/DC Buck Current Regulator

Xiuhong Guo, Quanyuan Feng, Senior Member, IEEE

Abstract—The passivity based control method is presented
and applied in the design of a static and a dynamic controller
for the PWM buck dc-dc current regulators on the premise that
they are passive Euler-Lagrange (EL) systems. Simulations
were performed for both the static and dynamic controllers in
the regulation of a typical buck current regulator and the
systems’ start-up waveforms, line and load transient responses
were analyzed. Simulation results indicate that both the static
and dynamic controller achieve to regulate the output current
of the regulator to the desired equilibrium value and present
high robustness while sudden line and load transients occur and
that the dynamic controller applied case has better overall
performance with soft-start scheme to alleviate the startup
overshoot problem.

Index Terms—DC/DC buck current regulator, passivity
based control, static and dynamic controllers, Euler-Lagrange
system

I. INTRODUCTION

Switch-Mode current regulators, as a class of switched
mode DC to DC converters, are mainly used as constant
current sources for LED, LED flashlights, industry lighting,
ect. As newer generations, high-current (high-brightness)
flash LEDs in mobile phones, for example, raising new
driving capability request for these regulators, new control
methods are needed to improve their performance. So far,
various control techniques, either linear or nonlinear, to
regulate the DC/DC converters have been proposed, such as
linear design [1], [2], sliding mode control [3]-[5],
current-mode-control [6], neural network control [7],
adaptive control [8] and passivity-based control (PBC) [11].
Since DC to DC converters are absolutely non-linear
systems, for better performance, adopting non linear control
methods could be a good solution. The PBC method, an
essentially nonlinear control technique, widely researched
([91-[10]) and successfully applied in many areas has many
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merits (sufficiently simple in algorithm yet quite robust) in
comparison with other nonlinear control methods.

The objective of this paper is to introduce the average
model of PWM buck DC-DC converters obtained through
EL approach and in succession to present the passivity-based
feedback controller design, both static and dynamic, for the
PWM buck current regulators.

I1. BUCK CONVERTER PRESENTATION AND
MODELING

Figure 1 shows the framework of PWM buck DC-DC
converter circuit [1].

Figure 1: the framework of buck converter circuit
The derivation of passivity based control law of the buck
converters is evolved on the premise that they are a class of
passive EL systems. EL systems are those that can be
described by the following EL equations [9]:

d(“.(q,q)}—“( §)=0 (¢0<Rr")

(2.1)
dt\ oq oq

where, g are generalized coordinates, then ¢ could be the
generalized velocity, L(g,q)=T(q,¢)-V(q) is the
lagrangian function in which T( ,q) is the kinetic energy
function and ¥(g) is the potential energy function, Q are

external forces that can present in three types: control input
forces, dissipation forces, and disturbance forces.
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Figure 2: buck converter model
Considering the buck converter model shown in Figure 2,
just as for the boost and buck-boost converters presented in
[11], the electrical charges on the inductor (g, ) and on the

capacitor (¢g,.) could be corresponded to the generalized
coordinates in EL equations, consequently ¢, is inductance

current and %’ is capacitor voltage. Under continuous

conduction mode (CCM), the EL parameters associated with
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each one of the two possible positions of the regulating
switch established, the following average system description
in denoting z, =¢, and z, =¢q./C can be obtained in

using the classical EL equations (2.1),

. 1 v,
Zl:_zZZ-'- 7
2 ¢c™t RCT?

(2.2)
where W is the duty ratio function definitely lying in the
closed interval [0, 1] of the real line.

In matrix notation, it is as follows :

D;+(J+R)z= e (2.3)
where,
oof o oo s
D= ;o J = 7 R= ;&=
0 C -1 0 0 1/R 0
(2.4)

I1l. PASSIVITY-BASE CONTROLLER DESINGN FOR
PWM BUCK CURRENT REGULATOR

In this section, the design of the passivity-based feedback
controllers, both static and dynamic, for the PWM buck
current regulators are presented due to the minimum phase
character of the buck type converters. The design process
involves two steps: energy shaping and damping injection
[9]. With energy shaping the potential energy function is
modified in such way that a new point of equilibrium is
obtained at a desired location. The damping injection
modifies the Rayleigh dissipation function so that the new
point of equilibrium will be globally asymptotically stable
(GAS).

Suppose the desired regulator output capacitor voltage and
inductor current vector isz, =[z,(t).z,,(¢)]" » Where zy, (t)

and ZZd(l) satisfy the corresponding relationships

described by (2.3). Denote the average error vector 7 —z,

bye(t), the average error dynamic of the buck converter
described by (2.3) is,
Dé(t)+ (J + Re(t) = pie — Dz, (¢)+ (J + R)z, ()] (3.1)
This represents the energy shaping stage of the process.
The damping injection stage, as presented in [11] and [12],
involves insert a term R, e(z) on both sides of (3.1), R, is a

matrix that assures the desired dissipation term.

R. = R0 R >0 (3.2)
1 O O 1
And then an average error system is obtained.

Considering the average error system to be unforced, an
energy storage function /7, can be defined in the coordinate
e(t) for the unforced average error system, to ensure the

stabilization error behavior be asymptotically stable to zero
independent of the value of L, it is demanded that
ue =Dz, 1)+ (J + Rz ,(t)]- R,e(t) (3.3)
Explicitly we have:
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,UVg =Lz, +2,, - R, (Zl - Zld)
. Z,, (3.4)
0= CZZd —Zy +?

A. The Static Controller Design

As is shown in Figure 3(a) where R, is a constant
resistance, it concerns to regulating the output capacitor

voltage at a desired equilibrium value and then transferring it

into the obtaining of a desired equilibrium value v, of the

feedback voltage. Then the desired output current is
determined by v, ., /R, -

Suppose the desired output capacitor voltage isz,, =V,
it derives from (3.4) that
(3.5)
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Figure 3: the frameworks of buck current regulator circuit controlled by
the static controller (a) and controlled by the dynamic controller (b)

Also,
Z2 _ Ve
(3.6)
With the desired feedback voltage beingy,,, , it can be
derived from (3.5) and (3.6) that

VR R Vew
RV, v,\" R

8 (3.7)
Here the duty ratio function synthesizer is a static

feedback controller.

B. The Dynamic Controller Design
As is shown in Figure 3(b), the dynamic controller

attempts to directly regulate the output inductor current to the
desired equilibriumvalue z,, = 1, substituting it into the first

equation of (3.4), we obtain
sz(t):ﬂ(t)Vg+Ri(zl_1d) (3.8)
Put (3.8) into the second equation of (3.4), the expression

of the dynamic feedback duty ratio synthesizer turns out to be
of the form,
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g
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IV. SIMULATION RESULTS

For a typical PWM buck current regulator circuit with
the following circuit parameters: Ve=12V, L=10uH, C=40uF,
R=30Q and a switching frequency of /.6MH, simulations to
analyze the startup characters, the line transient responses
(Ve=12V for t E[10us,3ms], Ve= 15V for t &[3.001ms, Sms],
Ve=10V for t €[5.00Ims, 10ms]) and the load transient
responses (R=3Q for t €/0, 7ms], R=1Q for t E[7.001ms,
9ms], R=3Q for t &[9.001ms, 10ms]) of the regulator were
performed for both the static and dynamic passivity-based
controller applied cases with the damping injection parameter
Ri=0.5, 2, 5. To ensure the computed duty ratio function
values not exceed the physical bounds interval [0, 1], a hard
limiter was added. The desired output current was set to be
1a=3A. The constant resistance in the static controller was set
to be R/=0.1Q. Figure 4 shows the startup characters of the
regulator controlled by the static controller (dotted curves)
and by the dynamic controller (solid curves). As it can be
seen, when the dynamic controller applied, much higher
overshoots present which may destroy the load. The startup
overshoot problem, fortunately, can be alleviated in using
soft-start scheme (letting the output current increase
gradually to its desired equilibrium in an appropriate period,
which was set to be 700us in the simulation), as is shown in
Figure 5. Figures 6 and 7 show respectively the line transient
responses and the load transient responses of the regulator in
Static controller Controlled Case (SCC), Figures 8 and 9
display respectively those of the regulator in Dynamic
controller Controlled Case (DCC). It can be concluded from
Figures 6 to 9 that the regulator in DCC has smaller load
transient overshoots but higher line transient overshoots than
in SCC, however the line transient overshoots in DCC are
smaller than the load transient overshoots in SCC, moreover,
in DCC, the regulator responds faster to sudden line or load
transients. Therefore, the performance of the regulator in
DCC is better than that in SCC with soft-start scheme used to
alleviate the startup overshoot problem.

time,s 4
x 10

Figure 4: Startup test waveform of the regulator without soft-start

ISBN: 978-988-98671-0-2

Proceedings of the World Congress on Engineering and Computer Science 2008
WCECS 2008, October 22 - 24, 2008, San Francisco, USA

|
|
4
|
|
-
|
|
,,,,, N
|
|
!

time,s 10

Figure 5: Startup test waveform of the regulator with soft-start
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Figure 7: Load transient response of the regulator with static controller
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Figure 8: Line transient response of the regulator with dynamic controller
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Figure 9: Load transient response of the regulator with dynamic controller

Furthermore, all the above simulation results indicate that
both the static and dynamic controllers designed achieve the
regulation of the output current of the power converter
around the desired equilibrium value while exhibiting a high
degree of robustness with respect to sudden line or load
transients. The damping injection ratio affects greatly the
controllers’ regulation abilities, a smaller damping injection
ratio results in slower line/load transient responses and
higher transient overshoots of the regulator, thus appropriate
damping injection should be chosen to optimize the
controllers’ regulation capabilities.

V. CONCLUSIONS

Passivity-based control method, an essentially non-linear
control method based on the system’s energy balancing
properties, was applied to the buck current regulators’
controller design. Both a static and a dynamic controller were
obtained and simulation results for evaluating their
regulation capabilities were given and analyzed in detail.
And the following conclusions are drawn from the simulation
results: the controllers obtained, both static and dynamic,
achieve to regulate the current regulator’s output current to
the desired equilibrium value and the steady-state error can
infinitely tends to zero, which is a merit that conventional
linear control methods can’t achieve; although the dynamic
controller applied case present rather higher startup
overshoots, this problem can be alleviated with soft-start
scheme; the regulator in DCC responds faster and has smaller
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load transient overshoots but larger line transient overshoots
than in SCC; however the line transient overshoots in DCC is
smaller than the load transient overshoot in SCC; thus the
regulator has better overall transient responses in DCC than
in SCC with soft-start scheme used to alleviate the startup
overshoot problem; appropriate damping injection should be
applied to optimize the controllers’ regulation capabilities
and the regulator’s performance because too small damping
injection ratio results in slower line/load transient responses
and higher transient overshoots.
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