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Abstract In this article a new approach is proposed for the design
of a Pulse Width Modulated (PWM) feedback control scheme
regulating a Full Bridge Buck Converter (FBBC) in an output signal
stabilizdtion task. The approach is based on the specification of a
dynamical feedback control law which accomplishes asymptotic
stabilization to a preselected constant operating point, for the average
PWM converier model. The approach emphasizes the use of Fliess'

Generalized Observability Canonical Form (GOCF) of the average
converter model and partial inversion techniques.

ADYNAMICAL PWM FEEDBACK CONTROLLER
FOR STABILIZATION IN THE FULL BRIDGE
BUCK CONVERTER.

Consider the following model of a FBBC which includes an
ideal high frequency isolation transformer (see Figure 1) :

).(1 = -wg X3+ ub
. D
X2 = WpX] - W1X2

where x| is the normalized input inductor current, defined as x| =
ILVL , xy is the normalized output capacitor voltage given by Xy =
VoNVC, with N being the transformer's winding turn ratio and V
isthe primary winding voltage drop. The constant w represents the
natural oscillating frequency of the LC input circuit, wg =
II(N‘/LC), with the capacitance being referred to the primary of the
transformer, and w is the inverse time constant associated to the
RCoutput circuit, i.e., w = 1/RC. The constant b is the normalized
input source voltage, b = Vs/\/L, assumed to be constant. The
variable u is the control input taking values in the discrete set {-1,
0, 1} in accordance with the positions of the switches. The
i]vail[alti;e control inputs are realized as in the following table (see
dso [1]):

Sy S2 83 S84
u=1 ON OFF ON OFF
u=0 OFF ON ON OFF
u=-1 OFF ON OFF ON

The FBBC may then be naturally controlled by means of an
ON-OFF-ON PWM control policy (see the appendix in
Sira-Ramirez [2]) of the following type :

= sign plx(t)]  for ty St <t Hux(t)|T @
~\o for ty Hulx@]| TSt <t +T

where 4 : RM R is the io function taking values in the
closedinterval [-1, 1] of the real line, x(t;.) is the sampled value of
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the state at time t and T represents the constant sampling period.
The duty ratio function p(x) must be regarded, effectively, as a
feedback control input.

The PWM controller design is carried out on the following,

infinite switching frequency, average PWM controlled converter
model;

2] =-wgz2 + b

1 0Z2+H 3)

2y =wQz] - W1Z2

where | is now regarded as a smooth function of the average state
vector z, taking values in the closed interval [-1,1]. For controller
design purposes, the above model has been thoroughly justified in
several journal publications (see [3]):

The average equilibrium state of the FBBC, for a constant
value U of the duty ratio u with U e [-1,1], is simply:

zl=zl<U)=5’;v“18lu;z2=22(U)=;vb6U @

Alternatively, one finds from (4) the relationship
=¥
2=t )

Hence, regulation of the average output capacitor voltage zp
towards constant equilibrium values, specified by (4), can be .
indirectly accomplished through regulation of the average input
inductor current z) toward its equilibrium value Z;. This simple
observation also allows for the possibility of specifying a dynamical
feedback regulator instead of a static one ([1}).

Stabilization of the FBBC through dynamical PWM
control.

Consider the average model (3) of the FBBC with output
equation:
7] =-wpz2 + b
©

2y =wpz] - w122

w
y=21-Z1=21-y1 %

The following invertible duty-ratio (i.e., control) dependent
state coordinate transformation :

§1=Z1-%Zz ; €2=-wpz2 +pb

£ 3 Q)
= w a2t
z1=b1 + gt 22 i1 = =5 —
takes the average model (6) into Fliess' GOCF [4] :
E1=6
gy =-wity -wowiZp -wiE2 +bwin+ b (®)
y=£



Stabilization of the transformed coordinates £ and &5 to zero is
equivalent to stabilization of the original average state coordinates z
and z; to their equilibrium values: Z; and Z,.

The zero dynamics, associatedto &1 =0, &7 =0, is obtained
by equating the last differential equation in (8) to zero (see Fliess [5]
):

i=-wi L2 =-wi(-U) ©)
which implies an asymptotically stable solution towards j = U, i.e.,
the achieved equilibrium corresponds to a minimum phase behavior.

An unrestricted dynamical feedback controller specifying the
required (computed) stabilizing duty ratio function 1 is immediately
obtained from (8) by simply equating the last differential equation in
(8) to a suitable linear combination of the transformed variables.
This operation bestows on the closed loop transforined system
convenient, stable, pole locations characterized by, say, a damping
ratio { and a natural undamped frequency wy, :

E1=5
€y = ‘W(%§1 -wow1Z1 -wi€) + bwiu + b
= -20wnks - wgE]

) y=¢&1
1e.
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(10
We denote }he solution of (10) as ﬁ and regard it as the

i ion.

We may interpret the dynamical duty ratio synthesizer (10), as
a classical proportional-derivative controller, followed by a low pass
filter, with cut off frequency wy, and a set-point feedforward term.

In original average coordinates one obtains the following
dynamical feedback controller :

w2 . 2
A5 orw s MOV QLwyw) WEW]
at 20wpH + ¢ b AT wont bwe 22
an

The 1 ati nction Y is simply obtained by
bounding the solutions of (11) within the physically meaningful
interval [-1,1]).i.e.:

+1 ifp>1
H={{ if -1ji<+1 a2)
-1 if pe-l

Simulations were carried out on a FBBC with parameter
values: R=15Q, C=2700 uF,L=40puH,V,=30Vanda
transformer winding turn ratio N = 10, (i.e., wg = 304.29, w; =
246.91, b = 4.743 x 10 ). The chosen damping ratio and natural
oscillating frequency of the closed loop system stable complex poles
were set, respectively, set at { = 0.7 and w,, = 1000 rad/s. The
required equilibrium value for the normalized output voltage was
specified as 7.794, which corresponds to an actual output voltage
of 15V. The corresponding equilibrium value for the normalized
input current set point is 6.324 (i.e. I = 1 A). These equilibrium
values correspond to a constant steady state value of the duty ratio
function: 0 = U = 0.5, A sampling frequency of 2KHz was used
for the proposed PWM controller. Figures 2a and 2b depict,
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respectively, the transient response of the average and the
discontinuously PWM controlled input current and output voltage of
the FBBC. Figure 2c represents the evolution of the dynamically
synthesized duty ratio function p and the corresponding
discontinuous PWM control actions u.

CONCLUSIONS

In this article a dynamical PWM control scheme has been
presented for the output stabilization in dc-to-dc power converters of
the Full Bridge Buck type. The approach was based on synthesizing
a dynamical, unrestricted, smooth feedback control law specifying
the required duty ratio function for the regulation of the infinite
frequency average model of the PWM controlled converter. Such a
dynamical scheme corresponds to a pole placement approach which
imposes a desirable stable dynamics on Fliess' Generalized
QObservability Canonical form of the error dynamics associated to
the average stabilization problem defined on the bridge converter.
Aside from the high response quality of the controlled variables, the
approach also allows for an explicit determination of the stabilization
limitations exhibited by the treated class of "step down" converters.
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FIGURES

Figure 1. Full Bridge Buck Converter



(1)

x1(D)

t(sec)

Figure 2(a). Average and Actual Input Inductor Current
Response for a Dynamical PWM Stabilization of Full Bridge
Buck Converter.

Figure 2(c). Duty Ratio Function and Control Input
Responses in Dynamical PWM Stabilization of Full Bridge
Buck Converter

x2(t) t (sec)

Figure 2(b). Average and Actual Output Capacitor Voltage
Response for a Dynamical PWM Stabilization of Full Bridge
Buck Converter.
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