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ABSTRACT

A8 discussed in detail in the literature, the
small-signal transfer function of a boost or a
buck-boost converter shows a zero located in
the right-half complex plane for continuous
operation. This zero makes the stabilization of
the system considerably difficult. This paper
uses a boost converter as an example to show
that application of the principle of linear
prediction (as originally proposed for the
control of systems with dead times) yields the
mirror image of the control circuit zero. This
shift of the zero into the left-half s-plane is
achieved with unchanged location of the poles.
Thereby the small signal transfer function is
split into two parts: a phase-minimum system
and a non-phase-minimum system. The latter can
be interpreted as a linear Pad® approximation
of a dead-time element. For the design of a
robust control system it is necessary to inves-
tigate the shift of the poles of the closed
system dependent on the change of the operating
point. Besides this it will be analyzed finally
how the predictor influences the small- and
large-signal system disturbance responses for
changes of the load and for input voltage chan-
ges.

l.Introduction - Principle of Linear

Prediction
In the following the small-signal transfer
function of a boost converter is used as an
example for presentation of the principle of

linear prediction. For the sake of clarity the
consideration of the following details shall be
omitted: the influence of the ESR -(equivalent
series resistance) of the output capacitor and
of the ohmic contribution of the inductive
storage element on the control behavior. Ideal
switches are assumed. This can be done because
the basic dynamic system quality is not af-
fected. . The discussion of the controller de-
sign, the investigation of the robustness and
the disturbance response (with respect to load
and input voltage changes) will be performed in
chapter two.

The derivation of the control model of a con-
tinuous mode boost converter (cf. Fig.l) leads
for the small-signal behavior in the vicinity
of t®he operating-point (characterized by Uio,
Ucor Iie. @g) to the block diagram shown in
Fig.2 and to a transfer function
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Before the power transfer into the output side

can be increased, the inductive storage element
on the input side has to be charged up. This
results in a system zero in the right-half s-
plane or in a non-phase-minimum system behav-
ior, respectively. This makes the circuit sta-
bilization considerably difficult, especially
for the requirement of no remaining stationary
control error. Then the controller has to have
an integral component. Furthermore, this system
behavior can lead to an unsatisfactory dynamic
behavior of the closed loop.

According to

1-s-T) k-(1+s8-T,)

S(s) =

(3)
l+s-T, s2 + 2-dQo*s + Qo2
one can describe the control behavior of
system part between control input (point where
the duty ratio is introduced into the system)
and the output voltage (control response) by a
combination of a first-order all-pass and a
system part with phase-minimum behavior.
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The interpretation of the all-pass term as a
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Fig.l. Structure of the power circuit of
a boost converter
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linear Padeé approximation of a dead-time ele-
ment
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leads to the poasibility of using the (appro-
priately modified) concept of predicting the

control response by a "SMITH"-predictor.

As shown in Figs.3,4, this results in a shift
of the zero (which is characteristic for con-
tinuous operation) from the right-half into the
left-half s-plane. The all-pass behavior of the

genuine system remains, however, as is clear
from the previously described physical prin-
ciple.

Therefore the controller design is performed

for an equivalent system which converges to the
actual system for the stationary case because
the addition to the controlled system acts only
in a dynamic sense.
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Fig.2. Structure of the contol circuit of a linearized boost

converter (3); prediction of the control input response of
the converter by predictive controller (1)

As marked in Fig.2, this predictor adds a feed-
back loop to the controller showing an effect
equivalent to a path parallel to the controlled
system which eliminates the all-pass behavior

(the "dead time"). For the transfer function of
the predictor P(s) there follows
k- (l+s°Ta) 1-s-Ta
P(s) = [ 1 - — ]
s2 + 2-d-Qp°s8 + 8,2 1+s-Ty
2-k-s°Ty
= (5)

82 + 2-:d-fQo°8 + Qo2
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Fig.3. Pole-zero-diagram of a small-signal
transfer function of a continuous-
mode boost converter

Accordingly we have for the transfer function
determining the stabilization and to be handled
by the voltage controller R(s)

A shift of the operating point corresponds to a

not exact matching of the predictor to the
controlled system. However, this does not lead
to a limitation of the applicability of this

proposed concept, as a closer analysis shows. A
detailed discussion of the control robustness
will be performed in section 2. There, not only
the variation of the closed-loop poles depend-
ent on the operating point will be discussed,
but also the disturbance system responses due
to 1input voltage changes and 1load changes.
Furthermore, the small-signal disturbance res-
ponses will be analyzed in detail based on a
digital simulation of the system .
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Fig.4. Pole-zero-diagram of the small-signal
transfer function to be handled by the
voltage controller for predictive cor-
rection of the transfer function of

the converter

ke (l+s-Ty) 2. Analysis of the Control Behavior
S{s)+P(s) = . (6)
82 + 2-d-Q¢o-8 + Qo2 In the following we want to investigate in more
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more detail the control behavior for the exam-
ple of a 12V/48V DC/DC boost converter when a
predictor is used. (Such a boost converter is
used, e.g. for the supply of low voltage loads
from a 12V DC voltage mains buffered by a
battery.) As already mentioned in chapter 1,
we only want to include into the control model
these components which substantially influence
the system dynamics. Thereby one can clearly
point out the advantages and disadvantages of
a predictor control.

2.1. Parameters and Transfer Function of the
Controlled System

According to the remarks made previously we

assume (where the index 0 describes the oper-
ating point around which the linearization
takes place):

input voltage U o= 12V

output voltage Uao = 48V
With L=1.8mH and Ryo = 102....1002 we have
(continuous operation) for the whole load

range. For the average value of the input cur-

rent we have I.o = 19.2A...1.92A. For the

relative turn-on interval we have accordingly
ap = 0.75.

The xalue of the output capacitor is
C= 2mF.

The small-signal transfer function of the con-

trolled system used for the predictor becomnes
with Eq.(1)
(1-2.88-10-2-8)
S(s) = 192- (9)
1+ 2.88-102-8 + 5.76-10"5-52
(Rr.o=10Q)

2.2. Transfer Function of the Predictor

According to Eq.{(1), a shift of the operating
point directly influences the dynamics of the
controlled system. E.g., for a load reduction
the system zero location is shifted more into
the right-hand s-half-plane (its influence on
the dynanmics is reduced) and the damping of
the polynominal of the denominator is reduced.

For , the predictor (which "eliminates” the
effect of the system zero) we have to apply
therefore the maximum load case (Rp.o = 10 Q)

because then the zero location lies closest to
the origin of the s-plane; accordingly, the
all-pass behavior of the controlled system is

most pronounced. With Eq.(5) we have for the
transfer function of the predictor
5.76-10-3-g
P(s) = 192- (8)
1l + 2.88-10"2-s + 5.76-10"%-82

(Rpo=10Q)
2.3. Controller Design
According to Fig.2, the transfer function to

be handled by the controller is given by the
parallel circuit S(s)+P(s) (controlled systen
plus predictor). As Fig.5 shows, the predictor

frequency region, as related to the phase re-
sponse of S(s). Thereby one can obtain a rela-
tively high transition frequency of the open
loop despite the fact that one has to incorpo-
rate an I-term into the controller for suffi-

cient accuracy in the stationary case. The
frequency response of the open loop is shown
in Fig.6 (phase margin 70=) as result for
using a PI-controller
(1+7.59-10"3-3)
R(s) = 0.0946- (9)
7.59-10"2-8
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Fig.5. Bode plot of the controlled system
upper curve: gain of S(s) and S(s)+P(s)
middle curve: phase of S(s)
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results in a phase increase by 180° (mirror- Fig.6. Bod

imaging of the system zero location into the 19-6. (S(:)Eé?:)ofntzzrzzznwgzzt;§icizgp
left s-half-plane, <cf. Fig.4) in the upper troller R(s))
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The determination of the controller gain and
of the integration time can, under considera-
tion of the limited controller output region,
be performed also by using the root locus
diagram (cf. Fig.7), besides using the Bode
diagram. The branches of the root locus dia-
gram are drawn to the left via the mirrow-
image of the system zero location. Therefore,
for the simple model chosen here, stable be-
havior of the closed loop circuit 1is given
independently of the controller gain.
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Fig.7. Root locus diagram for Rpo = 108,
system to be controlled S(s)+P(s)
with PI controller

2.4. Reference Value Response

For investigation of the reference value res-
ponse of the control we apply an output vol-
tage reference value step of d4uc* = 1V. The
reaction of the linear system (cf. Fig.8)
corresponds to a high degree to that of the
nonlinear system. Therefore, the representa-
tion— of the nonlinear system can be omitted
here.

As one could expect, a reduction of
voltage appears before an increase
by the all-pass behavior. However, the con-
troller "gets the impression” of an immediate
output voltage increase according to the ad-
ditive supplement of the controlled system
response by the predictor ("compensation"” of
the all-pass behavior).

the output
as caused

For checking the robustness of the predictor
control we want to investigate furthermore a
reference value step for R:o=1002 (minimum
output load), cf. Fig.9. As already mentioned
in section 2.2, then the all-pass behavior
effect is largely reduced. As Fig.1l0 shows,
despite to the fact that the predictor is not
matched. to the controlled system any more (be-
cause it has been designed for Rpo=102), all
poles and zeroes of the open loop lie in the
left-hand s-plane. For the controller gain as
chosen in section 2.3 we still have stability.
However, predictor P{(s) and controlled system
S(s) show different polynomials of the denomi-
nator in this case. This leads to a split of
the -poles of S(s)+P(s8) into two conjugate com-
plex poles and a closely neighbouring conju-
gate complex zero or to a conjugate complex
pole pair (lying close to the imaginary axis)

Fig.8.
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of &he closed loop which results in a
damped oscillation of the capacitor
(cf. Pig.10).
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Fig.10. As Fig.7, but for Rpo = 100Q

2.5. Disturbance Respose

The disturbance response of the control (i.e.,
the behavior regarding to input voltage and
load changes) is analyzed based on the calcu-
lation of the system reaction following an
input voltage step (cf. Fig.ll) or a load step

(cf. Fig.12).
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Fig.11l. Step response due to an load step
of +10% (Rpo = 109)

In both cases one can see that the applicabil-
ity of the predictor (which has been designed
for predicting of the system response due to a
reference value change at the input of the
controlled system) is only very limited for
hand¥ing of disturbances acting inside of the
controlled system.
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step of +10% (Rro = 102)
For the conditions given here, after a short
controller reaction, the predictor and con-

trolled system outputs oscillate with opposite
phases and therefore do not appear in the con-
trolled variable (formed as summation of both
signals). The weakly damped decay behavior of
the oscillation therefore is determined by the
poles of the open (and not of the closed)
loop. As Fig.l1l3 shows ( 4R, = 102), this be-
havior occurs also for mismatch of the predic-

tor (designed for Rro = 102) and of the con-
trolled system.
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Fig.13. Step response due to a load step
of ~10% (Rpo = 100Q)

3. Conclusions

Aim of this paper has been to present the con-

cept of a predictor control and to point out
limits of its applicability. For practical
realization, of course, R(s) and P(s) will be

combined into one controller transfer function

. R(s)
R*(g) = ——wu—— (10)
1+R(8)-S(s)
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and £hey will not be realized separately. Be-
sides the prediction of the controller output

response of the controlled system also a pre-~
diction of the disturbance response of the
controlled system can be performed. This con-

cept which substantially improves the behavior
of the controlled system regarding disturb-
ances and the considerations regarding the
general robust design of predictor controls
will be the subject of a future paper.

Finally, we want to present briefly the behav-
ior of the control loop whithout predictor.
For obtaining stable operation we have to de-
crease the controller gain by 40dB there. The

controller dynamics thereby is worsened con-
giderably (cf. Fig.l14, reference value step
response fuc = 1V); the comparison with Fig.8

clearly shows the advantages given for predic-
tor control.
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Fig.14. Step response of the closed system
without predictor due to a reference
value step ( 4uZ = 1V, Rpoo = 10 @,
Controller gain reduced by 40dB)
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