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Abstract: In this study, a new method for improvement of the one-cycle control method m buck type converter
1s proposed. Better command trackmg and better load disturbance rejection ability are its main advantages over
the classical one-cycle controller. The main idea is to apply a pseudo reference instead of actual reference to
one-cycle controller by an auxiliary controller to improve the response. The magnitude of this pseudo reference
1s related to the output error value and so the dynamic of filter and load contribute in control process. It 1s
known that this 1s not the case mn one-cycle control method. In addition, as it 18 shown, 1n this controller there
are three parameters to change the performances of the controller. Therefore, some degrees of freedom have
been added to the design parameters in compare to the one-cycle controller. Tt should be noted that, this
method is suitable for the cases which the filter and load have damped behavior.
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INTRODUCTION

The progress of control theory in the field of power
electronics has resulted in several new methods which are
suitable for power converters control. One-cycle control
method, which was proposed about one decade ago
(Smedley and Cuk, 1991) is one of them. From its
mvention it has found many applications such as active
power filter and power factor correction (Smedley ef al.,
2001; Qiao and Smedley, 2003) switching amplifiers (Qiac
et al., 2000, Lai and Smedley, 1996) etc. The idea of this
controller is based on using a resetable integrator to
adjust the average value of a chopped signal in each
signal.

Tts main characteristic is the real time ability to
completely reject the variations of input voltage (Smedley
and Cuk, 1991). However despite of this great feature its
load rejection and command tracking abilities are not
satisfactory. Especially at light load, overshoot and lightly
damped oscillations may happen in output response
(Santi and Cuk, 1992).

In this study a method for compensation some of
the deficiencies of one-cycle control method is given. In
this method, an auxiliary nonlinear controller 1s used to
select proper reference command for the one-cycle
controller due to the value of output error. This method 1s
suitable for the damped or over-damped systems. In
addition, the buck type converter has been considered.

However, it 13 easy to extend the method to the other
types of converters.

Overview of one-cycle control method: As shown in
Fig. 1, the flip-flop at any clock arrival turn-on the switch
until the mtegral of V, reaches the reference value divided
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Fig. 1: Basic scheme of one-cycle controlled buck

converter
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by switching frequency (gain of integrator). Then the
comparator reset the flip-flop and so integrator then
turn-off the switch. Therefore, there 1s a pulse train, of
which the mean per cycle 1s equal to V., It 1s clear that the
average or dc value of this train, i.e. the output voltage of
the low pass filter, when the filter is lossless, also is equal
to V. It can be mathematically formulated as follows

which the bar sign represents mean or dec value (Smedley
and Cuk, 1991).

1T 14T
V, =V, =— v dt=— v dt=V
0 H TS-UI H T D.[ g ref (1)

Because theoretically low pass LC filters are lossless,
the average value of their output signal and input
signal are equal. Based on this fact, in one-cycle control
method, the output filter 13 ignored and the feedback
signal is taken from the input of the filter (Santi and Cuk,
1992). In the conventional method, a feedback is taken
from the output and 1s compared with the reference value.
Therefore the dynamic of the output filter contributes to
the control process. Consequently, there is a delay to
control the line disturbances.

However, if a lugh dynamic low pass filter, mstead of
output filter, 18 used for measurement of dc value of
chopped voltage Vg, it will be possible to control the line
disturbance faster. In the one-cycle control method, an
mtegrator 1s used mstead of a high dynamic low pass filter
to reduce the response time of measurement and so
controller.

Despite of the advantages of one-cycle control
method, which have made it swtable for some cases, there
are some drawbacks m comparison with the conventional
PWM method.

In fact, the main strength of one-cycle control 1s its
ability to reject the input disturbance quickly. However
because there is no feedback from actual output, in the
case of non-ideality of elements, the output camnot
follows the command exactly and therefore in general
there 1s a steady state output voltage error. The non
ideality of inductor and non zero value of diode forward
voltage are the main causes of output offset i one-cycle
controller.

Another problem of the one-cycle control method is
its poor dynamic responses to the commands and output
The rigid structure of the one-cycle
controller, which has no any parameters to be adjusted by
designer, 1s the other deficiency of this method. As it 1s
known, mn conventional PID (Proportional, Integrator,
Derivative) controller, the parameters of controller, 1.e.
P, T and D, can be adjusted by designer due to the desired
response. However this is not the case in one-cycle

disturbance.

controller.

Error sensitive one-cycle control method: As mentioned
earlier the lack of output feedback 1s one of the drawbacks
of the one-cycle control. It 1s understood that by adding

a feedback from output the performances of the
controller can be improved. In Fig. 2, the basic
necessary configuration has bheen  shown. By

following this approach one can improve the one-cycle
control behavior by using another controller. This
controller will give another degree of freedom to the
overall system. In this study a nonlinear controller has
been used as auxiliary controller. Ttis also possible
touse a PID (lead-lag) controller as an auxiliary controller
(Ruzbehani ef al., 2004).

In Fig. 3, the proposed method, so named Error
sensitive one-cycle control method has been shown.
This method 15 a combination of a relay type
nonlinear controller and one cycle controller. As it
is shown in Fig. 3, the controller chooses the reference
value for one-cycle controller according to the output
error value.

The operating function of selector block 1s as shown
in Fig. 4. The absolute value of positive and negative

Output
Q »| Filter and load _V_’
v, f :] o

v, One-cycle
controller

: — |
Auxliary
= controller q—v

ref

Fig. 2. Schematic  diagram of general method for
modifying one-cycle controlled buck converter.
The numbering of one-cycle controller ports 1s as

Fig. 1
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Fig. 3: Schematic diagram of the proposed method, for
modifying one-cycle controller performances.
The numbering of one-cycle controller ports is as
Fig. 1
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Fig. 4: Mathematical model of selector block function

switching levels, 1e. e, and -e,,, can be chosen non
equal, but here for simplicity they have been chosen
equal.

As Fig. 4 implies: V,, <V, <V_.. We can see later
that this condition must be satisfied for correct operation
of the controller. Proper choices for V... and V,,,, are:

Vinax = Diax X Vg

Vigin = Doin X Vg

In which D, (D, is the maximum {(minimum)
allowable value of duty cycle in practical point of view. In
practice by choosing proper value for gain of integrator in
one-cycle controller, reference voltage can be scaled
down to be in the range of comparators working voltage
limnits.

InFig. 5 an easy way to implement the selector block
has been shown. This configuration also has been used
in simulation of controller. The switches states as shown
m Fig. 5, are corresponding to the positive control
voltage, 1e. V,, and V_, are positive. The operation of
circuit is as follows. When V. > e (and so V, > -e ), V
1s positive and V18 negative, so the upper switch states
are as shown and those of lower one are opposite.
Consequently Ref signal 1s equal to V. When V, < -e_
(and so V, < e,,), V,is positive and V, is negative, so the
lower switch states are as shown and those of upper one
are opposite. Consequently Ref signal 1s equal to V.
When -e;, <V, <e,, both of V, and V, are negative,
so the upper and lower switch states are opposite of what
is shown in Fig. 5 and consequently the Ref signal is
equal to V, ;. Capacitor C, has been added to filter out the
transient effects.

Figure 6 shows the operation of controller. As shown
in Fig. 6, at the time t, the step function has been
applied to the system. In this time, the error is larger
than e, and therefore the selector block chooses
pseudo reference V. for the controller. Therefore
system response is faster than when V| is applied as
reference, because time constants are the same but
references values are different.
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Fig. 5. Schematic  diagram  of  selector  block
implementation
4 Vi
)
g
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Time

Fig. 6: (a) Output variations due to change of desired
output. (b) Pseudo reference generated by
proposed controller

Att,, the error has become equal to e,,,. Hereafter the
selector block chooses V| as the reference, which 1s the
actual reference value in this case. For the negative
pulses, at the beginming when the magmtude of error 1s
large and therefore the pulse-width should be reduced
very fast, the selector block will choose pseudo reference
Vo until output reaches point t,. In this point, absolute
value of error 1s less than absolute value of e, Hereafter
the controller acts as a conventional one-cycle controller
and chooses V; as the reference.
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Fig. 7. Scheme of working zones of controller

When there is no need to ac signal (in ordinary buck
converter without transformer), it is possible to choose
Dyx=1landD_ =0(V, =V, and V  =0) It means that
n this condition the switch will held on or off for a while
that error is not in the range {-e,;, e,.} so the response
will be faster.

STABILITY OF THE CONTROLLER

In Fig. 7 it 1s possible to divide the working area of
the controller to three zones as follows:
Zone 1:

Ve, =V, <V —e, . and Ref=V_ _ (2)

The nature of zone 1 1s to increase the output
voltage. This assumption is correct because V. is the
maximum accessible output. Therefore, after entering to
this zone the output voltage will become so large, which
the system will leave this zone and enter zone 2.
Zone 3:

V<—e,,, =V, >V

ref T Cmin AN Ref =V (3)

The nature of zone 3 is to decrease the output
voltage. This assumption 1s correct because V,,, is the
mimimum accessible output. Therefore, after entering to
this zone the output voltage will become so small, which
the system will leave this zone and enter zone 2.

Zone 2:

_emm < VE < ermn = Vrsf - emm = Vn <V,

ref
and Ref=V (4

+ ermn

The system will remain in this zone until next
command or disturbance (or mertia of system itself) forces
the system to leave this zone.

It can be seen that zone 2 acts as an attractive band
and because the Ref signal in this zone is located ingide
the zone, 1t will satisfy the general stability of the system.
However for this matter the condition V;, < V<V __ 18

Vi
Ve V. Vi . v,
- -eml\ e " .
- Filter and load

Fig. &8 Sumplified Block diagram of the overall system for
DF analysis

S Ihl_ - o v,

T J-h | S " sneoston

Filter and load

Fig. 9: Block diagram of system mn symmetric case for the
DF analysis

necessary. If this condition 1s violated, the output will be
trapped n one of V. or V... However, despite of this
matter the system in some condition may shows
oscillatory behavior.

For more investigation, the model of system for
stability purpose will be derived. Because the time
constant of the low pass filter, according to the design, is
very larger than the switching period, it is possible to
model the system as a continuous time dynamic model
and 1gnore the switching phenomenon as it 1s shown in
Fig. 8. This is a well-used approximation in modeling
converters (Erickson, 1997). In this model it is supposed
that applying a tramn of pulse with amplitude A and duty
cycle D when the frequency 1s enough high, 1s same as
applying a step with amplitude A x D. Therefore the
switching mechanism has been neglected and just its
continuous counterpart has been sketched. The nonlinear
part of this scheme is a biased asymmetrical nonlinearity.

Among methods, which are applicable for this
system, a candidate is describing function or DF
(Atherton, 1982). For analysis of this system by use of
describing function, it is necessary to use Sinusoid plus
Bias Describing Function or SBDF, which in general case
is not easy to use. For simplicity in following the problem
will be solved for a simplified case.

When the following relation is satisfied.

Vma.x - Vref = Vref - Vmin (5)

The resulted nonlinear part will reduce to a relay with
dead zone with de shift of input, as it is shown in Fig. 9, in
which

h=V,_ — V. mdd=c ©

Because the diagram is plotted for limit cycle

analysis, it 13 no need to consider de values. However for
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dc analysis the initial condition of output voltage in
Fig. 9 should be considered equal to —V ;. The DF of the
nonlinear part can be calculated as follows.

4h\/ a? -5’7

2h | 40
a>d N(a)=—sin(Zcos —)=
S a a’n

a<d N()=0 (")

In which a is the amplitude of oscillation. The
characteristic equation of the system is as follows.

f(s.a)= st 28m 8+ 03121(1 + N{a)) =0 ()

Substituting s = jw gives the real and imaginary part of {
as follows:

R(f(ma)) = —a” + o (1+ N(a))=0
I(f{ema))= 2k, 0=0 )]

It 1s clear that the imagmary part of { for non-zero
value of w has no answer and hence sustained oscillation
will not happen.

In general the transfer function of filter and load 1s
more complex than above mentioned one, because the
resistance of inductor and capacitor also should be taken
into account. Hence for more general case, the analytical
method 15 rigorous and stability should be mvestigated
by Nyquist diagram. In this method the intersection of
-1/N(a) and G{Jw) give the limit cycle frequency and
amplitude (Atherson, 2000). For example if we consider the
resistance of inductor (r;) and ESR (Essential Series
Resistance) of capacitor (r,), the transfer function of
filter and load will be as follows.

R + R, Cs

Gs) = .
L{R+1)Cs” + (RCr + r (R+1)C+L)s+R+1,

(10)

In Fig. 10, Nyquist diagram of G{Jw) and -1/N(a)
locus diagram, for typical values of parameters
have been plotted. As can be seen the resulted locus
diagram of -1/N{a) for a>0, lies on the negative real axis
starting at - and returning there after reaching a maximum
value of -wd/2h. From Fig. 10 it can be understood that
because the G(Jw) does not intersect -1/N(a), the system
in general is stable.

In fact, as much as -1/N(a) loci is far from origin, the
possibility of existing limit cycle 1s less. So to reduce the
risk of oscillation, the d/h or e /(V__-V..) should be
increased. Because V,__ and V,; are the constraints of
design, the only parameter which can be adjusted is e,
Therefore by mcreasing e, the system will be more
stable. On the other hand, as will be shown m simulation,

Imaginary axis

Real axis

Gliw)
Fig. 10: Nyquist plot of G(Jw) and -1/N(a) loci

by increasing e, the system response will slow down
and controller response approaches that of the one-cycle
controller. In conclusion selection of e, affects both of
stability and speed of system and so should be chosen
adequately. For more investigation about the behavior of
system n followmng by use of phase plan portrait, some
special cases have been studied.

In Fig. 11, the phase plane portrait for the damped
and over damped systems has been given. As shown, in
the over damped or near damped cases the system has no
oscillation problem and can reach the goal (output =5) at
most in some cycles.

Next, two under damped systems have been studied.
As shown m Fig. 12, in the case of heavy under damped
{(damping factor = 0.03) the system oscillates too much
before reaching the center. Although the amplitude of
oscillation in this case has decreased by time, may be in
practice, these cases do not act stable and system
experiences long-term decaying oscillation. However, it
should be noted that the recommended systems for error
sensitive one-cycle control are the over damped or nearly
damped systems. In fact, this method is not recommended
for under damped system. Because when the system 1s
over damped, by this method the speed of system
response increased and therefore rise time will be reduced.
However, when the system 1s under damped, to increase
the system speed, means more oscillation, which 1s not
desirable.

Figure 6(b) has demonstrated the behavior of
controller by means of the pseudo reference. It can be
said that for the under damped systems, this pseudo
reference should be changed in opposite manner. That is,
for positive step, first step should be smaller than V|, then
V, and for negative step first step should be larger than
V,, then V,. This 1s an old well known techmque that if the
step input is applied in two steps to the under damped
systems, by proper choosing amplitude and time interval
between two steps, it 13 possible to get the free oscillation
output.
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Fig. 11: Stable behavior of controller for damped and o
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Fig. 12: Oscillatory behavior of the controller for under

SIMULATION RESULTS

For the simulations, the Pspice and Simulink have
been used. In the first example, a heavy damped
system has been considered. The parameters of system
are; L =1 mH, C =100 pF, R = 0.4 Q and the frequency of
converter is; f = 20 kHz. As can be seen from Fig. 13, the
output reaches the final value sooner than conventional
one-cycle control method. In these simulations, it was
observed that the output of both controller have an
offset error which is related to time delay in switching
circuit and integrator, non zero value of diode on-voltage
and non 1ideality of mductance. This 15 anessential

Cutput
(b
ver damped systems (a) & =3.35(b) £=0.7
x10” —
it
w
£ s -
E ==
3 B
%-.;
| ~ Output

(b)

damped systems; (a) § =0.1 (b) £ =0.03

Desired output

—

Output voltage (V)

e

Time (ms)

Fig. 13: Comparison of response of the proposed method
with one-cycle method for over damped system
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Fig. 14: Comparison between tracking ability of the
proposed controller and one-cycle controller

b Classic one cycle controller

Error sensitive
one cycle controller

[ S I VE R NV

Magnitude of output error (V)

3 4 5

(=1
—_
o4

i Time (ms)
Fig. 15: Effect of e, parameter on the response of system

problem of one cycle controller. One of the methods for
this problem, which also has been used by the authors n
these simulations, is to adjust the time constant of
integrator to minimize this offset error.

In the next example, the tracking ability of the
controller in compare to the conventional one-cycle
controller has been shown. As can be seen from Fig. 14,
the proposed controller can follow commands faster than
its counterpart. The parameters of system in this
sinulation are the same as previous example.

In next simulation, the effect of changes of value of
e, has been investigated. As shown in Fig. 15, by
change of this parameter, the response of system can be
changed from having overshot to damped behavior. In
fact, by increasing e, the share of real value of reference
in the control of system has been increased. Therefore, in
this case response of system 1s approaches to the
response of conventional one-cycle controller. It can be
seen that by reduction of e, the speed of system
increases.

In next example, the ability of the controllers to reject
the effect of load changes has been shown In thus
example the value of T, and C are the same as before and
load has been changed from R = 0.4 to R = 0.35Q0. As
shown in Fig. 16, the proposed controller has better
transient response 1 rejection of load disturbances

11.0
Change of load
10.5 1 i
S New controller Desired output
2 10.0
%D " —«—"‘t{"‘. e —
'§ 9.54
2 904 / \
8 v One-cycle controller
8.51
8.0 T T T T

34 36 38 40 42 44 46 48 50
Time (ms)
Fig. 16: The ability of the controller in rejection of
disturbance due to load changes in compare to
one-cycle controller

30

2597 Pseudo reference

209 ¢

New controller reponse
159 i

104 i

Output voltage (V

Time (ms)

Fig. 17: The change of pseudo reference due to the
different cases in the operation of controller

and the speed of controller is more than that of one-cycle
controller.

Finally, m Fig. 17, vanation of pseudo reference
(Fig. 3) due to the above-mentioned conditions has been
shown. In fact, the main feature of the proposed method
15 the use of tlus pseudo reference mstead of actual
reference to accelerate the response of system. As shown
mFig 17, the V.= 26Vand V= 1V.

CONCLUSIONS

A new method to improve the transient response of
one-cycle controller by using a nonlinear controller was
proposed. The nonlinear controller defines the reference
value for one-cycle controller based on the output error.
By smnulations the performances of the controller were
shown. The controller has better step response, command
tracking and load change rejection ability, compared to
the conventional one-cycle controller.
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