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Abstract: With the Buck converter as an example, an integrating function control law is proposed to realize the objective
of the control sirategy for PWM converters. To ensure stable operation of the nonlinear closed-loop system, stability of the sys-

tern based on integrate function contrel is studied in this paper.
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1 Introduction

PWM DC/DC converters have many beneficial fea-
tures and are widely used. It is very important to further
improve the performance of PWM DC/DC switching
power supplies. The closed-loop dynamic characteristics
of a switching power supply are largely determined by
the control strategy employed. The objective of the con-
trol strategy study is: 1) zero steady output voltage er-
ror; 2) low output impedance and fast response; 3) ro-
business .

In this paper, the integrating function control law for
the Buck converter is proposed to realize the objective of
the control strategy for PWM DC/DC converters. To
ensure stable operation of the system, stability of nonlin-

ear closed-loop system based on integrating fimction con-
trol is studied in this paper. The computer simulation by
PSPICE show that excellent performance can be achieved
by integrating function control.
2 Integrating function control law for the
Buck converter

A switching power supply consists of two basic parts.
One is the power stage, or the switching converter; the
other is the control circuit, as shown in Fig. 1, where
V.t is the reference voltage, x denotes the combination
of the feedback, and « is the duty matio.

The power stage controls the power absorbed from the
unregulated supply voltage v, and provides a regulated
constant output voltage zg at the load. The main purpose
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of the control circuit is to generate a proper duty ratio
according to the conditions of circuit so that the variation
of the output voltage is reduced as much as possible
when the supply voltage or load curment changes!! =]
For different control laws, such as direct-duty-ratio con-
trol, current-programmed control, eic. , the ‘effect of the
supply voltage or load current disturbance is different,
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Fig. I Block diagram of PWM switching converter

An integratng function control principle is used to
formulate the control stratepy of the Buck converter to
realize the above objective. Fig. 2 gives the topology of
the Buck converter and Fig. 3 gives its large-signal low
frequency averaged-circuit model which can be derived
from the state-space-averaging method!*-*!
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Fig. 2 Buck converier topology
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Fig. 3 Low frequency average model

In the averaged-circuit model, the active switch is
modeled by a controlled current source with its value e-
quual to the averaging current flowing through it over
one switching cycle, i.e., is = ai for Buck converter,
where “i" is the averaged inductor current. The diode is
modeld by a controlled voltage source with its value e-
qual to the averaging voltage across it over one switching
cycle, i.e., #4 = av, for Buck converter.

For Fig. 3, the voltage variable relation can be ex-
pressed as:
av, = Pg + Ty, (1)
where #; is the averaged value of the inductor voltage
and g is the duty ratio required for the switching convert-
er. av, can be expressed as:

T 1 aT,
ig = avg = %JOSS( t)u,ds = Esj.o svgdt.

(2)
Then the duty ratio required by the Buck converter at a
specific operating point of #g,%, and v, can be deter-
mined as:
1 (Ts o
?Jo v,dt = Bg + 7. (3}
The control circuit can now be constructed to generate
the duty ratio. Let the input and output relation of the
control circuit be )

%J:Jsﬂgdt = P( me - tjg) + ﬁL: (4)

where V¢ is the reference voltage, P is the gain of the
proportional error amplifier and a; denotes the duty ratio
generated by the control circuit.

In the practical circuit, the output of the control cir-
cuit is connected to the gate of the active switch in the
power stage, making « = ag. Therefore, the closed-
loop characteristics can be obtained by Equation (3) and
(4) as:

eF,
?l;j‘ Svgd! = Vg + Uy =
1 {2 _ _
1), v.d = P( V.5 - @ig) + ¥y (5)
From (5), the output voltage can be found as:
_ P
Ug = P+ ]me' (6)

The reference voltage V.. is constant for constant output
voltage application. Equation (6), thus, shows that by
the control law (4), the closed-loop averaged output
voltage is forced to be proportional to a constant refer-
ence voltage. This result means that the closed-loop out-
put voltage is independent of the supply voltage and the
load current. In other words, the averaged output volt-
age remains unchanged even when there is distarbance
from either the supply voltage or the load cument. The
above control objective of PWM DC/DC converters is,
therefore, realized.
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3 Stability analysis
The large-signal averaged-circuit model of the Buck

converter is shown in Fig. 4. The stability analysis is
based on the large-signal averaged-circuit model’®! .

Fig. 4 Averaged-circuit model of Buck converter
As discussed in paper[ 1], the retrieved low frequency
component of inductor voltage delays the actual one by
one switching period, Ts, i.a.
# = 5,(t - Ts), (7}
where #; denotes the retrieved inductor voltage. The ac-
tual integrating function control law is constructed as:

IJ crsv‘dt = P( Vo - 9g) + 94 - Kd duo (8)

Here the proportional and differential controller is used

as what has been implemented. In (8), K, is the time

constant of the differentiator. In a practical implementa-

tion, instead of differentiating the output voltage direct-
dgy

ly, d—canbeobtamedeamlyfortheBmkconvmerby

sensing the current in the filter capacitor so that the ef-
fect of the noise in %, will be eliminated. From (7),(8)
and the relation of the power stage (3), the closed-loop
output vaoltage can be expressed as:

Big + 9 = P( Vs~ Bg) + 5} -

ds
K, d"t“ (9)

dv,
g + I = P(Vd—ﬁq) +£'-L($ - TS) _Kd d:

(10)

In the steady state, the average inductor voltage and

the output voltage do not change and the derivative of

the output voltage is zero. The closed-loop steady-state
output voltage can be found as:

_P
Vo = 5 Ver: (11)

The averaged output voltage #, and inductor voltage 7y,
can be expressed as: g = Vp + fpand 3y = V; + 7,
where the upper case letter denote the steady-stale value
and a tilde “ ~ " above a variable demotes a dynamic
component. Substinting the above relation into {10),

the dynamic equation can be found from (10) as:
5L+ﬁg=ﬁ;,(z—’T,)—Hg—Kd%. (12)
Equation (12) is a linear differential equation with
time delay. Its Laplace transformation can be found as:
Vi(s)+ Vol(s) = E=sV(s) - PVo(s) —sKaVp(s),
(13)
where all the initial conditions are set to zero. Because
of the low frequency assumption, e~*'s can be expressed
approximately as:
e s = 1 - Ts. (14)
The relation between Vo(:) and ¥y (s) can be found
from Fig. 4as

ils) = (T, RC P ﬁ@g—c R)V"()

(15)
Substituting {15) and (14) into (13), the closed-loop
dynamic output voltage can be derived as:

(bosa + blsz + bzs + bg)Vo(S) = O, (16)
where the coefficients are:

R
bg = Tsw(l + ?C),
Tsk TsR
by = g + TsReC + SI;‘RCC+K5RCC,
TsR
by = Ky+ —p— + (P + DRC,
b3=P+1.

The effect of P and K,y on the stability of the system is
investigated. When P changes from 1 to 100, the root-
locus of (16) is plotted, as shown in Fig.5 for K; = 0,
0.02,0.05, respectively, The parameters of the power
stage used in the simulaton are T3 = 0us, L =
240pH, C = B80uF, R = 12Qand R, = 0.050, R, =
0.1582, bere T; is the switching period.

Fig.5 gives two conjugate segments of the root-locus
when X; = 0, which is equivalent to the proportional
controller, another segments lies in the lefi half plane
and is not plotted here. Obviously the system is not sta-
bleastwomots]jzinthsﬁgmhalfofs-planc.When

ﬂ:egmnofdtfeedback Ky is 0.02, all the roots of

(16) become real and lie in the left half plane. The sys-
tem is stable, Fig.6 gives the two segments of the root
locus. The third one lies far away left of these two and
is not plotted here. Further increasing Ky, Fig.7 gives
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one segment of root-locus when Xy = 0.05. In this
case, the other segment of the root locus shrinks to al-
most a point arcund-7610. The third one still lies at the
far left of these two. The system’s behaviour is domi-
nated by the low frequency root. Comparing the root-lo-
cus at different K, it is shown that the Buck converter
by the integrating fimction control law (4) can be stabi-
lized when the gain X, is proper.
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4 Conclusion

The above analysis shows that with the integrating

function control law, (4), the root locus of the closed-
loop system can be put in the Jeft half plane to ensure
stable operation. It should also be moted that in the
above analysis, no small-signal assumption is made.
With the ponlinear integrating function control law, the
nonlinear Buck converter is changed into a linear sys-
tem. Therefore, the dynamic behaviour of the closed-
loop system and the results are valid for both the small-

signal and large-signal variation. '
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