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Introduction

Switch-mode power converters (SMPC) are very
popular today mainly because of higher efficiency and
smaller size. They are used in switch-mode power supplies,
battery chargers, active power factor correctors, etc [1-3].
SMPC can operate in both continuous and discontinuous
conduction modes (CCM and DCM respectively). The
main mode of operation is usually CCM, in which power
inductor current never falls to zero. DCM sometimes is
chosen to be the main mode of operation of SMPC, mainly,
due to feedback loop stability considerations [4, 11, 12]. At
light loads SMPC can also enter DCM.

The main disadvantage of SMPC is high
electromagnetic interference (EMI) [3, 5]. In recent years
spread spectrum method which is usually based on the use
of switching frequency modulation (FM) has been of great
interest for EMI reduction [5, 6, 9]. However the use of this
method can substantially increase output voltage ripples
(OVR) in both CCM and DCM [5-9]. In [8] effect of FM
on OVR of closed-loop buck converter operating in DCM
was examined in details, however effect of FM on OVR of
other SMPC topologies operating in DCM has not been
investigated yet.

In this paper OVR of FM boost converter
operating in DCM will be considered and influence of
modulation parameters on OVR will be examined.
Experimental verification will also be performed.

Theoretical analysis of OVR of FM boost SMPC

Closed-loop FM boost converter (shown in Fig.1)
will be used for the analysis. Boost converter is chosen here
because it is one of the most popular SMPC topologies
[11]. It is assumed that the converter operates in DCM. As
it is proved in [8] for buck SMPC operating in DCM, in
general the ripples consist of HF switching ripples with
switching frequency f;, and LF ripples with modulation
frequency f,,. The same can also be concluded for boost
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SMPC, as it can also be seen in Fig.2, where simulated in
SIMULINK output voltage waveforms for the unmodulated
and FM boost converter are shown. Peak-to-peak output
voltage ripples of FM SMPC in DCM can be calculated
using a general expression from [8] as follows

Vofinp — p = Max{Vy (1) + Apgp (6)} —min{Vy g (1) = A (1)}, (1)

where V;(?) is the LF ripples; A4yr(?) is the envelope of the
HF ripples, which can be derived by substituting
instantaneous switching frequency f;,,(¢) into the expression
for the unmodulated SMPC peak-to-peak output voltage
ripples V,,.,. Assuming that usually OVR are mainly due to
an equivalent series resistance (ESR) of the output
capacitor, it can be obtained that
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where L is the power inductor inductance; 7, is the output
capacitor ESR; D is the average duty ratio; V;, is DC input
voltage; f.(¢) is the instantaneous switching frequency
according to

SO = fo + 8 m(@) 3)
where 4f;,, is the switching frequency deviation; m(?) is the
modulating signal (e.g. sine, triangular, sawtooth, etc) with
unitary amplitude; f;,, is the nominal switching frequency.
Note that for more precise calculations of Ayr(2), OVR due
to finite output capacitor capacitance (C,,;) should also be
considered.

OVR of FM boost converter in DCM increase not
only due to increase in HF switching ripples but also
because the LF ripples v, x(2) are induced in output voltage.
In Fig. 2(b) clear presence of the LF component in output
voltage for closed-loop FM boost converter can be seen. In
[7, 8] it is found out that the LF variations of output voltage
of FM buck SMPC can be evaluated by averaging current



and voltage waveforms. It is obvious, that the cause of the
LF ripples in FM boost converter operating in DCM is the
same as in FM buck converters and other FM SMPC:
output voltage averaged over switching period (<v,,>)
depends on the switching frequency which changes in time
with modulation frequency f,.
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Fig. 1. Schematic of closed-loop boost converter
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Fig. 2. Simulated closed-loop boost converter OVR in DCM: (a)
without FM; (b) with sinusoidal FM. (Parameters: f,=1kHz
fo=80kHz; A4f;,=30kHz C,,=330uF; L=40uH; r.,,~0.035Q;
Rloadzlzog;.fcut:4kHZ; Vin:7V; Vout=19v)

Initially LF ripples of open-loop FM boost
converter will be considered. For this purpose averaged
circuit model for boost converter in DCM from [10] can be
used (see Fig.3). It follows from this model that LF ripples
for open-loop boost converter in operator form are

Ve (8) = 1,()H, , (5) , )

where 7,(s)is small-signal AC component of time-averaged
diode current; H,,(s) is output voltage to diode current

Fig. 3. Open-loop boost SMPC averaged circuit model in DCM
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transfer ratio according to

vguz (s )
iz (s)

From boost converter averaged circuit model it
can be obtained that time-averaged diode current is [10]
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where d is instantaneous duty ratio. Assuming that d=D,
output DC voltage V,,>>V,,;, and using the first-order-
Taylor-series-approximation for (6) it can be obtained that
averaged diode current LF component is as follows
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Now let us consider LF ripples of closed-loop FM
boost converter. For this purpose small-signal averaged FM
boost converter model is used as shown in Fig.4. The
model is slightly modified version of unmodulated boost
converter small-signal averaged model obtained from [11].
It follows from this model that LF ripples for closed-loop
boost converter in operator form are

Hout(s) s
1+T(s)

where T(s) is boost converter open-loop gain in DCM
according to [4, 11]

T(s)=Haiw(s)He(s) Heo(s) Hpmu(s), (€))

where Hppy(s)is PWM gain; Hy,(s) and H.(s) are voltage
divider and compensation circuit transfer functions
respectively; H.,(s) is boost SMPC control-to-output
transfer function in DCM as follows [12]
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Fig. 4. Small-signal averaged closed-loop FM boost SMPC model
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Fig. 5. Closed-loop boost FM SMPC transfer functions in DCM.
(Parameters: C,,=330uF; L=40uH; 7.,~0.035Q; R, ~120Q;
feu=4kHz; V;,=7V)

As an example the transfer functions for the
closed-loop boost SMPC are shown in Fig.5.

To derive the steady-state LF ripples ¥, x(2) in time
domain, the inverse Laplace transform of the Eq. (8) should
be applied. The LF ripples in the time domain for
sinusoidal FM can be easily obtained from (8) as follows

Ay DV
f2 2L( out —
x Co8(27f t + arg(H g, (j 27 ),

ViF () & v |Hfull (24 )| x

)

where Hyy(j2rf) =Hou(G27cf)/(1+T(j2f,,)). Total FM boost
converter OVR V4, for different periodic modulating
signals m(?) can be calculated using (1), (2) and (8). As an
example calculated, simulated in Simulink and
experimental V., for comparison reasons are summarized
in Table 1 for FM closed-loop boost converter in DCM.
The difference between the results is not high; therefore the
expressions derived can be used for the analysis and
calculations of OVR.

Table 1. Comparison of the calculated, simulated and
experimental peak-to-peak OVR for closed-loop boost FM SMPC
with f,=1 kHz; f;,=80 kHz; f,~4 kHz; R;,,;~120 Q

4 Vofinp-p» mV
W
m(t) KHz | Caleu- | Simula- | Experi-
lated ted mental
Unmo-
e 0 39 41 4
, 10 442 476 49
sme 30 62.6 663 65
ooth 10 438 455 47
sawtoo 30 613 64 62

Experimental verification

For the experimental verification of the theoretical
and simulated results FM closed-loop boost converter was
designed and tested. The converter nominal output voltage
is 19 V and nominal f;,=80 kHz. As PWM control circuit
SG2524 is used. Simplified schematic diagram is shown in
Fig. 6. For modulating the switching frequency approach
proposed in [14] is applied by inducing modulation signal
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m(t) via RC circuit in timing resistor pin RT of the control
circuit.
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Fig. 6. Simplified schematic of the experimental setup

Peak-to-peak OVR were measured using a digital
oscilloscope. The measurement results are shown in Table
1 and in Fig.7. As it can be seen the difference between the
theoretical and experimental results is lower than 8%. The
differences in Fig. 7 are mainly due to the digital
oscilloscope measurement accuracy and due to the fact that
the theoretical V., is calculated assuming that HF OVR
are only due to ESR of the output capacitor.

Influence of modulation parameters on OVR
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Fig. 7. Closed-loop boost FM SMPC peak-to-peak OVR versus
fow S Afsw- (Parameters: C,,=330 pF; L=40 pH; r.,,~0.035 Q;
Rload:120 Q;]Fcut:4 kHZ, Vin:7 V)
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