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Abstract--This paper presents the control design of a
three-module boost converter with a two-stage output
Sfilter. An advanced three-loop control scheme is employed
to the control design in order to obtain good dynamic
performance of the converter at the presence of the
secondary filter stage. The paper presents the control
design, dynamic analysis and performance improvement
with the three-loop control.

1. Introduction

Multi-module boost converters are being widely used
as battery dischargers [1.2] in space power systems and
telecommunication power supplies with battery back-up.
For those applications, a two-stage output filter [1,3] is
frequently used to reduce the ripple at the output voltage of
the boost converter.  Despite its associate benefits,
however, the use of the two-stage filter presents a challenge
to designing the contwol loop of the converter. The
secondary stage of the two-stage filter introduces an
additional resonance, and severely deteriorates the phase
characteristics of the dury cycle-to-output transfer function.
For satisfactory performance of the converter. the
secondary filter resonance should be adequately controtled
by the feedback compensation. However, the conventional
two-loop current mode control does not offer any means of
controlling the secondary filter resonance, and design
attempts using the two-loop control would result tn poor
performance.

An earlier work (4] proposed a three-loop control
which could nuilify the detrimental effects of the secondary
filter resonance. The three-loop control in its original form
was developed for buck-derived topologies, and has not
been extended to any other topologies. This paper presents
the three-loop control of a three-module boost converter
with a two-stage output filter. The paper demonstrates that
the three-loop control scheme, initially aimed for buck-
derived topologies, can be adapted to the boost converter,
offering a significant improvement in performance. The
paper presents the details about the three-loop control and
performance enhancement with the advanced control
scheme.
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Fig. 1. Three-module boost converter with a two-stage
output filter: ¥, =24V, V =50V, R=100,
L)

2. Three-Module Boost Converter

Figure 1 shows the three-module boost converter with
the three-loop control. The converter consists of three boost

modules, a secondary LC filter (L;, and (), and an
output voltage feedback circuit Fg. Each module consists
of a boost power stage, a pulse width modulation (PWM)
block, a current sensing network (CSN) for inductor current
feedback, and an additional feedback circuit F; for the
voltage feedback from its output capacitor. This inner
voltage feedback is defined as the “local voltage feedback.”
and the voltage feedback from the output will be referred to
as the “remote voltage feedback.” When the local voltage
feedback is removed (Fy =0), the three-loop contol
reduces to the conventional two-loop current mode control.
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Fig. 2. Reduced-order small-signal model of the three-
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module converter: f,  represents the modulator Frge— fo1=
. : ) Tc,s
gain of the PWM block, and R; is the de gain of A
CSN of individual module. 5
Tza ='-2-:{‘IC—-;- foome 1
3. Principles of Three-Loop Control ze 2TLC,
A. Open-Loop Analysis 1 \ "
Figure 2 shows the reduced-order small-signal model fz3 = 2Te foa = —’—'—- fapp= 20 —?—
of the converter [4]. The model has the structure of a single- v 2'{{-/!.20, . ¢, d
module converter, yet retains the small-signal dynamics of
the original three-module converter. The tran’sfer functions ¥ Fig. 3. Power stage transfer functions.
from the duty cycle to various feedback signals can be
derived from Fig. 2:
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with assumpuons L} >> Ly, C;>>Cj, R>>Rpy,
R>> Rcz, C}R&] >> LZ/R' and C}RCQ >> L2 /R.

-

Figure 3 shows the asymptotic plots for the transfer
functions of (1), (2), and (3). The secondary filter resonance

between L, and Cj( fp3) is apparent in both vy /d
and vy / d. This secondary resonance causes - 180

phase delay 1o the phase of ¥ / d . presenting a substantial
problem to the two-loop control {4]. The basic idea of the

three-loop confrol is to use V; /d as an integral part of the
controller. This in effect erases the impacts of the secondary
filter resonance, thereby eliminating the problems found in
the two-loop control. As shown in Fig. 3, the RHP zero,
fEsg = RD'? / 2aL}, is placed at high frequencies by an
appropriate selection of the power stage parameters.
Pushing the RHP zero toward high frequencies not only
minimizes adverse effects of the RHP zero butr also
maximizes the advantage of the local voitage feedback. If
the RHP zero is placed at lower frequencies, the effects of
the local voltage feedback would be limited.

D3R 1+5(Co(Res+ RE D/ DY)+ L /D'ZR)«'-s"L}C;/D’Z}

B. Three-Loop Control

Figure 4 illustrates the principles of the three-loop
control in comparison with a two-loop contol. The current

loop 7y, local loop T, and the remote loop Ty represent

the individual gain of the control loop associated with the
comresponding feedback signal. The asymptotic plots of
individual feedback loops are obtained by combining the
power stage transfer functions of the Fig. 3 and feedback
compensations shown in Table [. For the three-loop conwrol,
the remote loop is dominant at low frequencies, and the
current Joop is dominant at high frequencies, as is the case
for two-loop control. In the mid-frequency region, however,
the Jocal loop is designed to prevail over the remote and
the current loops. The dominance of the local voltage loop
at the mid-band offers: 1) an absorption of the secondary
filter resonance into the feedback loop, thereby minimizing
the adverse effects of the secondary resonance, and 2) a
gain boost in the mid-band, improving the frequency-
domain performance.
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Fig. 4. Comparison of control schemes.

4. Performance Enhancement with Three-
Loop Cesntrol

For an informative assessment of the three-loop conrrol,
the performance of the three-loop controlled converter is
compared with that of the two-loop conwolled converter.
Compensation parameters used in this comparative analysis
are shown in Table [.

A. Frequency-Domain Performance

Figure  3(a) compares the overall loop gain{4]
measured at the output of the PWM block, and Fig. 5(b)
shows the outer loop gain[4] measured at the output of the
voltage feedback compensation. Compensation parameters
are chosen such that two converters with different conwrol
schemes result in the same high-frequency characteristics
of the overall loop gain, and the same phase margin of the
outer loop gain. The loop gains indicate that both cases are

designed in an optimal manner, yet maintain 60° phase
margin in the outer loop gain.
The audio-susceptibility , vz / Gg (Fig. 5. (c)), and the

output impedance ,GR /1, (Fig. 5. (d)), show improvements
with the three-loop conwol; the low-frequency gain is
reduced, and the peaking at the secondary resonance is
removed. This would improve the speed and transient
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Fig. 5. Frequency-domain performance.

behavior of the time-domain performance. Figure 3(e)
compares the trans-impedance, ©v,/i;, which could

characterize the transient response of the ourput voltage in
the event of the failure of an individual module. The
improvement similar to the case of the audio-susceptibility
can be also observed in Fig. 5 (e).

B. Time-Domain Performance

Transient responses of the output voltage due to the
step input change (Fig. 6 (a)), due to the step load change
(Fig. 6(b)), and due to the switch-open failure of the third
module (Fig. 6(c)) are compared in Fig. 6. The three-loop
controlled converter shows faster, better-damped transient
behavior of the output voltage with reduced
overshoot/undershoot.
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{c) Module-fallure response

Fig. 6. Time-domain performance: (a) Transient
response of the output voitage when the input
voltage changes from 24 Voits to 30 Voits ; (b)

When the load resistor changes from [0 (2 to
8 £2; (¢) When the switch of the third module
remains open at [ msec.

5. Effects of Location of the RHP Zero on the
Closed -loop Performance

As shown in Fig. 3, the RHP zero is located at high
frequencies in order to maximize the benefits of the local
voltage feedback. Otherwise, the effects of the local voltage
feedback will be limited. Figure 7 shows the performance
comparison when fn; < fayp < f7; . As shown in the Fig.
7, the performance improvement is not as significant as that
of the previous case.

6. Conclusions

The three-loop control scheme, originally developed
for buck-derived topologies, has been successtully adapted
10 a three-module boost converier with two-stage output
filter. The three-loop control is most etfective if the power
stage parameters are chosen to push the RHP zero of
wansfer functions two high frequencies. A significamt
improvement in closed-loop performance, particularly the
transient response in the event of failure of an individual
module, has been achieved with the three-loop contwol
scheme.

The superiority of the three-loop control over the
conventional two-loop control has been verified by both
frequency- and time-domain simulations.
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(d) Module-failure response

Fig. 7. Closed-loop performance: (a) Audio-susceptibility; (b) Trans-impedance;

the output voltage when the inpu

of the third module remains open at I msec.

(c) Transient response of

t voitage changes from 24 Volts to 30 Volts ; (d) When the switch

Table I: Summary of Compensation Parameters

Fy=01454, kf=—0.084 He(S)=1+S/a)Q—:—5'7/m2, Q=-2/1;

Two-loop control Three-loop control
Feedback Fols)= Kp(l+s/wzg) Kr
Compensation R s(1+s/ wpg) Fals)= s
Parameters Kg = 38600, Kp=110050,
wzg =08/ LjCy =1107[r /5 FL(S):_.____—KL
) (] 5/ C’)pL)
wpg =1/ CiRe; =13251[r / 5]
KL =35r/s
Fi(s)=0 v
WpR = 12/ ,’ L_7C] = 76400‘:" S]
For both two-loop and three-loop control:
R =0.2353,

w=1x10°
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