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ABSTRACT

The control strategy for a multi-module converter system
for high-current low-voltage applications is investigated. The
system consists of several converter modules in parallel to
effectively deliver a high-current output. A multi-stage out-
put filter is employed to efficiently attenuate the ripple and
high-frequency noise. In addition to output voltage and
inductor current feedbacks, a feedback from the intermedi-
ate filter stage is employed to optimize the transient re-
sponse in the event of faifure of a converter module, and
also to improve the other closed-loop performances of the
system. Based on the small-signal analysis, a systematic
control-loop design procedure for optimal performance of
the system is presented.

1. INTRODUCTION

With rapid advance of VLSI technologies, there are in-
creasing demands for power supplies which must provide
high-current low-voltage output efficiently and reliably.
Many applications require hundreds of amperes of load
current at output voltage of 5 V or less, with stringent ripple
and noise specifications. The high-current requirement is
best met by using parallel converter modules with current
mode control [1]. The load current is equally distributed
among converter modules, thereby improving reliability
with reduced current stress of the switching devices. More-
over, the modular approach provides fault-tolerance for the
system in the event of failure of a converter module.
Finally, with an appropriate phase shift among the switch-
ing sequence of converter modules, the switching ripples of
the individual converter modules cancel each other, greatly
reducing the input and output ripple.

In high-current applications, it is desirable to add a com-
mon secondary LC filter between intermediate bus (output
of converter module) and the output of the system, to meet
the stringent ripple and noise specifications. Reference {2]
has shown that an efficient secondary LC filter can be de-
signed to provide good attenuation of the switching ripple,

while maintaining adequate stability margins under a wide
range of capacitive loadings.

This paper presents a systematic control-loop design proce-
dure for a multi-module converter system with a secondary
LC filter. To facilitate the control-loop design, an equiv-
alent single-module model for a multi-module converter
system is developed. Having the same closed-loop perform-
ance as the original system, the single-module model greatly
simplifies the analysis and design of the system.

A three-loop control scheme is proposed. In addition to the
output and inductor-current feedbacks, the control scheme
employs a feedback from the first-stage filter capacitor (the
summing point where all converter modules are merged) in
order to improve the transient response due to the failure
of a converter module (hereafter referred to as “module-
failure response”) and the other closed-loop performances.
Design procedures of a three-foop control are formulated,
which significantly improve the transient responses and the
small-signal performances of the system. The advantages
of the proposed three-loop control over conventional two-
loop control are demonstrated by smali-signal analysis and
large-signal simulations.

2. EQUIVALENT SINGLE-MODULE MODEL
2.1 Multi-module converter system

Figure 1 shows a schematic diagram of a three-module
converter system with the proposed control scheme. The
system consists of three buck converter modules in parallel,
a common LC filter (L, and C,), and an output voltage
feedback circuit, F . Each converter module contains a
power stage, a pulse width modulation (PWM) block, and
two inner feedback circuits: the current sensing network,
CIC, for the inductor current (on-time switch current) feed-
back, and F; for the capacitor voltage feedback from power
stage. The inner feedback from the power stage capacitor
is defined as local voltage feedback, and the outer feedback
from the output is defined as remote voltage feedback.

I The work was supported by the International Business Machines Co., Kingston NY, and by the Virginia Center for Inno-
vative Technology, Technology Development Center for Power Electronics.
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loop control: Ly=12uH L,=035uH
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f.=100kHz

Fig. 1.

2.2 Small-signal model of the system

Figure 2 shows the small-signal mode] of the system ob-
tained using two recently proposed analysis techniques: the
PWM switch model [3,4] and the continuous-time small-
signal model for a current mode controt [5]. An active-
passive switch pair of the power stage is replaced with its
small-signal PWM switch model. The PWM block and the
current sensing network are replaced with their small-signal
models, recently proposed in [S]. The modulator gain of
PWM block is given by [5}:

=I5 )

Fp =
M (S, + ST,

n<>!§_>

where §,, S, and T, are the on-time slope of the current-
sense waveform, the slope of an external ramp, and the
switching period, respectively. The current sensing network
is replaced with a single gain block F; given by:

Fr=RiH(s) (2)
R; is the current sensing network gain, and H (s) represents

the sampling action of the current mode control, which can
be approximated by [5]:
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model  of

Fig. 2. Small-signal system:

' G .
Vak = d iy = I,d, (k=1,2,3) where I,
represents DC inductor current of converter

module.
H(s)~1 + s+ﬁ— 3)
‘ 0 T 2
where
=2 T
= — w,, = — 4
QZ T n Tj ( )

K represents the feedforward gain from the input voltage.
This gain path is created by feedback of the inductor cur-
rent, the slope of which depends upon the input voltages of
the power stage. For a buck converter, this gain is given

by [S)

v, DT.R;
Ve 1

n-23 (5)

There is another gain path from the output voltage of the
power stage, which represents the dependency of the
inductor current slope on the output voltage [S]. However,
in most practical applications, this feedback gain is negligi-
ble compared to the local voltage feedback compensation,



Fig. 3. Simplification of power stage: (a) Modified
power stage model ip=Diy; V= Dv,
vy = Ved, (k=1,2,3) (b) Elimination of com-
mon current sources ip, =ip +ip t+ip
ir,=ip +ip +ip (©) Elimination of common
voltage sources

F, . Thus, this gain is not included in the small-signal
model. Small-signal sources, v, and i, represent the small-
signal disturbance of the input voltage and load current,
respectively. The additional current source, i , represents
the current disturbance coming from the individual con-
verter modules. For each converter module, the control
variable, d,, is derived from the three feedback signals
VR VL » ik (k= 1,2,3), which will be referred to as remote
voltage, local voltage, and inductor current, respectively.
To characterize the module-failure response systematically,
a transfer function called trans-impedance is defined as
Zr = vglip , representing the output voltage response due to

Fig. 4.  Derivation of an equivalent single-module
model:  (a) Small-signal model using the
simplified power stage model (b) Further sim-
plification using dy =d, =dy =d

the current disturbance coming from the converter modules.
The other closed-loop performances include:

audio-susceptibility Ay = \A;R/\Arx ;

A
output impedance Z, = vpli,; and

loop gain measured at B.
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2.3 Equivalent single-module model

The small-signal system model of Fig. 2 is successively
simplified to yield a single-module converter model, which
has the same closed-loop performance as the original sys-
tem. This equivalent single-module model can be used for
analysis and control-loop design purpose.

Figure 3 illustrates the simplification of the power stage. In
Fig. 3(a) the power stage model is slightly modified; the
ideal transformer is replaced with a pair of current source
{7 and voltage source vy, and the dependent voltage source
vy’ is moved to the secondary side of the transformer and
relabled as vy (k=1,2,3). The current sources ip,, ip,, ipy and
i i iy in Fig. 3(a) are appropriately combined to yield
Fig. 3(b). Three identical voltage sources in Fig. 3(b),
V7 v V73, are combined, and subsequently vy, and vy are
removed to yield Fig. 3(c).

Figure 4(a) shows the system model with the simplified
power stage, where a pair of current and voltage sources,
ir, and vy, are substituted again by an ideal transformer.
Since the closed-loop performances of a multi-module con-
verter system are determined by the small-signal sources
Ve ip I, and the injection signal at B, the only consider-
ations in deriving an equivalent single-module model are the
system response due to these small-signal sources. Due to
the symmetry of the system, 4|, d, and d; are identical when
Vg» in i, and the injection signal at B are concerned. As a
result, three dependent voltage sources, vy, v,, and vg,
are the same, and the inductors of converter modules can
be combined to yield Fig. 4(b). In Fig. 4(a), the output of
the current sensing network of each converter module is
given by:

i
I, jvudf (6)

Since the inductor is divided by three in Fig. 4(b), the cur-
rent sensing network gain should also be divided by three,
to produce the same output voltage as (6). With this ap-
propriate scaling of the current sensing network gain, the
PWM gain F, and the feedforward gain Ky remain the
same in Figs. 4(a) and 4(b).

<< )

iR LA

CZ N F, sdt 7y
Cio

Fig. 6. Small-signal block diagram of system

As the last step, the redundant voltage sources vy and vy,
together with their associate feedback controllers, are re-
moved, resulting in the equivalent single-module model of
Fig. 5. The DC current of the single-module model is the
sum of the DC currents of the three converter modules, but
the small-signal characteristics of a buck converter are in-
dependent of this current. It is important to note that the
single-module model is equivalent to the original model only
when the loop gain measured at B, audio-susceptibility,
output impedance, and trans-impedance are concerned.
Apart from that they are entirely different systems; one is a
multi-module converter, and the other is a single-module
converter.

The design procedures of the multi-module converter system
using its equivalent single-module model are:

1. Derive the equivalent single-module model through the
appropriate scaling of the common power stage pa-
rameters.

2. Design the current sensing network gain and the
modulator gain of PWM block (external ramp slope)
for the single-module model.

3. Optimize the feedback compensations, £, and Fjp, for
the single-module model (this step will be discussed in
Section 3).

4.  Multiply the current sensing network gain (obtained in
2) with the number of modules to obtain the equivalent
gain for the multi-module converter system.
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Fig. 7. Asymptotic plots of open-loop transfer func-

tions

3. THREE-LOOP CONTROL
3.1 Open-loop analysis

Figure 6 shows a block diagram representation of the
equivalent single-module model of Fig. 5. Transfer func-
tions from the control variable, 4, to various feedback
signals can be derived from Fig. 5:

F {)\R VG[I + SCllRCI']
4 = — .
4 [ +5(CRey+ Ly'IR) +5°Ly'C))
[1 + SCchz] (7)
[l +5C"(Rey’ + Rep) + 5°LyCy’)
. {)\L VG[I + SCl’RCl']
3 Rl - 1 .
i [ +s(GRe+ Ly'IR) +5°L)'C)
[1 + S(Ly/R + CyR) + s°LyCy] @
[1 +5C(Rey’ + Rep) + s°LyC)']
A
iL VG[I + SC2R]
Fp=—7%n= B 27 9
d  R[1+s(CGRe+ Ly'|R) +5°Ly'Cy]
with assumptions L'>>L, GG>>C and
R>>Rq', Rey . These assumptions not only make the

analysis tractable, but also are a good design practice in
order to minimize the detrimental effects of the secondary
filter, such as the high-frequency peaking of the output
impedance and the possible instability —problem with
capacitive loadings. With C, > > C;’, the system maintains
adequate stability margins with capacitive loadings, and
eliminates high-frequency peaking of the output impedance
[2]. With L’ > > L,, the control-to-inductor current trans-
fer function can be simplified to a second order given by (9).

Figure 7 shows the asymptotic plots of the transfer functions
given by (7), (8) and (9). The control-to-inductor current
transfer function is the same as that of the converter with a
single-stage output filter of L," and C,, having a first-order
slope (-1 slope) with the maximum phase delay of 90°. This
desirable property can be used to improve the system per-
formance in a way similar to a conventional current-mode
control. The control-to-remote voltage transfer function has
two resonances, the first determined by L," and G, (f,), and
the second determined by L, and C’ (f3). In control-to-
local voltage transfer function, there are the additional
complex zeros determined by L, and C, (f,;) besides two
resonances found previously. Due to these complex zeros,
the transfer function has the larger mid-frequency gain and
can be effectively used to enhance the system performances,
as will be illustrated in Section 3.

3.2 Three-loop control

Figure 8 illustrates the principle of the three-loop control in
comparison with that of a conventional two-loop control [2].
For the two-loop control, the feedback signals are derived
from the first inductor current and the output voltage. This
control scheme is illustrated in Fig. 8(a) in terms of two in-
dividual feedback loops: current loop and voltage loop [6].
The current loop denotes the feedback loop created by the
inductor current feedback, and the voltage loop denotes the
feedback path created by the output voltage feedback. With
incorporation of H,(s), which represents the sampling action
of the current mode control, the high-frequency character-
istics of current loop differ significantly from those found in
[7,8]. The complex right half plane zeros give the extra
phase delay at half the switching frequency, and an increase
in gain [S]. Considering this, generally, the crossover fre-
quency of the current loop should be smaller than that re-
commended by {7,8].

The three-loop control is illustrated in Fig. 8(b), where cur-
rent loop 7, , local loop Tj, and remote loop Tp represent
the individual feedback loops associated with three feedback

signals:
T; = FyFioFy (10)
T = FyFefFy (11)
Tr = FyFyFr (12)

At low frequencies, the remote foop is dominant, as seen
previously. In the mid-frequency band, however, the local
loop is dominant in order to minimize any detrimental effect
of the resonance due to L, and Cy’, as will be illustrated in
Section 5. At high frequencies, the current loop is domi-
nant, thus realizing the full benefits of current mode control.

The feedback compensations of the three-loop control are
summarized as follows:

e Current sensing network gain: R;
For the full benefits of the current mode control,
R, should be selected to provide a sufficiently high

crossover frequency for T7.

KL
S
(1 +2-)

Local loop compensation :
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Gain

Compensation pole

Current loop

Fig. 8. Principle of a three-loop control:  (a) Two-

loop control (b) Three-loop control

K; should be selected to provide the sufficient
mid-frequency gain of T}, while maintaining the
dominance of current loop at high frequencies.
A pole, w,, is placed after the resonance between
L, and C)’ to reduce the high-frequency gain.

K,
®  Remote loop compensation : '_s&

An integrator is employed to provide a good DC
regulation of the output voltage. The integrator
gain, Kp, determines the low-frequency atten-
uation of the closed-loop transfer functions.

4. SMALL-SIGNAL ANALYSIS

4.1 Loop gain analysis

Since the system loop gains are directly or indirectly related
to small-signal performances of a converter [6,7], they can
be conveniently used to evaluate the closed-loop perform-
ances and to assist designing the system. Among many
possible loop gains in Fig. 6, two loop gains are most useful:
the overall loop gain T}, measured at A, and the outer loop
gain T), measured at B [6]:

Ti=Ti+ T+ T (13)
TR

=R 14

& 1+ T;+ Ty (14

Gain

Gain

(a) Overall loop gain (b)

Loop gains:
Outer loop gain

Fig. 9.

Figure 9(a) shows the overall loop gain, T, with its associ-
ated individual feedback loops, T}, T, Tp . As a vector sum
of the individual feedback loops, T; follows the largest
component of the individual feedback loops at any given
frequency, and provides the effective means of optimizing
the feedback compensations. The compensation for 7} can
be designed to maximize the crossover frequency of T;. The
compensation for T, can be designed to boost the mid-band
gain of T}, while maintaining the dominance of 7; at high
frequencies.

Figure 9(b) shows the outer loop gain, 7,. As a ratio of
Tp and 14 T,+ T;, the loop gain has relatively small
magnitude and crossover frequency. Even though the
overall loop gain can be conveniently used during the design
process with the equivalent single-module model, in actual
system there is no single point where T, can be measured.
The outer loop gain, on the other hand, can be easily
measured to confirm design results and to evaluate the sta-
bility of the system.

The relative stability of the system can be evaluated from the
phase and gain margins of these loop gains. The impli-
cations of the phase and gain margins of these loop gains
are as different as are their definitions. The stability mar-
gins of T} indicate the relative stability of the system with
respect to a simultaneous variation of 7;+ T, + T . The
stability margins of T, can be interpreted as additional gain
increase or phase delay, which can be introduced in Ty
when T, and T} remain the same.
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4.2 Closed-loop performance and local voltage feed-
back

From the small-signal block diagram of Fig. 6, the audio-
susceptibility can be derived as:

FoF, FiF,
Fy+ KeFyeFat Th == =)+ TelFi - =)

1+ T+ T+ Ty

(15)

From the power stage model of Fig. 5, it can be shown:

T =T = =7 16
Fp Ry Py G {e)
which simplifies (15) to:
Ve
F(1+ =~ KpFy)
Ay = (17)

1+ T+ T+ Ty

This relatively simple expression of the audio-susceptibility
is an inherent property of a buck converter, In boost or
buck/boost converters, the third and fourth terms of the
numerator do not vanish simultaneously.

From Fig. 6, trans-impedance can be derived as:

Fiofy

F(F,
)+ Ty(Fy— —=2)

Fy+ Ty{Fy— -
o 2 l( 2 FIZ 148 (18)
T 1+ T+ Ty + Tx
From Fig. 5, it can be shown that:
F, F sLy’
6 _ 2 _ 2 (19)
s F Ve
which simplifies (18) to:
Fiofy
P+ TR - “F, )
=TI T+ I (20)
Finally, the output impedance is given by:
1 Fy FoFy
B+ T == =)+ Tl ——=)
Zo= = 21)

1+ T+ Ty + Tg

The effects of the local voltage feedback can be investigated
from (17), (20), and (21). The local voltage feedback directly
attenuates the audio-susceptibility and trans-impedance
since T;, appears only in the denominator of (17) and (20).
As will be illustrated in the next section, these transfer
functions are significantly improved with the local voltage
feedback. In the output impedance, however, T, appears
in both numerator and denominator, indicating that its ef-
fect is not as significant as in previous cases.
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5. PERFORMANCE OF THE
THREE-LOOP-CONTROLLED CONVERTER

5.1 Comparison with two-loop control

First, to demonstrate the benefits of the local voltage feed-
back, the closed-loop performance of the three-loop-
controlled converter is compared with that of a
two-loop-controlled converter. For the two-loop control, the
control-loop is optimally designed following the procedures
explained in [2]. On the other hand, for three-loop control,
the control-loop is intentionally designed to have the same
low- and high-frequency characteristics as those of the two-
loop control. This design is referred to as three-loop control
1 in Figs. 10 through 13.

Overall loop gains are compared in Fig. 10(a). For the
three-loop control, the mid-frequency gain is boosted by
absorbing the resonance between L, and C,” with the local
voltage feedback, while maintaining the similar stability
margins to those of a two-loop control. The phase delay
and gain increase at half the switching frequency are a result
of the sampling action of the current mode control.

The effects of the local voltage feedback on audio-
susceptibility are illustrated in Figs. 10(b) and 10(c). The
numerator of audio-susceptibility, given by (17), has two
resonances, the first determined by L,” and ), and the sec-

-30
40 |-
m-s0 -
k=X
13
4
@ 60 - Two-loop control
[ Three-loop control 1
70 b —_—
Three-loop control 2
Ve AR
-80 it 1 tou a1l 1) s
10 100 1000 10000 100000
(©
5.18
S14 ng;logp gontrol
g N Three-loop control 1
£ 54
] Three-loop control 2
s 1 Y | TERETREER
o]
05.06
I
2
3 4
5.02
4.98
494 —T T T T T T T T
0 0.0004 0.0008 0.0012 00016 0.002
Time[Sec]

(@
(a) Audio-susceptibility (b) Trans-impedance (c) Output

ond determined by L, and C;’. For two-loop control, while
the first resonance is eliminated by absorbing this resonance
into the overall loop gain, the second resonance is still ap-
parent in the audio-susceptibility, resulting in the peaking
of Fig. 10(b). On the other hand, for three-loop control,
both the first and second resonances are eliminated by ab-
sorbing these two resonances into the overall loop gain with
a local voltage feedback, as shown in Fig. 10(c).

The audio-susceptibility and trans-impedance are compared
in Figs. 11(a) and 11(b). For two-loop control, both trans-
impedance and audio-susceptibility show some peaking. As
mentioned previously, these peakings are a result of the
resonance between L, and C,’ , and are inherent to the
two-loop control. For three-loop control, the peakings are
totally eliminated by absorbing the resonance between L,
and C, into the control-loop with the local voltage feed-
back.

The output impedance characteristics of two converters are
compared in Fig. 11(c). As expected, the output impedance
is not significantly affected by the local voltage feedback.
They have almost identical peak values and first corner
frequencies, which determine the overshoot and the settling
time of the step load response shown in Fig. 11(d) [8].

The outer loop gains are compared in Fig. 12. For the
two-loop control, the resonance between L, and C,’ is ap-
parent in this loop gain. This resonance strongly affects the
phase and gain margin of the loop gain. To maintain ade-
quate stability margins, the crossover frequency should be
sufficiently lower than this resonance. For three-loop con-
trol, the resonance between L, and C’ is no longer appar-
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(c) Module-failure response of inductor current
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ent in the loop gain (as expected from Fig. 9(b)), and
consequently does not impose any direct constraint on the
control-loop design. The magnitude of the loop gain is sig-
nificantly reduced, resulting in a lower crossover frequency
than for a two-loop control. However, the lower crossover
frequency by no means indicates any degradation of the
closed-loop performance.

Figures 13(a) and 13(b) show the trans-impedance and the
module-failure response of output voltage (switch-open fail-
ure of the third converter module at 0.2 mSec). For the
two-loop control, the larger peak of the trans-impedance
results in a relatively large undershoot of transient response.
For the three-loop control, the undershoot is significantly
reduced with a smaller peak value of trans-impedance. In
a module-failure response, since the disturbance of current
at the summing junction of converter modules is a linear
type (due to the opening of power switch) rather than an
abrupt step change, the relationship between the trans-
impedance and module-failure response is not so apparent
as that between output impedance and step load response.
However, there is still a certain dependency of the magni-
tude of undershoot and response time of the module-failure
response on the peak value and the first corner of the
trans-impedance. The lower peak value and the smaller
first corner frequency of the trans-impedance indicate a
smaller undershoot and a faster response. Figure 13(c)
shows the inductor current waveform of the first converter
module. For two-loop control, the inductor current re-
sponds with a certain delay, and it increases gradually to
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supplement the load current of the failed converter module.
On the other hand, for three-loop control, the inducter
currerit responds immediately.

5.2 Further improvement of performance

The transient responses and other closed-loop performance
of three-loop-controlled converter can be further improved
without compromising the stability. For example, the re-
mote voltage and local voltage feedback gains are increased
from the previous design, resulting in an improved design
referred to as three-loop control 2 in Figs. 10 through 13.
While the small-signal performance and the transient re-
sponse are significantly improved with the new design, the
outer loop gains in Fig. 12 are unchanged up to the cross-
over frequency, having the same stability margins. Up to the
crossover frequency, the outer loop gain is approximately
proportional to the ratio of the remote and the local voltage
feedback gain. Thus the simultaneous increase of two feed-
back gains does not significantly affect the outer loop gain
until the crossover. This is quite different from the two-loop
control, and again, it illustrates the benefits of local voltage
feedback.

6. CONCLUSIONS

A systematic control-loop design procedure for a multi-
module converter system is presented. First, a small-signal
model of the system is derived using the PWM switch model
and the small-signal model of the current mode control.
Secondly, the small-signal model for the multi-module con-
verter system is simplified to an equivalent single-module
model. Finally, the control-loop design is implemented using
the single-module model.

A three-loop control strategy for the multi-module converter
system with a secondary output filter is developed. Signif-
icant improvements on small-signal performance and
module-failure response are achieved using additional feed-
back from the intermediate filter stage.

The small-signal analysis of the three-loop controlled con-
verter is performed, focusing on the effects of the local
voltage feedback on the closed-loop performance of the
system. It is shown that local voltage feedback minimizes
any detrimental effect of the resonance between the power
stage filter of each converter module and the common out-
put filter.

The superiority of the three-loop control over the conven-
tional two-loop control is discussed, and is substantiated by
small-signal analysis and large-signal simulations. The ef-
fectiveness of the local-voltage feedback in improving the
module-failure response is demonstrated by large signal
simulations.
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