1416

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 3, MAY 2008

A Stabilizing, High-Performance Controller
for Input Series-Output Parallel Converters
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Abstract—A form of sensorless current mode (SCM) control sta-
bilizes sharing in multiphase input-series-output-parallel (ISOP)
dc—dc converter topologies. Previously, ISOP converters have been
proposed to reduce the voltage and current ratings of switching de-
vices. Since the inputs are all connected in series, each phase need
only be rated for a fraction of the total input voltage. Voltage and
current sharing are key—if there is any phase-to-phase imbalance,
the system benefits are substantially reduced. In the present work,
asimple SCM controller is shown to guarantee stable sharing. Each
phase acts independently on the same output reference and desired
input voltage. The algorithm and the physics of the circuit lead
to balanced input voltages and output currents, even during tran-
sients. The ISOP topology is a special case of an interleaved mul-
tiphase system. A reduced-order small-signal model is presented.
The model is composed of two factors, a single-phase equivalent
and a multidelay comb filter. The model fits a measured transfer
function well and can be used in feedback design. Experimental
results for a five-phase converter demonstrate fast response to a
load step, line disturbance rejection, accurate static and dynamic
sharing, and high efficiency.

Index Terms—Current sharing, dc—-dc converter, input series
output parallel (ISOP) converter, multiphase converters, sensor-
less current mode (SCM) control, voltage sharing.

I. INTRODUCTION

NFORMATION technology (IT) equipment requires in-
I creasing power at decreasing voltage levels. Multistage
power architectures are in common use [1]-[3]. These systems
start from a relatively high voltage derived from ac mains.
Next, a converter stage generates an intermediate potential,
e.g., 48 V, for system-wide distribution. Sometimes, another
stage generates a locally distributed potential, such as 12 V or
5 V. Finally, each load has a local point-of-load power converter
to deliver precisely regulated voltage. Each stage must handle
the total downstream load. System efficiency is the product of
the efficiencies of each stage along this conversion sequence.

Multiphase dc—dc converters are widely used, particularly for
point-of-load converters. In a multiphase system, there are sev-
eral converters, each rated for a fraction of the total load power.
Typically, their inputs and outputs are connected in parallel.
The converter switching periods are interleaved to reduce total
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Fig. 1. Abstracted ISOP system consisting of converters 1 (bottom) through n
(top).

ripple current [4]. In a well-designed system composed of n
interleaved converters, each with a switching frequency fsw,
the output capacitor filters ripple current at n fs,. Many per-
formance trade-offs become favorable, at the small expense of
additional system complexity. Supervisory control methods can
enable a fault-tolerant system, where a failure in one phase re-
duces the output power capability while the converter still de-
livers regulated voltage to the load.

In an input-series-output-parallel (ISOP) multiphase con-
verter system, shown in Fig. 1, the outputs are connected in
parallel, as in a standard multiphase system. The inputs are
connected in series, though, rather than the typical parallel
connection. An individual phase in an n-phase ISOP system
sees Vin/n at its input. The reduced voltage rating provides
substantial design flexibility. For example, in [5], converter
ratings that would normally require the use of IGBTs were
achieved with low-voltage MOSFETs. Ratings were extended
further, to medium-voltage (10 kV) inputs, in [6]. As in a
standard multiphase system, fault-tolerant controls are possible
[7]. The ISOP approach holds excellent promise for converter
systems with high input-to-output ratios. Instead of multiple
sequential stages, each rated for the total load power P, a
single multiphase ISOP conversion stage with phases rated
at Po,t/m can provide high efficiency and high performance.
Power distribution at 48 V or even 400 V dc becomes feasible,
and a low intermediate voltage such as 5 or 12 V can be
avoided.

In an ISOP converter connection, voltage balance is critical.
The individual series inputs must share voltage evenly to make
the arrangement useful. Conventional control schemes tend to
give a switching power converter (or an individual phase of a
multiphase system) either a constant-power characteristic or a
constant-current characteristic. Either controller type will lead
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Fig. 2. Example of a buck converter (a) with SCM modulator and (b) with control waveforms.

to unstable voltage sharing in an ISOP arrangement [8]. Much of
the prior work in ISOP converters has focused on multiloop con-
trol schemes to balance phase input voltages. In [5], the control
system included a voltage feedforward term and a charge con-
troller. In [9], [10], the controller used an outer output voltage
loop that generated a current reference, an input voltage loop
on each phase that modified the current reference, and a peak
current mode controller on each phase. In [7], [11], the control
loop is simpler: one phase acts as a master, and all other phases
use the same duty ratio. The duty ratio could be generated either
with voltage mode or current mode control. The approach in [8]
resembles [9], [10], with voltage mode controllers in place of
current mode controllers. Similarly, the designs in [6] are pred-
icated on all phases switching with identical duty ratios.

Sensorless current mode (SCM) control provides an alter-
native control approach that can resolve the challenges in an
ISOP connection. SCM control has been previously discussed
and modeled in detail [12]-[16] for either single converters or
conventional input-parallel output-parallel multiphase arrange-
ments. In the present work, a variation on conventional SCM
control is used to create a stable ISOP controller. This expands
and formalizes preliminary work from [17]-[19]. The proposed
controller uses a single outer loop to generate a reference.
Each phase uses this as a global reference, along with the
desired phase input voltage. These values serve as parameters
in an SCM controller to generate switching waveforms. Input
voltage sharing and output current sharing become stable and
accurate. Transient response is similar to other multiphase
techniques. The primary benefit of SCM control, as compared
to the common-duty-ratio methods reported in the literature
is that it provides the stable sharing of common-duty-ratio
approaches while substantially improving input disturbance
rejection. This results in what is effectively an open-loop ISOP
sharing control that accounts for line disturbances, and requires
only a modest closed-loop correction to account for load dis-
turbances. The control algorithm is formulated in Section II.
Section III contains an analysis of sharing stability. A new
reduced-order small-signal model is derived in Section IV to
include interleaving effects. Section V shows experimental
results for a five-phase converter switching at frequencies up to
400 kHz.

II. SCM CONTROL OF AN ISOP SYSTEM

SCM control is a well-established alternative to voltage-mode
and current-mode controls. SCM control is based on an inductor
current observer [13]. Inductor node voltages are used to pro-
vide a current observer signal, which is then fed into a conven-
tional modulator. While hysteresis or delta modulation are pos-
sible [12], [20], most implementations use pulse width modu-
lation (PWM). For a multiphase system, fixed-frequency PWM
simplifies interleaving. SCM control shares some features with
other methods that use inductor voltage signals [21]-[25], as
discussed in [20].

Here, SCM control is illustrated for a standard buck converter,
shown in Fig. 2. Asin [12], [13], the SCM control law for a buck
converter is

At) =G / (Viw — Vi)t M)

V% can either be a fixed reference (as in conventional open-
loop SCM control) or the output of a voltage feedback system
(as in conventional closed-loop SCM control). Vy,, is the voltage
at the switching node—the diode voltage in a buck converter.
Often, Vi is constructed from the switching function ¢ and
the input voltage V;,, since we expect Vi, = ¢qVi, in this cir-
cuit. The controller output, A(t), is used in a conventional PWM
process or other modulation process to generate the switching
function ¢q. The integrator gain G is chosen in concert with the
modulation process design [12], [16].

To derive the control law for an ISOP connection, consider
the push-pull converter shown in Fig. 3. A push—pull converter
provides the function of an isolated buck-derived converter suit-
able for the ISOP connection. The SCM control law is

Vi R
A(f) = G/ <q7 - ref) dt. (2)

Here, a is the turns ratio of the transformer and ¢ = ¢; + ¢
(a logical OR, since the signals do not overlap in a voltage-fed
push-pull converter). An ISOP system is typically built from
n isolated converters; a push-pull topology was used in the
present work because of its overall simplicity. In an ISOP
system, there are two control goals: output voltage regulation
and input voltage sharing. If each phase k € {1,...,n} simply
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Fig. 4. Abstracted SCM controller.

uses its individual input voltage Vi, i, constant-power charac-
teristics result and sharing is unstable. If instead each phase
uses

I Vin
- ; Vini = —= 3)

n

then phase input voltages will all be driven towards the mean.
Voltage sharing is excellent and fast, as shown in Section III.
Intuitively, if one phase has a high input voltage, the average
voltage across its output inductor will be positive, so current
will increase. The increasing current will tend to discharge the
phase input capacitance and bring down the phase voltage. To
satisfy Kirchhoff’s voltage law, other phase voltages must in-
crease. After a transient, voltages will all be equal. Component
tolerances, particularly losses in the transformers and inductors,
will distort the sharing slightly.

A typical control system is shown in Fig. 4 for an ISOP con-

trol law of
Vi .
Ak<t) = G/ <qk ref> dt (4)

na

for the kth phase, & € {1,...,n}. For closed-loop control,
the central controller measures total input voltage and output
voltage. A feedback circuit generates V¢, while a simple gain
stage or voltage divider stack generates Vi, /(na). The central
controller also supplies synchronization pulses to interleave the
phases. Each phase uses V. and Vi,, / (na) to create a local input
signal Ay, which is fed into a local PWM process to generate
switching signals ¢1x and go. A logical OR generates q; from

q1r and gag.
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The proposed method has only one control function to reg-
ulate all phase input voltages. Naturally, component tolerances
will lead to some unbalance among the phases. The present work
focuses on ensuring that the effects of component variations are
small, compared to the global operation. A possible addition
would be supervisory loops to eliminate all phase-to-phase vari-
ation, an approach that resembles previous techniques [5], [9],
[10]. The results given below show that most designs can op-
erate without the added complexity of these extra control loops.

It might be expected that an alternative would be a system
composed of n identical, independent loops. However, as there
is no dc path through the series inputs, any small difference in
phase currents leads to severe imbalance among the phases. In
essence, the input capacitors integrate any differences in input
currents, and tend to magnify even minimal differences. This ef-
fect was shown in [5] through extensive simulation studies. The
solution in [5] was a complicated multiple-loop, feedforward
system. The solution in the present work results in a simple con-
trol.

III. STABILITY ANALYSIS

The SCM control scheme presented above accomplishes
three objectives. First, with an outer voltage loop, the output
voltage is tightly regulated in the presence of load disturbances.
Second, the structure of the SCM controller and the physics of
the circuit force automatic, stable input voltage and output cur-
rent sharing. Third, as for any SCM control, the output voltage
is insensitive to line disturbances since the control provides a
line feedforward effect common to current-mode controls.

SCM control stability has already been studied for single-
phase (standard) converters. In [12] and [13], conditions for
large-signal system stability were proven with a discrete-time
model. In [15] and [16], small-signal analysis established the na-
ture of open-loop performance in the presence of input voltage
and output current transients. The small-signal models can be
used to design stable closed-loop controllers. To properly model
the multiphase dynamics of the ISOP system, though, phase-to-
phase interaction must be studied. Specifically, the objective is
to prove that, given stable controllers for individual phases, all
phase input voltages have stable equilibria that are nearly equal
and that phase output currents have stable equilibria that are also
nearly equal. That is, for all phases k& € {1,...,n} and some
€vin and &;1

tlim ’UCk<t) = VCk

lim iLk(t) = ILk,oo
t—o0

Vi
max |Vei — i< EVin
k n
Tout
Hl]?JX I — < EiL- 5)
n

Current and voltage sharing are analyzed here with a
large-signal average converter model. The phases have in-
dividual SCM controllers that each receive the same inputs:
reference voltage V%; and desired phase input voltage Vi,/n.
The SCM control process generates a switching waveform with
duty ratio D. Since all phase controllers receive the same inputs,
the commanded duty ratios will be equal, as in [6], [7], [11].

The advantage of using SCM is that D will change instantly
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as Vj, varies, such that the output voltage does not change.
Fig. 5 shows an equivalent model of two phases, numbered &
and k41, in which the push-pull converters are replaced with
controlled ideal transformers—a commonly used visualization
of state-space averaging. The physical transformers within
the converters have turns ratio a. All of the conduction losses
in the MOSFETS, transformer, and inductor are lumped into
Ryy. Switching losses and magnetic losses are modeled as
an equivalent resistance, R,;. For a given input voltage and
reference, D is a parameter, and the system can be treated as
linear about an operating point value of D. In the analysis,
however, component values may differ from phase to phase.

Kirchhoff’s current law at the node joining the inputs of
phases k and k+1 requires

dvox D . Vink
o 2k L 4
k dt a 1Lk Rmk
dvckyr D Vink41
Oy, O —0. 6
T o Lkt Romess (6)

Kirchhoft’s voltage law applied on the secondary side gives

) dipx
~ Vink ~ Rryitk — Ly—— —

Vour =0 7
7 t (N

where vinx = vek + RexCr(dvck)/(dt). For an n-phase con-
verter, there are n capacitor voltages and n inductor currents to
consider. This stability analysis treats V. as a parameter. The
first n—1 capacitor voltage equations derive from (6), while the
nth equation is

d’UCn D

Cn— —1 n
dt + aLL + R

Vinn

- Iin =0. (8)

As with output voltage, the input current from the source, I,
acts as a parameter. Equations (6) through (8) can be written in
matrix form; for example, a five-phase complete model is

Cr = CkA(l + R;(Jk/Rmk) ©)]
¢, —-C, 0 0 0
0 ¢ -C; 0 0
c=(0 o ¢ -Ci 0 (10
0 0 0 ¢y —Cs
0 0 0 0 Cs
Rei 0 0 0 0
0 Reo O 0 0
Rc = Dl 0 Res O 0 an
“10o 0 0 Res 0
0 0 0 0 Ros
rLy 0 0 0 0
0 L, 0 0 0
L=|0 0 Ly 0 0 (12)
0 0 0 Li O
Lo 0 0 0 L
r—1/Rpmi 1/Romo 0 0 0
0 —1/Ryz  1/Rps 0 0
G, = 0 0 —1/Rms  1/Rma 0 13)
0 0 0 —1/Rps  1/R.s
L o 0 0 0 —1/Rpms

1419
r—1 1 0 0
0 -1 1 0
An=210 o -1 0 (14)
“lTo o o -1 1
L O 0 0 0 -1
rt 0 0 0 0
01 0 0 0
An=210010 0 (15)
“loo o1 0
LO 0 0 0 1
—R., 0 0 0 0
0 —Rps 0 0 0
Ru=| 0 0 —Rus 0 0 (16)
0 0 0 —Rp4 0
0 0 0 0 —Rys
© oA
0
0
0
C 071d [ve G, Ap][ve Iy
|:RC L:|E|:iL:|:|:A21 RL:||:iL:|+ —Vout a7
_‘/ont,
—Vout
—Vour
L —Vout

The matrix on the left side of (17) is structurally nonsingular
as long as Cy, and Ly, are all nonzero. The system can be pre-
multiplied by the inverse of this matrix to generate a standard
state-space form x = Ax + Bu. The eigenvalues of the new A
matrix can be found symbolically to determine stability (a tool
such as Mathematica! is of value here). For an n-phase con-
verter, there are n pairs of eigenvalues given by (18), shown at
the bottom of the next page. In the sequel, the result of adding
the square root of the discriminant will be referred to as the
“fast” eigenvalue, and the other root will be referred to as the
“slow” eigenvalue. All of the eigenvalues have negative real part
as long as duty ratio D is nonzero. Therefore, provided only that
switching is taking place, the dynamical system of (17) has a
stable equilibrium at which

Rk
Ve = IinR D Vou,
“T R+ (D/a)2Rmk( u+ (D/a)Vout)
DIy Ry — a®Vi,
Iy =2 k— 4 Tout (19)

D2Rx + a?Rrx

In a well-designed converter, all equivalent resistances will be
nearly equal, so currents and voltages will be nearly equal. R,,
is typically large, while Ry, is typically small. Inductor and ca-
pacitor value variations affect system dynamics but do not affect
equilibrium values. The system will return to a sharing condi-
tion regardless of mismatches in L and C' values. However, if
the values of L and C match, the eigenvalues also match, and
the various voltages and currents will follow each other dynami-
cally in response to an external disturbance. For static matching
from (19), often, turns ratio errors will dominate the result, but
even turns ratio variations will lead only to limited mismatch in
the final results.

IMathematica is a registered trademark of Wolfram Research, Inc.
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TABLE I
COMPONENT VARIATION AND EFFECT ON (A) STATIC SHARING WITH PROPOSED CONTROLLER

ACTIVE AND (B) EIGENVALUES WITH PROPOSED CONTROLLER ACTIVE

EFFECT ON VOLTAGE EFFECT ON CURRENT
COMPONENT VARIATION SHARING SHARING
L Any positive value None None
C Any positive value None None
R, +30% +0.59% +0.11%
Rc +30% None None
R, +30% -0.15% / +0.08% -7.6% / +4.1%
a +1% +1.0% +0.82%
(@)
EFFECT ON FAST EFFECT ON SLOW
COMPONENT VARIATION EIGENVALUE EIGENVALUE
L +30% -43% / +23% Negligible
C +30% -42% / +22% +0.5%
R, +30% +0.48% +0.37%
Rc +30% +30% -42% / +23%
R, +30% Negligible -0.15% / +0.08%
a +1% +2% Negligible

(b)

l RLk+1 Lk+ 1

Reee + R
o 1% (D/a)iik+1 Ik
(D/a)Vink+1
§ Rk “+ i
—— Voks

- Vink+1
Cis1

Rexk

§ Rmk +
= Vink

Fig. 5. Model of two adjacent phases in an ISOP converter system.

The degree of mismatch with the proposed controller in place
is difficult to judge from the analytical forms in (18)—(19), so
a numerical sensitivity analysis was performed. The sensitivity
analysis allows a designer to evaluate both “out-of-the-box”
variation due to manufacturing tolerances and variation over
design life due to temperature and aging effects. The results
are summarized in Table I for typical component value varia-
tion. The nominal values were derived from the experimental
system shown below. The strongest impact on voltage sharing
is turns ratio a, whereas the biggest influence on current sharing
is R,,. Still, the static variations would have little influence on
design margins since even with 30% component variations the
voltage variation is only about 1% and the current variation is
only about 4%. L and C values affect eigenvalues, primarily the
fast eigenvalue, but have no impact on steady-state sharing. Of
the loss components, only R¢ has a significant impact on eigen-
values. Given the small voltage and current variations despite
large parameter variations, a designer can feel confident that the
simple SCM controller will provide stable, accurate sharing de-
spite manufacturing tolerances or aging effects.

Dynamic sharing is dominated by eigenvalue variation. Each
phase gives rise to two system eigenvalues. The fast eigenvalues,
which dominate inductor current transients, are usually at ex-
tremely high frequencies, so inductor currents respond rapidly
to changes and quickly converge to a matched condition. For the
slow eigenvalues, which dominate capacitor voltage transients,
capacitor ESR variations of £30% yield eigenvalue changes

_ Li+ (D/a)* Rox Rk + RuiCr(Rox + Rua) + VDISCRIMINANT

2L1Cr(Rox + Rm)
DISCRIMINANT = ((D/a)? Ry R

+ CxRix(Rey + Romy) + Li)?

oo —4LpCr(Rpx + (D/a)’ Ry,

k) (Rck + Rk)

(18)
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Fig. 6. Example transient for phases with varying parameters (five phase input
capacitor voltages shown).
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Fig. 7. Example transient for phases with varying parameters (maximum ca-
pacitor voltage difference shown).

over a range from —42% to +23%, given realistic converter
values. Other parameters, including capacitance, have little ef-
fect on the slow eigenvalues. To demonstrate the effect of eigen-
value variation, a Monte Carlo simulation was performed with
component values that reflect the full range of parameters noted
in the experiments in Section V. This includes a £10% mis-
match range for inductance and capacitance and £20% mis-
matches in the parasitic resistances. Fig. 6 shows capacitor volt-
ages just after an input voltage step of — 5 V, where the base-
line is the new mean phase input voltage. In the figure, the slow
eigenvalues range from —29 to —21 rad/s. Even with this sub-
stantial variation, the dynamic difference never exceeds the size
of the step divided by the number of phases, and is usually much
smaller, as shown in Fig. 7.

The result of this analysis is that if stable SCM controllers
are used for the individual converters, and the command
structure described above is employed, then the result will be
stable sharing of input voltage and output current among the

1421

d,Vin/na

d.Vi/na

Fig. 8. Simplified multiphase model of n-phase ISOP converter, which as-
sumes an equivalent buck converter structure for each phase.

phases, with low mismatch even during transient conditions.
Large-signal stability for SCM control is similar to that for
peak-current-mode control, and a stabilizing ramp is needed
for duty ratios above 50%. Small-signal stability must be ad-
dressed in closed-loop design, as in [13], but both large-signal
and small-signal stability requirements are routine aspects of
converter design. This proves the result to be shown: Given
a multiphase ISOP configuration, in which individual phases
are controlled by stable SCM controllers, it is sufficient for
stable sharing to have a common reference output voltage and
common target input voltage Vi, /n.

The next section derives an equivalent model from a combi-
nation of  matched phases. Based on the result that phase volt-
ages and currents are well matched, simplifying assumptions are
possible and a combined equivalent is of value in closed-loop
design.

IV. SMALL-SIGNAL DYNAMIC MODEL

A full-order model of an ISOP system is difficult to analyze
and provides little insight. Interleaving delays increase the order
of system transfer functions if transport delays are represented
by rational polynomial approximations. Order reduction [14],
[26]-[28] provides a useful approach that still captures the es-
sential behavior. The reference-to-output transfer function of
an interleaved SCM converter Hy,,(s) can be modeled as the
product of a single-phase equivalent converter model H'}', __(s)

phase

and a factor U(s) that aggregates the interleaving delays
. Uout (8)
Hy, =
? (S) v:ef(s)
=H:  (5)T(s).

phase

(20)

A Laplace domain reduced-order model (20) derives from a
simplified full order small signal model of the power train, rep-
resented by Fig. 8, which assumes equal input voltages for each
phase (Vinx = Vin/n,k € {1,...,n}) of the ISOP structure.
Equation (21) gives the output voltage in terms of the phase- &k
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inductor current (if, 1), and the combined parallel filter capaci-
tance (Z¢) and load impedance (Z10ad)

Vout(s) = (Zc|| Z10aa) Z @1

The time-interleaving of the switching functions, illustrated
in Fig. 9, is included in the model through the small-signal
duty ratio variation of phase k, given as dj. Under steady
interleaving, the phase k£ duty ratio can be expressed in terms
of the duty ratio in phase 1 as dj, = dye(=sT¢:=1)/(")  Ag
suming equal phase inductances (Zp ) = Zr), the result is
ik = (Vin/na)dy — vout)/(ZL), so that

m/na dk Vout

vout( ) ZCHZLoad Z (22)
k=1

A solution for voy¢, gives the Thevenin equivalent source voltage
Vind; with an impedance divider formed by the Thevenin equiv-
alent phase impedance of Z7;* = Z /n

(ZCHZLoad)
(Zc||Zroad) + Z1 /1

n —sT(A 1)
X ((Vin/na)dy) (Z ) (23)

Vout (8) =

Since the SCM control modulator provides a feedforward effect
on input voltage [15], the reference (v¥;) to output expression
becomes

Uout(s)
/U:ef(s)
N—
Hy,p
_ (ZCHZLoad)(‘/in/na) (ﬂ) <li>
(ZC||ZLoad)+ZL/n ’U;kef A nl_e_% 1'

~~ ~~

Hed g

phase

(24)

This multidelay model captures both the equivalent single-phase
performance (Hpﬁage) and the effects of interleaving delays
(¥). Under assumptions of phase-to-phase symmetry and a
single global control signal v}, the single phase equivalent
model has the parameter values in Table II.

Since the SCM modulators all use the control law

At) = G [(q( (na) — v*;)dt, the ramp slope of the
smgle phase equlvalent model is unchanged from the per-phase
value. This preserves the line-disturbance rejection properties
of SCM control for buck converters [12], [15], [16] and means
the large-signal stability properties of the combined equivalent
match those of the individual phases. The reduced-order model
(24) has a single-phase equivalent duty ratio and switching
period that differ from the apparent multiphase duty ratio, Dy,
[14], [27], and the corresponding effective switching period
Tmp of the summed multiphase interleaved currents. 1}, is
simply the ripple frequency T'/n, while D, is the fractional
part of nD. The implicit modulo operator in the definition of
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Fig. 9. Five-phase interleaved inductor current waveforms for analysis of
output current ripple.

Dy, means that the apparent multiphase duty ratio is discon-
tinuous with respect to D. The inductor current waveforms for
a five-phase interleaved system (Fig. 9) illustrate these differ-
ences: in this example, each phase has 10% duty and switching
period T', while the apparent duty ratio of summed inductor
currents for five phases is 50% with apparent switching period
T'/n.In a five-phase system, an increase in D from 10% to 25%
corresponds to a change in Dy, from 50% to 25% (the frac-
tional part of 5 x 0.25). The discontinuous relationship between
apparent duty ratio and ripple complicates efforts to capture the
average ripple behavior of the summed inductor currents in the
single-phase equivalent. The reduced-order model presented
above (24) avoids this discontinuity and preserves the meaning
of duty ratio for the individual phases.

The static benefit of having reduced output current ripple with
ripple period T'/n results from interleaving. The development
above shows that the average linearized multiphase interleaved
system can be modeled as a single-phase equivalent whose con-
troller operates with switching period 7', not 7'/n. The equiv-
alent switching period given in Table II implies restrictions on
the bandwidth of the reference-to-output response of the multi-
phase VRM. While the reduced-order model has been derived
for SCM control, similar conclusions hold for voltage mode and
current mode controllers.

The multiphase SCM control model assumptions are summa-
rized as follows.

1) Voltages and currents share ideally. The previous sections

justified this assumption for static and dynamic conditions.
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TABLE II
SINGLE-PHASE EQUIVALENT POWER NETWORK PARAMETERS

N-PHASE SYSTEM

SINGLE-PHASE EQUIVALENT

Switching period per phase: T’

Equivalent switching period: 7,, =T

2) The n phases are interleaved: switching takes place in syn-
chronism, with phase & delayed by (k — 1)(360°/n), k €
{2,...,n}, relative to phase 1.

3) The multiphase SCM control dynamics can be modeled by
a single equivalent phase with switching period Te.q = T,
identical to a single phase of the symmetric ISOP system
but with parameters

qu = ZL/’IL7 Ceq =Cand R(Ii(cl)ad = RLoad-

Under these assumptions, the model for the single-phase
equivalent can be developed as in [15]. The small-signal
transfer function, including output capacitor ESR effects, is

Hihase($)
(Vin/na)(2 + (2D — 1)sT) Rioad(1 + sCout Rcout)
- 2(%+MGST) (ag + a1s + ass?)
a0 = Rigaa + RT!
a1 = Logy + Cout Rcout Rioad + Cout(Rioad + Roout) BT

out
g = CoutLZ?lt(Rload + RCout) (25)

where Rcout 1S the parasitic resistance of the output capacitor,
M, is the SCM ramp slope of a single phase controller, and
D is the duty ratio of the single phase equivalent [15]. Model
accuracy will be evaluated in Section V for an experimental five-
phase converter.

V. EXPERIMENTAL RESULTS

The goal of the proposed control scheme is to force input
voltages and output currents to share both in steady state and
during transients. A five-phase converter was constructed to
demonstrate stable sharing, high efficiency, and good perfor-
mance. Converter parameters are summarized in Table IIIL
Switching frequency is nominally 350 kHz for each phase con-
verter. The reference V.. was set to 1.0 V for all experiments.
No special effort was made to minimize variation, except that
the parts were all purchased simultaneously and therefore were
from the same lots. Transformer leakage inductances, which
directly affect R,,, could not be measured accurately. The
transformers were hand-wound, so substantial variation can
be assumed. The experiments below show that the significant
phase-to-phase variation in losses does not translate into signif-
icant phase-to-phase variation in voltage or current.

The controller was built from discrete analog and digital com-
ponents for maximum flexibility. All operational amplifiers are
model TLE2082, which has a typical gain-bandwidth product
of 10 MHz. The ramp shown in Fig. 2 was constructed from a
resistor, a capacitor, and an analog switch (M74HC4066) driven
by the synchronization pulse. The slope was set so that M, =
mg [12] to enhance line rejection. The PWM comparator was a
TLV3501, which has a typical transition time of 4.5 ns. Simple

Inductance per phase: L Equivalent inductance: L,=L/n
Output capacitance: C Equivalent output capacitance: C,, =C
Load resistance: Rjpuu Equivalent load resistance: R’ , =R, .,
TABLE 1III

PARAMETERS FOR EXPERIMENTAL SYSTEM CAPACITORS MEASURED
AT 10 KHZ INDUCTORS MEASURED AT 100 KHZ

MOSFET | FDS7088N3 Ly 906 + 60 nH
n 5 Ry 46.6 £ 18 mQ
a 5 Cou | 347 uF
Ci 499+ 0.6 uF | Reou 38 mQ

Tek Stop: SOOMS/§ = 145 Acgs .

AN

‘ky' '3"\/ V’ { ’ .‘
\“;"\ E“; ]“7"
q oy
ChT 200m f MT1.00us Ch1 /- T60MA 29 May 2007
Ch3 200mA Cha 5.00V

09:56:17

Fig. 10. Experimental interleaving at 1 ps/div with a 1 €2 load. Top set of
traces, channels 1 through 3, inductor currents for phases 5, 4, and 1, respec-
tively, 200 mA/div; bottom trace, channel 4, synchronization pulse at 2 MHz,
5 V/div.

logic chips, MIC4427 gate drivers, and SM76925 gate drive
transformers completed the control section. Interleaving wave-
forms are shown for three of the five phases in Fig. 10 to cor-
relate to the theoretical waveforms in Fig. 9. The offsets in the
current probes were not zeroed out for this figure, so the dc off-
sets are not meaningful. The figure is intended to emphasize the
timing information, which is accurate.

Static voltage sharing is examined in Fig. 11. Here the load
current was fixed at 0.1 A and switching frequency was fixed at
300 kHz. All five phases should have input voltage that is 20%
of the total; the actual ratios varied from a minimum of 0.197
to a maximum of 0.203—substantially better than the expected
mismatches among the converters. The maximum input devi-
ation from the mean input voltage was 1.6%. The phases were
physically arranged so that phase 3 was connected most directly
to the load, while phases 1 and 5 were both some distance away
(higher inductance and resistance). As load current increases,
phase 3 input voltage drops relative to the mean to reflect the
added impedance from the outlying phases. A similar set of
curves is shown in Fig. 12 for a load current of 2 A and switching
frequency of 300 kHz. The corresponding phase-to-total voltage
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Fig. 12. As in Fig. 11, with load increased to 2 A.

ratios varied from 0.195 to 0.202. Phase 3, which is the furthest
from the mean, is still within 2.4% of the mean input voltage.
Since voltage sharing is excellent with the proposed controller
even with substantial parameter variation, device ratings can be
chosen for Vi, /n with little margin.

Four of the phase currents were measured with a TCP202 Hall
effect current probe. The load current was known based on mea-
sured load resistance. Offset and drift limit the dc accuracy to
about &+ 5 mA. The phase 3 current was taken as the net re-
maining value, estimated from known load resistance and other
phase currents; its measurement error would be greatest. Still, as
Fig. 13 shows, dc current sharing is excellent. The biggest dif-
ference from the mean is 5%, most likely governed by the 30%
R,,, variation as discussed in Section III.

Closed-loop performance with a feedback controller relies
on a good small-signal model. The reference-to-output transfer
function, shown in Fig. 14, was measured with an HP4195A net-
work/spectrum analyzer for a 0.9 A load and 400 kHz switching
frequency (per phase). Two models are superimposed: a single-
phase model (H g?me) and a complete model that includes delay
(Hmp)- The fit is good for both models up to about 25% of
the switching frequency, while the complete model continues to
track to much higher frequency. The parameters for the model
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Fig. 14. Measured and modeled plant transfer functions for 0.9 A load, 400 kHz
switching per phase.

came directly from the measured values, except that an induc-
tance of 2 pH was used to account for leakage in the trans-
formers and wiring inductance in the layout. With a simple pro-
portional-integral (PI) controller, with a proportional gain of
5.75 and an integral gain of 2.13 x 10°, the loop gain crosses
0 dB at 56 kHz with 68° phase margin.

Transient responses are shown in Figs. 15 and 16. An input
voltage step is shown in Fig. 15 with a 1 A load. The voltage
divides evenly between the phases throughout the transient. The
output voltage recovers quickly. The effect of a load current step
on the output is shown in Fig. 16, in which the step is from 1.0
to 0.1 © (1 to 10 A). The output voltage deviation is — 80 mV
to +72 mV.

Input voltage and load current share during line and load tran-
sients. Fig. 15 shows voltage sharing during an input voltage
step—phase voltages appear to be scaled versions of the total
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Fig. 15. Input voltage step at 100 ps/div. Top traces, channels 1 and 2, phase

5 and 4 input voltages, 5 V/div; middle trace, channel 3, output voltage,
500 mV/div; bottom trace, channel 4, input voltage, 20 V/div.
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Fig. 16. Load current step (from 1 A to 10 A) at 10 ps/div. Top trace, channel
3, output voltage, 200 mV/div; bottom trace, channel 4, load command (logic
signal).

input voltage, as desired. Figs. 17 and 18 each show the same
load transient as in Fig. 16, a pulse from 1 A to 10 A, then
back to 1 A. In Fig. 17, channels 1 and 2 are phase input volt-
ages, which do not deviate at all. Probe offset is the basis for
the apparent static difference. In Fig. 18, channels 1 and 2 are
phase output currents. The dynamic differences are small de-
spite slightly unequal phase impedance. Oscilloscope averaging
was used to eliminate switching ripple effects and reveal the
underlying current dynamics. Although stability was proven in
Section III for constant input voltage, load resistance, and refer-
ence voltage, these experiments show that sharing is stable over
a wide range of transient conditions because of the stability of
the underlying SCM control process.

One advantage of the ISOP structure is high power conver-
sion efficiency even with high input-to-output ratios. Fig. 19
shows efficiency as a function of output current with 300 kHz
switching. The losses can be fit with

Ploss = 0.6451 x 107212

W 12X 107°£, V2 (26)
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Fig. 17. Load current step (1 A to 10 A) at 100 ps/div. Top traces, channels
1 and 2, phase 5 and 4 input voltages, 5 V/div; middle trace, channel 3, output
voltage, 500 mV/div; bottom trace, channel 4, load command (logic signal).
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Fig. 18. Load current step (1 A to 10 A) at 100 gs/div. Top traces, channels 1
and 2, phase 5 and 4 output currents, 1 A/div; middle trace, channel 3, output
voltage, 500 mV/div; bottom trace, channel 4, load command (logic signal).

The 12, term reflects resistances in the system—inductors,
transformers, MOSFETs, circuit board traces, and intercon-
nection. The equivalent resistance in the loss estimate (26)
is much smaller (less than 1 m ) than in the small-signal
model (9.3 mQ = (Rpx)/5) because of frequency effects. That
is, small-signal performance includes proximity effect and
core loss in the magnetic devices, but dc resistance dominates
efficiency. The larger fs V;2 term accumulates several effects,
primarily switching losses in the MOSFETS. The estimate fits
the experimental measurements well for currents above 0.2 A,
switching frequencies between 300 and 400 kHz, and input
voltage between 32 and 40 V. For the designed operating point
of fow = 300 kHz, Vi, = 36 V, and V,uc = 1V, efficiency
exceeds 80% over most of the output current range (above 2 A)
and is 95.9% for an output of 10.5 Aand 1 V.

VI. CONCLUSION

SCM control provides a stable alternative for the ISOP con-
verter topology. This control approach produces accurate input

Authorized licensed use limited to: University of Missouri. Downloaded on January 9, 2009 at 19:43 from IEEE Xplore. Restrictions apply.



1426

100 T

90
80

70

50

Efficiency |%]

40

30
20 ‘I

10 ' : : : '

Output Current [A]
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voltage and output current sharing even in the face of compo-
nent mismatch among the multiple converters. Stability results
were given. A reduced-order small-signal model was shown.
The overall approach, in which the system transfer function
is partitioned into an equivalent single-phase component and a
multidelay component, is also valid for multiphase systems with
other controllers. Experimental results on a five-phase system
switching at up to 400 kHz per phase validate the theoretical pre-
dictions, both for static sharing and for dynamic performance.
The ISOP controller inherits many of the benefits of SCM con-
trol, such as excellent line disturbance rejection. The same gen-
eral arrangement can be applied to input-parallel output-series
(IPOS) converter configurations.
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