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Abstract - A practical, 'user-friendly’ methodology
is developed to study the behavior of current-shared
converters. It applies average modeling, analysis
and simulation to examine the static conditions and
small-signal stability of converters that operate in
Average Current Sharing (ACS) mode. Simple
expressions for stability criterion were developed
and applied to assess the influence of the number of
paralleled modules on the stability and dynamics of
the converters system.

L INTRODUCTION

Paralleling of DC-DC converters has many desirable
features: increased reliability, expandability and on-site repair
when hot plug-in capability is incorporated. However, the
analysis and design of parallel converters are far from being
simple due to the fact that they are no longer of the single-
input single-output type [1-6]. For increased reliability,
paralleled converters require a Current Sharing (CS)
mechanism to ensure distribution of currents and stresses
between the modules. Unfortunately, the CS control
introduces additional feedback loops that might render the
paralleled system unstable even if each module by itself is
stable [3-6].

The objective of this study was to develop a simple, ‘user
friendly' methodology for the analysis of current shared
converter systems. The approach applies average behavioral
modeling and general purpose circuit simulation programs
such as PSPICE (MicroSim Inc.) to simplify the
mathematical treatment. The key idea is to leave the (often
messy) derivation of basic small signal transfer functions to
the simulator while treating the global problem in an
analytical form. The proposed method was applied to derive
simple expressions that can be used to examine the effect of
the CS circuitry and number of paralleled modules on the
system's load-sharing stability and dynamics. Although
demonstrated by considering voltage mode Buck converters
operating in ‘average CS' configuration [1,3-4], the proposed
analytical methodology can be extended to any kind of
converter modules (topologies, current or voltage mode
control) with any type of CS scheme.
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II. PARALLELED CONVERTER MODULES WITH
AVERAGE CURRENT SHARING

The proposed methodology will be detailed by considering
a system of n paralleled DC-DC converters with Average
Current Sharing (ACS) and load resistance R. In the ACS
scheme (Fig. 1) a single shared bus interconnects all the
modules. The signal (normally voltage) of this common line
(Vpug) represents the average load-current contribution of all
units. The shared bus signal (Vpyg) is compared to the
output current I of the individual module (after translation to
a voltage signal V¢g) and the difference adjusts by current
sharing control (CSC) the reference of the voltage amplifier
that senses the output voltage (scaled by ky) until load
current equalization is achieved.

I
n .. [POWER Ol Vout

STAGE

V;

PWM

Q
0000~§

POWER
—>1 STAGE
1

PWM
CONTR
n

VREF,

Fig. 1 Block diagram of n paralleled converters with Average

Current Sharing (ACS).



III. MODELING A SINGLE CONVERTER MODULE

The circuit diagram of a single voltage-mode
(transconductance error amplifier) controlled Buck converter
module with an ACS interface (Fcg) is shown in Fig. 2 and
its average model based on the Switched Inductor Model
(SIM) is given in Fig. 3 [7-9]. The average modeling of
single converter module is shown in Fig. 3. The model is
based on the Switched Inductor Model (SIM) presented in [8-
9]. This model is based on the observation that by applying
the average voltage across an inductor (L) one gets the
average current (If) flowing through it. This current can then
be incorporated as dependent current sources to emulate the
average currents of the other two ports of the switched
inductor. The expressions of the dependent sources for the
average model of Fig. 3 are thus as follows:
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Fig. 2.  Circuit diagram of a single voltage-mode controlled

Buck converter module with ACS interface.
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Fig. 3.  Average Switched Inductor Model (SIM) of the Buck

converter module shown in Fig. 2.

In Fig.3 G¢ represents the average current feeding the
steering diode D (Fig.2), EL is the average voltage across the
inductor (4), Gp is the average current of the input port (b)
and Gy is the average current fed to the load (a). The voltage
error amplifier (Fig.2) is represented in Fig. 3 as
transconductance dependent source (Gerr). EDon and Epoffin
Fig. 3 are dependent sources that generate the voltage coded
Don and Doff as a function of PWM generator (VCNSpk)
(Fig. 2). The Current Sharing Amplifier (CSA) in Fig. 2 is
imple;nemed in Fig. 3 by voltage dependent source with gain
of 10°.

IV. STATIC ANALYSIS OF N PARALLELED
MODULES

Assuming that the combined error voltage Vg—0 (high
gain E/A), the reference voltage of an arbitrary X-th converter
module (VREFy) (Figs. 2,3) is related to other relevant

parameters by the relationship:
VREF, = kvg VOUT + kesy (104~ VBUS) ©)

where kcgy=Rf1/R3 is the DC gain of F¢g, (Figs. 2,3) and
all other parameters in this equation refer to steady-state
values.

The bus voltage is a function of output currents of all
converter modules:

n
210
=1
VBUS =" )
We assume that le = ... =ky,, = ky. The output voltage
is then derived from (6):
VREF
vour=—"_ " ®
%

where



n
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When VREFX?fVREFy and kcsl = ... = kesp = kes, the

output current distribution of any two converter modules is
found to be:

VREFy - VREFy
Tog - loy = o
S

(10)

The last equation implies that the current distribution
between any two converter modules with different reference
voltage (VREF) will exhibit smaller imbalance when keg is
large enough.

V. DYNAMIC ANALYSIS OF N PARALLELED
MODULES

The analysis of n paralleled modules system now proceeds
under the assumption that all modules are identical. The
small signal model of a single converter module is based on
the average model of Fig. 3. Two transfer functions for this
module are defined for a given j-th module:

'10. Vei
Hj=_% Fj=+ (11)

, % §j
Hj describes the converter's small signal transfer function
from the error voltage ve. to the converter's output current

ioj, and Fj is the feedback small signal from the combined
error voltage v to the error voltage ve. (Fig. 3). The H and

F transfer functions can be derived analytically [8] or
evaluated by simulation [7-9]. The latter method, which is of
course much easier to execute, is less prone to errors but yet
provides all the necessary information for a thorough analysis
of a CS converter system. This ‘mixed mode' (simulation-
analytical) approach is applied here. In the followings,
‘measured’ means obtained by simulation.

The combined error voltage v includes four components:

Ve = Fcg vbus - Fes 1o + Vref - kv vout (12)

where Fcg describes the small signal transfer function of CS

loop (Vocse/ (Vbus - 10)) (Figs. 2,3). Setting vref to zero

(because it does not affect small-signal stability), the
following expression for an arbitrary X-th module was
obtained:

n
. (n-1 o Fes
VgX=-1OX(—n—FCS+kVRL)+ 210{10)( ( N ~kyRL

13)
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Small signal block diagram for n parallel modules
with ACS driving a load Rf..

Following the above procedure, the small signal output
current of any given X-th module was found to be:

. , n-1 S Fes
fog= "1OX(TFCS+kVRL)+ Zlgj-lox (T‘kvRL FxHx
=1
(14)

Since the location of the single AC voltage source
excitation is in the X-th module (Fig. 4) it will influence the
measured (by simulation) transfer function Hy. That is Hy #
H where H is the measured transfer function of all modules
except the X-th. Hence, io, # ip where ig is the output
current of all modules except the X-th, However, the
measured transfer function Fj of all identical modules
including X-th is the same, i.e. Fj=F.

The output current of each module except the X-th is
related to the output current of the X-th module by following
equation:

F
—Ifﬁ -kVRL)FH

iQ = FC IOX
1+(TS -(n-l)kVRL)FH

(15)

The loop-gain for 'single excitation' of X-th module
((L.G)x) is obtained from (14) and (15):



(n-l)(%—kvRL) 2FH
1+(En§§-(n-l )kVRL)FH
(16)

-1
COx= (ElFesHeRy )- Fy

Although (16) is theoretically correct, it is extremely hard
to apply in practical cases. One reason for that is the fact,
that the transfer functions H represent the transfer function
ig/ve of any given module while loaded by Ry, in parallel
with the parallel output impedances of (n-1) modules. To
overcome this difficulty we purpose to use average
simulation to obtain the key dynamic parameters of the
systems. Three tests are proposed: a global stability test, the
common mode response and current sharing (differential)
response.

Global stability test

The stability and dynamic performance of the system can
now be evaluated by singling out one converter (to be labeled
X") and performing a traditional loop gain analysis around
this unit. To this end, an external independent AC voltage
source excitation should be placed in series with the duty-
cycle Epop dependent source (Fig. 3) [10]. The excitation is
included only in the X-th module, Vexcx=1 [Vac] while in the

other modules vexcj=o (Fig. 4). The loop-gain and phase-

margin can now be obtained by examining VeXLG/ Vex.

Since the sample module X is arbitrarily chosen, the derived
loop gain is in fact the loop gain of the system, since it
describes the dynamic response of the any module to a
disturbance.

mmon mode respon
To test the inner-loops control of the system (voltage
loop in voltage-mode or current and voltage loops in current-
mode), a common AC voltage source excitation should be
applied to all paralleled converter modules (Fig. 4)

Vexc1=Vech=-.--=Vexcn=1[VaC]- It induces equal output
currents iol=iox=-~=io n=io and vpys=io and therefore egs.
(12) and (13) reduce in this case to:

Ve = - ky Vout = - ky nig RL, an
Hence, the loop-gain of any given module is found to be:

L.Gc=-kynRp, H¢ Fe (18)
where the transfer functions Hg, Fo for the common
excitation case have the same basic definitions of (11). The

total feedback loop (B¢) transfer function reduces to:

Bc=kyn Ry F¢ (19)
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where the feedback loop B¢ can be obtained by measuring
VexLG/iox (Fig. 4). However, H differs from H and Hy,

due to the otherwise loading. It should be noted, that H can
be easily obtained by simulation or analytically and the
control voltage loop (F¢) now can be independently designed.
Indeed, loop-gain LG (18) offers the ability to examine the
stability of n paralleled converters loaded by Ry, without the
influences of current-sharing loop. Applying (18) the loop-
gain and the phase-margin of each module are obtained. It
means that, this case examines only the dynamic response of
a common (or identical) perturbation in all the modules.

The differential response

To examine the influence of current-sharing loop (outer-
loop) on the stability of the system we apply now a
differential AC voltage source excitation. In this case, we
examine arbitrarily the X-th module by applying

Vexcx=1[VaC] into the X-th module (Fig. 4) and
Vexcl=...=Vexcn=-l/(n-l)[Vac] into the other modules. Since
all modules are identical, it induces iolz..zion=10=-ioxl(n-l),

which implies vpys=0 and vgy=0. It also follows that the
load current is zero:

iRL=io1+.,+i0x+..+i0n=(n-1)i0+iox=0,
and therefore egs. (12) and (13) reduce to:

Ve, = - Fes, foy 20

Thus, the loop-gain of arbitrary X-th module for
differential excitation is given by:

(L.Ga)y =- Fes, Hd, Fd, Qn

where the transfer functions de and Fdx for the differential

excitation case have the same basic definitions as shown in
(11). The total feedback loop transfer function from (21) can
be expressed as:

Bd, =Fes, Fd, (22)

where Bd_ can be obtained by measuring Vey i, (Fig.
X L X

4), Indeed, this case examines the sample module X when it
is loaded only by the other (n-1) modules, because the total
current load perturbations are zero and the load Ry, has thus
no effect, which means that de differs from H; and H. The

importance of eq. (21) is its ability to examine or even
design the current-sharing control loop without the effects of
the voltage control loop. Consequently, this case explores
the dynamic response of differential perturbations between the
modules.

The observation of the general expressions (16), (18),
(19), (21) and (22) can be practiced as follows. For a given
Hg (analytically or by simulation) the LG¢ (18) and (19) can
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be used to design the inner loop F¢ (F=F:=Fg). Now, Hj can

be obtained by simulation and through LGy (21) and (22) the

outer loop F¢g can be designed. This procedure grants the

ability to predict by simulations the influence of the transfer

functions H, F, load resistance Ry, and number of modules n

on the loop-gain (LG). Consequently, these relationships can

be used in a simple manner to stabilize the system and/or

improve the system's phase-margin as follows:

1. Design and stabilize the inner loops according of the
procedure of 'common mode response’.

2. Design and stabilize the outer-loop (CS loop) according
of the procedure of ‘differential response'.

3. Determine the phase-margin of the overall system by
'single excitation'.

VI. THE FOLDED MODEL

The procedures suggested above involve simulation of
systems with n modules. In some cases m modules are
identical and parallel connected to the load. To simplify and
cut simulation time we can 'fold' m parallel connected units
into a single unit. This is justified by the fact that all node
voltages of identical units are equal and hence can be
connected (Fig. 5). By doing this the system of m parallel
units is reduced to a single unit. However, some 'folding
rules' have to be observed:

1. Control circuitry is left as is. The reason is that the small
signal response of a single circuit or m parallel connected
control circuits are the same.

2. In case when m power stages feed a load, the impedances
have to be reduced by m. This is needed to correctly
represent the lower output impedance of m parallel
connected power stage units.

644

The current and voltage properties of paralleled brunch in identical converter modules.

Following these 'folding rules' n current shared modules
can be represent as a basic module in parallel to an (n-1)
folded unit (Fig. 6).
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VII. SIMULATION RESULTS

To illustrate the above proposed procedures for testing
parallel ACS system, Bode plots of loop-gain (gain and
phase) and transients output voltage and currents were
simulated by PSPICE (V. 7.1, MicroSim Inc.) for three
paralleled modules similar to Fig 3 by applying the folded
model of Fig. 6.

The parameters of the three converters were as follows:
common load R =5Q, power stage: Vip=12V, L=75uH,
Cout=220pF, R¢=0.07Q, Rg=0.1Q, R3=0.1Q, R}=0.1Q,
R3=Rp=10KQ. voltage control loop: VREF=2.5V,
gm=3.21[mA/V], Ry=3MQ, Co=177pF, Rx=12.3KQ,
Cx=25.91F, Vspk=2‘5VA current-sharing loop: Rgg=1Q,

R3=10kQ, Rf1=100KQ, Ccs=145nF and Rfp=250Q and
later Rep=0. Analysis and design techniques were verified by
running two sets of simulations. All sets were done on the
complete parallel system as a function of Rfp. The resulting
Bode plots of He, 1/B¢, LG and phase under common
excitation Vexci=Vexc) 3=1[Vac] (Fig.4) are shown in Fig.

7. The crossover phase is -1369, indicating stable operation
with phase-margin (PM) of 440, Note that CS loop (or Rfp)
does not influence upon LG¢. We now examine the Bode plot
(Fig. 8) of Hg, 1/Bg, LGy and phase for the arbitrary 1-th
module under differential-mode excitation Vexci=1[Vac] and

Vexc) 3=-1/2[Vac]. The crossover phase is -1229, indicating
stable operation with phase-margin of 589, The transient
response of three parallel converters is simulated by 10mV,
pulse 10{uSec] excitation injected into voltage error amplifier
(E/A) of the 1-th module. Fig. 9 shows the resulting
response of the three converter output currents, which quickly
decay down, indicating reasonable stability. Fig. 10 shows
the Bode plot of the overall LG (eq. 16) and phase for 1-th
module under single excitation Vexci=1[Vac] and Vexc) 3=0
to confirm the stability for the combination of the common
and differential modes PM=57.
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Fig. 7. Bode plots of three identical paralleled modules with

ACS under common excitation.
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Fig. 8.  Bode plots of three identical paralleled modules with
ACS under differential excitation, with Rfp=250Q.
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Fig. 9.  Transient simulations of output currents and output

voltage of three identical paralleled modules, with
Rf2=25002, when the pulse excitation is injected into
the first module.
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Fig. 10. Bode plots of ACS system with three identical

modules under single excitation, with Rfp=250Q.

Next, Rf) was set to zero. The Bode plot under differential-
mode is shown in Fig. 11, where the crossover phase is
-1860 , indicating instability, with phase-margin of -6°. The
simulated transient response is shown in Fig. 12, where the
amplitude of the output current of the three modules is
increasing, as expected. Bode plot under single module

excitation in Fig, 13 verify instability again PM=-100,



Gain [dB] /Phase [Deg.]
50

=100
100

400 ) 10 100 1K 10K

Frequency [Hz]

100K 1M
Fig. 11. Bode plots of three identical paralleled modules under
differential excitation, with Rfp=0, indicating
instability.
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Fig. 12. Transient simulations of output currents and output
voltage of three identical paralleled modules, with
R¢2=0, when the pulse excitation is injected into the

first module.
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Fig. 13. Bode plots of ACS system with three identical
paralleled modules under single excitation, with
R=0.

VIIIL. DISCUSSION AND CONCLUSIONS

Results of this study clearly show that stability
conditions of a paralleled ACS converter system can be
readily analyzed by applying the methodology proposed in
this investigation. The methodology is based on frequency
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domain loop gain response which is conveniently obtained
by average simulation. The LG expressions (16), (18), (21)
developed for an ACS system of n paralleled identical
modules were found efficient to correctly predict the system's
behavior. These relationships can thus be used in the design
phase of a ACS converter system. The theoretical
implications of (16), (18), (21) are discussed and used in
representative example. To illustrate and design n identical
converter modules, we developed a folded model that can
simplify the simulations based methodology proposed in this
investigation. The present study considered a voltage mode
Buck module but the results are general and apply to any
topology and any control method (e.g. Boost in peak current
mode) as long as the pertinent transfer functions H and F can
be derived or obtained by average simulation. Applying the
general 'mixed mode' methodology proposed here, other CS
scheme can be analyzed for their static and dynamic behavior.
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