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Abstract—This paper presents a decentralized con-
trol method applied to a multiphase synchronous buck
converter powering a microprocessor for a space ap-
plication. The main objective is to remove the classic
centralized controller which represents a single point
of failure and to offer full modularity/scalability for
the converter design. The complexity of the control
part to address a large number of converter phases
is simplified and the system is able to reconfigure
itself with a different number of phases easily. This
control method increases the level of functional safety
of the converter and guarantees full availability of the
delivered power if a fault occurs. The principles of the
proposed solution are presented and a description of the
analog building blocks of the controller implemented
into an Application Specific Integrated Circuit (ASIC)
is provided. Then, early-stage analyses of the voltage
loops, the balancing functions, and the control signal
interleaving are introduced taking into consideration
the performance of the converter. Simulation results
using Cadence™ OrCAD PSpice tool for the study of a
12V /1.2V 40A 250 kHz 4-leg multiphase converter are
shown. They demonstrate the stable operation of the
converter, the large bandwidth obtained for the reg-
ulating loops, and the possible reconfiguration modes
offered by the scalability of the system.

Index Terms—Multiphase, DC-DC Converters.

I. INTRODUCTION

Since 1970-1980, power electronics for spacecraft ap-
plications, especially DC-DC converters including Buck,
Boost, Buck-Boost, Weinberg, Venable, and others, is a
leading topic in scientific laboratories worldwide [1]-[3].
The DC-DC converter module design was included in the
roadmap for solutions involving high-density interconnect
(HDI) and ASIC technologies since the 2000s [4], where

different architecture/design methods have been studied.
Along with these aspects, modern spacecraft are following
the trend of voltage regulator modules (VRM) in the
commercial roadmap to increasingly have their micropro-
cessors fed with lower voltages and higher currents [5], [6].

The centralized architecture for the power supply and
distribution system of the power conditioning unit based
on a sequential switching shunt regulator (S3R) introduced
in [7] has been widely used in spacecraft [8], [9]. However,
the S3R fault-tolerant mechanism cannot be directly con-
sidered for modern low-voltage regulators, such as Point-
of-Load. Additionally, due to issues in obtaining radiation-
hardened circuits and more reliable DC-DC converter sys-
tems, space agencies such as the European Space Agency
(ESA) and French Space Agency (CNES) proposed better
solutions leading to some efforts as observed in [10]-[14].

There is an increasing preference for a decentralized
architecture for converter control rather than a centralized
one. This way, the decentralized modular control approach
in multiphase interleaved DC-DC converter, described in
[15]-[17], is an attractive solution for microprocessor satel-
lite’s power supply. Their main benefits are scalability, and
fault-tolerant capability with easy reconfiguration modes.

This paper introduces investigations of the decentralized
control approach in a multiphase synchronous buck con-
verter for microprocessor power supplies to be applied in
satellites (spacecraft). The work is part of the European
project SCOPS (Scalable COntroller for Power Sources)
involving satellite manufacturer teams as well as scientific
partners. The following sections present the description of
the control method, modeling, design guidelines, stability
analyses, simulation results, and conclusions.
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Fig. 1. Proposed decentralized control method applied to a multiphase DC-DC converter for satellite embedded power supply. (a) Topology.
(b) ASIC internal-view. (c) Circular chain of inter-module communications.

II. SYSTEM DESCRIPTION

Fig. 1 describes the basic principle of the decentralized
modular control method. Fig. 1(a) presents the topology of
a multiphase converter with N parallel identical modules,
each including a local controller implemented in an ASIC,
and two power MOSFET transistors with their drivers.
The power stage includes output inductors, capacitors,
and the load. There are three main blocks inside each
ASIC: (i) interleaved carrier generation (CG) which has a
self-alignment mechanism to provide interleaved carriers,
(ii) Adaptive voltage positioning (AVP) which is essential
to regulate the load voltage with good dynamic and
smooth droop voltage control [18], [19], (iii) and Current
sharing (CS) which improves the system performance by
balancing, locally, the inductor currents (i;1, #j2,...4;x5) in
each phase. Fig. 1(b) shows a detailed and zoomed-view of
one ASIC. Each module (or local controller) communicates
with its adjacent modules in a circular and bidirectional
communication chain, as shown in Fig. 1(c). Thus, in case
of failure, the faulty module is bypassed maintaining the
system’s operation for functional safety purposes. This
control method provides greater robustness and fault-
tolerance capability for the system.

IIT. SYSTEM MODELING, AND IMPLEMENTATION OF
THE PROPOSED APPROACH

This section briefly introduces the elementary blocks of
the decentralized local controller and its modeling (i.e.,
basic principles, equations, and PSpice implementations).
The early-stage design of a DC-DC multiphase converter
for spacecraft applications may be challenging due to
the harsh operating environment in space. To deal with
this issue, SPICE-based modeling with analog behavioral
modeling (ABM) blocks can be considered as an option.
The three functions included in each local controller (the
ASIC) are described in detail.

A. Interleaved carrier generation (CG) Block - Principle
of self-alignment for interleaved carriers

Once N identical phases are parallel-connected, the
interleaving of their carrier signals, providing the PWM
signals to the drivers, is essential. It contributes to reduc-
ing drastically the size of the output capacitor C,. The
interleaved carrier generator implemented in the ASIC
must ensure that the phase ¢; of the i*" carrier is equally
shifted in phase in-between its adjacent carriers (i.e.,
the next carrier ¢(;11) and the previous one ¢(;_1) as
indicated in (1). Several methods can be used to obtain
the generation of a carrier centered with its adjacent
ones. Either methods based on digital calculations using
phase shift information, or analog methods using specific
operations on the exchanged signal waveforms. Ultimately,
it is important that the inter-carrier phase shifts obtained
dar meet equation (1).
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Fig. 2 illustrates the fundamental principle and equi-
librium challenges that an analog version of the self-
alignment system may provide. To better understand its
intrinsic convergence issues, Fig. 2(a) shows a pendulum
analogy that is exactly what can arise for the CG block for
different start-up conditions. The first equilibrium condi-
tion must be avoided and it can be effectively observed
when all carriers are initialized at the same time, i.e.
with a null phase-shift (no delay). On the other hand,
the second equilibrium condition is the desirable one and
it is reached when at least one carrier is initialized with
a slight startup delay. The delay can be implemented
with a simple RC network, to guarantee the convergence
towards the second equilibrium state. Fig. 2(c) shows the
interconnections and implementation of the CG block in
each ASIC. A fault scenario can be emulated by disabling



the CG of the " faulty module (using the Ey, pin).

Further implementation details can be found in [20].
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Fig. 2. Interleaved carrier generation (CG) principle (example with
N = 4). (a) Pendulum analogy with two equilibrium states. (b)
Steady-state waveforms. (c) Circular chain of inter-ASIC communi-
cations.

B. Adaptive Voltage Positioning (AVP) Block - Voltage
requlation in a decentralized manner

The idea of a decentralized AVP consists of placing the
voltage regulation loop at the module level (i.e., locally).
Each module determines its own local duty-cycle (vp,).
A parameter «; for the inductor I;, current sensor is
considered in the regulation loop such that in steady-state
the relationship between the output voltage V,,: and the
reference voltage V,.y, is maintained as in (2).

Vout - Vrefi - ainR-Ilp (2)

where ¢ is the current sensor sensitivity of the i*” phase,
and «;.R represents a virtual impedance provided by the
local voltage loop.

Fig. 3(a) shows the principle of the AVP regulator
included in each module. Note that a fraction of the
inductor current (a;.i;;) is fed back into the impedance
Zy1. This has the effect of reducing the regulated output
voltage as the current level increases. Then, each regulated
phase of the converter operates as an ideal voltage source
in series with a virtual impedance. Fig. 3(b) illustrates the
Thevenin equivalent circuit obtained considering an AVP-
type regulation loop included in each local controller of
the N modules placed in parallel. The circuit of Fig. 3(b)
shows a suitable and simplified view in terms of voltage
regulation of how the studied system depicted in Fig.
1(a) behaves from a steady-state DC point of view. Fig.
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Fig. 3. AVP block. (a) Local AVP-type controller in one module. (b)
Thevenin equivalent circuit (N modules) of the multiphase converter
depicted in Fig. 1(a). (c¢) Output characteristic of the N regulated
phases (scenario highlighting mismatches on circuit parameters).

3(c) shows the output characteristic associated with the
Thevenin equivalent circuit using an AVP-type controller,
with voltages regulated (locally) in each converter phase.
This illustrates scenarios taking into account mismatches
on circuit parameters (e.g., mismatches on op-amps off-
sets, on impedances Zy 1 and Zy s, reference voltages, and
inductor current sensor sensitivities), leading to unbal-
anced inductor currents. When mismatches are critical,
CS block is an effective way to address the problem. More
details about this decentralized voltage regulation loop can
be found in [21].

Concerning the design of the AVP controller, let Cy (s)
be the transfer function in the Laplace domain of the ana-
log AVP-type controller. Depending on the requirements of
the application, C'y (s) can be either a simple proportional-
integrator (PI) for normal bandwidth performances or
a more sophisticated corrector like an integrator action
plus one or two zeros compensations. For each phase, two
feedback loops are involved, a fast current loop controlling
the value of the phase inductor current and a slower
voltage loop imposing the voltage across the load (i.e.,
the microprocessor). Thanks to the large bandwidth of
the current loop, the system can be approximated to
a simple voltage loop involving it a voltage-controlled
current source imposing the value of the inductor current.
For that reason, a controlled current source appears in Fig.
3(a). Thus, the transient response of the overall system
(i.e., with power stage and controller) can be simplified
from a 2nd-order system to a lst-order one. The basic
equation for the voltage-loop controller is presented in (3)

_ ZVQ(S)
ZVl (S) ’

where impedances Zy1(s) and Zy5(s) are implemented by

CV (S) =

3)



associations of resistors and capacitors.

Depending on the design requirements, Zy1(s) can be
made either by using a simple resistor, Zy1(s) = Ry, or
a capacitor with a resistor in parallel, Zy1(s) = Ry1/(1+
s.Ry1Cy1) to provide a high frequency zero. Zya(s) is
made by a capacitor in series with a resistor, Zya(s) =
Ry + 1/(Cys.s), providing the integrator effect and the
proportional gain Ryo/Ry1.

C. Current-sharing (CS) Block - The inductor current
balancing method

The idea of the CS block is that to balance the several
inductor currents of the converter, each local controller
has to implement a local correction to cancel an error
signal. An error exists if the inductor current of the ‘"
phase 7;, is not rigorously equal to the average value of
the currents of its adjacent phases, i.e. the next 7;, , and
the previous 4;, , currents. Fig. 3(c) shows such a case
where the phase currents are different due to mismatches,
for instance. As a consequence, the CS block will act to
balance phase currents by adjusting the relative position of
their output characteristics to get a focal point for which
all currents are equal. To do that, a local reference voltage
correction va, is applied.

Fig. 4 shows the basic principle involved in the CS block.
Fig. 4(a) shows the ASIC implementing the local con-
troller with the effective elements related to the current-
sharing (CS) block. The controller Cx; in Fig. 4(a) can
be either a simple proportional or a PI controller, which
must be tuned to guarantee zero steady-state error and
unconditional stability. Fig. 4(b) shows how the equivalent
Thevenin circuit can be seen with the contribution of
the CS block. Consequently, it will adjust locally the
phase currents to reach the same steady-state point, as
observed in Fig. 4(c). The interconnection of the CS block
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Fig. 4. CS block. (a) Function description for one module. (b)
Equivalent Thevenin circuit with CS contribution. (c) The phase
output characteristics of AVP with CS contribution.

follows a circular-chain structure. At last, this function is
modular and scalable, and also it allows the system to
reconfigure itself if necessary. Indeed, thanks to the ring
communication, if one module is removed from the chain,
one has just to connect the adjacent phases together to
close the chain of communication and operate with N — 1
modules. Each CS block is connected similarly as shown
previously for the case of the carrier-generation (CG) block
in Fig. 2(c).

It is worth noting that the CS block is responsible for
balancing, locally, each current, whereas the AVP block
adjusts the general duty-cycle to regulate the load voltage.
The local error e;(t) computed in each local CS is shown on
(4), whereas the CS controller Cx,(s) expression is given
in (5), as:

€i (t) =1, (t) - 0'5(i11+1 (t) - ili—l); (4)
Cal) =2 ks (). ©

where Ka; is a proportional gain that allows adjusting the
closed-loop time response, and 7a; is a time constant that
should be tuned to guarantee the system stability.

More details of the current-sharing technique for decen-
tralized control can be found in [22], [23].

IV. DESIGN AND STABILITY ANALYSES
A. Controller designs

The design of the controllers dedicated to the current
and the voltage regulation loops is described by the control
block diagram depicted in Fig. 5. It should be noted
both controllers Gy (s) and Gj(s) are involved in the
same circuit made by an opamp and external impedances
Zy1(s) and Zya(s) shown previously in Fig. 3(a).

The AVP-control method intrinsically has two loops
involved, as discussed previously. In essence, the design
should assume that the inner loop is much faster than
the outer loop. In other words, a large bandwidth for the
current loop is imposed. Then, in the frequency range of
the voltage loop, a part of the circuit operates as a voltage-
controlled current source. Such a hypothesis allows the
simplification of the control block circuit, as depicted in
Fig. 5(b).

Considering Zy1(s) is a simple resistor Ry and Zya(s)
is made by a resistor Ry in series with a capacitor Cyo,
the bandwidths of the current f.; and voltage loops f.y
are defined, respectively, by the following expressions:

1 Vi aRlya

fc] - 271" ‘/p . I3 9 (6)
1 1 N

fCV - %'aRVl-av (7)

Knowing the system parameter values (e.g., fsw, Vin,
Vp, L, etc), and considering equations (6)-(7), a suggestion



Simplification
For fcI > ch
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Fig. 5. Control block diagram description. (a) AVP-control block di-
agram for N-modules. (b) Simplified block diagram when f.;>> fcv .
The controllers impedances can be assumed as Zy1(s) = Ry and
Zya(s) = Ryva +1/(sCy2).

for the step-by-step process for the controller design is
summarized as follows:

1) Set f.; and f.y as a function of the switching
frequency fs,, such that:

1 1
fcI = gfsw; ch = Efsw; (8)

2) Determine Ry from a given maximum output volt-
age droop AV taking into acount the sensibility of
current sensor o

1 AV

Ry = =T ;
O LLpan

(9)

3) Determine C, from (7), using Ryy and fey deter-

mined previously.

4) Determine Ry2 from (6).

It should be noted that the design guidelines presented
here are just recommendations and, depending on the case
study requirements, other methods or rules-of-thumb to
determine the compensator type as well as parameter val-
ues can be used, as in [24], [25]. Indeed, the regulation loop
bandwidths can be chosen depending on various design
factors and constraints related to end-user priorities.

B. Stability Analysis

The stability analysis is performed considering the phase
margins obtained for the inner and outer regulation loops.
In this case, the frequency response of the system can be
done based on theoretical approaches detailed in [24]. A
small-signal study using PSpice simulations is performed
to observe the open-loop transfer functions in a Bode
diagram and determine the phase margins. Then, it is
necessary to open the loop at some specific points in
the circuit. Details about the method used to open the

loop can be found in [25]. The PSpice simulation circuit
dedicated to the stability analysis is presented in Fig. 6(a)
for the outer-loop and in Fig. 6(b) for the inner-loop.
Fig. 7 represents the bode diagram obtained with one
and four modules (i.e., N = 1 or 4). The feedback loop
bandwidths f.r and f.y correspond to (6) and (7) asso-
ciated with controller designs. Considering the switching
frequency fs, equal to 250 kH z, it can be seen that the
inner-loop and outer-loop present positive phase margins
of more than 60 degrees. Then, it can be assumed that
stability is guaranteed. It is worth noting that the number
of modules N has a strong impact on the resonance
frequency f, position which requires attention in terms of
the damping factor for load transient responses. Further
analysis with modal responses can be found in [26].
Considering the inner-loop, it can be observed that the
number of modules N has no impact on its bandwidth
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- 4\ ! TABLE 1
f 94 )F PARAMETER VALUES FOR SIMULATION TESTS OF THE SYSTEM.
0 Parameters Value Description
fsw 250 kH z Switching frequency
-100 N 4 Number of Phases
o DB(V(Vout Tout 40 - 100 A Output current range
o DB(V(Vout_v_N1)/V(vout_fb_v_N1)) Ipn 10-25 A Phase current range
200d Vout 06-12V Output voltage range
100d Vin 3-12V Input voltage range
Maximum admissible
0d- u Ay, 30 mV
i PM=75° mawx output voltage range
-100d PM=87%+H e T M « 0.0l m Effective current sensor sensitivity
-200d t f Ry 100 © AVP-Controller Zy1(s)
1Hz 10Hz 100Hz 1KHz 10KHz 100KHz Rys 19.6 kO AVP-Controller Zy5(s)
o P(V(Vout_v)/V(vout_fb_v))-180 Cya 50 nF AVP-Controller Zy5(s)
o P(V(Vout_v_N1)/V(vout_fb_v_N1))-180 aRyy 1 mV/A AVP Slope per phase

Frequency
@)
100 :
il (2=l A=Y
0 = i ""“h__‘
_— i)
r@i::-|sz kHz]
100" B (V(iout N1)/V(v_iL_N1))
o dB(V(iout)/V(v_il
2004 (V(iout)/V(v_il))
100d
=
AY
0d =  PM=90°
M s i i
-100d g
-200d
1Hz 10Hz 100Hz 1KHz  10KHz 100KHz

B P(V(iout)/V(v_i1))-180d
o P(V(iout_N1)/V(v_i1_N1))-180d
Frequency
(b)
Fig. 7. Simulation results for the stability analysis with N = 1 and
N = 4. (a) The transfer function of the Outer-loop. (b) The transfer
function of the Inner-loop.

fer- On the other hand, for the outer-loop, the number
of modules N has an impact on the gain of the open
loop transfer function at low frequency as well as on
its bandwidth f.,. One way to keep f.,, constant is to
consider the total output capacitor C, is made of N
different output capacitors C’; placed in parallel (i.e., one
per phase). By doing so, it is possible to cancel the factor
N in (7) since C, = N.C,, leading to:
1 1 N 1 1 1
.ch - QW.QRVl.N.C; - 2’/T.CVRVl C(;
This last consideration is interesting in terms of design
because the analysis can be handled by considering only
one single phase.

(10)

V. SIMULATION RESULTS OF THE SYSTEM

The decentralized control approach and its basic prin-
ciples were validated by simulations using OrCAD-PSpice
©v22.1 tool. Table I lists the main parameters of the appli-
cation.

The schematic overview of a 4-leg multiphase converter
implemented into the simulator is shown in Fig. 8, which

contains several blocks implemented into the simulator.
Such blocks are related to the power part composed of
a switching-cell, an output inductor, a current sensor (I-
sense), the load with a voltage sensor (V-sense), and the
control part composed of the ASIC which includes the
AVP-controller (AVP), the interleaved carrier generator
(CG) and the balancing current controller (CS).

Figs. 9 shows the simulation results related to the CG
block behavior. The self-interleaving of the carriers during
operation is observed, for the cases of three (N = 3) and
four phases (IV = 4), during the start-up and under recon-
figuration procedures. Concerning the start-up, it needs
less than 30 us to reach the expected equilibrium state
for which the carriers are well interleaved. In addition,
when a reconfiguration event is forced by disabling a phase
during operation (at 60 us), i.e. reconfiguring from 4 to
3 phases, the CG block provides suitable self-alignment,
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Fig. 8. The main blocks of the converter implemented with
Cadence™ OrCAD-PSpice simulator.
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Fig. 9. Simulation result. (a) Start-up of the interleaved carriers. (b) reconfiguration from 4 to 3 phases, and (c) restoration from 3 to 4

phases. The summation of carriers is depicted in gray lines.

reconfiguring the phase shifts of the carriers properly. The
summation of the carrier’s waveforms provides a good
indicator to quantify and validate the convergence of the
interleaving. Indeed, in steady-state with an appropriate
interleaving, this signal is either constant for N even or
presents a frequency equal to N.f,, for N odd.

Fig. 10 presents the output voltage of the multiphase
converter and both the phase and output currents in
steady-state. One can observe the regulated voltage is
well established within its minimum and maximum limits
(i.e., respecting its maximum allowable voltage ripple), as
shown in Fig. 10(a). Additionally, the droop of the voltage
corresponds to the expected one (i.e., -10 mV’). Indeed,
note that each phase current is well balanced and operates
properly with an average value close to 10 A per phase
resulting in a load current equal to 40 A, as shown in Fig.
10(b).

Fig. 11 shows the load-transient response of the con-
verter. A load current step from 0 A to 40 A is applied. Fig.
11(a) shows output currents, whereas the phase currents
can be observed in Fig. 11(b). Figs 11(c) and 11(d) show
a zoomed view of phase-currents before and after the
transient, respectively. Note that the phase currents are
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Fig. 10. Simulation result. Steady-state waveforms. (a) Output

voltage. (b) Phase currents (on the top) and Output current (on the
bottom).

well-balanced even during the transient. From Figs. 11(e)
and 11(f), one can observe that the droop of the voltage
Ay, after the transient, corresponds to the expected one
(i.e., Ay=-10mV) for a current load step of 40 A.
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Fig. 11. Simulation result. Load-transient response of the converter.
(a) Output current. (b) Phase currents. (¢) Zoomed-view of phase
currents before the transient. (d) Zoomed-view of phase-currents
after the transient. (e) Output voltage and reference voltage. (f)
Zoomed-view of output voltage and reference.

VI. CONCLUSIONS AND FUTURE WORKS

This paper has introduced a decentralized control
method applied to a multiphase synchronous buck con-
verter dedicated to supplying a microprocessor for a space-
craft application. A local controller is implemented in an
ASIC and associated with each phase of the converter.
It implements three basic functions: i) the phase control
signal interleaving, ii) the output voltage regulation, iii)
and the inductor current balancing. With this approach,
no centralized controller is needed. The modularity/scala-
bility of the resulting system leads to interesting properties
in terms of functional safety. Indeed, the system is able to
auto-reconfigure in case of failure occurring either in the
power part or in the control part of the converter. Hence, it



is able to continue to operate with N-1 active phases. This
is due to the usage of local controllers connected together
in a circular chain of communications.

The simulation results validate the performance of the
proposed method which can be seen as an effective solution
to achieve the requirements of the embedded space system.
This work is part of a European project involving satellite
solution manufacturers and university partners. Due to
confidentiality terms, some details and explanations are
not included in this version of the article. Future works re-
lated to the ASIC characterization will provide experimen-
tal results to confirm simulation predictions. Moreover,
other scenarios, as well as other alternative decentralized
control methods based on current-mode control methods
(e.g., peak or valley detection, or even by sensing the
average inductor current) are currently under study and
may be discussed soon.
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