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Abstract—Using analog wireless communication, we demon-
strate a master—slave load-sharing control of a parallel de—dc
buck converter system, thereby eliminating the need for physical
connection to distribute the control signal among the converter
modules. The current reference for the slave modules is provided
by the master module using radio-frequency (RF) transmission,
thereby ensuring even sharing of the load current. The effect of
delay due to RF transmission on system stability and performance
is analyzed, and regions of operation for a stable as well as satis-
factory performance are determined. We experimentally demon-
strate a satisfactory performance of the master—slave converter at
20-kHz switching frequency under steady state as well as transient
conditions in the presence of a transmission delay. The proposed
control concept, which can potentially attain redundancy that is
achievable using a droop method, may lead to more robust and
reconfigurable control implementation of distributed converters
and power systems. It may also be used as a (fault-tolerant) backup
for wire-based control of parallel/distributed converters.

Index Terms—ILoad sharing, master—slave control, parallel
dc—dc converter, time delay effects, time-delayed system stability,
wireless-network-based control.

I. INTRODUCTION

OAD-SHARING parallel dc—dc converters potentially

offer several advantages over a single standalone unit in
terms of modular architecture, reconfigurability, redundancy
and fault tolerance, and cost. However, the reliability of such
distributed systems relies heavily on their ability to share the
power equally during steady state as well as transient con-
ditions. One of the commonly used methods for stabilization
of parallel dc—dc converters is the conventional droop method
[1], [2], which is shown in Fig. 1(a). Load sharing among the
power supplies using the droop method is dependent on the
output-voltage setting of each power converter and may be
compromised if a tight voltage regulation is desired. Active
current-sharing mechanisms [3]-[7] provide a better alternative
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to conventional droop methods by monitoring the difference
between the reference current (which, for instance, could be
the average of the currents of all parallel modules or the
current of a dedicated or democratic master) and the output (or
inductor) current of each converter module and incorporate this
information into the control loop. One common current-sharing
approach is the dedicated master—slave control scheme, as
shown in Fig. 1(b), which ensures that all of the slave modules
follow the reference current of the master. However, traditional
current-sharing mechanisms rely on a physical connection
among the converter modules; hence, system redundancy and
reconfigurability may be compromised.

A radio-frequency (RF)-based wireless-network control of
power electronic converters has been proposed in [8]-[10],
which can be used to achieve a level of redundancy that is
close to that of the droop method, while ensuring that the
load-sharing performance and voltage regulation of the system
are not compromised. In [8], a pulsewidth modulated (PWM)
signal-sharing mechanism (over a digital link) for a parallel
dc—dc converter is demonstrated. However, the bandwidth is
limited due to the lack of current-sharing loops. In this paper,
we propose a dedicated master—slave control scheme based
on information transfer over a wireless communication link
from the master module to the slave, as shown in Fig. 1(c).
The effectiveness of the wireless-network-control scheme is
demonstrated for a switching frequency of 20 kHz and for
a channel separation of approximately 3 ft. Furthermore, we
determine the impacts of RF communication delay [11], [12]
on the stability and performance of the parallel converter, with
focus on the following:

1) reaching condition for orbital existence (which predicts
convergence to an orbit from any arbitrary initial condi-
tion during transients/start-up [13]);

2) steady-state stability;

3) load-sharing performance.

For 1), we use a nonlinear technique based on multiple-
Lyapunov functions, which is described by the authors in
[14] and [15]. For 2), we use a linearized average model and
frequency domain techniques, presented in [16]. For 3) we
use time-domain simulations during steady state and transients.
These analysis techniques are used to obtain the bounds for the
time delays, which ensure that the stability and performance of
the parallel converter are not compromised.

0278-0046/$25.00 © 2008 IEEE

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 25, 2009 at 15:18 from IEEE Xplore. Restrictions apply.



60

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 55, NO. 1, JANUARY 2008

DC DC DC DC DC DC
Bus Bus Bus Bus Bus Bus
[ [—| Master | Master
|
Module 1 Load Module oad Module X Load
[eom [
- - - \J
| Slave Slave )
Module 2 Moduls 1 " Module 1 R
H : : v
H : H Y
B — Slave [ |Slave .
Module N Module N -1 [ Module N-1 R
“Wirebased” Current- “Wireless” Current-
Reference Signal Reference Signal
(a) (b) (c)

Fig. 1. Paralleling schemes for dc—dc converter. Wire-based (a) droop and (b) master—slave methods for distributing the current-reference signal of the master
module among the N — 1 slave modules. (c) Wireless master—slave current-sharing method, where the RF transmitter and receiver are represented, respectively,
by the symbols X and R.
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Fig. 2. Block diagram of the parallel dc—dc buck converter with wireless master—slave load-sharing control scheme. The slave module only has a current loop;

the reference for its current loop is transmitted wirelessly from the master module using an analog RF transmitter block.

II. CONTROL SCHEME AND STABILITY ANALYSIS

The control scheme for load-sharing dc—dc buck converters
with N-modules connected in parallel is shown in Fig. 2. The
controller for the master module has two control loops: voltage
and current loops. The output of the voltage loop acts as the
reference for the current loop. All the slave modules have the
same controller structure and receive the current reference from
the master module. In this section, we demonstrate the control
design and stability analyses for a converter with two parallel-

connected modules. The analyses can be further extended to
a higher number of modules by appropriately changing the
system models.

The transfer functions of the voltage- and current-loop com-
pensators of the master module are H,(s) and Hj (s), re-
spectively. The gain of the voltage loop (K,) affects voltage
regulation of the system (with variations in the load, input, and
power-stage parameters) and current reference of the modules.
The gain of the current loop (K1) is tuned to achieve a
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Frequency-modulated RF transmission of the current-reference signal. (a) Block diagram for the transmitter, channel, and receiver. (b) Signal waveforms

at the input of the transmitter (Analog Input), modulated signal at the output of the transmitter (RF Transmitter Output), where the maximum magnitude of
the analog input signal corresponds to the maximum frequency but is delayed by the transmission delay 7¢, and the demodulated signal at the receiver output

(Analog Output) which is delayed by a total delay of 7.

good transient response. The poles and zeros of the controllers
are chosen so as to ensure that the closed-loop system has
an adequate bandwidth and phase margin. The output of the
current loop, which is an error signal, is passed through a
comparator, whose other input is a ramp signal. The output
of the comparator is the PWM signal, which (after passing it
through a gate driver) is used to control the power MOSFET of
the buck converter. The frequency of the ramp signal determines
the switching frequency of the converter.

For N =2, the transfer function of the current loop of
the slave module is given by H;a(s). The reference for this
controller is generated by the voltage loop of the master. This
ensures that the current distribution between the two modules
is even, thus alleviating problems associated with unequal load
sharing among the converter modules. However, any mismatch
in the current reference of the two modules (due to transmission
error or delay from the master to the slave module) can lead to
a load-sharing error. Because the gain of the voltage loop deter-
mines the current reference for the master and slave modules,
it affects the dynamics and performance of the load-sharing
converter. The current reference of the master module is trans-
mitted to the slave module through a wireless communication
channel. To achieve this, first, the current-reference signal of the
master is fed to an RF transmitter on the master module. The
RF transmitter broadcasts it after modulating the signal using
a high-frequency carrier, as shown in Fig. 3. Subsequently, the
transmitted signal is captured by the receiver antenna, which

is tuned to RF transmission frequency as well. The receiver
demodulates and tunes the received current-reference signal
such that it closely matches the current-reference signal of the
master. This current-reference signal is then fed to the current
loop of the slave module. The wireless channel is modeled
as a single delay (comprising transmission, propagation, and
reception delays). Delay due to propagation is relatively small
for channel lengths lesser than 100 ft. An increase in the
switching frequency results in an increase in the phase lag
between the master and slave controller outputs. By assuming
that 74 is the time delay from the master module to the slave
module and that f, is the switching frequency, then the phase
lag between the two modules is given by A¢p = fs X 74.

To investigate the impacts of time delay on the dynamics of
the parallel buck converter, we consider two modes of oper-
ation. First, we investigate the reaching conditions for orbital
existence of the converter using a piecewise-linear model of the
system [14], [15]. Such analyses can be used to determine if the
state-trajectories of the parallel converter converge to an orbit
in the presence of time-delays due to the wireless communica-
tion network. The state-space equation of this system can be
expressed as

where ¢ denotes the switching state of the system, x =

i1 iz ve & & & & & &)U isthe state of the

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 25, 2009 at 15:18 from IEEE Xplore. Restrictions apply.



62

converter, and 74 is the time delay among the states. Ag;, A1,
and B;, which are shown at the bottom of the page, depend
on the switching states. For the two-module parallel buck con-
verter, i can take any value from 0 to (22 — 1 = 3) depending
on the output of the feedback controllers (ierror 1 and ierror_g).l
The switching states of the converter can be expressed as

{07 ierror_k (t) S Vmod

1a ierror_k (t) > Vmod ’
From this point onwards, we drop the notation of time, and
an arbitrary time-delayed vector y(t — ) is represented as ¥,
or y(t + ¢) as y_,,. We transform (1) to the error coordinates
using e = x* — x, where z* is the desired value of the states.
The modified state-space equations in the error coordinates can
be expressed as

Sk(t) E={1,2}. @

&= Agie + Arier, — (Ao + Ar)x" — B;. (3a)
Equation (3a) can be rewritten as
e = (AO’L —+ AM)G + Ali(er — 6) — (A01 —+ All)l’* — Bz
(3b)

1(i=0):(S1=0,8=0); (i=1):(S1=1,5=10); (i=2):(S1=0,
52:1);and(1—3) (S1=1,82=1).

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 55, NO. 1, JANUARY 2008

Using

—le- T}T_—Td
0
/

(3b) can be simplified to

—(Aoi + Ari)e 7 — Avie(ry—r)

+ (Agi + Ayi)a* + B;)dr

0 —Td
é= (Am + Ah—)e — / AliAOZ'B,TdT — / A%iG,TdT + Ez
—Td —274

(o)

where E, = 7B, - (AOZ +A1z)x* +TdA1i(B1; + (AOz +A11)CC*)

The reaching condition of the system described by (3c)
depends on the number of feasible nonrepetitive and non-
redundant switching sequences [15]. For each of these
switching sequences, we define a positive-definite quadratic
composite Lyapunov function Vi (e) > 0 (for the kth switching
sequence), which can be expressed as [17]

h
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where h is the number of switching states in a given sequence,
0<op <1, 3" agi =1, Py = PE is a positive definite
matrix, and pVi(e) > Vi(eg), forany —7 < 6 <0 and p > 1.
The error trajectories of the system described by (3c) converge
to the orbit if there exists Pj; > 0, such that Vj, (t) <0. To
determine whether this condition is satisfied by (3c), we have
a matrix inequality given by [14], [15]

My, PriAviAvi —PiiA?, PuB;
h —ALAT Py —pPr; 0 0 .
i <
; il a2)" Py 0 — Py 0
B, Py 0 0 0
&)

where My, = (1/74) | Pri(Aoi + A1i) + (Aoi + A1) T Pri] +
(p + 1)Py; [16]. This inequality can be solved using standard
techniques for linear-matrix inequalities [18].

If there are no solutions to (5), we investigate the dual
Lyapunov function to determine that the error trajectories of the
converter do not converge to the orbit [19]. The dual Lyapunov
function

h
V=) ok’ Quie. (6)
i=1

The error trajectories of the converter do not converge to the
orbit, provided that

N —QriAiAoi QriAl, —QriBi
Zh: A AT Qri PQri 0 0 .
(a7 %] <
= g (A%i)TQki 0 Qri 0
~B; Qui 0 0 o 1

where Ni; = (1/74)|Qri(Aoi + A1i) + (Aoi + A1) " Qi +
(p+ 1)Qp;. If there are no solutions to (5) and there exist
solutions to (7), we conclude that the error trajectories of the
system do not converge to the orbit.

When the power devices of all the converter modules switch
periodically, we use an averaged model to analyze the stability
of the system. The state-space averaged model of the system is
described by

&= Aox + A1zt —14) + B

where & = [ir1 ir2 Vo &1 &2 & & & &o|T, Ao = Ao, A1 =
Ay B=[(d1/L1)Vin (d2/L2)Vin 0 Vet 00 0 0 0]T, C =
001000000 Here, i71 = (iz1), iz = (ir2), and
Ve = (v.) are the average values for the states. The duty ratios
of the switches dy = (S1) and dy = (S2) determined by the
feedback controllers, as shown in Fig. 2, are given by
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Fig. 4. Experimental setup comprising the master and two slave buck con-
verter modules connected in parallel, logic and input power supplies, and an
electronic load. The parallel power system implements dedicated master—slave
current-sharing control using RF transmission.

The infinite-dimensional system in (8) with a single delay is
stable if the delay 74 is below the delay bound 7. To determine
how the delay bound 7T varies with the gain of the voltage
controller, we use a delay-dependent stability criterion, given
in [16], which is summarized in the following.

Theorem?®: For the system in (8) stable at 7y = 0, i.e., Ay +
A is stable and rank(A4;) = ¢, we define

. ch . - —ig
G it (jwid — A, Ay) = e
e AU e ) =
Ti= for some w}, € (0,00), 0} € [0,27]
00, if p(jwl — Ag, A1) > 1 VYw € (0,00)

(10)

then 7 := minj<;<,7;, and the system in (8) is stable for
all 75 € [0,7) and becomes unstable at 74 =7. In (10),
p(Ao, A1) := min{|A| |det(Ag — AA;) = 0}, and A(A4, B) is
the generalized eigenvalue of the matrices A and B.

To use the aforementioned theorem, we devise an algorithm
to compute the delay margin and also check whether the system
is stable independent of delay. We first test the condition

pljwl — Ag, Ay) > 1 Yw € (0, 00). (11

If the condition in (11) is satisfied for all values of w, then
the system is stable independent of delay. If there is some
w for which the condition in (11) is not satisfied, using that
value, we solve \;(jwl — Ag, A1) = e 7% for § and find the
corresponding delay using (10).

III. RESULTS

Fig. 4 shows an experimental setup for the master—slave buck
converter for a three-module system. The power-stage, con-
trol, and wireless-transmission parameters for the experimental
parallel converter are shown in Table I. The difference in the
inductance of the master and slave modules (less than 10%) is

2This theorem and its proof are given in [16].
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TABLE 1
PARAMETERS OF THE MASTER-SLAVE PARALLEL BUCK CONVERTER
Nominal Parameters Values | Nominal Parameters Values
Switching frequency 20 kHz | Ramp height 8V
BandW}dth of the w1.re1ess 28 kHz DC gain (K,) of the master voltage 3000
transmitter and receiver loop
Channel separation attempted 10 feet Zero (wz;) of the master voltage loop 500 rad/s
so far compensator
Wireless transmitter to 20 uS Pole (wp,) of the master voltage loop | 20,000
receiver delay H compensator rad/s
Output inductance of the 155 uH DC gain (K;;, Kj;) of the master/slave 4000
master current loop
Output inductance of the 165 uH, | Zero (w., w;3) of the master/slave 1000
slaves 162 uH | current loop compensator rad/s
Output capacitance 800 uF Pole (w),, wp;3) of the master/slave 25,000
current loop compensator rad/s
Reference output voltage for 25V Logic power supply for the master *15V
the master ’ and slave boards and 5V
Input voltage v Regulated output voltage 5V
1
10 ¢ T : .
~
\ —_
\ X
0 N 5
10N 1 £
\‘ w
\‘ g’
1 ™ ‘c%
_ - \s
8107} { 2
L I 3
> stability delay bound T me—ae T
I 3
8 10 ¢ 3 o
................................ 1500
JL_convergénce delay e RO
10 ¢ E Delay (us) 500 2500
performance delay bound 0 2000 Voltsge L dop Gaime)
-4
1 0 L L 1 . . ~ . . .. .
4500 2000 2500 3000 3500 Flg. 6. Yarlat10n of peak load-sharing error with variation in the voltage loop
) gain and time delay between the master and slave modules.
Controller Gain (Kv)
Fig. 5. Delay bound for the system to operate in stable region, to converge

to the switching surface, and to meet the performance criterion (5% load-
sharing error among the modules) for different values of voltage loop controller
gain (Ky).

due to small variations in the parameters of the cores and the
nature of the windings. First, we examine whether the converter
satisfies the reaching conditions for orbital existence. Using
the conditions given in (5) and (7), we determine the bounds
of the time delay for the system dynamics to converge to the
orbit. Fig. 5 shows the variation of such a bound with the gain
of the voltage-loop compensator. When the converter switches
periodically, we use a linearized averaged model to analyze
the stability of the system. For the system described by (8),
rank(A4;) =1, and 7 = 71. To find 7 using the criterion in
(10), we sweep the frequency from oo — 0 and find the points
at which p(jwl — Ap, A1) ~ 1. Using this value of w and the

fact that there is only one nonzero generalized eigenvalue for
the system considered in this paper, we have w = wi. Next,
we find the delay threshold as minj <<, 0} /w;. by varying 6}
in the interval of [0, 27]. For example, the delay threshold for
K, = 3000 is 71 = 0} /w} = 2.085/58.748 = 35.5 ms. The
time-delay bound for the system to operate in stable region
at different values of the voltage controller gain is shown in
Fig. 5. For the present case, this delay bound is larger than the
delay bound for the system to converge to the switching surface
during start-up and transient conditions.

In Fig. 6, we investigate the impact of the RF transmission
delay on the performance of the load-sharing control system.
We observe that the maximum difference between the output
current of the converter modules under transient condition
(referred to as the peak load-sharing error) increases with
increasing RF transmission delay. However, for a given
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Fig. 7. Output voltage (Ch4) and master and slave inductor currents (Chl,
Ch2, and Ch3), respectively, during load-transient. The load-transient specifi-
cations are tabulated in Table II.

TABLE 1II
SPECIFICATIONS OF THE LOAD-TRANSIENT
Nominal Parameters Values
Time period of the load-transient 10 ms
Duty ratio of the load-transient 50%
Minimum value of the load current 1A
Maximum value of the load current 30A

RF transmission delay, the peak load-sharing error can be
reduced by reducing the master module’s voltage-loop dc
gain (K, ), which directly affects the current reference for the
slave module. For a maximum tolerable load-sharing error
of 5%, the bounds for the time-delay are shown in Fig. 5
along with the bounds for convergence and stability. This
time-delay bound could vary depending on the other operating
criteria of the parallel converters. Clearly, the time-delay
bound for the performance criteria is the lowest and hence
can be used to determine the operating delay limits of the
system.

Fig. 7 shows the experimental validation of the theoretical
results under a load transient condition with an RF transmission
delay (74) of 20 us. We subject the master—slave converter
system to a load transient; the details of which are tabulated
in Table II. Fig. 7 shows the output voltage and the inductor
currents of the master and two slave modules. The inductor
currents of the slave modules track the corresponding signal of
the master well, despite the variation in the inductance of the
slave modules.

The steady-state performances of the parallel converter are
shown in Fig. 8. Fig. 8(b) shows the gate-driver signals of
the master and slave modules along with the output voltage.
Fig. 8(a) shows that both the master and slave modules are
regulated at 5 V and that the mean values of the three inductor
currents are close, establishing that the master and two slave
modules share the load current evenly. The ripple current of the

B
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Fig. 8. Steady-state performance of the master—slave converter system.
(a) Inductor current (2 A/div) of the master (Ch1) and slave modules (Ch2 and
Ch3) along with the output voltage (Ch4). We note that the input to Ch1-Ch3
(which is set at 20 mV/div) is the output of a hall-sensor current amplifier,
which is set at 2 A/div. (b) Gate-driver signals (Chl, Ch2, and Ch3) for the
master and slave modules and the inverter output voltage.

slave modules is slightly lower (than that of the master module)
because of its higher inductance.

IV. SUMMARY AND CONCLUSION

We demonstrate the effectiveness of an analog wireless
master—slave current-sharing control of a parallel dc—dc buck
converter under transient and steady-state conditions. Unlike
the wireless PWM scheme described in [8], the active-current-
sharing scheme, described in this paper, yields better dynamic
response and mitigates the possibility of steady-state error
in [8] due to RF transmitter nonlinearities. Using multiple-
Lyapunov and eigenvalue approaches, this paper also analyzes
the reaching conditions for orbital existence and steady-state
stability, respectively, of the load-sharing converters in the
presence of communication delay. Our analyses yield the time-
delay bounds for stability and performance of the system.
If the system operates within these prescribed bounds, the
proposed control scheme can be used to achieve a high level of
redundancy (of a droop method) while ensuring a satisfactory
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steady-state and transient performance of wire-based active-
current-sharing schemes. The proposed distributed control can
be extended to multimodule parallel and networked converters
as a primary or as a fault-tolerant backup control.
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