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Abstract—We demonstrate a new concept for wireless
pulse-width modulation (PWM) control of a parallel de—dc
buck converter. It eliminates the need for multiple physical con-
nections of gating/PWM signals among the distributed converter
modules. The new scheme relies on radio-frequency (RF) based
communication of the PWM control signals from a master to the
slave modules. We analyze the system stability and demonstrate
the experimental effectiveness of the wireless control scheme for
a two-module parallel buck converter for 10-kHz and 20-kHz
switching frequencies and for channel lengths of 1.5 and 15 ft,
respectively. The proposed control concept may lead to easier
distributed control implementation of parallel dc—dc converters
and distributed power systems, and may lead to redundancy
that is achievable using droop method. It may also be used as a
backup for wire-based control of parallel converters to provide
fault tolerance.

Index Terms—Buck converter, master—slave control, parallel
dc—dc converters, radio frequency, wireless.

I. INTRODUCTION

ARALLELING of dc—dc converters, such as the one illus-
Ptrated in Fig. 1, yields many desirable features: enhanced
reliability, increased power-output capability, expandability,
reconfigurability and redundancy, and on-site repair when
hot plug-in capability is incorporated [1]-[6]. One of the
commonly used methods, for stabilization of parallel dc—dc
converters, is the conventional droop method [3], [5], which
is illustrated in Fig. 2(a). Droop method, which yields high
system redundancy, can be accomplished with several classes
of converters. The load sharing among the power supplies using
this method is entirely dependent on the output voltage setting
of each power converter. For this reason, it is not advisable to
use the droop method to gain higher current than the maximum
current capability of any single converter. It is possible, that
one converter alone may drive the load and consequently, either
go into overload protection or substantially reduce the lifetime
of the converter. Besides, the output voltages in a droop method
connection should be adjusted as closely as possible.

To minimize the negative effects of conventional droop and
for increased reliability, paralleled dc—dc converters require an
active-current-sharing mechanism to ensure even distribution of
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Fig. 2. (a) Droop method, (b) dedicated master—slave current-sharing method,
(c) and (d) dedicated master—slave method for distributing the PWM gate signal
of the master module among N-1 slave modules electrically and wirelessly,
respectively. For (d), the symbols X and R represent the radio-frequency (RF)
transmitter and receiver, respectively.

currents and stresses between the modules. The latter is the same
as droop method with the addition of a current-sharing bus, as
shown in Fig. 2(b). The essence of current sharing is to monitor
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the difference between the reference current and the output cur-
rent of each converter and incorporate this information into the
control loop. Many effective current-sharing control schemes
have been proposed in previous studies, including [1], [4]-[7].
One common current-sharing approach is to employ an active
control scheme to force the currents in all but one module of
a parallel de—dc converter to follow the reference current gen-
erated by a dedicated module referred to as the master. Such a
scheme, also known as dedicated master—slave control scheme
[5]1, [8], ensures that all of the slave modules follow the refer-
ence current of the master.

For very low-cost power-electronics applications, an inex-
pensive version of the master—slave control technique, as shown
in Fig. 2(c), is used [9]. In such a scheme, the master module
echoes the gating pulse-width modulation (PWM) signals to
all other slave modules. With such an implementation, if any
slave module were to fail, the overall power system can still be
operational. Thus, a certain degree of redundancy is obtained
by adopting this configuration. The extension of the low-cost
scheme shown in Fig. 2(c), which has so far been primarily lim-
ited to single-board applications, to parallel dc—dc converters
that are distributed in space has been difficult due to increased
multiplicity of physical connections for PWM gate signals.

To avoid this problem, we propose in Fig. 2(d), a new con-
cept, which eliminates the need for multiple physical connec-
tions of clock/control signals among the distributed modules.
The new control scheme has potential applications for spatially
distributed higher power interactive power-electronic networks
(IPNs) including naval IPN, microgrids, more electric aircrafts
(MEAs), and distributed uniterruptible power supplies (UPSs)
[10]-[12]. As shown in Fig. 2(d), the new scheme relies on wire-
less communication of the PWM gate control signals from the
master to the slave modules. In this paper, we demonstrate the
distributed wireless PWM control scheme for a parallel dc—dc
converter system, comprising two modules. We demonstrate the
effectiveness of the wireless control scheme for two different
switching frequencies and for module-separation distances as
close as 1.5 ft and as far as 15 ft. It is apparent from Fig. 2(a)
and (d) that, the wireless master—slave method, achieves a level
of redundancy that is very close to that achievable using the
droop method. However, unlike the droop method, the proposed
method achieves an improved regulation.

II. CONTROL SCHEME AND STABILITY ANALYSIS

Fig. 3(a), shows the wireless master—slave PWM control
scheme for a parallel dc—dc buck converter comprising two
modules—a master and a slave. The master module imple-
ments a voltage-mode control to regulate the output voltage.
The structure of the compensator is described by the transfer
function H,(s) = (K/s)((s/w:) + 1)/((s/wp) + 1) [13],
where K is the dc gain, w. and w, are the zero and pole,
respectively. The objective of the voltage-mode controller for
the master is to regulate the output voltage. This is achieved by
comparing the voltage feedback of the output voltage with the
reference (Vie_ret) for the same. The output of the controller,
which is an error signal, is compared with a ramp signal, which
determines the switching frequency of the converter. The output
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Fig. 3. (a) Control scheme for the experimental parallel dc—dc converter and
(b) the experimental setup of the master—slave converter. The distance between
the two antennas is 1.5 ft, which is later extended to 15 ft.

of the comparator is the PWM signal, which (after passing it
through a gate driver) is used to control the power MOSFET
(S1) of the master buck converter. The same PWM signal is
sent wirelessly to the slave module. To achieve this, first the
PWM signal is fed to a radio-frequency (RF) transmitter on
the master module. The RF transmitter, without digitizing the
signal, amplifies and broadcasts it using a 900-MHz! carrier
and hence, the duty cycle does not change in finite increments.
The frequency shift keying (FSK) modulation scheme is used
by the RF transmitter. In this modulation, 900-MHz RF signal
switches between two frequencies depending on the ON or
OFF state of the PWM signal. During the ON duration of the
PWM signal one particular frequency is transmitted by the RF
transmitter and a second frequency is transmitted for the OFF
duration of the PWM signal. This way the PWM signal and
the duty ratio are preserved during the transmission. Subse-
quently, the modulated RF signal is captured by the receiver
of the slave module, which is tuned to 900 MHz as well. The

IThe RF transmitter and receiver used in the experimental setup use
900-MHz frequencies and operate in the unlicensed industrial, scientific, and
medical (ISM) band.
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Fig.4. Equivalent block diagram for the parallel converter with controller only
on the master module.

receiver demodulates and amplifies the broadcast signal such
that the output of the receiver matches the pattern of the original
PWM signal. This signal is then fed to the input of the slave
power-MOSFET gate driver, the output of which controls the
MOSFET (.S3) and thus, ensures equal power sharing between
the master and the slave modules. The bandwidth (BW) of
RF transmitter and receiver pair used is 200 Hz—28 kHz and
any switching signal within this range can be transmitted
using this pair. The BW requirement for the RF transmission
increases with the increase in the switching frequency. This
requirement can be accomplished by using modules with larger
transmission BW, e.g., AR5414 from Atheros. The experi-
mental master—slave modules comprising the buck converter
and wireless transmitter and receiver are shown in Fig. 3(b).

The equivalent model of the parallel master—slave system
with voltage controller on the master module while the slave
module follows the master PWM signal is shown in Fig. 4.

The state space equation for the master—slave power stage is
given by

diy —re 0 =1
dt Ly L11 11
di _ —TrrL2 —_1
d_t2 - 0 L Lo 2
dv, 1 1 —1 v
dt (Cl-‘cm) (Cl-‘cm) R(Cl-‘cm) ¢
S1
L,
+ 2|V ()
0

The state space equivalent of the controller transfer function is

& —
[#] =[5 9] (2] [3] e

V. =K' K'w.] [gﬂ

(1b)

where K’ = K(wp/w.). Combining (la) with (1b) the state
space realization of the overall system is given by

X =AX + B‘/m + Brchc_ref

V,=CX (1c)
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where
_ —-r —1
Lfl 0 N 0 0
0 = z—l 0 0
A= 1 1 -1 0 0
(C1+C3) (Ci+C2) R(Ci+C3)
0 0 0 0 1
L 0 0 —k 0 —wp
(B, =[1/L; 00000, forSSs =10
B— B2 = [I/Ll 1/L2 00 O]T, for 5152 =11
- B3 = [0 1/L2 00 O]T, for 5152 =01
L B4 = [0 000 O]T, for 5152 =00
Bie=[0000 1%
and

C=[000Kw, K|
The state vector X = [i; ia v. & &1]7 combines the states
of the voltage mode controller on master module and the states
of master—slave power stages. When the signal is transmitted
from the master module wirelessly it experiences a delay (67)
before activating the switch on the slave module. The switching
patterns of the two switches in one switching cycle are shown
in Fig. 5. Below we obtain the steady state solution for the case
when 61" < d1' A similar derivation can be done for the case
when 6T > dT. For the interval 0 < ¢ < 67 the switching state
5187 is 10 and the system state equation is given by
Xirysr = T Xy + [T = [JAT' BV,
+[6A6T - I]A_lBrchc_ref (23)

where X is the value of X at the end of the kth switching
cycle. Similarly, the state equations for switching states 11, 01,
00, respectively, are

Xprtar = e T Xpr s

+ |:€A(d_6)T _ I:| A_1B2‘/in
+ [T ] AT B Vie s (2b)
Xprtstayr = €T Xprtar
+ [eA(ST _ I]A_lBgl/in
+ [eAéT - I] A_lBrchC_ref (20)
Xirsr = 2T X 4 avsyr
+ |:eA(1—d—§)T _ I:| A_IB4‘/in

+ |:eA(1—d—5)T — I:| A_lBrchc_ref' (2d)
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Combining the state (2a)—(2d) over one switching cycle we ob-
tain
Xerer
= f(XkTa d, Vin7 6)
AT _ eA(l—é)T] A1B,
+ [eA(k(s)T _ eA(lfd)T] A1B,

= eATXkT + 4 [eA(l—d)T _ eA(l—d—é)T] A~1B, Vin
4 [eA(l—d—é)T _ I] A—lB4
+ [eAT - I]AilBrchc_rof (3)

and the auxiliary equation for the switching condition of the
closed loop feedback system is

n(Xgr,d, Vin, §)

AdT _ A(d=8)T] g—1
_ AdT [e ¢ ] 4B i
=C (e Xpr + { + [eA(d—6)T _ I] A—lB2 in

+[6AdT - I]AlBrchc_ref) - V;ampd =0. (4)

We obtain the equilibrium solution (Xgr4+r = Xpr = X) for
the system as
X=[1-e]"
[eAT _ eA(l—(S)T] A-'B,
+ [eA(l—é)T _ eA(l—d)T] A-1B,

X + [eAQ-OT _ (AQ-d-8)T] g-1p, Vin
+ I:eA(l—d—(s)T _ I] A_lB4
+H[e T = AT Brc Ve et (5)

Solving (4) for duty ratio d and substituting in (5) we get equi-
librium point solution for the states of the system. Now for small
disturbances in the states, the duty ratio, the delay, and the input
voltage we obtain
r=X+1,

Vin = ‘/in + Vin,

d=D+d, §=A+0,
y=Y +y (6)
and using (6) we linearize the system about the equilibrium
point to obtain

af . af -~  of . af ~
T(ht1)T R %ka + 8_£d + E)v{n Uin + a—§5 @)

_On_ on~ On _ an ~
0% Sptir + 540+ 5o -tm + 550 ()

It follows from (8) that
~ on -1 on . on . o ¢

d=— |2 | iy + Ly + =05 .

[8d] {axﬂ”ﬂ‘+'avm1’ * o5 ©)

Using the result from (9) and substituting it in (7) we obtain
T(hy1)T R Agyr + By, + C6

where

g_ﬁ_ﬁPqA@
or  od |od] oz
5_ 0f __Qi[gﬁ]‘l an
v Od |0d]  Ovi
@_ﬁ_ﬁPqA@
96 od |od| 95
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The stability of a given point can be determined by the eigen-
values (Floquet multipliers) of A [14]. For the asymptotic sta-
bility all the eigenvalues must lie within the unit circle.

III. RESULTS

We have conducted simulations to analyze the system sta-
bility. Fig. 6 shows the plot for eigenvalues for an input voltage
variation of 10t0 40 V atadelay 6T = T'/2. All the eigenvalues
fall within the unit circle and the system remains stable for this
delay. In Fig. 7 the effect of the input voltage variation for delay
6T = 0,6T = (1/4)T, and 6T = (1/2)T is shown only for the
complex pair of eigenvalues. From the plot it can be seen that
the absolute value of the complex conjugate pair of eigenvalues
increases with the increase in the delay. But this increase in the
absolute value is very small and there is only marginal effect on
the system stability.

The power-stage, control, and wireless parameters of the ex-
perimental parallel converter, shown in Fig. 3(b), are tabulated
in Table I. Using the experimental modules, we conduct three

2Ch2 displays the current in “A” while Ch3 displays in “mV” as Ch3 was
using a current probe amplifier. The setting for current probe amplifier was “10
mV=2A"
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TABLE 1
PARAMETERS OF THE MASTER—-SLAVE PARALLEL BUCK CONVERTER SYSTEM

: - F— - ZZUA Nominal Parameters Values
$E s T R B S Ch310.0mV Chd 5 0V Switching frequencies 10 kHz and 20 kHz
b + Time 80us Minimum and maximum channel lengths (attempted) 1.5 feet and 15 feet
Bandwidth of the wireless transmitter and receiver 28 kHz
Maximum baud rate of the wireless transmitter 56 kbps
Input voltage 10V
Output load current 29A
Output inductance of the master 165 uH
Output inductance of the slave 150 uH
) Output capacitance 600 uF
3. Reference output voltage for the master 25V
: Ramp height 8V
Regulated output voltage 5V
DC gain (K) of the master voltage-mode controller 3000
[ ; ! -t . ! . Zero (w.;) of the master voltage-mode controller 700 rad/s
Ch1 S0V 80.0ps Chz 204 80.0ps Ch3 100mY 800ps Chd SOV B0.0ps Pole (w,,) of the master voltage-mode controller 22,000 rad/s
- Logic power supply for the master and slave boards +15Vand 5V

T T W 400ps SOMSA 200nsAt

A Chd ~ 5aY

Sl B s B eaChl 10.0V Ch2:2.0A g5
i 1 Ch3 10.0mV Ch4 10.0V
+ Time 80us
| = : 7 4 k i 3 3 |
\ ! .
i ‘ : ‘ : ‘ ]
L4+ . o \ , i ;
ch1 100V 800ps Ch2 204 800ps Ch3 100mY B00ps Chd4 100V 80.0ps
(b)
Fig. 8. Results for master and slave at a distance of 1.5 ft and at a switching

frequency of 10 kHz. (a) Master and slave output voltages (Ch1 and Ch4) and
inductor currents (Ch2 and Ch3)2, respectively. (b) Master and slave PWM
signals (Chl and Ch4) and inductor currents (Ch2 and Ch3), respectively. The
delay between the master and slave waveforms is the sum of the modulation
and demodulation delays introduced by the wireless transmitter and receiver
respectively and is independent of the PWM signal frequency.

separate tests. First, we obtain the performance of the parallel
dc—dc converter by keeping the switching frequency at 10 kHz
and the distance between the master and slave modules at 1.5 ft.
Fig. 8(a) and (b), demonstrate the effectiveness of the wireless
PWM control scheme. They show that the inductor current and
gate signals of the slave module follow the same signals of the
master module using a small time delay. The delay is due to
the RF transmission. However, the mean values of the master
and slave inductor currents are the same and so are their output
voltages. This establishes even distribution of the load-sharing
current.

The delay between the master and slave modules depends
mainly on processing time of the RF transmitter and receiver
and is almost constant. With the increase in switching frequency
the phase lag between the master and the slave modules also in-
creases as explained below. Let 41" is the signal time delay from

the master module to the slave module and f; is the switching
frequency then the phase lag between the two modules is given
by A¢p = fs x §T. Since 67 is constant so the phase-lag is a
function of the switching frequency. For the RF transmitter and
receiver pair used in the setup 67" = 20 us.

By comparing Figs. 8 and 9, it is obvious that, the increased
channel length does not have any appreciable impact on the per-
formance of the parallel dc—dc converter. This is due to the negli-
gible delay introduced by the channel, when the RF signal prop-
agates from transmitting antenna to receiving antenna, as com-
pared to the delay introduced by the transmitter and receiver
itself in the process of modulation and demodulation.

Next, we investigate the effect of increasing the switching fre-
quency on the performance of the master—slave module. We fix
the switching frequency at 20 kHz, fixing the distance between
the master and slave modules at 1.5 ft. The results for this case
are shown in Fig. 10. It shows that, the performance of the par-
allel dc—dc converter is similar to that shown in Fig. 8. The load
sharing between the two modules is even; however, the current
ripple is smaller because of a twofold increase in the switching
frequency. The primary difference between the results of Figs. 8
and 10 is the additional phase lag (the actual time delay remains
the same though) between the master and slave responses when
the modules are operated at 20 kHz. The additional phase lag
between the master and the slave modules for the 20 kHz case
is due to the smaller switching period as explained earlier. The
delay introduced by the RF transmission leads to interleaving
between the master and slave modules for a two module system.
But for multiple slave modules, since the same PWM signal
from the master module with constant delay will be received
by all slave modules, interleaving will not be possible.

Finally, our experiments at 10 kHz as well as 20 kHz and
channel lengths of 1.5 and 15 ft, respectively, did not reveal any
effect of switching noise on RF transmission. This is because the
magnitude of the switching noise signals (generated by the con-
verters) is significantly weaker as compared to the RF signals.
This outcome matches the results of [15], which show that the
effect of electro-magnetic interference (EMI) due to switching
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Fig. 9. Results for master and slave at a distance of 15 ft and at a switching
frequency of 10 kHz. (a) Master and slave output voltages (Chl and Ch4) and
inductor currents (Ch2 and Ch3), respectively. (b) Master and slave PWM
signals (Chl and Ch4) and inductor currents (Ch2 and Ch3), respectively. The
delay between the master and slave waveforms is the sum of the modulation
and demodulation delays introduced by the wireless transmitter and receiver
respectively. However, the increase in the channel length from 1.5 to 15 ft
does not have any appreciable impact on the performance of the parallel de—dc
converter.

reduces with the increase in the frequency because the switching
noise signal decays rapidly at higher frequencies. For instance,
using the noise-frequency plot of [15] for a frequency below
80 MHz, we determine that the noise signal strength is a neg-
ligible —60 dB when a switching system operates at 10 kHz
PWM with line voltage of 300 V and a current of 100 A. Need-
less to say, these voltage and current ratings are significantly
higher than that of our experimental prototype.

IV. CONCLUSION

We demonstrate the effectiveness of a wireless pulse-width
modulation (PWM) control scheme for a two-module parallel
dc—dc buck converter. One of the parallel modules is assigned as

1285

I 200ps 12 5MSA 80.0nsht -
A Chd \ 58Y 3

Ch1 50V 400ps Ch2 204 400ps Ch3 100mY 400ps Ch4 SOV 40.0ps

M 200ps 12 5MS/s 80 Onsipt -
# Chd 58

400ps Ch3
(b)

400ps ChZ 204 10.0mY  400ps Chd 100V 40.0ps

Ch1 100V

Fig. 10. Results for master and slave at a distance of 1.5 ft and at a switching
frequency of 20 kHz. (a) Master and slave output voltages (Chl and Ch4) and
inductor currents (Ch2 and Ch3), respectively. (b) Master and slave PWM
signals (Chl and Ch4) and inductor currents (Ch2 and Ch3), respectively. The
delay between the master and slave waveforms is the sum of the modulation
and demodulation delays introduced by the wireless transmitter and receiver
respectively. Although the actual time delay for 10 and 20 kHz operating
frequencies remains similar, the phase lag between the master and the slave
modules for the 20 kHz case is larger (=40% of the time period of the PWM
signal in contrast to 20% in case of 10 kHz PWM) because of smaller switching
period.

the master while the other as the slave. The master module reg-
ulates the output voltage using a voltage-mode control scheme;
that is, by comparing a reference voltage with the feedback
output voltage and then, generating an appropriate PWM signal
(by comparing the error signal with a ramp carrier signal), which
modulates the power MOSFET of the buck converter. The PWM
signal generated by the master module is then wirelessly trans-
mitted to the slave module, thereby ensuring equal sharing of
the load current between the two parallel modules. We tested the
master—slave wireless converter system under three conditions:
at switching frequency of 10 kHz and with channel lengths of
1.5 and 15 ft, respectively, and at switching frequency of 20 kHz
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for a channel length of 1.5 ft. The averaged load current sharing
for all the three cases was even. A delay was observed between
the master and slave responses, which is attributed to the pro-
cessing limitation of the wireless transmitter and receiver mod-
ules. The effect of this delay on the stability of parallel converter
system is studied. From the analysis it is clear that the effect of
the delay on the system stability is marginal for delays bounded
by half switching cycle.

Although this delay is fixed, it translates to a greater phase
shift between the master and slave inductor currents at 20 kHz
than that at 10 kHz because of the smaller time period of the
former. Finally, we observed that, for the wireless transmitter,
which has a range of 90 feet, increase in the channel length
from 1.5 ft to 15 ft has no appreciable effect at 10 kHz. The
new concept for controlling a parallel dc—dc converter, proposed
in this paper, eliminates the need for multiple wire connections
of PWM/gate signals among the distributed modules and has
applicability for multiple parallel converter topologies. We have
extended this concept to dc—ac converters and have applied it to
a two-module parallel voltage source inverter (VSI) [12].

The choice of the RF transmitter and receiver pair is dictated
by, the switching frequency of the system, number of parallel
modules, selection between bandwidth and cost and the spa-
tial distribution of the modules. Also at very high switching
frequencies the delay introduced by the RF transmitter and re-
ceiver becomes significant and this issue should be addressed in
designing the RF interface. One solution can be an ASIC inte-
grating both the control and RF interface on the same chip and
hence reducing the delay due to processing on the transmitter
and receiver modules.
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