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Abstract

The redundant operation of a parallel AC to DC converter via a serial communication bus is presented. The proposed
system consists of three isolated CUK power factor correction modules. The controller for each converter is a dsPIC30F6010
microcontroller while a RS485 communication bus and the clock signal are used for synchronizing the data communication.
The control strategy of the redundant operation relies on the communication of information among each of the modules, which
communicate via a RS485 serial bus. This information is received from the communication checks of the converter module
connected to the system to share the load current. Performance evaluations were conducted through experimentation on a three-
module parallel-connected prototype, with a 578W load and a -48V dc output voltage. The proposed system has achieved the
following: the current sharing is quite good, both the transient response and the steady state. The converter modules can perform
the current sharing immediately, when a fault is found in another converter module. In addition, the transient response occurs in
the system, and the output voltages are at their minimum overshoot and undershoot. Finally, the proposed system has a relatively
simple implementation for the redundant operation.

Key Words: Parallel AC to DC Converter, Redundant Operation, Serial Communication Bus

I. INTRODUCTION

A redundant converter module for the front-end AC to
DC converter in a distributed power system (DPS) has been
purposed for increasing system reliability and flexibility while
supplying a continuous load, etc [1]. This redundant system
is used in systems which require a higher reliability such as
telecommunication systems, air traffic control systems, and
medical equipment. Usually, a redundant system is composed
of a number of converter modules which must exceed the
maximum required power, such as (M+1) where M is the min-
imum number of modules required to supply of the maximum
amount of power, and 1 is the redundant module [1]–[4].

According to the control schemes of the parallel-connected
converter module in a DPS, the controllers have been described
as follows. The droop method has been explained in [5]. This
method is achieved based on system modularity and flexibility.
There is no communication link among the other controllers
of each converter module. Thus, it has some drawback for
example, the current sharing and the output voltage regulation
are quite poor and they have a slow transient response.
Active current sharing schemes, such as centralized control

Manuscript received Sep. 23, 2010; revised Apr. 18, 2011
Recommended for publication by Associate Editor Yong-Chae Jung.

† Corresponding Author: vck@kmutnb.ac.th
Tel: +66-2-5874351, King Mongkut’s Univ. of Tech., North Bangkok∗Dept. of Electrical Eng., King Mongkut’s University of Technology, North
Bangkok, Thailand∗∗Dept. of Electrical Eng., Rajamangala University of Technology, Lanna,
Thailand

and master-slave control, are introduced in [6] and [7], [8],
respectively. These methods achieve a tight output voltage
and good current sharing. However, these methods decreased
system reliability, modularity and system flexibility.

In addition, the distributed control methods in [9]–[11]
possess the following structure: an individual controller with
an external communication link among the others. For data
communication, the information obtained from the communi-
cation can be used for power system management, monitoring
of the system and current sharing, [12]–[15] etc. Therefore,
in these controllers, there are several advantages such as
increase system reliability and flexibility. For this reason, this
paper employs the distributed control of parallel AC to DC
converters.

The wire line of a communication-link connects between
the controllers of each converter module. This communication
link is used for sharing the bus of the current command or the
voltage reference. Both an analog circuit [16] and a digital
bus [12]–[15] can be used. There are several advantages to
using a digital bus implementation instead of an analog circuit,
such as noise immunity, higher reliability, and complex control
algorithms. For these reasons, this paper employs a digital
communication bus via a RS485 serial bus to communicate
between the other controllers.

The RS485 communication bus and the clock signal (CLS)
for bus synchronizing are employed in redundant operation
and they check the number of the converter module in the
system for the current sharing. The voltage control loop of
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TABLE I
THE PARAMETERS OF THE PROPOSED SYSTEM

Characteristics Values
Input power source 220V, 50Hz
Rated Power 250W/ module
Output voltage -48V
Input inductor: L11, L12, L13 5.0502mH, 5.0822mH 4.9900mH
Output inductor: L21, L22, L23 1.0627mH, 1.0805mH 1.0227mH
Ca1, Cb1, Ca2, Cb2, Ca3, Cb3 0.68µF
Output Capacitor, CO 20,400µF
transformer ratio (a) 0.5
Output voltage gain (GTV ) 1/12
Load current gain (GT I ) 3.33

each converter module is compensated by the fuzzy gain
scheduling of a PI (FGPI) controller. In order to obtain a
fast transient response, a voltage control signal is added by
a signal from the power balance control technique. After the
introduction, this paper presents the details of the proposed
system in Section II, follow by the controller design for the
proposed system in Section III. Experimental results including
the transient response, the redundant operation and the system
operated in the steady-state are indicated in Section IV. Finally,
Section V provides the conclusion.

II. THE PROPOSED SYSTEM

The parallel AC to DC converter shows in Fig. 1 consists of
three converters. Converter modules #1 and #2 feed power to
the load and converter module #3 acts as a redundant module.
Each converter is an isolated CUK AC to DC converter and
has its own individual controller, as presented in Fig. 2.
The control strategy of the distributed control is composed
of the following structure: a RS485 communication bus link
among the controllers and a clock signal for synchronizing
the transmitting or receiving data. For a clear illustration, the
parameter values for the proposed system are shown in Table I.

III. THE CONTROLLER DESIGN OF THE PROPOSED
SYSTEM

A. The dsPIC30F6010 Microcontroller [17]

The peripherals are used for implementation on the dis-
tributed control, including the ADC, UART, SPI, INT1, INT2
and Timer1 modules. The ADC module converts the contin-
uous signal (vo, io, Vrms, and |vs|) into a digital signal at 4
kHz of the sampling rate. The UART module is used for
transmitting or receiving data communication with a baud rate
of 115200 bps. The SPI module is used for transmitting the
control signal to a digital to analog converter (DAC). The INT1
module (external interrupt) employs the synchronization of the
time slot for transmitting or receiving data between the various
microcontrollers. The INT2 module (external interrupt) is used
for receiving the fault signal. Finally, the Timer1 module is
used for updating the control signal at 4 kHz.

Fig. 3 (a) presents a flowchart of the main program imple-
mented on the proposed system. Fig. 3 (b) shows the procedure
for generating a current command (iLre f (k)) to control the
input current of each converter module.

TABLE II
MESSAGE FORMAT OF THE COMMUNICATION PROTOCOL

Contents Description
: Start of communication

a, b, c Address of module #1, #2, #3
0x0d End of communication

B. The Serial Communication Bus

A universal asynchronous transmitter/receiver (UART) em-
ploys the data communication between the various microcon-
trollers via a RS485 serial bus. In this communication protocol,
the message format is employed. It consists of 3 parts; the start
of communication, the address of the converter module, and
the end of communication as shown in Table II.

Data communication enables the system to check the num-
ber of the converter modules (N) which are parallel-connected
in the system. The N is used for sharing the load current of
each converter module.

Fig. 4 shows an example of the data communication be-
tween the controllers of all of the converter modules. Fig. 4
(a) illustrates a flowchart of the data transmission of converter
module #1. Fig. 4 (b) presents the data receiving method
to update the number of the converter modules which are
connected to the system. In the time slot for synchronizing
the communication, the controller counts the rising edge of
the CLS at the INT1 interrupt when n denotes the number of
the CLS. In the case where n equals 1, the UART of controller
#1 sends data to the other controllers via the RS485 serial bus.
Similarly, if n is equal to 4 and 7, then the UART of controllers
#2 and #3 enter the data sending mode. One cycle of the time
slot is composed of 10 clock pulses (0-9). The enable signal
of each controller is defined by using port RB10 for receiving
and sending data. If the enable signal is set to a high logic
level, the controller enters the data sending mode. To illustrate
the proposed method, Fig. 5 indicates the signal of the CLS,
the signal on the digital bus, and an enable signal for receiving
and sending the data of each controller.

C. The Fuzzy Gain Scheduling of a PI Controller

The power conversion circuits to supply a load are inherent
nonlinear plants such as an AC to DC converter, a DC to DC
converter or a DC to AC converter. According to this plant,
the mathematic model and the control design are complicated
for the design procedure because of parameter uncertainty in
the system. This effects the change of the operating point of
the system. To solve this problem, the controllers presented in
[18]-[24] can be used to control a nonlinear system. In this
paper, we focus on the technique of fuzzy gain scheduling of
a PI controller [20] to control the system, due to its ease of
implementation. Fig. 6 shows a block diagram of the output
voltage control. In this controller, the main controller of the
output voltage is a PI controller but the parameters KP and
KI are adjusted by fuzzy rules. The input of fuzzy rules
and reasoning are based on the output error (e(k)) and the
change in error (∆e(k)) to determine the PI controller gains.
The membership function of the output error and the change
in error are shown in Fig. 7. These fuzzy sets include: NB
negative big, NM negative medium, NS negative small, ZE
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Fig. 1. Parallel AC to DC converter.

Fig. 2. Power circuit and controller of each converter module.

zero equal, PS positive small, PM positive medium, and PB
positive big. The proposed system will be satisfied with a
fast transient response, an output voltage with the minimum
overshoot and undershoot, and tight output voltage regulation.

For the parameters of the PI controller, the assumptions
KP and KI are in the prescribed ranges [KP(min),KP(max)] and
[KI(min),KI(max)]. For convenience, KP and KI are normalized
into a range between zero and one by the following linear
transformation [20] , as Eq. (1) and (2).

K
′
P = (KP−KP(min))/(KP(max)−KP(min)) (1)

K
′
I = (KI−KI(min))/(KI(max)−KI(min)) (2)

The parameters K
′
P and K

′
I are determined by a set of fuzzy

IF-THEN rules, from the following:

If e(k) is Ai and ∆e(k) is Bi, then K
′
P is Ci and K

′
I is Di (3)

i = 1,2, ...,m.

where Ai and Bi are the fuzzy sets or the condition cases, and
Ci and Di are the operation cases, which can be either big
(B) or small (S). The membership functions of K

′
P and K

′
I are

shown in Fig. 8 which is used for considering the operation
case. A rule base of fuzzy gain scheduling is considered from
the step response of the system. For example, in the condition
of the transient response, the gain of K

′
P should be as big to
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(a) Main program. (b) Update current com-
mand.

Fig. 3. Flowchart of the controller of each converter module.

(a) (b)

Fig. 4. Flowchart of the controller #1 while the data communication among
the other controller. (a) Send data. (b) Update the number of the converter
module is connected in the system.

improve the transient response, but the gain of K
′
I is small to

prevent an overshoot. In case of the steady-state, to eliminate
the steady-state error, the gain of K

′
I is big and the gain of K

′
P

is small to reduce the system oscillations. Thus, the operation
case for the parameters of K

′
P and K

′
I are shown in Table III

and IV.
The step by step equation for fuzzy gain scheduling to adapt

the parameters KP and KI can be summarized as follows [20].
1) Calculate the output error and the change of error as:

e(k) = Vore f −Vo(k) (4)

∆e(k) = e(k)− e(k−1). (5)

2) Evaluate the membership functions of the output error
and the change of error, as indicated in Fig. 7.

3) The membership functions of the output error and the
change of error are applied in Eq. (6) for implicating the

TABLE III
FUZZY RULES OF K

′
P

XXXX∆e(k)
e(k) NB NM NS ZE PS PM PB

NB B B B B B B B
NM S B B B B B S
NS S S B B B S S
ZE S S S S S S S
PS S S B B B S S
PM S B B B B B S
PB B B B B B B B

TABLE IV
FUZZY RULES OF K

′
I

XXXX∆e(k)
e(k) NB NM NS ZE PS PM PB

NB S S S S S S S
NM S S B B B S S
NS S B B B B B S
ZE B B B B B B B
PS S B B B B B S
PM S S B B B S S
PB S S S S S S S

process of the fuzzy rules.

µi = µi[e(k)]•µi[∆e(k)] (6)

4) When, we get the membership functionµiwhich is related
to adapt the parameters K

′
P and K

′
I , the parameters K

′
P or K

′
I

from Fig. 8 can be found.
5) According to the membership function, as shown in Fig.

8, the defuzzication method can be seen as:
m

∑
i=1

µi = 1. (7)

Then, the parameters K
′
P and K

′
I are calculated from:

K
′
P =

m

∑
i=1

µiKP,i (8)

K
′
I =

m

∑
i=1

µiKI,i. (9)

6) Calculate the parameters KP and KI as in the follows:

KP = (KP(max)−KP(min))K
′
P +KP(min) (10)

KI = (KI(max)−KI(min))K
′
I +KI(min). (11)

D. The Consideration of the Prescribed Ranges [KP(min),
KP(max)] and [KI(min),KI(max)]

In the considerate method, the parameters of [KP(min),
KP(max)] and [KI(min),KI(max)], trial and error or empirically
[22] are employed. The system exhibits a fast transient re-
sponse, and the output voltage has a minimum overshoot and
undershoot when there is a disturbance.

E. The Power Balance Control Technique

The systems in [25], [26], offer a fast transient response
because power balance control techniques were applied in the
voltage control loop. The power balance was considered at
the AC input power source of the converter and the DC bus
of the output voltage. In order to obtain input current sharing,
the load current will be shared by the number of converter
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(a) The clock signal (CLS) and enable signal to send or receive
data of each controller.

(b) The signal on the digital bus and enable signal to send or
receive data of each controller.

Fig. 5. The data communication among the controller of each converter module.

Fig. 6. Fuzzy gain scheduling of PI controller.

Fig. 7. Membership function of error and change of error.

Fig. 8. Membership function of K
′
P and K

′
I .

modules (N). The number of converter modules is obtained
from information via the RS485 serial communication bus.
From Fig. 2, if the input inductor currents are equal to the
individual input current (Is(k)), the power balance of the
individual converter modules can be indicated by:

Vrms(k)Is(k) = Vo(k)
Io(k)

N

Is(k) =
Vo(k)Io(k)
NVrms(k)

(12)

Îs(k) =

√
2Vo(k)Io(k)
NVrms(k)

. (13)

iLre f (k) = Îs(k)+ IV R(k) (14)

where Îs(k)is the peak input current. In Fig. 2, the
dsPIC30F6010 microcontroller is indicated by the dashed
outline. The peak input current, Îs(k) is added to the signal
from the fuzzy gain scheduling of the PI controller (IV R(k))
as indicated in Eq. (14). Then, the signal is multiplied by
the absolute sinusoidal waveform. As a result, the current
command (iLre f (k)) to control the input current of the converter
module is obtained. Furthermore, the current command is
converted by the DAC to control the input current. In the
current control loop, a hysteresis controller circuit is employed
in the proposed system due to its ease of implementation.

F. The Control Method of the Redundant Operation

If a single converter module experiences a fault, it informs
the other modules, suddenly. Then, the remainder of the
converter modules will be started for sharing the load current,
immediately. To sum up, the redundant operation control of
the system is performed by the digital communication bus via
a RS485 serial bus to communicate with the other controllers.
This method is easily to implementation and it will be verified
below.
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(a) The load current increase from 3.75 to 12.05A. (b) The load current decrease from 12.05 to 3.75A.

Fig. 9. Waveforms of the input voltage and current, the output voltage and current occurs the transient response.

(a) The load current increase from 3.75 to 12.05A. (b) The load current decrease from 12.05 to 3.75A.

Fig. 10. Waveform of the load current and the individual.

IV. EXPERIMENTAL RESULTS

The proposed system was constructed and tested on three
isolated CUK power factor correction circuits. The parameters
of the isolated CUK converters are shown in Table I. The
output voltage and the load current throughout the experiment
show invert polarity.

A. The Transient Responses of the Proposed System

Fig. 9 shows the transient response of the system when
changing the load current from 3.75 to 12.05A and then back
to 3.75A. The waveforms at the input AC power source of the
converter, the output voltage, and the load current are shown in
Fig. 9 (a) and (b). It can be seen that the system achieves a fast
transient response. The settling time to the steady state is very
fast and the output voltage achieves a minimum overshoot and
undershoot. The input current is nearly sinusoidal and in-phase
with the input voltage so the harmonic distortion at the input
AC power source of the converter is also low. Fig. 10 shows
the transient response of the individual input inductor current.
As a result, the current sharing of each converter module is
quite good.

B. Redundant Operation

1) Three Modules Operate in the System: In this redundant
operation, there are three modules operating in the system.

Fig. 11. The individual input inductor current and the load current.

In the case of a single converter module fault, for instance
converter module #3, the remaining converter modules will be
started for sharing the load current, immediately. Fig. 11 shows
the waveforms of the individual input inductor current and the
load current. iL11, iL12 and iL13 are the input inductor currents
of modules #1, #2 and #3, respectively. Fig. 12 presents the
waveforms of the individual input inductor current and the
output voltage. The input current of the system is indicated in
Fig. 13.

From the experimental results, it can be seen that the
proposed control method can be operated in the redundant
mode. According to the experiment, the system achieves a
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Fig. 12. The individual input inductor current and the output voltage.

Fig. 13. The individual input inductor current and the input current.

Fig. 14. The individual input inductor current and the load current.

Fig. 15. The individual input inductor current and the output valtage.

Fig. 16. The individual input inductor current and the input current.

fast response time when a converter module is lost from
the system. Therefore, the system can be supplied with a
continuous load.

2) Two Modules Operate in the System: Under this con-
dition, the two converter modules are operated to supply
an output power. In the case of a single converter module
fault, for instance converter module #2, converter module #3
will suddenly be inserted into the system. As a result, the
waveforms are as follows. Fig. 14 shows the waveforms of
the individual input inductor current and the load current.

Fig. 15 shows the individual input inductor current and the
output voltage while the individual input inductor current and
the input current are shown in Fig. 16. It can be seen from
the waveforms in Fig. 14 to 16 that, the system can supply a
continuous load even through converter module #2 experiences
a fault in the system. In addition, it can be seen that, the
output voltages have been achieved at a minimum overshoot
and undershoot and that the settling time of the response is
very small.

The experimental results of the redundant operation are
presented. It can be seen that the information is communicated
among the controllers of each converter module via a RS485
serial bus with a baud rate of 115200 bps and that the
controllers of each converter can recognize the addresses of
the other modules when the converter module is disconnected
or connected into the system, immediately. The addresses of
the other converter modules are used for checking the number
of converters for load current sharing. To sum up, the data
communication with a baud rate of 115200 bps satisfies the
requirement of the redundant operation of a parallel-connected
AC to DC converter.

C. The System is Operated in the Steady-State

Fig. 17 shows the output voltage ripple at the load current
12.05A (578W), which is 1.8V. The power quality at the input
AC power source of the converter is presented in Fig. 18.
As can be seen from the experimental results, the measured
power factor and the total harmonic distortion were conducted
by the digital power meter model 2531A and they were 0.98
and 6.77%, respectively. Fig. 19 shows the power factor at
a difference input voltage while the load was varied from a
light load to a full load. Obviously, the overall system nearly
achieves a unity power factor, especially, when the load is
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Fig. 17. Waveform of the output voltage ripple at a 578W load.

Fig. 18. Waveforms of the input voltage and current at a 578W load.

near a full load. Fig. 20 shows the harmonic distortion at the
input AC power source versus the different load. Apparently
the harmonic distortion complies with the IEC 61000-3-2 class
A limit.

V. CONCLUSIONS

The redundant operation of a parallel AC to DC converter
is presented. The control strategy for the redundant operation
is by means of communicated information between the other
controllers. Moreover, the load sharing of each converter mod-
ule is achieved without an extra controller because it employs
information obtained from each module and communicated
with the other modules via a RS485 serial bus. A performance
evaluation was conducted through experimentation on three
modules parallel-connected, with a 578W load, -48V dc output
voltage. The proposed system has achieved the following.
Firstly, the current sharing is quite good in both the transient
response and the steady state. Also, the converter module
enables the current sharing immediately whenever a fault if
found in the other converter modules.

The transient responses are obtained in the cases of a step
load change, the insertion of a converter module into the sys-
tem, and the removal of a converter module from the system.
The resulting output voltages achieve a minimum overshoot
and undershoot. Furthermore, the power factor under full load
is 0.98. Finally, the harmonic distortion at the AC input power
source of the converter is under the IEC 61000-3-2 class A
limit, and the overall efficiency is 85.97%.

Fig. 19. The power factor versus the difference input voltage.

Fig. 20. The harmonic current at AC power source of the converter on the
difference load 250W, 370W and 578W.
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