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This research presents an analysis and design of a distributed control for parallel-
connected AC/DC converters by a semi-digital control. The proposed system conducts
isolated CUK AC/DC converter. By each converter module has its own controller, which
is purposed for a modular system and a distributed control. The control system consists
of an analog circuit and a microcontroller. The analog circuit is used for a current
sharing of each converter module and to control the input current to be in-phase with
the input voltage. The microcontroller is used for generating a control signal for
adjusting the gain value of the current sharing circuit and to control the output voltage
regulation. The performance evaluation was conducted through the simulation on
MATLAB/Simulink and experimental results, on a three-module parallel-connected, with
a 540W load, -48V dc output voltage. In experimental results, the system are achieved
as the following: the tight output voltage regulation, the current sharing of each module
is nearly equal, power factor equals 0.98, the overall efficiency is 88%. In addition, the

system can be operating in a redundant mode.

Keywords : Parallel-connected converter, Distributed control system, Current sharing

technique
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Abstract: This study presents a distributed control system for parallel-connected AC/DC converters. The proposed system
composed of isolated CUK AC/DC converters which each converter has its own controller and a simple current-sharing
circuit. The purposes are modular system and distributed control. The control system consists of an analogue circuit and a
microcontroller. The analogue circuit is used for a current sharing and control the input current to be in-phase with the input
voltage. The microcontroller is used for generating the control signals to adjust gain of the current sharing and to control the
output voltage. The performance evaluation was conducted through the simulation and experimental results, on a three-
module parallel-connected, with a 540 W load, a —48 V of DC bus output voltage. The performance of the proposed system
has been achieved as follows: the current sharing is quite well; the redundant operation can be implemented in this system,
the fast transient response and a high-power factor.

1 Introduction current-sharing technique is proposed. In this method, the
current sharing is performed by measuring the inductor
Generally, a distributed power system composes of voltage droop of each module and controlled in a hysteresis
parallel-connected converter supply such as, AC/DC and manner. Nevertheless, this technique required a more
DC/DC converters. The purposes of this system are complicated circuit and interfacing buses to implement the
redundancy, modularity, thermal management, current sharing such as average current bus and
maintainability and high-power capability, as explained in current-sharing reference bus. The distributed control of a
[1-5]. Normally, current sharing of the parallel-connected parallel-connected AC/DC converter is proposed in [19] it
converters may be divided as a droop method and an active achieved as a modular and a tight output voltage regulation.
current-sharing method [6-8]. The droop method was In this system, the current sharing of each module used data
explained in [9, 10]. This method is achieved on a higher communication via a RS485 serial bus. However, the
system modularity and flexibility, which is no number of the converter module to parallel-connected is
communication link among converter controller modules. limited with the time slot for synchronising the data
Nevertheless, it has some drawback for example, the current communication.
sharing and the output voltage regulation is quite poor and Therefore in order to achieve a high modularity,
slow transient response. The active current-sharing schemes redundancy, good reliability and flexibility system, and also
have been presented such as a centralised control [11-13], a tight output voltage regulation and a good current sharing,
and a master—slave control [14, 15]. These methods achieve a distributed control method without inherent limited of the
the tight output voltage regulation and a good current droop method and the active current-sharing method are
sharing. However, these methods decreased system desirable. In this study, a simple analogue circuit is
reliability, modularity and flexibility. proposed for current sharing of each converter module. The
According to the current-sharing technique of a gain value for the current-sharing circuit is controlled by
parallel-connected converter which are presented in [15, control signals, which generated from the microcontroller of
16]. Each module has a current sensor of the load current to each converter module. Moreover, the distributed control
control current sharing among the modules, resulting in can be easily implemented for a redundant operation.

increasing cost of the system. In [17], a single current

sensor method is proposed to implement the paralleled DC/ 2 Distributed control of a parallel-connected
DC converters. This method can share the current among AC/DC converter

modules to supply an output power. However, this method

adds a switch into the power circuit, which leads to the Fig. la shows a parallel-connected AC/DC converter of the
complexity to control the system operation. In [18], another proposed system. Each module is an isolated CUK AC/DC
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Fig. 1 Proposed system

a Parallel-connected AC/DC converters
b Power circuit

¢ Controller of each converter module
d Current-sharing circuit

in Fig. 10. The controller of each module consists of a
microcontroller and an analogue circuit as shown in Fig. lc.
The analogue circuit is used for hysteresis control of the
current loop. A dsPIC30F6010 microcontroller performs a
voltage loop control and generates control signals to control
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the converter module to connects or disconnects into the
system, and adjusts gain of the current-sharing circuit via
port RB14.

The current command (i7 (k) of each module in the
dashed line block is showed in Fig. lc. This is generated
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from a peak value of an input inductor current (i,y(k))
multiply with an absolute sinusoidal waveform (/v/) to be
the current command for control the input current to be
in-phase with the input voltage. The peak value of the
inductor current is the peak value of the calculated power
balance input current (isN(k)) added with a control signal
from a PI controller (iyn(k)) as in (1). The peak value of the
input current is derived from a power balance technique
[20] as demonstrated in (2) and resulting as shown in (3)

iy (k) = gy (k) + iyp(k) (1)
PinN = PoulN (2)

vrms(k)isN(k) = Vo(k)ioN(k)

. _ Vo(B)igy (k)

lsN(k) - Vrms(k) (3)
R 2v, (k)i n(k

(k) = «/_‘:;)( zl]:;/( )

where vs(k) is a root-mean square of the input voltage, i, (k)
is a load current and v,(k) is an output voltage, at kth sampling
time.

In addition, Fig. 1d shows the analogue circuit which is
used for the current sharing of each converter module. The
current-sharing strategy in the system is performed by using
a single current sensor to measure the load current (i,) and
feed into the circuit as presented in Fig. 1d. If a converter
module is connected into the system to operate in a normal
operating mode or a redundant operation, then, the
individual controller will send a control signal to control a
switch Rpy to adjust the gain value to control the
current-sharing signal and it is given in (4)

. . . It
Iop =l = loy = 710 (4)
1

where (1/rr)=1/r))+(/ry)+ -+ (Ury), ri=ri=r,=ry is
the resistance to adjust the gain of the current sharing,
N=1, 2,..., M and M is a number of the converter module.
From (4), it can be seen that, it is very simple for sharing
the load current of a parallel-connected AC/DC converter.
In addition, it is used for distributing the output power
among the converter modules in the system.

Iy =y

Power circuit of each module

3 Modelling and control design of the
voltage loop control

3.1 Mathematical modelling of parallel-connected
converters

To simplicity for a mathematical modelling, this system is
divided into two parts as the following. Firstly, it is the
power circuit, secondly, the common DC bus. Fig. 2 shows
the power circuit of the system by assuming that the system
is ideal and the input current waveform is sinusoidal and
in-phase. The input voltage and the mathematical modelling
of the system are based on a power balance. Equation (5)
presents the power balance equation of each module which
is considered at the input side and the common DC bus
output voltage. A peak value of the power balance is shown
in (6), where i;1x=isn

Py = Pouw (5)

Venirin = Volran
(6)

VeNILIN = ﬁvolLZN

The small signal approximation of the system is
demonstrated in (7)—(10), where capitalised quantities are a
steady-state and carets indicate small perturbations. If we
apply (7)-(10) by substituting into (6) and consider by
neglecting the products of a small perturbation terms
‘~.~" and DC component or the higher-order terms.
Thus, the transfer function of the power circuit as shown in

Fig. 2 can be indicated by (12)

VgN = VgN + vgN (7)
iy =1y Fipns Iy = 1oy iy 3
] . Vo M !
Ge(s) Gpoe — vlr_?;/ — ETT
(;.H”' (i“'

Fig. 3 Block diagram of the output voltage control of each
converter module

Common DC bus

ouN

¥ :vu ) 1 :L V{-” T vu
ey 1,

+
o +

D —

Loy =l oy ety

Fig. 2 Power circuit and common DC bus is used for a mathematical model
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Table 1 Parameters of the proposed system
Characteristics Values
input power source 220V, 50 Hz
rated power 250 W/ module
output voltage —-48V

L11I L12: L13

L21, L22: L23

CaN= CbN ’ Co

ratio transformer (a)
Gr1,Grv Gaper Gpac

5.05 mH, 5.08 mH, 4.99 mH
1.06 mH, 1.08 mH, 1.02 mH
0.68 uF, 20 400 uF
0.5

1/3.33, 1/12, 1/5, 5

(VgN + ‘~’gN) (ILIN + §L1N> = ﬁ(Vo +7,)

VO = VO + T}O (9)
iv=1,+1, (10)

X (I + ;LZN) (11)
;LZN _ VgN (12)
U ﬁVO
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Fig. 4 Bode diagram of the voltage loop control of each converter

module

At the common DC bus of the system as shown in Fig. 2, a
mathematical model of the parallel-connected AC/DC
converter can be simplicity as the following. It is assumed
that the converter module operates in a steady state and the
current sharing of each converter is equal. Thus, the total
current (i;o7) at the common DC bus is illustrated in (13)
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Fig. 5 Simulation results of the system present the waveform of the output voltage and individual input inductor current

a Converter module 3 is fault

b Converter module 3 inserts into the system
¢ Converter module 2 is fault so module 3 is connected into the system
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Fig. 6 Transient response of the system while the load current step-up from 5.26 to 11.25 A and back to 5.26 A

a and b Output voltage and load current waveforms

¢ and d Waveforms of the load current and individual input inductor current

e and fare the waveforms of the input current and individual input inductor current

and also in (14)
Ippr = I Fipp + - F iy (13)
ipor = Mipy = Mips, = Mip,y (14)

where M is a number of the converter module, i;,, is a current
through output inductor L,y. Therefore if we consider at the
output capacitor and load, then the current at DC bus
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voltage is given by

Mipyy = icy +1, (15)

ico = Mippy — 1, (16)

where ic, is a current through output capacitor. The dynamic
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Fig. 7 Individual input inductor current waveform of experimental results while the single converter module is fault

a Response at the input current (i)
b Response of the load current (i,)
¢ Response at a common DC bus (v,)

equation at the DC bus can be expressed as in (17) and (18)

dv, Vv,
Co— dt = Mi,y — ]s (17)

Vo(8)

SCovo(S) = R

Mipn(s) — (18)

where i,y = I;oy +1ip5y and v, is indicated in (9), then
substituting into (18), we can find the transfer function at
the common DC bus of the system as follows

Vo(s) M
ioy(s)  sC,+ (1/R)

(19)

According to (12) and (19), it is the transfer function of the
system. This is used for designing the output voltage loop
control. The error of the output voltage is compensated by
the PI controller as indicated in (20)

Gels) = Kp 2! 0)

IET Power Electron., 2013, Vol. 6, Iss. 3, pp. 446-456
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where

_ cos 0
PG (o)
—wsin 0

K =— "
" GpiwH (o)

3.2 Voltage loop control design

The voltage loop control is designed to control the output
voltage and has to consider the parameters as follows: gain
of analogue to digital (Gapc) and digital to analogue
(Gpac) converter, the output voltage gain (Grjy) and the
transfer function of the system as indicated in (12) and (19),
respectively. Block diagram of the voltage loop control is
represented in Fig. 3. In addition, the open loop transfer
function of the output voltage control is shown in (21), it is
used for designing the PI controller (G(s)) to compensate
the error of the output voltage. The open loop transfer
function of the system with the compensator is given by
(22). To obtain the fast transient response, the cross-over
frequency (w) at 20 Hz, and 50° phase margin () are
chooses and the parameters of the system are indicated in
Table 1. According to (20), thus the gain value of the PI
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Fig. 8 Individual input inductor current waveform of experimental results while the converter module 3 is inserted into the system

a Response at the input current (i)
b Response of the load current (i,)
¢ Response at a common DC bus (v,)

controller are Kp=2.24, K;=283, and the bode diagram of
the system are indicated in Fig. 4

Voo M
Gp(s) = Wm GryGapcOpac (21)
Y (22)

Gpr(s) = GC(S)J—V C.s+1/R GryGapcGpac

4 Simulation results

The system was simulated in MATLAB/Simulink to evaluate
the performance of the parallel-connected AC/DC converters.
The simulation results of the system are shown as the
following. In the case of three-converter modules are
connected in the system. The waveforms of the individual
input inductor current (iz11, iz12, iz13), the output voltage
(vo) by assuming in that a single module fault (module 3)
are shown in Fig. 5a. It can be seen that remained converter
modules are able to supply the output power, immediately.

Table 2 Value of the individual input inductor current of each module at the difference load

No. /\7\7 Itaa Ipa2 Iias It ILav [AlL4q] IAlL42 [AlL43l Himaxl
rms, A %
1 150 0.270 0.230 0.254 0.754 0.251 1.867 2.133 0.267 1.061
2 200 0.337 0.321 0.323 0.981 0.253 1.000 0.600 0.400 1.223
3 250 0.422 0.403 0.395 1.220 0.406 1.533 0.367 1.167 0.902
4 300 0.491 0.491 0.462 1.444 0.481 0.967 0.967 1.933 2.008
5 350 0.571 0.579 0.529 1.679 0.560 1133 1.933 3.067 3.454
6 400 0.641 0.683 0.602 1.926 0.642 0.100 4.100 4.000 6.386
7 450 0.732 0.769 0.675 2.176 0.725 0.667 4.367 5.033 6.020
8 500 0.791 0.883 0.741 2.415 0.805 0.014 0.078 0.064 9.689
9 540 0.842 1.005 0.798 2.645 0.882 0.040 0.123 0.084 13.989

Here Iyt =11 + Iz + Iz, leav=Ut/3), [AlLaa]= Iray = Tians [Alaz2f=liav = i1z, [Alas]= lav = Tiaz, @nd [limax/= ULy
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Fig. 9

a Response at the input current (i)
b Response of the load current (i,)
¢ Response at the common DC bus (v,)

Next, in the case of the converter module 3 is connected back
into the system, then all modules supply the output power as
demonstrated in Fig. 5b. For the redundant operation, while
two-converter modules operate in the system (modules 1
and 2), then if the fault occurred at module 2, the redundant
module (module 3) will be inserted into the system,
suddenly. In this case, modules land 3 are operated and the
input inductor current waveforms can be seen as in Fig. Sc,
and the system can supply power without any effect to the
load.

5 Experimental results

The parameters of the system for the implementation are
presented in Table 1. The output voltage control and the
control signal to adjust the gain of the current sharing are
realised by using the dsPIC30F6010 microcontroller [21].
It has a 10bit A/D converter and a 16 bit fixed-point
computational unit. The analogue signals consist of |v,
Vims» Vo» Lo those are sampled at a frequency of 4 kHz,
which is sufficient to implement for the voltage loop
control. The experimental results are demonstrated as
follows.

5.1 Transient responses of the system

Fig. 6 shows the transient response of the system by
changing the load current from 5.26 to 11.25 A and back

IET Power Electron., 2013, Vol. 6, Iss. 3, pp. 446-456
doi: 10.1049/iet-pel.2012.0390

Individual input inductor current waveform while a converter module is disconnected or connected into the system

to 5.26 A. Figs. 6a and b show the waveforms of the
output voltage and the load current. It can be seen that the
overshoot and droop of the output voltage is a very small
and the settling times of the system are 40 and 50 ms,
respectively. Figs. 6¢ and d indicate the current sharing
while the load is changing, where i;;, i;1» and i;;; are
current through the input inductor of the converter modules
1, 2 and 3, respectively. The experimental result shows
that the individual input inductor current can be nearly
equal shared among the converter modules. Figs. 6e and f
present the input current and the individual input inductor
current of the converter. It can be seen that the waveform
of the input current is sinusoidal both at the light load
(5.26 A) and the full load (11.25A). In addition, the
system is achieved with the fast transient response when
the load changes.

5.2 Redundant operation of the system

5.2.1 Three modules operate in the system:

Normally, there are three modules connecting in the system
to supply the output power. There if a single module fault,
for instant the converter module 3. In this situation, the
remained modules have to share the load current,
immediately. Fig. 7 shows the waveforms of the individual
input inductor current comparing with: the input current of
the system as indicated in Fig. 7a, the load current as
presented in Fig. 7b, and the output voltage as shown in

42 . . . . 453
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a Output voltage ripple waveform
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Fig. 7c. As a result, the system can operate to supply the
output power as the demand. Moreover, the system offers
the fast transient response when a module fault or
disconnect from the system.

5.2.2 Converter module is inserted into the system:
In this case, assuming that a constant power is supplied by
two modules (1 and 2); whereas module 3 is in the idle
condition. If the converter module 3 is inserted into the
system, then the power will be the supplied by all modules.
Fig. 8 shows the waveforms of the individual input inductor
current, the input current of the system, the load current
and the output voltage as shown in Figs. 8a—c, respectively.
It can be seen that inductor current of all modules are
shared nearly equal to supply the output power,
immediately. In addition, the overshoot and droop of the
output voltage is a very small. This condition is suitable for
maximising converter efficiency [22].

5.2.3 Redundancy operation: In this condition, two
converter modules are operated for supplying the output
power. Assuming that, if a single-module fault, for instant
the converter module 2. Then, the redundant module which
is the converter module 3 will automatically insert into the
system. The waveforms indicate the current through the
input inductor of modules 1, 2 and 3 related to the input
current, the load current, and the output voltage those
demonstrated in Figs. 9a—c, respectively. In this case, the
system can supply a continuous power to the load and the
output voltage is also very small overshoot and droop.

454
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Moreover, the settling time to the steady state of the system
is approximately 60 ms.

5.3 Performance of the system in the steady state

Fig. 10a shows the output voltage ripple at the load current
11.25 A (540 W), which is 1.7 V or 3.54% of —48 V. The
input voltage and current waveform to evaluate a power
quality at the input AC power source of the converter is
presented in Fig. 10b. It can be seen the input current
waveform is a nearly sinusoidal and in-phase with the input
voltage as resulting in a high-power factor and a low
harmonic distortion of the input current. The power factor
and total harmonic current distortion are 0.98 and 6.32%,
respectively. In addition, the input current harmonic
contents are shown in Fig. 10c.

The performance of the system operating at a 220 V input
voltage while the load varied from 150 to 540 W is indicated
in Fig. 11a. The upper curve indicates the overall efficiency
around 90%, the middle curve shows the input power factor
it achieves a high-power factor, nearly unity, and the
bottom curve presents the total harmonic distortion of the
input current which is <10% at the full load. Fig. 115
shows the harmonic content at the input AC power source
against the different load. Apparently, the harmonic
distortion is complied with IEC61000-3-2 class A limit.
Fig. 11c shows the performance evaluated at the 540 W
output power by varying the input voltage. The upper curve
indicates the overall efficiency nearly 90%, the middle
curve shows the input power factor with achieves a
high-power factor, and the bottom curve presents the total

IET Power Electron., 2013, Vol. 6, Iss. 3, pp. 446-456
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harmonic distortion of the input current is <10%. The current
value of each converter module presents in Table 2. The
difference between the maximum inductor current module
and the average inductor current of all module is around
14%. This may be caused by the unsymmetrical of all
components in the system such as inductor Ly, L,y and the
part of analogue hysteresis current control.

6 Conclusions

The performance evaluation of the distributed control of the
parallel-connected AC/DC converters is presented. The
experimental results are based on parallel-connected of a
three-module isolated CUK AC/DC converter. As a result,
the system is achieved quite well for the current sharing of
each module, the maximum current difference is <14%. The
output voltage regulation is very good both the transient
response and the steady state. Besides, the current-sharing

IET Power Electron., 2013, Vol. 6, Iss. 3, pp. 446-456
doi: 10.1049/iet-pel.2012.0390

circuit can be implemented based on the converter operate
in normal operation mode and the redundant operation. The
overall performances of the system are obtained as follows:
the power factor at a full load is 0.98, the harmonic
distortion at AC input power source of the converter is
under control in IEC61000-3-2 class A limit, and the
overall efficiency equals 88%.
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Abstract: In this study, a current-sharing bus and fuzzy gain scheduling of proportional-integral (PI) controller to control a
parallel-connected AC/DC converter are proposed. A simple current-sharing circuit is applied to divide the load current to
calculate the peak input current of each converter module. Fuzzy gain scheduling of PI controller is used to compensate for
the error of the output voltage. The dsPIC30F6010 microcontroller is applied in the voltage loop control. In addition, a
hysteresis control circuit is used to control the current loop. The experimental performance evaluation is conducted on a
prototype, with three converter modules that are parallel-connected, has 250 W/module and has a —48 V DC output voltage.
The system offers the following advantages: the tight output voltage regulates both the steady-state operation and the transient

response. The current sharing is quite good, and it is simpler to operate in the redundant mode.

1 Introduction

A current-sharing method to control the system operation of a
parallel-connected power converter, for example, AC/DC, DC/
AC or DC/DC converter is described in [1-3]. Current sharing
is very important to control system operation because it leads
directly to system reliability, —modularity, thermal
management and system flexibility. According to a
current-sharing command of a parallel-connected power
converter module, this is generated from a voltage control
loop. Thus, the data regarding current sharing of each
module depend on the number of converters connected in
parallel in the system. This will be fed into the voltage
control loop to calculate the current command of each
converter. The voltage control loop is very important because
it performs two functions: generating the current-sharing
command and controlling the output voltage regulation. In
addition, the control system of a parallel-connected power
converter consists of a signal wire connected between the
controller of each converter module, namely, current-sharing
bus [4], power-sharing bus [2] and data communication bus
[5-7]. This signal wire is used to control the system operation.

The control system is used to control the parallel-connected
power converter in [8—11], which is a master-slave control. The
advantage of the control technique is that it is simple to
implement, and it produces a tight output voltage regulation.
However, it reduces system modularity and reliability.
Recently, distributed control [12, 13], decentralised control or
droop method [14, 15] has been used to control the

IET Power Electron., pp. 1-8
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parallel-connected power converter. These control methods
have both advantages and disadvantages as explained in [2].

Power conversion circuits are inherent to a non-linear plant.
In this plant, the mathematic model and the control design for
the design procedure are complicated because parameter
uncertainty occurs in the system [16]. This affects the change
in the operating point of the system. To solve this problem, a
controller is presented in [17-19], which can be used to
control a non-linear system. In this paper, we also focus on
the technique of fuzzy gain scheduling of proportional—
integral (PI) controller [20] to control the system.

To achieve system reliability, a simple current sharing, a
redundant operation system and an easy-to-control design of
a parallel-connected AC/DC converter are desirable. This
paper studies the current-sharing bus of a parallel-connected
AC/DC converter by using a simplicity circuit, whereas
fuzzy gain scheduling of PI controller is used to
compensate for the error of output voltage. After the
introduction, this paper discusses the following sections.
Section 2 presents the configuration of the proposed system.
Section 3 describes the proposed control system. Section 4
demonstrates the experimental results. Finally, Section 5
discusses the conclusion.

2 Configuration of the proposed system

Fig. 1 shows the parallel-connected AC/DC converter of the
proposed system. Each converter is an isolated CUK AC/

1
© The Institution of Engineering and Technology 2014
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DC converter and has an individual controller. A solid-state
relay is used to connect/disconnect a converter module into
the system. The dsPIC30F6010 microcontroller is
conducted to control the output voltage, generate a signal to
control a solid-state relay and adjust the gain of a
current-sharing circuit. The current-sharing circuit shown in
Fig. 2 is used to control the current sharing of each
converter module. In addition, a hysteresis circuit is used to
control the input current in-phase with the input voltage.

3 Proposed control system

Fig. 3 shows the control system of each converter module.
This control system includes the voltage loop control and
the current loop control. The voltage loop control consists
of fuzzy gain scheduling of PI controller added to the peak
input current of each converter module, resulting in the
current command, which is described in the following
sections.

Furzy Rules
4 _ce(k)| = Resosing
()

—Telk-1)
Pl Controller

{

iy i)

3.1 Current sharing of each converter module

The current sharing of each converter module is performed
using the current-sharing circuit as shown in Fig. 2. The
load current (i,) is measured and fed into the
current-sharing circuit, resulting in the current-sharing bus.
This is used for calculating the peak input current for the
current sharing of each converter module to help supply an
output power. According to switches Rz, Rp, and Rps, this
is controlled by the signal from the microcontroller of each
converter. If a converter module is connected into the
system, the individual controller will send a signal to
control a switch for adjusting the gain value of the
current-sharing circuit as indicated in (1)

R
iol = .02 = io3 = %io (1)
where Rr=R/3.

In [21], the system offered fast transient response as power
balance control technique that is applied in the voltage control
loop. Furthermore, this technique is used to share the current
of each converter module. The algorithm of the power
balance is considered at the AC input power source of each
converter and at the DC bus of the output voltage. To
obtain the input current sharing, the load current will be
shared by the gain value as indicated in (1). Thus, the
power balance can be written as (2), and the resulting peak
input current of each converter can be written as (3)

Vins )iy = V20, (k)i (k) )
n 2v (k)i vk
Lty = V20l ® G)

L _ _ Fumay G Schodlingof P Comtroller __ |

VExn (yxiy by |

k) === )

v, (k) I Vi (K) T i (k)

Fig. 3 Control system of each converter module
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where i;n(k) is the peak input current of each converter, v (k)
is the output voltage, i (k) is the load current used to form a
current-sharing bus and v,,,s(k) is a root-mean-square value of
the input voltage

iy (k) = (k) + iy (k) )

irein (k) = iy (K)|sin o] (5)

Then, the peak input current, 7n(k), is added to the signal
from the fuzzy gain scheduling of PI controller, iy(k), as
indicated in (4). The signal, 7; 5(k), is then multiplied by the
absolute sine waveform, [sin w1, as given in (5), resulting in
the current command, i;..rv(k). This signal is converted by
a 12 bit digital-to-analogue converter to form the current
command (iz.pv) of the current loop control. A fixed
hysteresis band control is used to control the current loop
because of its simplicity in implementation and fast
response to control the input current in-phase with the input
voltage.

3.2  Fuzzy gain scheduling of Pl controller

According to Fig. 3, the dashed outline block is the fuzzy gain
scheduling of the PI controller. It is used to adjust the gain of
the PI controller to compensate for the error of the output
voltage. In conclusion, in the output voltage loop controller,
the main controller is the PI controller, but the parameters
Kp and K are adjusted by the fuzzy rules, where Kp is a
proportional gain and K is an integral gain. The inputs of
fuzzy rules and reasoning are based on the output voltage
error, e(k), and the change of error, ce(k), as indicated in (6)
and (7), respectively, to determine the PI controller gains
(KP and KI)

e(k) = oref Vo(k) (6)
ce(k) =e(k) —e(k—1) (7)

where e(k— 1) is a previous error.

The membership function of the output voltage error and
change of error are shown in Fig. 4. These fuzzy sets
include: negative big (NB), negative small (NS), zero equal
(ZE), positive small (PS) and positive big (PB). The
proposed system must have a fast transient response, an
output voltage with minimum overshoot and undershoot
and a tight output voltage regulation.

In the parameters of PI controller, assumptions Kp and K
are in the prescribed ranges [Kp(min) Kpmay] and [Kymin,
Kimax)], respectively. For convenience, Kp and K are
normalised into a range between zero and one by the linear

NB NS ZE PS PB

=
in

Membership Grades

=

A B C E D
e(k),ce(k)

Fig. 4 Membership function of error and change of error
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transformation [20], as given by (8) and (9)
Kl/’ = (KP - KP(min))/(KP(max) - KP(min)) (8)
KI/ = (KI - Kl(min))/ (Kl(max) - Kl(min)) ©)

The parameters K'p and K| are determined by a set of fuzzy
IF-THEN rules from the following

If e(k) is 4; and ce(k) is B;, then Kp; is C;

10
and Kj; is D;, (10)

i=1,2, ..., m

A; and B; are the fuzzy sets or condition cases and C; and D;
are the operation cases, which can be either big (B) or small
(S). The membership functions of Kp and Kj are shown in
Fig. 5, which are used for considering the operation case.
The rule base of fuzzy gain scheduling is considered from
the step response of the system. For example, in the case of
transient response, the gain of Kp is big to improve the
transient response, but the gain of K7 is small to prevent the
overshoot. In the case of steady state, to eliminate the
steady-state error, the gain of Kj is big and that of Kp is
small to reduce the system oscillations. Thus, the operation
cases of the parameters of Kp and Kj are shown in Tables 1
and 2.

Fig. 6 indicates a membership function of the output
voltage error [e(k)] and change of output voltage error [ce
(k)], which are equal to 0.8 and 1.4, respectively. Thus, the
output voltage error equivalent to 0.8 belongs to the fuzzy
set ZE and PS with the grade of membership of u.; =0.2
and u.,=0.8, same as the change of output voltage error
equivalent to 1.4 that belongs to fuzzy sets PB and PS with

Uee1r =04 and  u.»=0.6, respectively. Thus, the
Table 1 Fuzzy rules of K
ce(k)

e(k) NB NS ZE PS PB
NB B B B B B
NS B B B B S
ZE S S S S S
PS B B B B S
PB B B B B B

3
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Table 2 Fuzzy rules of K Table 3 Parameters of the system
ce(k) Characteristics Values
e(k) NB NS ZE PS PB input power source 220V, 50 Hz
rated power 250 W/module
NB S S S S S output voltage —48V
NS S B B B S input inductor: Lqq, Ly, L13 5,5,5mH
ZE B B B B B output inductor: Lyq, Loy, Loz 1,1, 1TmH
PS S B B B S Ciar Cibr Coar Copr C3a0 Cap 0.68 uF
PB S S S S S output capacitor, Co 20, 400 pF
transformer ratio (a) 0.5
output voltage gain (Gry) 112
load current gain (Gr)) 1/3.3
w (k) p, (k) sampling time 4 kHz
NB NS ZE PS PB
08N/ A\ . o .
06k - — N/ NL N/ According to the membership function as shown in Fig. 5,
04 ———A--A--Ad- defuzzification method can be seen as

0.2
oL NN TN
-2 -1 0 08]42

4
e(k), ce(k) Z = (12)

Fig. 6 Error and change of error are equal to 0.8 and 1.4

Then, the parameters Kp and K| are calculated from
compositional rule of inference is equal to four rules as

indicated in (11) 4
! !
Kp = Z My Kpy (13)
My = MexMecey (1 1) k=1
where kis 1,2,3,4,xand yis 1, 2. Kp = w1 Kpy + moKpy + 3 Kps 4 paKpy (14)
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Fig. 7 Transient response while the load current changes from 11.25 to 5.26 A and back to 11.25 A

a and b Waveforms of the output voltage and load current
¢ and d Waveforms of the output voltage and the individual input inductor current

4 49 IET Power Electron., pp. 1-8
© The Institution of Engineering and Technology 2014 doi: 10.1049/iet-pel.2013.0807



i

o

www.ietdl.org

VY

ipn—t
V'J" VWY ”\,\ \ \J\‘,"u" \‘,J‘m\” "l."‘".""','*‘

e

tizs A | ) | | | | 11.25A
5.26A_.L 2 33264
i [ ' i
opf— T < Sms 4 1 1 T 1 - ‘el Tg < 5ms|
i Yy AAA L | . \|
LR VY '-'r'n'q'»'f‘n"\'a' v ‘f'awawmxmmmmmwwmfmm{ 1;_|&"\W\"V\-'\‘V\.'\P Jr Vi \"J / |,P|
Ty <5msy | Ty <5msyf
. IMAMAAAA M, v A : ! i ’\J
(AETRRRSABRSS. AANANNANAIAASABAANARAANABANAAABAAANANAAN LIz, PAAAMNAA LY | '|
Ty < 5ms3)| ; : Tg<5m
. ANAARAAAR 3 | .
!!.I:&. VYV '.{":'q' vy 'f'!nﬂm; 'm.'\‘mmwmmﬁ-nmv LY LLLLY LYY ‘“i’ PAAANBAN

Tyysdppasipgss 2A/div.; I(]A.-’dw ;Time: 50ms/div.

LI2

A IIIII I I I ll |.|"'|i lllmll\ \II A In“ \_rlllﬁg.l\lbﬁlﬁl.Iﬁll\'l‘llynl! 1‘1 Illi'llllﬁlllJ\llﬂl'\lI

59 i3t
VY Afl '|| |“f I I\'.I\lgj\'.'p \ I‘.'\l.'\.f' \ I\ ll“ 'i'\J‘ I I nyll‘l N f A ‘lh'l |'l |I 'fl\li'ﬂ\'r‘!'r‘ |J."|r' A

By ysipgasipat 2A0div.; i 0 10A/div.: Time: 50ms/div.

a b
i AN A AN i A i | A A A -’\ AAAN AN
o\ AP AAAAAAAANANANANANAN {9’\quuhuh; AAN *=4*;|a AAVVAAARVYIAA
LY VIV v
T, < 5ms+ 1 ; i T 1 i Ty ¢5msa| I - - |
. L1 3 -\11»\'\'1'-\-.-\'\ AN AAAARARAAAAAARAA
IS N muhmvmw\m ANV iu!;..n.mmv‘."' VI VYVYNY H'l WWINVWWWWVINVWIAVY]
|
T<smsd | [ 4 | [ | | CTg<smsd qye || b L L]
YT IYYY b . AARRS AMAAAAAN \f
iy, MWW A adranadniandassadsssadasadasandasand UTEN -'W\,'lm\mﬂ” ”'ﬁ'i" W |'I ]l'\'l' A 'n'"“ "'""'ﬁ" “'“”"‘ﬁ“l VWY II'|||
.’Iﬂ %rSﬁms? iy —TSTSmsﬂ—jm WWAWAMAAIANAAAAM MM
T VIV VY ViAnasANAAAAANAAAASAAAANAANARANAAARAAS Iy innanannandlV VWY m'\f‘rvv’uﬁ’. WAV

iy 11sdpyasdpyas 2A/divai s 10A/div.; Time: S0ms/div.
c

Fig. 8 Transient response while the load current changes from 11.25 to 5.26 A and back to 11.25 A

a and b Waveforms of the load current and the individual input inductor current
¢ and d Waveforms of the input current and the individual input inductor current

4 and K as
K= mk (15)
= KP = (KP(max)
K{ = w Kjy + oK + usKis + myKiy (16)

According to (2) and (3), we can calculate the parameters Kp

KI = (KI(max)

i ypsdpasdpyas 2A/divai: 10A/div.; Time: S0ms/div.

d

— Kpmin)Kp + Kp(min)

— Ki(min) K7 + Kimin)

v, | £ 1
Ve FAARARAARARAAARAAAARA f\ﬂ“f‘f\fu'f"'\"‘fﬁw WAAAAARARAAAA :
T ~:Smsa|*r.|| i T: {SITIS'4
gl 1s T T T
i AN r'l'lﬁlﬁl ”'||“|'I{IIIL |“||" r'ul ||]I|I'l| l'll‘lll"l"I '|"""|"1I J|, "FJ O [aanadaang |.|||’,J.|\, NN [ |";|'!I AR 'lr',|'||I|1|","'||'II"
m.“%NhHuP“ CERVEEVREEVVRYYYEAYVYYRYYYVAYYYY uW¥HHWnJﬂﬂnﬂhHHHfHTMUannﬂs
T <5ms-)[ “Ll’ T <5msd *'!lz
f 1NN I. ) S A A AR AN ANA AR AN I- \ I- V -I ----- AR NANA AR I-
. \AAARA ‘.,‘.;,I'. ],[ ||]{|I|[ Il'ﬁ” ‘I|I|IJ‘I|“ l.||.I.(‘. J‘H rlfﬁllllﬁ”‘l |“|J'1|'1}'.|f‘r.'1||.1 . lannasnnnn A |'1"'|"'| 'Il""i M rl MM rl .'lll'll"lj"l'l'w'.ﬁ.l' |'|r1|"|||,1| 1,',,' |"
‘le‘.i_Lij_LLLLn_LLLJJJJJ_LIJ_LJJJJ_LJJJJJJJJ_LLJJJJJ WARARINARAR) *.rl‘.!*'\"fl'\'l"\'f\f”f'!lfi'lf" PV YVEYVIYVYYY VYT Y
Fault of Module #3 Fault of Module #3
£L13 ‘ - 1 . ] 1 1 . .j“3 1N -
leg‘. ¥ "r' V Il\!{lll VY ':r"r‘ | f”i'l “ 'I'm'rhxl ' 'rl
ipppsigasipgss 2A/divay, s 4V/div. Time: S0ms/div. ipyysipyasipgst 2A0div.si,: 10A/div.;Time: S0ms/div.
a b

Fig. 9 Redundant operation mode

a Waveforms of the output voltage and the individual input inductor current
b Waveforms of the load current and the individual input inductor current
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Fig. 10 Converter module inserted into the system

a Waveforms of the output voltage and the individual input inductor current
b Waveforms of the load current and the individual input inductor current

3.3 Consideration of the prescribed range
[KP(min)/ KP(max)] and [Kl(min)/ Kl(max)]

In the considerate method, the parameters of [Kpminy, Kpmax)]
and [Kimin)> Kimax)] are employed either by trial and error or

PF=0.9793& %Thd 6.32%

ARIA

Vs f&.

v IO(}Wdiv.;:‘_r:SAfdiv.;Tie: Sms/div.

a
Tek JL Tria"d 1 Pos: 0.000s Harmonics
CH1 THD-F 6,32%
IRMS 30334 THD-R 6.31% Se
Harrnonic =
Freq 50.1Hz %Fund 100.0% Setup
hRMS 30264 ] 0.00°

SU'.\‘

Save
___________ Harrnonics
3 5 7T 3 11 13 15 17 13 21 23 25 |HMOO0D.CSY
EH‘I 2DI]AB.,,| CH2 20.0% 1 10.0ms CH1 7 33.2mA
MATH 20.0%A 50.0144Hz
c

Fig. 11 Power quality of the system at 540 W load

a Waveforms of the input voltage and current

b Waveforms of the output voltage ripple and load current
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empirically. The systems are controlled through a fast
transient response and an output voltage with minimum
overshoot and undershoot when the system disturbance
occurs. Thus, the gain of PI controller is set as Kp in range
[3, 4.15] and Kj in range [0.12, 0.22].
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4 Experimental results

In this paper, a control algorithm of the parallel-connected
AC/DC converters is proposed. The experiment is
performed using three modules of an isolated CUK power
factor correction circuit as shown in Fig. 1. The parameters
of the system are shown in Table 3. In addition, the output
voltage and the load current throughout the experiment are
shown with inverted polarity. The evaluated performances
are explained in the following sections.

4.1 Transient responses at the DC bus

Figs. 7 and 8 indicate the transient response at the DC bus
obtained by changing the load current from 11.25 to 5.26 A
and back to 11.25 A. The waveforms of the output voltage
at the DC bus (v,), the load current (i,), the input current
(iy) and the individual input inductor current (ipiy, ir12,
ir13) are shown in Figs. 7 and 8. It can be seen that the
system achieves fast transient response. The settling time
(Ty) to steady state is very fast, which is <5 ms, and the
output voltage is achieved at minimum overshoot and
undershoot. Moreover, the current sharing of each converter
module is good.

4.2 Redundant operation of the system

To verify the proposed system, redundant operation mode is
utilised. In this case, there are three modules operating in
the system. By setting the single converter module, the fault
is generated by converter module #3. Thus, the remaining
converter modules immediately start sharing the current to
supply the output power. Fig. 9a shows the waveforms of
the output voltage and the individual input inductor current.
Fig. 90 indicates the waveforms of the load current and the
individual input inductor current.

In one case, two converter modules are operated for
supplying an output power. In another case, a single
converter module is inserted into the system, which is
generated by converter module #3. Thus, all converter
modules would eventually share the current to supply the
output power. The result of the waveforms of each input
inductor current, particularly output voltage and load
current, is shown in Figs. 10a and b, respectively.

According to the experimental results in the redundant
operation mode, the control system responded immediately
when it meets the converter module that is lost from the
system or is inserted into the system. Apparently, the
settling time is <5 ms. In addition, the current sharing of
each converter module is quite good.

4.3 System is operated in the steady-state

Fig. 11 indicates the input voltage and current waveform, the
output voltage ripple and load current, the odd harmonic and
the even harmonic orders at 540 W load. It can be seen in
Fig.11a that the input current is nearly sinusoidal and
in-phase with the input voltage. Thus, the harmonic
distortion at input AC power source of the converter is also
low, and the power factor is nearly in unity. As the
experimental results indicate, the measured power factor
and total harmonic distortion were conducted using the
digital power meter model 2531 A, and it equaled 0.98 and
6.32%, respectively. Fig. 115 indicates the output voltage
ripple, which is 1.7 V. In addition, the odd and even
harmonic orders are as low as shown in Figs. 11c and d.
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Moreover, the overall efficiency of the proposed system
equal to 88%. According to the overall efficiency is 88%
because the proposed system is implemented by a hard
switch operation, resulting in the overall efficient is rather
low.

5 Conclusions

A current-sharing bus and fuzzy gain scheduling of PI
controller to control the parallel-connected AC/DC
converters were proposed. A simple current-sharing circuit
was used to divide the current sharing of each converter
module to help supply the output power. The fuzzy gain
scheduling of PI controller was performed to compensate
for the error of the output voltage. According to the
experimental results, the performance evaluation was
conducted on the three modules that are parallel-connected,
have a 540 W load and have a —48 V DC output voltage.
The proposed system achieved the following: a tight output
voltage regulation and good current sharing in both
transient response and steady state. The converter module
was able to commence the current sharing immediately
when the converter module was disconnected or inserted
into the system. The step load change and redundant
operation mode were both good for the transient response;
as a result, the output voltage was achieved at minimum
overshoot and undershoot, and the settling time was <5 ms.
Furthermore, the power factor at a full load was 0.98.
The harmonic distortion at AC input power source of the
converter was also low and the overall efficiency of the
proposed system equal to 88%.
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Abstract. In this paper, a technique to improve the transient response of a parallel-connected
AC/DC converter has been studied. The proposed technique is used to improve the transient
response while disturbance is injected into the system. Generally, a conventional voltage loop
control uses a PI controller, because of which a slow transient response is observed. In this paper,
the voltage loop control is composed of a signal from the PI controller added with a peak input
current and gain scheduling of change in peak input current. The performance evaluation was
experimented on a three-module isolated CUK AC/DC converter, with a S00W load and -48V DC
output voltage. The system achieves the following: tight output voltage regulation, good current
sharing, and low harmonic distortion. Moreover, the disturbance occurs in the system by an
immediate load change, and the output voltages are at minimum overshoot and undershoot with a
fast settling time.

Introduction

Normally, AC/DC converter at the front end of a distributed power system is composed of many
converter modules [1]. Those are parallel-connected to supplement a load converter. The purpose
of the distributed power system is as follows: system reliability, flexibility, redundant operation,
simplicity of maintenance, and easy increase in power to supply output power [2]. Thus, the control
system design is very important for controlling the system operation. In [3], the centralized control
of a parallel-connected converter module is presented. The system achieves a good current sharing
and a tight output voltage regulation. However, system reliability is reduced because the system has
a single controller. In [4], the technique to improve the transient response is explained. However,
the algorithm to improve the transient response is complex.

This paper presents the system to control a parallel-connected AC/DC converter. For the
flexibility of the system, fast transient response is aimed. Each converter has an individual
controller and current-sharing circuit. This circuit is used for the current sharing of each converter
module. The details of the proposed system will be demonstrated.

The Power Circuit and the Proposed Controller

The proposed system is shown in Fig. 1. The power circuit is an isolated CUK AC/DC converter as
indicated in Fig. 1(a). Those are parallel-connected at an input power source with a common DC
bus to supply power to a load. The voltage loop control is shown in Fig. 1(b). Moreover, the
current-sharing bus is used to share the current of each converter as shown in Fig. 1(c). The
dsPIC30F6010 microcontroller is used to the voltage loop control. It generates a signal (Rpn) to
control a solid-state relay, signal for adjusting gain of a current-sharing circuit, and generates a
current command. According to the load current, i, (k) is generated by the current-sharing circuit

as shown in Fig. 1(c). The value of the load current sharing is indicated in Eq. (1).
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iol = i02 = i03 - ?io (1)

R
where R, = 3

In addition, a hysteresis control circuit is used to control the current loop because of its
simplicity of implementation and fast response to control the input current in-phase with the input
voltage.
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Fig. 1. The system of a parallel-connected AC/DC converter

Improving the Transient Response

According to the dashed line indicated in Fig. 1(b), the dsSPIC30F6010 microcontroller is used to
control the voltage loop control with the sampling time 250us and the details of the control
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algorithm are explained as follows. The PI controller is used to compensate the output voltage error.
In the design, a crossover frequency equal to 45Hz and a phase margin of 45° is set. Thus, the
parameter of PI controller is equal to K, = 2.03 and K; = 306.8. The peak input current (i, (k)) is
given in Eq. (2) as explained in [5].

\ 2w, (k)i (F)
(k) = W ()

where v (k)is a root-mean-square value of the input voltage, v, (k)is the output voltage, and
i,y (k)1s the load current, N is 1, 2, and 3. According to the algorithm, the gain scheduling of change

in peak input current (f w~(k)) can be computed as shown in Egs. (3) and (4), where iy(k=1) is a
previous peak input current. After that, it is multiplied with a K, gain, which results in z w(k) as
indicated in Eq. (4).

fcsN (k) fsN (k) + l‘tvN (k - 1) (3)
in(k) = WK, “4)

Then, the fs_fN (k) signal indicates Eq. (5). It is added to the signal from PI controller (i, (k)) as

Veu ().
As a result of the current command (i, (k) ), this signal is converted by a 12-bit D/A to control the

shown in Eq. (6). Subsequently, 7;, (k) is multiplied by the absolute sinusoidal waveform (

input current in-phase with the input voltage.

iy ()
;LN (k)

by (k) + 1y (K) )
iy (k) + iy (K) (6)

Experimental Results

The implementation of the proposed system is conducted through a three 250W/module, a -48V
output DC voltage, and the parameters of the system are shown in Table 1. Figure 2 shows the
waveforms of the output voltage (v,), the load current (i,), and the individual input inductor current
of each converter (iz11, iz12, and iz3), while changing a load current from 5.26 to 11.25A and back
to 5.26A. It can be seen that the system achieves the fast transient response by the settling time (75)
less than 10ms with a minimum overshoot and droop of the output voltage as indicated in Fig. 2(a)
and (b). In addition, the current sharing each converter module is good, as shown in Fig. 2(c) and
(d), respectively.

Table 1. Parameters for the system

Parameter Value
Input power source 220V, 50Hz
Input inductor: Ly, L1, L3 5mH, 5mH, 5mH
Output inductor: Ly, Lo, L3 ImH, ImH, ImH
Cia, Cip, Cau, Cap, C34, C3p 0.68uF

Output capacitor, Cop 20400uF
Transformer ratio (a) 0.5
Output voltage gain (Gry) 1/12
Load current gain (Gry) 1/3.3
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Fig. 2. Transient response during a load change from 5.26 to 11.25A and back to 5.26A: (a) and (b)
waveforms of the output voltage and load current, (¢) and (d) waveforms of the output voltage and
individual input current

The experiment of the system is operated in the steady state as shown in Fig. 3. The waveform of
the input voltage and current is indicated in Fig. 3(a). It can be seen that the input current in-phase
with the input voltage results in a power factor near to unity, 0.98. Similarly, the waveform of the
input current is sinusoidal waveform. Thus, the total harmonic distortion of the input current is also
low as shown in the order odd and even harmonic in Fig. 3(b) and (c), respectively.

Conclusions

A technique to improve the transient response of a parallel-connected AC/DC converter is
proposed. According to the experimental results of the system, the system achieves the following:
fast transient response, power factor of 0.98, good current sharing of each converter, and low total

harmonic distortion.
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Fig. 3. Experimental results of the system operated in the steady state: (a) waveforms of the input
voltage and current, (b) order odd harmonic, and (¢) order even harmonic
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ABSTRACT

This paper studies a centralized control system for
parallel-connected AC/DC converters. In the system, the
converter is composed of CUK converters and it operates
in a continuous conduction mode. For a good current
sharing and easily controlling each converter to
connected or disconnected in the system, the centralized
control is used to control the system operation.
MATLAB/Simuling is verified of the proposed system. The
simulation results show the system provides the fast
transient response, the current sharing is a good, the
waveform of the input current is a nearly sinusoidal and
in-phase with the input voltage, and a high power factor.

Keywords: Centralized control, AC/DC Converter
1. INTRODUCTION

The centralized control system is used to control the
system operation such as the parallel-connected AC/DC
[1], DC/DC [2] and DC/AC [3] converters. Because of
the centralized control has advantage as the following, a
tight output voltage regulation, easily adjusting a control
signal, and a current sharing each converter module is a
good.

The parallel-connected converter modules in the
distributed power system, is employed to increase the
power capacity and reliability of DC power supplies [4].
Thus, the converter module has been employed to achieve
the following characteristics in [5]: thermal management,
reliability, redundancy, modularity, maintainability, and
size reduction. Especially for the parallel operation
control, the converter module is included by the system
reconfiguration and flexibility. For example, if the power
demand increases the redundant converter module will be
connected into the system related to the required power.
A single state parallel AC/DC converter is explained in
[1]. The power circuit of the proposed system is
complexity for the mathematical model. In [2], the control
system is used to control the parallel converter. This
control method is consisted of a multiple signal line
connects among the controller of each converter. It has an
increasing cost and a complexity to control the system.
This paper studies the centralized control system of the
parallel-connected AC/DC converters to control the
converter operation related to the required power of a

load. For a good current sharing, the tight output voltage
regulation, the system has a single control of the voltage
control. The rest of the paper is organized as the
following: the proposed system is indicated in Section 2,
the mathematical modeling of the system shows in
Section 3. The simulations results and conclusion
illustrated in Section 4 and 5, respectively.

2. THE PROPOSED SYSTEM

Figure 1 show the power circuit and control system. The
power circuit is a CUK converter which operated in a
continuous conduction mode. The control system is the
centralized controls which perform control the output
voltage regulation, the input current in-phase with the
input voltage and to control the converter module
connected or disconnected follow the required power of
a load. The digital control is applied in the voltage loop
control and generates the current command of the current
loop control. According to the current loop control, the
system requires the fast response and easy control thus a
hysteresis controller is employed.

3. THE MATHEMATICAL MODELLING OF THE
SYSTEM

The AC/DC converter is based on a CUK converter as
shown in Figure 2 (a). The CUK converter is operated in
a continuous conduction mode and parameter is
considered ideals, thus the mathematical model of the
system as explain as the following.

4]

Hysteresis [
Controller

Ve
" |sin o] Digital Control System

Figure 1 The proposed system
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: +
(c) Sy off Dy on
Figure 2 The mathematical model for
MATLAB/Simuling

In the switch Sy on and Dy off as shown in Figure 2 (b),
where considers the state space averaging. It can be
wrote the state space equation as the following.

The voltage drop across the input inductor (v, ) is

equal to input voltage (v y ).

Vin' = Ven
L dipy  _ v
N = N
dt &
v
: gN
v T (M
IN

The current via a capacitor C, equals the output

inductor current (i;,, ).

e = lpon
dve, -
a dt L2N
vV, = llﬂ 2)
Ca C

The voltage drop across the output inductor ( L, ) is

Vion = “Vea T Veo
di
LON
Lyy it = Ve Voo
H VCa VCU
lan -7 7 3)
L L
2N 2N

And the current through the output capacitor is given by

lco = lpan T lioad

dVCo . Va
= 1 _—
° dt 2N R
. I Vo
V, = —_— 4
co C, C,R @

In the switch Sy off and Dy on as shown in Figure 2(c),
the state space equation is given by

Vin = Ven TVea
di
LIN  _
LlN dt - vgN_vCa
H _ vgN _ vCa 5
iy = ®)
Ly Ly
len' = Iy
dve, ;
a_dt = Inn
. _ iLlN 6
boy = ©)
c
a
Vion' = Voo
I dipyy
N Veo
dt
. %
: _ __Co
an = 17 ™
AN
lco = v
dVCD . _
"t loN
i v
. _ low o
bop = M To ®)
Cc, C,R

According to, Egs. (1)-(8) we can represents the system
with the state space equation as indicated in Eq. (9).

X = Ax+Bu O]
where
A = AD+A4,1-D) (10)
B = BD+B,(1-D)
0 0 0 0
0 0 1/C, 0
4 = D
0 —1/L,, 0 0
0 0 -1/C, -1/CR
0 /Ly 0 0
1/C, 0 0 0
4 = (1-D)
0 0 0 -1/L,y
0 0 -1/C, -1/C,R
1/ Ly 1/ Ly
0 0
B = D+ (1-D)
0 0
0 0
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D and (1-D) is a control signal of a switch Sy on and off,
respectively. Thus, we achieve the equation is used to
simulate by the MATLAB/Simuling as indicated in Egs.
(11)-(14), respectively.

: (1-D) 1
I = - Ve +——V 11
LIN L]N Ca LIN gN ( )
. (1-D). D .
Vea = v +_C LioN (12)
. -D 1
i = —vy, ——vV 13
L2N LZN Ca L2N Co ( )
. o Y
v = =0 14
<o C, CR (19

The transfer function of the voltage loop control of CUK
converter is illustrated in [6] and given by

i V
loN gN
Ly o (15)
iy \/EVU
e M 16
fan(s)  sC,+(U/R)

where 7,, is the output inductor current, i, is a
peak value of the input inductor current, 7, is the root
mean square value of the rectifier voltage, 7, is the
output voltage, M is the converter number, and C, is
the output capacitor. The output voltage error is
compensated by the PI controller as shown in Eq. (17).
The open loop transfer function is used to design the
voltage loop control as indicated in Eq. (18). The
parameter values of the system are M =1, R=9.216 Q,
Voo =311V, and C, =20400uF . For the fast transient
response is purposed. The cross over frequency chose 15
Hz and the phase margin is 70°. As resulting the gain
value of the PI controller are Kp = 6.55, and K;= 265.10.
Figure 3 shows the bode diagram of the system.

K

Ge(s) = Kp+—+ (17
S

Ven M

Go(s) = S
P(s) J2v, Cos+1/R

(18)

VT

Moreover, the voltage loop control is indicated in Figure
4. The signal i;,,is come from the PI control signal

adds with the peak value of the input current (i, ). It is
calculated from the power balance technique as
illustrated in [7], resulting in the system achieves the fast
transient response.

Gm=Inf, Pm=T0deg (a1 15 Hz)

‘G;, (VS)E?C (s) i

Magnitude (dB)

Phase (deg)

Frequency (Hz)

Figure 3 Bode diagram of the system

|sin wt|

Voref + iLref
Ge(s)
- N=12
Vor )
" lA — \/Evoiluad
’ le'mS
Ifi,, <4A M=1
v, i, .44 M=2
Figure 4 the voltage loop control
4. THE SIMULATION RESULTS
The performance evaluation of the system is
demonstrated as the following. Figure 5 show

waveforms of the input inductor current of the converter
module #1 and #2 (i;,,,i;,, ), the load current (i, ,,, ) and

the output voltage (v, ). In the simulation results, the

converter module is operated with the required power of
the load. The redundant converter is represented by the
converter module #1. If the system is supply the output
power to a load while the load current is less than 30%.
In this condition, the converter module #2 is operated
only one module. However when the load current is
increased more than 30% the converter module #2 is
connected to the system immediately. It can be seen that
the system achieves the fast transient response with a
minimum overshoot and undershoot of the output
voltage. In addition, while the both converter operate the
current sharing of each converter is equal. It can be seen
from the waveforms of the input inductor current i ;; and
iL12 as shown in Figure 5.

Figure 6 indicates the waveforms of the input voltage
and current while the system is operated in the required
power. As results, the waveform of the input current is a
sinusoidal and in-phase with the input voltage.

In the case of the disturbance occurred in the system, this
is performed by the load chance from 60% to 100% and
back to 60% as shown in Figure 7. As resulting, the
system achieves the fast transient response.
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Figure 5 the waveform of the input inductor current
(iz11, iL12), the load current (i1 ,.q), and the output voltage
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Figure 6 The waveform of the input voltage and inductor
value.
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Figure 7 The load charge from 60% to 100% and back to
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5. CONCLUSION

The centralized control system has been used to control
the parallel-connected AC/DC converters. According to

the simulation results the system achieve as the
following: the operation control to the required power,
the fast transient response while a connected and
disconnected converter module, the current sharing is a
good, and the waveform of the input current is a nearly
sinusoidal and in-phase with the input voltage, resulting
in the system achieve a low harmonic distortion at an AC
power source, and a high power factor.

In the future research will be used to fabricate prototype
modules to experimentally verification of the system.
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Abstract— In this paper, a fuzzy gain scheduling of PI
controller added with gain of the error rate to improve the
transient response of a boost DC/DC converter is proposed. The
proposed control system is easy for implementation. The
performance evaluation is performed by the simulation through
a MATLAB/Simulink program, with a 24 W load, a 12 V input
and 24 V output voltage. The system has achieved as the
following: the tight output voltage regulation both the transient
response and the steady state. In addition, the transient response
occurs in the system and the output voltages are at their
minimum overshoot and undershoot with the minimum settling
time.

Index Terms—Fuzzy gain scheduling, PI controller, DC/DC
converter

I. INTRODUCTION

The power conversion circuits to supply a load are
inherent nonlinear plants such as an AC/DC converter, a
DC/DC converter or a DC/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 are illustrated in [1-6] can be used to control a
nonlinear system.

In this paper, a fuzzy gain scheduling of a PI controller [2]
added with the gain of the error rate to improve the transient
response of DC/DC converter is studied. A controller of the
proposed system will be explained as the following.

II. THE PROPOSED SYSTEM

Figure 1 show the power circuit and control system of
boost DC/DC converter. The digital control is used in the
voltage loop control to generate the control signal for
controlling the system operation. The detail of the voltage
loop control is indicated in Fig. 2. This is composed of the
fuzzy gain scheduling of PI controller added with gain of the
error rate which will be explained as the following.

A. Fuzzy gain scheduling of PI controller

According to a dashed line is shown in Fig. 2. This is 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 K; are adjusted by the fuzzy rules. The
input of fuzzy rules and reasoning are based on the error (e(k))
and the change in error (Ae(k)) of output voltage to

978-1-4799-3174-3/14/$31.00 ©2014 IEEE

Viboon Chunkag

Dept. Electrical and Computer Engineering
Faculty of Engineering, KMUTNB
Bangkok, Thailand
vck@kmutnb.ac.th

determine the PI controller gains. The membership function of
the output error and the change of error are shown in Fig. 3.
These fuzzy sets include: NB negative big, ZE zero equal, 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 the tight output voltage
regulation.

L D
N ™~
L1 +
Vi / .
— 0—|I~ N ™ v, Load
L\ c,
Digital Vor
Control K.
Fig.1. Power circuit and control system
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: Digital Control  e(k) |
Fuzzy Rule
| s )] i Reasonng X ||
| - e(k-1) rl\ |
I v ty ! v,
| vm/ N e(k) - o O I |_|D/A con
Controller + |
| J—I
I v, (k) |
| I vof
| AD |« !
[ |
Fig.2. Output voltage control
U, Hee
NB ZE PB NB ZE PB
1 |
0.5 0.5
0 0
A B C 4 B C
e(k) ce(k)
(@ (b)

Fig.3. Member ship function of output voltage (a) Error (b) Change of error


acer
Typewriter
Chunkag


H;
1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Small ' Big '

0 01 02 03 04 05 06 07 08 09 1
K,.K,
Fig.4. Membership function of K}a and K}

MR AN i ——

2
b ——
L
5]

5
Time (s)

n

Fig.5. Response to consider the fuzzy rules of K}a and K}

Table I Parameter of K}; Table II Parameter of K}
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For the parameters of the PI controller, the assumptions Kp
and K; are in the prescribed ranges [Kpminy Kpmax] and
[Kiminy Kimaxy]. For convenience, Kp and K; are normalized
into a range between zero and one by the following linear
transformation [2], as indicated in Eq. (1) and (2).

Kp = (Kp—Kpmin))/ (Kpmax) = Kpmin)) (1)

K; = (K; =Kimin)/ (Krmax) = Krmin) ~ (2)

The parameters K}D and K} are determined by a set of fuzzy
IF-THEN rules, from the following:

If e(k)is A; and Ae(k)is B; ,then K}J is C; and K‘] isD; (3)

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

where A4; and B; are the fuzzy sets or the condition cases, and
C; and D, are the operation cases, which can be either big (B)

or small (S). The membership functions of K}J and K} are

shown in Fig. 4 which is used for considering the operation
case. A rule base of fuzzy gain scheduling is considered from
the step response of the system as shown in Fig.5. For

example, in Fig. 5, around point a, the control signal of K}g
should be as big to improve the transient response, but the
gain of K} is small to prevent an overshoot. In case of the
steady-state, to eliminate the steady-state error, the gain of
K} is big and the gain of K;D is small to reduce the system
oscillations. Thus, the operation case for the parameters of
K}g and K} are shown in Table I and II, respectively.

The step by step equation for fuzzy gain scheduling to adapt

the parameters Kp and K; can be summarized as follows [2].
1) Calculate the output error and the change of error as:

e(k) = Vyper =V, (k) 4)
Ae(k) = e(k)—e(k—1) O)

2) Evaluate the membership functions of the output error
and the change of error, as indicated in Fig. 3.

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

ti = pile(k)]ep;[Ae(k)] (6)

4) When, we get the membership function y; which is
related to adapt the parameters K;D and K}, the parameters

K}a or K} from Fig. 4 can be found.
5) According to the membership function, as shown in Fig.
4, the defuzzication method can be seen as:

m

2 =1 (7
i=1

Then, the parameters K}g and K} are calculated from:

' m

Kp = 2 wKp; ®)
i=1
1 m

K = 2Ky, ©)

i=1
6) Calculate the parameters Kp and K as in the follows:
(10)
(1)

Kp = (Kpmax) = Kp(min))Kp + Kp(min)
K = (Kimax) = K7(min)) K7 + K7(min)
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B. The consideration of the prescribed ranges [Kpgin), Kpmax))
[Kiminy Kipmax)] and gain of the error rate (K..)

In the considerate method, the parameters of [Kpgmin),
Kpmax)ls [Kiminy Kimax)l, and K., trial and error or empirically
are employed. The system exhibits a fast transient response,
and the output voltage has a minimum overshoot and
undershoot when there is a disturbance into the system.

III. THE SIMULATION RESULTS

The parameters of the systems are shown in Table III. The
performance evaluation of the system is performed by
MATLAB/Simulink. This is conducted through a boost
DC/DC converter. To evaluate the fuzzy gain scheduling of PI
(FGPI) controller added with the gain of the error rate is
performed to control the output voltage both the steady state
and transient response. Thus, the transient response is
implemented by step load change from 100 % (1 A) to 50 %
(0.5 A) and back to 100 %. Figures 6 (a) and (b) are
demonstrated the output voltage waveform and load current,
which is compared between the conventional PI controller
with the proposed controller to control the boost DC/DC
converter. Close up of the output voltage waveform are
indicated in Figs. 7 (a) and (b). As you can be seen the output

0% -
|
[
1

0.8 0.9
Time (s)

(a) Conventional of PI controller

voltage waveforms while the step load change from 100 % to
50 %. In the case of PI controller, that shows Fig. 7 (a), the
output voltage has an overshoot and undershoot equal 1.1V
with the settling time is 50ms. On the contrary, in the
proposed control, the output voltage is without overshoot and
undershoot as indicated in Fig. 7 (b). In addition while a load
change from 50 % to 100 %, Fig. 8 (a) shows PI controller and
Fig. 8 (b) demonstrated the proposed control. As results, we
can be compared both the controller as indicated in Table IV.
To sum up, the proposed control is achieved as the following:
a fast transient response with very the minimum overshoot and
undershoot output voltage.

Table III Parameter of the system

Characteristics Values
Input power source 12V
Rated power 24 W
Output voltage 24V

L 500 uH

C 330 uF

Switching frequency 25 kHz

Vo (V)
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(b) FGPI controller added with gain of the error rate

Fig.6. Response of the output voltage
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(b) FGPI controller added with gain of the error rate

Fig.7. Close up the waveform of the output voltage and load current while load change from 1 to 0.5 A (100 to 50%)
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Fig.8. Close up the waveform of the output voltage and load current while load change from 0.5 to 1 A (50 to 100%)

Table IV The simulation results

Load DC bus The proposed PI controller
change controller
Overshoot voltage Very small 1.1V
0,
10500 ﬁ; to Undershoot voltage Very small 1.1V
0
Settling time Very fast 50 ms
Overshoot voltage 04V v
50 % to
100 % Undershoot voltage 04V 1.1V
Settling time 10 ms 25 ms

IV. CONCLUSION

The fuzzy gain scheduling of PI controller added with the
gain of the error rate to improve transient response of boost
DC/DC converter is proposed. According to the simulation
results, the system has achieved as the following: the tight
output voltage regulation both the transient response and the
steady state. In addition, there is the disturbance occurs in the
system. The output voltages are at their very minimum
overshoot and undershoot with the minimum settling time,
respectively.
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Abstract

This paper presents a design of the control system to control AC/DC converter. Algorithm
of a control system design consists of the output voltage loop control used a fuzzy gain scheduling
of PI control and the current loop. control used a: hysteresis control, which is described in this
paper. The evaluation of the propesed control system is used to control an isolated CUK AC/DC
converter operation, with a 250W load and a -48V output voltage. The system is achieved as the
following; the tight output voltage both the steady state operation and the transient response,
a power factor is nearly unity and the waveform of input current is nearly sinusoidal. In addition,

the control system design is simple and uncomplicated
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Abstract

This paper present analysis and design for a fuzzy gain
scheduling of PI controller (FGPI) to Control an AC/DC converter. In
the FGPI, this is purposed to reduce the harmonic distortion of the input
current and to improve the power factor and transient response. The
performance evaluation is performed via MATLAB/Simulink. The
proposed system achieve the fast transient response while a disturbance
into the system, a high power factor and a low harmonic distortion of

input current, respectively.

Keywords: Fuzzy gain scheduling of PI controller, AC/DC converter
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