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ABSTRACT
In this paper, a novel intermediate lme regulator suitable for use as a current source converter is
- proposed. The operation principle of this converter is mainly based on switched series inductor and
switched shunt capacitor, Thus, two semiconductor devices only are used for single-phase systems
and six semiconductor devices for three-phase systems. This reduces switching losses and
increases the efficiency compared to that of previous topologies. The control strategy is built via
- pulse width modulation technique accompanied by the control method used. In this study, two
different control methods, conventional PI and fuzzy logic, are tested and compared to select the
preferable one. The simulation results of the proposed cotverter are presented based on
 MATLAB/SIMULINK tools. Also, the results of the three-phase arrangement are shown with the
simulated waveforms. In order to validate the converter operation, a laboratory prototype based on
TMS320C31 digital signal processor has béen desxgned and constructed. Experimental results for
different cases are presented.
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1. INTRODUCTION

Electrical energy is pnmanly dlstnbuted as ac
voltage at constant amplitude and frequency.
However, most of the electrical Joads may demand
different requirements, For instance, in a tnodern
adjustable speed drive, induction Mmichiiies require a
variable ac voltage and variable freqdency supply as
the speed requireinents vary. Therefore, to interface a

" load to the ac mains, a power conversion system is

requited. Today, electrical power cohwersion is

basically achieved by means of static power
-+ converters. These static power converteis can be used

in many applications_such as"motor drives, power

* supplies, and active power ﬁlters

* There are different topologies for ac/ac energy

transfer, The voltage source converter (VSC) is the

most common power converter today, extensively
used in ac drive systems, ac tninterruptible power
supplies, and active power filters [1]. It is simple,
robust, and easy to control. Wide ranges of the

- frequency and magnitude of fundamental output

voltage are attainable. However, VSCs, fypically
based on fast-switching, are not free of certain
drawbacks as evidenced by a slate of publications..
These include substantial switching losses, radiated

_electromagnetic interference, high dv/dt in the output

voltage, and no carrent limiting capability in case of

_ failure.

' Fugineering Reséarch Jouinal, an 30 No 3, July 2007, PP 273 281
© Faculty of Engmeermg, Mmoufiya Umvers:ty, Egypt '

273



F. A. Saafan, D. M. Yehia, M. E. Abdel-Karim M. A, Elkhazendar, "A Novel Intermediate Line Regulator...

As a partial remedy, the current source converter
(CSC) was used. The power circuit of the CSC is
simpler and more robust than that of the VSC as a
result of the absence of freewheeling diodes. Besides
CSC provides an inherent protection from short-
circuit currents due to the large dc-link inductance
and current control in the rectifier and also provides
the advantages of low dv/dt in the output voltage due
to the output filter capacitor. However, CSCs have
their weaknesses too, such as the increased size and
cost, reduced efficiency resulting from higher
conduction losses, greater complexity of the control
algorithm, and susceptibility to resonance between
the output capacitors and load inductances [2].

No wonder that alternative topologies of
converters, such as the multilevel converters [3] or
hybrid converters [4] have excited a vivid interest of
researchers. Multilevel converters are particularly
attractive in high power applications where power
converters with high voltage, high current, and
considerably reduced harmonics are required. On the
other side, The principle of operation of the hybrid
converter is different where the primary converter
produces rectangular current pulses and provides
most of the energy to the load and the secondary
converter supplies the harmonic power required for
making the load current waveforms sinusoidal.
Despite the advantages of these topologies, they are
costly and their structure and conirol arc
complicated.

Recently, the matrix converter was proposed as a
final solution to these problems [5]. The matrix
converter uses bi-directional fully controlled switches
for direct conversion from ac to ac. It is a single-
stage converter that requires only nine switches for
three-phase to three-phase conversion. In respect to
advantages compared with a traditional converier, it
has full four-quadrant operation, input power factor
control, and no dc-link, However, because of no
energy storage, the power at the input can also be
scen at the output, Grid dishurbances will affect the
ontput immediately, and it is important to select a
proper protection strategy [6].

To overcome the problems associated with
different converter topologies, This paper proposes a
novel intermediate line regulator suitable for use as a
current source converter for ac power applications.
First of all, the power circuit topology of the
proposed converter is presented. Next, the principle
of operation and detailed description of the control
scheme are illustrated. Finally, simulation and
experimental work are carried out.

2. POWER CIRCUIT TOPOLOGY

2.1 Single Phase Arrangement

The proposed regulator is formed by several
discrete components in series and parallel connection
as shown in Fig. 1.

"

The input inductor L; and output inductor L, are
in the range of 0.5 — 0.75 H, while the input and
output resistors are equal at 18 KQ approximately.
These values are derived from the regulated line filter
proposed in [7] with some modifications and
enhancements to be suitable for the application as a
current source converter. The combination of
intermediate inductors, L,, L, and L;, constitutes the
controlied inductor Lg Likewise, the output
capacitors, C, and C,, constitutes the controlled
capacitor C. The values of L), Ly, Ls, C; and C; are
susceptible to change according to the output current
required. The two switches $; and S, are bi-
directional switches of the MOSFET type and its
gating signal is derived from the control circuit.

On the output terminals a voltage transducer and
current transducer are used to extract the voltage and
current signals, These signals are then provided to the
control circuit to be processed giving the desired
control action.

b signad
H 2 41 iy

o] et

Fig, 1 Power circuit design of the proposed regulator

2.2 Three Phase Arrangement

A three-phase regulator is normally used in high
power applications, The circuit diagram of the
proposed regulator in its three-phase structure is
shown in Figure 2. It is composed of a three single-
phase regulators connected to a three-phase supply as
an input and a three-phase load on its output
terminals,

It is evident that using the proposed three-phase
regulator as a CSC is more efficient than
semiconductor  switches instead of twelve
semiconductor switches. Another advantage of the
proposed three-phase regulator is the simplicity in
buiiding its control scheme. This simplicity is arising
from two reasons. First one is that the feedback
signal is extracted from only one phase without any
special processing as in conventionai CSCs [8].
Second reason is a result of using the same gating
signal for all semiconductor switches.
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Fig, 2 'Ihree—phase arrangement of the proposed
regulator

3. PRINCIPLE OF OPERATION

The two-port network concept is used to analyze
the operation of the proposed regulaior as a current

source converter. The ratio of interest in this study is

the input voltage (Vy) divided by the output current
(I,) when the input current (§;) is equat to zero, which
represents  the  open-circuit ~ reverse-transfer
impedance Z» {9] as gwen from the foHowmg
equatlon _ o

z, —-| » g - e

0

For- the sake of sxmphclty the input and output
parallel resistors, R; and R,, have been neglected
without significant effect on the final result because
their values are large compared to the parallel
inductors. The relation between the output current L,
the capacitor cutfent L, the intermediate inductor
current I, and the ompnt inductor current I, is
_defined in S-domain as follow;

LE=LE+LE+L06) @

Where: I ()=sCV,(s) - . . . (3)
V8-V -

R B

A e
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"

On the other hand, when the input current I; is equal
to zero the current Iy, will be equal to the input -
inductor current Iy; as follows: '

V. (s)
= I : = L
I Le (S) Li (S) SL; . (6)
" Solving equations (4) and (6) for the ontput voltage
yields:
v, = w(s)[%ﬂ] )

Substituting equations (2) and (7) into (1) gives Zi;
in the following form:

‘ Viés - sLL

Z, = S 7 (8)

1.(s) (Lc +L)CLs* +L, +L; + 1L,

It can be assumied that L; = L, = L and L, is much
smaller than L; or L,. Then, equation (8) can be
rewritten as follows:

Vi(s) sL.

Sy ©

I,(s) sCL+2
From equation (9), it can be concluded that the
outpixt current is in direct proportion with only the
capacitance C where L is constant, Thus, this current
can be kept constant by the appropnate control of the

_ capacntance value,

4. CONTROL SCHEME

In the proposed regulator, two different control
methods are compared to choose the superior one.
These methods are PI control and fuzzy logic based
control.

4.1 PI Confrol

The PI controller is comnton in control systems. In PI
controller, the integral of the error as well as the error
itself is used for control. This type of controller is a
first order system and its transfer function is given as

follows:
. Kl
Gls) =K+ (10)

Where, K and K; are the controller parameters. The
objective of using PI controller is to combine
transient - response characteristics of proportional
control with the zero steady state error characteristic
of integral control. Proper controiler design requires
tuning the parameters Kp and K; to give the desired
control action. -

4.2 Fuzzy Logic Based Control

The design of fuzzy logic based control (FLC) used
in this work is shown in Figure 3.

- The total fuzzy inference system is a mechanism that
relates the inputs to a specific. ovtput or set of
outpats. First, the inputs are categorized linguistically
(fuzzification), then the linguistic inputs are related
to outputs through fuzzy rules and, finally, all the
different outputs are combined to produce a single

out_put (defuzzification).
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Fig. 3 Fuzzy controller design

The main purpose of the fuzzification layer is to
take the inputs and determine the degree 1o which
they belong to each of the appropriate fuzzy sets via
membership functions. Fuzzification of the input
results in a fuzzy vector where ¢ach component of
this vector represents the degree of membership of
the linguistic variables into a specific fuzzy
variable’s category. The number of components of
the fuzzy vector is equal to the number of fuzzy
variables used to categorize specific linguistic
variables. Then, the fuzzy inference engine uses the
fuzzy vectors to evaluate the fuzzy rules and produce
an output for each rule. There are three different
shapes of membership functions, triangular,
trapezoidal and Gaussian. In this study the Gaussian
shape are used for the input membership functions
with three linguistic variables as shown in Figure 4.
Gaussian membership function has the advantage of
being smooth and nonzero at all points.

The fuzzy inference engine often has multiple
rules, each with possibly a different output.
Deffuzzification refers to the method employed to
combine these many outputs into a single output.
There are a number of methods used for
defuzzification. The most common defuzzification
method is the centroid calculation, which returns the
center of area under the curve, and this method is the
one employed in this study.
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Fig. 4 Input membership functions
5. SIMULATION RESULTS

The performance of the proposed regulator as a
current source converter is assessed by a computer
simulation that uses MATLAB/SIMULINK.
Different simulation tasks are carried out to examine

L

the performance of the converter. The first task is
dedicated to the evaluation of the converter
performance to follow the current reference. The
second task is devoted to assess the converter
capability to supply constant current under different
loading conditions.

5.1 Simulation Results Using P1 Control

The dynamic performance of the converter for a step
change in the current reference is presented in
Figures 5 and 6, Figure 5 presents a step-up change
in the reference from 0.09 A to 0.13 A and Figure 6
presents a step-down change from 0.13 A to 0.09 A,
The output waveforms and RMS values are shown in
parts (a), (b), {c), and (d) respectively while part (e)
shows the error signal. It is observed that the output
current follows up the current reference with good
transient characteristics. Figures 7 and 8 show the
output waveforms and error signal under load step
changes. The load resistance is changed from 11.1 to
23  in Figure 7 and from 23 to 11.1  in Figure 8,
These resuits reveal that the proposed converter has a
fast response and accurate performance in supplying
constant current under different loading conditione.
In addition, the output waveforms of current and
voltage are sinusoidal.

(a)
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Fig. 5 Simulation results for a step-up change in the
current reference from 0.09 A to 0.13 A using PI
control. (a) output current. (b) output voltage.
{c) RMS output current. (d) RMS output voltage.
(e) error signal.
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Fig. 6 Simulation results for a step-down change in
the current feference from 0,13 A to 0.09 A using P1
control, (a) output current. (b) output voltage.

(c) RMS output current. {d) RMS output voltage.

. (e) error signal.
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Fig, 7 Simulation results for a step-up change in the

load resistance from 11.1 Q to 23 Q using PI control.

(a) output cuirent. (b) output voltage. () RMS output
current. (d) RMS output voltage. (€) error signal.
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Fig. 8 Simulation results for a step-down change in
the load resistance from 23 2 to 11.1 Q using P1
control. (a) output current. (b) output voltage.
(c) RMS output current. (d) RMS output voltage.

(¢) error signal.

5,2 Simulation Results Using FL.C

This section studies the converter performance using
fuzzy logic based control. The output waveforms and
error signals of the transient response for a step
change in load and reference respectively are
depicted in Figures 9 and 10. The values of load
resistance and current reference in different cases are
the same values as that used with PI control. It is
clear that the transient stage in different cases is less
than that obtained using PI control.

5.3 Simulation Resulis for the Three Phase

Arrangement

_ Figure (11) depicts the three phase voltages, currents,

RMS values, and error signals for a step change in
the reference. it is evident that the output current
tracks the reference and accordingly the output
voltage also changes. On the other side, Figure 12
shows the same waveforms but for a step change in
load. In the last case the response is different where

- the output current remains constant with load change

and the only change occurs in the output voltage.
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(a)

(b)

©

@

(©

= T

Fig. 9 Simulation results for a step change in the
current reference from 0.13 A to 0.09 A using FL.
control, (a) output current. (b) output voltage.
(c) RMS output current. (d) RMS output voltage.

() error signal.
=
. (@ 3.0
| ® £
3t
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@
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Fig. 10 Simulation results for a st¢p change in the
load resistance from 23 2 to 11.1 © using FL control.
(a) output current. (b) output voltage. (¢) RMS output

current. (d) RMS output voltage. (e) error signal.
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Fig. 11 Simmlation results of the

arrangement for a step-down change in the current .
reference from 2.5 A to 1.5 A, (a) output current. |
(b} output voltage. (c) RMS cutput current,

(d) RMS output voltage. (e} error.

Fig. 12 Simulati
arrangerment for a step-down change in load
resistance from 23 € to 11.1 €2, (a) output current.
{b) output voltage. (c) RMS output current,

(d) RMS output voltage. (e} error.
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6. EXPERIMENTAL RESULTS .
In order to validate the effectiveness of the

proposed converter configuration and to check out
the simmilation results, a laboratory prototype based
on DSP has been designed and constructed, as
represented ir Figure 13. The experimental results
are carried out for the singlé phase arrangement only
due to existent laboratory restraints. It has to be
pointed out that a relatively small input voltage is
used to ensure an unsaturated operation of the
intermediate inductors, Ly, Lo and Ls. This can be
modified to a large scale if large inductors are
available. The values of inductors Ly, L; and L are
75 mH, 30 mH and 30 mH respectively, and their
wiring resistance measured 1 Q. The fixed capacitor
on the output terminals is set to 95 uF while the
switched capacitor is 247 pF, A variable resistive
toid is used to examine the converter performance
with load change. In the proposed comverter, the
digital signal processor type used is TMS320C31.
First, the controller and the PWM blocks are
designed in MATLAB/SIMULINK, Afterwards, the
interface between MATLAB/ SIMULINK and digital
signal processor allows the control algorithm to be
run on the hardware. One analog-to-digital converter
is used for the sensed load current. An aptoisolated
interface board is also designed in order to isclate

between the entire DSP and the power circuit. The

gating signal are then applied to the power switches.

the application of DSP-baséd control offers many

features that are not found in analog control such as
" programmability, flexibility, and insensitivity to
aging and environmental variations. .

1) Input inductor. .. 6) Output inductor, -
2) Intermediate inducters. 7) %15V DC source. -
3) Output capacitors. " -8), Optoisolated board.
4) Variable resistive load. - 9y MOSFET switch.
5) Current transducers. - 1OI/Oinferface.
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Fig. 13 Experimental setup of thie proposed converter

"

Figure 14 and Figure 15 show transient response
waveforms of the converter to step changes in the
current reference. Parts (a, b) show the output current
and voltage respectively while parts (c, d) show the
corresponding RMS values. As depicted, the
converter output current follows the reference aund
consequently, the output voltage also changes. Part
(e) shows the error signal between the reference and
RMS output current, This error returns to zero after

transient stage.
Figure 16 and Figere 17 show experimental

' results of the proposed converter when subjected to

load changes. Figure 16 shows the response to a load
change from 11,1 to 23 £, and Figure 17 the
response to & load step from 23 to 11.1 Q. These
results illustrate how the proposed converter
effectively supply the same current under such load
impacts. Traces depicted afe output current and
voltage, RMS values of output current and voltage,
and error signal réspectively.

Figure 18 shows spectral component of the output
current for all possible combinations of reference and
load resistanice, It can be observed that the proposed
converter always has sinusoidal output current
waveforms with drastically reduced contents of low-

~order harmonics, o
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Fig, 14 Experimental resnlts foi a step-iip change in
the current reference from 0.09 At0 0.13 A

" (a) output current. (b) output voltage. (c) RMS output

current. (d) RMS output voltage, (¢) exror signal.
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7. CONCLUSION |

A novel intermediate line regulator suitable for
use as 2 current sourcé converter was proposed in the
work of this paper. The power circuit topology and

control scheme of the proposed regulator was .

discussed. The design of the proposed regulator

“exhibited the advantage of using less number of

semiconductor devices and conseguently, reducing
switching losses. The analysis of the proposed
regulator as a current source converter showed that
the output current is in direct proportion with the
output capacitance, Thus, this current can be kept
constant by the appropriate control of the capacxtance
value. The proposed converter was simulated using
MATLAB/ SIMULINK sofiware and the simulation
results showed that the proposed converter had
sncceeded in supplying constant output current with

~ high accuracy under different loading conditions. The

simulation results alse showed that the proposed
converter has good transient characteristics in
tracking the current referetice. A comparison between

using PI control and fuzzy logic based control was -

made and the results showed that the transient

response is faster in case of fuzzy logic based

control. The simulation results .proved that the
proposed converter is applicable not only for single-
phase systems but also for three-phase systems which
makes it suitable for use in AC drives. Experimental
work was built using dlgltal signal processor and the
results validated the converter effectiveriess in
keeping the output ¢urrent constant with load change
as well as following the current reference. The
experimental results showed a good agreement with
s;muiatlon results. :
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