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Absrrace—Features of static and dynamic modes of the
improved hybrid adjustable power ling conditioner (APLC) in
the autonomous electric power sstem (EP%) with powerful
semiconductor converters ($C) are considered. The conditions
for full compensation of the resctive power (RP) of the losd are
determined and the principles of constructing the structure of the
arrespunding automatic control system (ACS) of the APLC are
propimed. The MATLABemodel of the system was created and
investigated to optimize the regulaor parameters o achieve the
yuality of transients and provide conditions for glectromag netic
anmpa Likility (EMC L
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[ INTRODUCTION

A General Terms and Deflnitions

Ensuring a high level of energy efficiency is one of the
main problems of modem eleciric power indusiry when all
electricity produced is used with matimum benefit Powerful
semicondwctor conventers {(SC) in the load lead to a distortion
of the shape of the current consumed and phase shift of its
fundamental harmaonic. As a consequence, the power factor
decresses, energy losses in sources and consumers increase,
and emergency modes are also increased due to higher-
hamonic emission. To reduce these negative effects, active
and passive power line conditioners are used in power supply
systems of limited power [ 1,2,3,4].

The development of improved adjustsble power line
conditioner {(APLC) is a wvery urgent task concerning
sutonomous electric power systems (EPS) of sea vessels,
stationary sea platforms and floating drilling rigs which have
thyristor frequency converters based on the "controlled
rectifier — load-driven current inwvener” circuit, feeding
propulsion synchronous motors with total power up to tens of
WV

Thus, controlled compensation of non-active componenis
of full power, including reactive power (RPF) and distortion
power (DP), provides energy efficiency and power guality
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{PQ)) in autonomous EPS with SC. The solution of such a
double task requires taking into account that modem active or
hybrid APLCs themselves are sources of higher hamonics
[5,6,7,E,9].

APLC operation inthe autonomous EPS with powerful SC
is complicated by additional features [10]:

l. The presence of significant shon-term deviations of the
network voltage and frequency (£ 20%; within 1 55 and £ 10%;
within 35 respectively).

2. The requirement of accurate RP compensation in both
static and dynamic modes. APLC should have a much higher
performance than synchmonous generator automatic exciters to
avoid or reduce network voltage fluctuations.

3. Elimination of the possibility of a resonant increase in
the hamonics of the network voltage under any EPS scheme
and changing the mode parameters {at different variants of
mmhbination of generators and loads).

A new improved hybrid APLC structure (Fig. 1,a) was
proposed in [11]. It consists of a mesonamt LC-filter (RF)
(X, &,,) and a controlled reactor compensator (CRC),
containing a reactor with impedance X,, and a dual-
operational  semiconductor  switch  with  pulse-width
madulation {FWM) control. CRC is an adjustable equivalent
resistance X, =X, /5° a high switching frequency
(5, =10, 20kHz ), where 5 — duiy ratio of PWM. RF is

simultaneously an impedance filter with respect to CRC with
PWM due to CRC connection to the connection point of the
indwctance and capacitance of RF. This eliminates the need for
an additional noise filter to reduce the harmonics generated by
P& M CRC. In [12,13,14] for the system with APLC and 5C,
the voltage hamrmonic distortion factors were studied and the
mnditions for additional poles cancellation of the impedance
frequency response of the system and the resonance possibility
dimination at higher hamonics wene specified.

B Research Tasks and Obfectives

The purpose of this work is to determine the condition for
fill RP compensation in the swionomous EPS using the
advanced hybrid APLC, o design the structure of the
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comesponding ACS and optimize the regulator to achieve the
desired or required guality of transients in dynamic modes and
provide conditions for EMC.

II. DERNITION OF REACTIVE POWER COMPENSATION
CONDITION
In the sysiem equivalent circuit the synchronous generator
{50 is represented by a sinusoidal EMF source with a
complex RMS value .Es and resistance A, . A transformer or
an input reactor of the SC is represented by resistance X .
Consider now the circuit as shown in Figure 1,a. The phasar
diagram for the complex RMS wvalues of the fundamental
harmonics of 8G voltage U, and current [, of the circuit is
shown in Figure 2.
EEel=E

cj
Fig. 1. The amomomoss EPS with 5C and APLC: single-line circuit {a],
mrtial eqguivalent cirei (b, )

The dependence of the simulaneous operation of the 8G
and the converier should be taken into account when analyzing
the effect of APLC on the RP system. In accordance with the

principle of superposition, the cument ;’, is a vector sum of
the two components £ and [, and is determined by the
voltage E; and cument consumed ;’5__ by the SC.

il

..": =1 ¢ wheme [ =1..I[E_u’d I, I, and o are the rectified
current and the control ang le of the SC, respectively.

From the analysis of circuis Fig. |he:

b=k (5 E (1
= (e, {2
where
K (5)= : 3
o X:-:".'::I_R;Xn ".X'_x]_':-"?s_xm:l.
X il-s2X_iX, -X,
P P il B z) )

Koy (1=5 Ky (K (K = X )

Fig. X The phasor diagram for she complex RMS vatoes of she fundomezal
rarmanics of te 56 valages U, and emmem 1,

These functions are real and positive. K, (5] is the
conductivity function and varies from 0 o
V[ &, —(%,+X,)]. K, (5) is the dimensionless function
that iz rather weakly dependent on the duty ratio of PWM and
slightly increases from | 10| Xeg — X /[ Koo —( X5 + X )]
The component 4"5' has a capacitive character in relation to
E,,and [} lags £ by the angle . [ is in phase with the
SC consumed current [, . The magnitude of component £ is
slightly larger than magnitude of ;’s__.



The magnitude of the generator current [, and the lag
angle berween f, and £, am determined from the
ENpressions

1o = fig, +15 {5

i8]

qr:a:mg{fq, e,

where Isf and [, are the cument components along the g-
and d-zxis respectively,

i

Iy =1 sina-J;,

I, =1 cosa. ()

"

sin x

B
s
]
5

1

Fig The bilock disgram of the APLC ACS
Magnitude of generator voltage U, and lag angle between
U, and E;

v, = J{E_ Kol | =t ) e
B =amg(E-X 1 )| Xoda ). (1

Reactive power consumption of C5-APLC system is
Q=301 (1)

where [, =/ sina is the reactive component of G curment;
@ is the lag angle hetween fls and E:-'s .

The condition for RP full compensation in an autonomous
EPS iz determined by the expression

a=y-8=0= y=08. {12}

The block diagram of the APLC ACS, which implements
the condition {1 2) taking into account the set of expressions
{1-11) is presented in Fig. 3. The scheme operaes using
compensation principle and contains the sensors of the
rectified curment J, and the contrel angle o of SC. To control

the CRC semiconductor switches, ACS forms PWM impulses
with variahle duty ratio 5. [f the number of loads increases the
sructure in Fig. 3 is complicated by increase in the number of
mssociated sensors and control channels,

These disadvantages ame eliminated in the functional
scheme of ACS shown in Fig. 4. The generator voltage and
current sensors are used in digital progam unit (DPL) to
caleulate the instantaneous RP as follows:

Q:f{fﬂuﬁr—fﬂﬂ S T (13

To obtain the de component of instantanecus RP the DPL
signal {13) is passed through low-pass filter.

In addition, the scheme provides greater accuracy of RP
compensation by calculating RP directly.
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II. REGULATOR SETTINGS OFTIMIZATION AND SIMULATION

Ta study the system SG-S8C-APLC, which is nonlinear and
dizcrete, the MATLAB-Simulink model is used (Fig. ). The
simulated ACS structure is comesponds to the variant shown
inFig. 4.

The main purpose of the simulation is to study RP and the
voltage of 5G transients with a step change of the SC contral
angle or cument load, and optimization of the regulator
parameters according to the specified gquality of these

iransients.
i -| sC
y

O 1t

Fig-4. The fimetional seheme of APLC ACS in the amomomoss EPS with
5

The models with three regulator structures [ PI and PID
werne studied in transients caused by the step changes in the 8C
control angle with constant load current and the step changes
in the load cument with constant control angles.

Optimization criteria for transient processes: transient time
is =0, 15s; overshoot — maximum relative magnitude of RP
{as a fraction of the total rated power) is 20%; relative
generator voltage dip (overshoot) is 807 =£20% ; the steady-
state emor is 3%,

To improve the transient process, the controller parameters
ame optimized using the built-in MATLAB tools including
Simulink Design Optimization library with Check Step
Response Characteristics block which provides functions and
interactive tools for analysis and adjustment of any model
parameters.

[

Parameters of the MATLAB meodel: 5 =1MVA,
U, =220V, X, =0,02 0hm, A =0,010hm,
[ = 1400 A, U e = 40 W, X =0,227 Ohm,

X, =907-107"0hm, X, =0 2180Chm, f, =19800 He.

Optimization of the regulator parameters was performed
for PI and PID-regulators, which are more efficient than the I-
regulator. Characteristics of both regulators are  almost
identical, however, when using the PID-regulator, the phase
woltages have asymmetry and hamonics which are multiple of
three with slow decay (within | £). Figure & shows transients
of voltage dips and overshoots as well as transients of reactive
power. Simulation was camied out for optimized Pl-regulator
and step changes in cument J, .

The experiment establizshed the expediency of choosing a
non-zers RP compensation emor. Recommended emor band is
set to (3,.=0.050); .. This condition significantly reduces
the time and oscillations of Tansients without noticeable
deterioration of power characteristics of thesysem.

The mesults of the transients study with optimized
mgulators are given in Tahle | and 2. Tahle | shows the
wltage maximum dips and overshoots with two control
modes, the first mode uses a constant control angle o

{f =0, =0—=1400A, r, =/, =1400 =200 A] and the

sacond current [

constant  load »

one uses A
(h=a=10 2% rn=0=00" =3F |. Table 2 shows

RP transient time in similar modes with PI and PID-regulatars.

TAHLE |. THE VOLTAGE MANTHUM [¥FS AND QVERSHOOTS
I &
a I, SL7, %) o %
(LD
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CONCLUSIONS
This paper explores the features of static and dynamic
modes of the improved hybrid adjustsble power line
conditioner { APLC) in the autonomous eleciric power system
{EP8) with powerful semiconductor converters (SC) and
allows drawing the following conclusions:

l. The main condition for full RF compensation in the
autonomous EPS with SC and hybrid APLC is =0 when

EMF phasor £, and generator current phasor , ane in phase.

It is achieved by controlling PWM duty matio 5§ of CRC
regulatar.

2 Implementation of ACS APLC is possible using rectifier
curment and 5C control angle sensors (Fig. 3). With an increase
in the number of laads, this structure hecomes complicated.
This drawback can be avoided using the scheme in Figure 4,
which uses only the generator voltage and cument sensors to
calculate RP in DPU directly.

3. Bince in transients three-phase voltages and cuments of
the generator are asymmetric and have high hamonics,
calculated RP signal contains high-frequency distortions and
noads to be passed through low-pass filter.

4. Autonomous EES with 8C and APLC is nonlinear and
diserete. To achieve the specified quality of the transients, the

09

optimization of the regulators was performed using the
MATLAB maodel. An analysis of the model experiment results
shows that the Pl-regulator is more efficient than the |- and
PID-regulators. The specified quality criteria for transients, in
particular, the reduction of transient time to 0,15 sec, are
mhieved by optimizing the parameiers of controllers using the
Simulink Design Optimization library with the Check Step
Response Characteristics block.
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