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ABSTRACT

This paper presents an unconventional view on power electronic converters control
as an important factor in environmental protection. Two distinct features that are pro-
vided by the control system, namely harmonics elimination and Fault Ride-Through
are addressed herein. The paper provides the discussion on how well designed and ro-
bust power converter control can influence the environment in a positive way. One of
the shortcomings of power converters is emission of current harmonics which results
in supply voltage distortion. The appropriate control minimizes the harmonics content
which leads to energy losses reduction, especially in power transformers cores. Fault
ride-through is an ability of power converter to remain connected and operating in a
grid where the fault occurred. It is of paramount importance for integration of large
power renewable energy sources. Shutting down e.g. large wind farm would result in

engaging the conventional power plants to fill in the energy production gap.
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INTRODUCTION

The power converters based on semiconduc-
tor devices that operate in a switch mode are
widely used for variety of applications, especially
involving integration the renewable energy sourc-
es, flexible power supplies and battery chargers
[Jarzyna 2011, Yaramasu et al. 2015]. The exam-
ples of modern power electronic converters appli-
cations in power systems is presented in Figure 1.
As can be observed, as a result of rapid power
electronic converter development, it is not only
possible to produce and utilize the electrical en-
ergy more efficiently but also to transmit it using
high voltage direct current (HVDC) technology
over large distances with lower losses, as com-
pared to the traditional alternating current (AC)
systems. The HVDC transmission has also got an-
other, very positive effect on environment, which
is more straightforward than limited energy loss-
es — HVDC transmission lines can be either put
under ground as cables or they take significantly
less space when implemented as overhead lines.

182

For this reason, not only the natural terrain degra-
dation during construction stage is less severe but
also resources required for that purpose are sig-
nificantly reduced. This is beneficial both in en-
vironmental, as well as economical terms. There-
fore, due to large penetration, the impact of power
converters operation on the grid is rather notice-
able. Hence, there are numerous energy quality
standards that each of grid connected power con-
verter must comply with (depending on its rated
power). International standardization committees
such as The International Electrotechnical Com-
mission (IEC), The Institute of Electrical and
Electronics Engineers (IEEE), CEN and CENEL-
EC (EN standards) work towards regulations that
provide minimum requirements regarding con-
tinuity of service, voltage magnitude variations,
voltage and current transients and finally current
harmonics emission and voltage harmonics con-
tent. Each of above-mentioned problems should
be addressed at the design stage of the power con-
verter. Such system coordination should be chan-
nelled towards elimination or at least limitation
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Figure 1. Grid application of power electronic converters

of some of undesired effects of power converter
operation (e.g. harmonics, ability to withstand
voltage variations), [IEEE 2013].

It is noteworthy that regardless of their ap-
plication, with modern power electronic con-
verters it is possible to obtain high flexibility of
output parameters thanks to appropriate topol-
ogy, but mainly owing to well-designed control
algorithms. Appropriate control algorithm ensure
not only the realisation of application target, but
can also serve as an aid for achieving acceptable
limits of for example harmonics emission or be-
come indispensable when it comes to operation
in faulty grid conditions (Fault Ride-Through),
which result in a voltage dip [Zielinski et al.
2015]. Over recent years, both topics have been
objects of intensive research that produced vari-
ous control techniques able to limit the current

harmonics (and eventually voltage distortion), as
well as to act according to grid operator require-
ments during faults [Timbus et al. 2006].

The Fault Ride-Through (FRT) techniques
differ for various applications (photovoltaics,
wind power). For example, in the case of wind
power, the FRT method will strongly depend on
the generator type, some of which may require
additional equipment e.g. energy storage, crow-
bars. Regardless of the FRT technique, the result
should be compliant with local grid code.

This papers focuses mainly on the effect of
energy losses which is amplified by the presence
of harmonics in current and voltage. Secondly,
the topic related to reliability of energy delivery
from renewables integrated via power converters
1s addressed. In both cases, it is aimed to dem-
onstrate that the accordingly coordinated control
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system may lead to limitation of losses, as well
as possible reduction of fossil fuels consumption
and related pollution. The paper provides simula-
tion and calculation results, as well as the discus-
sion on the proposed topics.

HARMONICS IN POWER SYSTEMS

Due to fact that the power electronic convert-
ers operate in switch mode (the conversion of en-
ergy is done by means of blocking and unblock-
ing of solid state switches of the device), the gen-
eration of the higher current harmonics is inevi-
table. However, not only such devices are sources
of harmonics in power systems some other ex-
amples are nonlinear loads such as arc furnaces,
welders or systems that can generate voltages
with frequencies other than network frequency or
absorb non-sinusoidal current. Distorted periodic
waveform can be represented in a simple way as a
sum of fundamental component and harmonics as
in equation (1) [IEEE 2013]. The common way to
describe the level of harmonic distortion in a sig-
nal is Total Harmonic Distortion factor expressed
(THD) described by (2).The plotted waveforms
of voltage and current containing harmonics that
results in voltage contamination is pressed in
Figure 2. Waveforms of current and voltage mea-
sured behind the inductance have significant and
visible distortion. As can be observed, the result-
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ideal voltage
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dusvs tem

load with
harmonics
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ing harmonic level expressed in signal THD is
higher in voltage than in current (which in this
case is the stimulus for harmonics emission). This
is caused by presence of inductance in a system.
The voltage drop across the inductive element is
crucial for voltage stability at the point of con-
nection for loads or generation that cause flow
of distorted current. This inductance represents
equivalent of the power system in a most simple
way. The higher the equivalent inductance is (due
to e.g. longer lines, more power transformers),
the lower the voltage stability at a given point.
This means that in the network with high equiva-
lent inductance (so called “weak network™) the
current that contains harmonics will create unfa-
vourable voltage conditions that will affect other
equipment connected to this particular network.
Hence, it is of paramount importance to keep the
harmonic content in currents as low as possible.

y=f(x)=a,+ Z Apsin(n-wt + @) (1)
n=1

THD = 100 - 2

where: n — harmonic order (n = 1 is the funda-
mental component
a,— possible offset
y — instantaneous value of distorted wave
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Figure 2. Example of distorted current and resulting harmonics in voltage of simple electrical system
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A - peak value of nth harmonic
component

A, — peak value of the fundamental
component

w — grid rated angular frequency

t—time

@, — phase angle of nth harmonic compo-
nentat /=0

n — harmonic order (n = 1 is the funda-
mental component
a,— possible offset
y — instantaneous value of distorted wave

A - peak value of nth harmonic
component

w — grid rated angular frequency

t—time

@, — phase angle of nth harmonic compo-
nentat /=0

Regardless of the source of harmonics emis-
sion, the effect is similar i.e. distortion of sinu-
soidal voltage and current. Harmonics presence
both in voltage and current results in many ad-
verse effects on various equipment. Depending
on particular apparatus type, those can be for
example increased losses and heating, interfer-
ence with adjacent communication equipment.
In the case of rotating machines, the harmonics
in current and voltage lead to increased iron and
copper losses, higher noise emission, mechanical
torque oscillations, cogging phenomena (refusal
to start smoothly) or crawling (high slip) in in-
duction motors. Similar effect can be observed
for transformers (increased stray, no-load and
copper losses, increased audible noise, necessity
for increased transformer rating and related mate-
rial usage). For cables, the presence of harmonics
may consequently lead to resonance effects, in-
creased heating and losses due to skin effect and,

Vi =400 Vims
S = 100MVA
f=50Hz

grid

as a result — need for larger cable cross-section.
Resonance and losses are also of a concern for ca-
pacitors (e.g. filters, reactive power compensation
systems). Remaining equipment that is affected
by presence of voltage and current harmonics in
terms of additional losses and proper operation
are electronic equipment, metering, switchgear
and relaying. [IEEE 2013, Jagieta 2011].

CONTROL ALGORITHMS AND THEIR
IMPACT ON HARMONICS EMISSION

The typical power converter used either as a
supply or to couple distributed generation com-
prises number of semiconductor devices operat-
ing in a switch mode. Proper sequence of open/
close operation of all switches ensures the desired
output. The process is controlled by a control
system that analyses the output conditions and
adjusts the operation of the power converter ac-
cordingly to the reference. The control system is
then essential part of conversion process. Among
all of its tasks, the control system has to be imple-
mented in a way that it provides low disturbance
rate at the output signal. Hence, the limitation
of harmonics should be also studied as it could
be influenced by the control. In this paper, in or-
der to exemplify how the output harmonics vary
simply due to the modified control structure, a
set of simulations was run on a typical two-lev-
el voltage source inverter connected to the grid,
which can serve, for instance, as a photovoltaic
plant integration link to the utility grid. The en-
ergy source that generates DC power has to be
coupled via properly controlled inverter which is
able to transform the DC power into AC power
with desired parameters and quality. Both control
systems operate in voltage oriented arrangement
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Figure 3. Two level voltage source inverter general structure
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i.e. they control the output voltage of the inverter
and by adjusting its amplitude and phase, force
the power flow into the network.

The first of considered herein control systems
utilizes proportional-integral (PI) controllers op-
erating in dq0 synchronous rotating reference
frame, the second one is based on proportional-
resonant regulators that are running in afj0 sta-
tionary reference frame [Timbus et al. 2006,
Teodorescu. 2006. The general layouts of herein
investigated control systems are presented in Fig-
ures 4—6. The different topologies result in vari-
ous performance which is also manifested by cur-
rent harmonics content.

In this paper, for calculation of the harmonic
spectrum of current and voltage the simulations
in a system presented in Figure 7 and Figure 8

DC energy
source (PV

were conducted using Matlab/Simulink soft-
ware. Fourier transform was used to calculate
the harmonic spectrum of currents and voltages
on the systems with each control algorithm. Ad-
ditionally the THD level was calculated based
on each spectrum.

As can be seen in Figure 7 and Figure 8, the
obtained results clearly indicate that the type of
applied control algorithm affects the harmonics
emission. In case of scheme based on PI con-
trollers the resulting THD in current and con-
sequently THD in voltage were lower than for
inverter controlled by algorithm based on PR
regulators (for PI: THD = 1.8872 , THD

current voltage

= 0.021068; for PR: THD_ = 2.7578%,
THD, = 0.028941%).
voltage
transformer

filter

plant, energy
storage etc.)

.

i

3

AC network f\)

v

Vde
o : current | g
I control
O*=0( Reference |i* (Pl or PR) |
generator 3

A

N

! A
: Detailed view in:
! Fig. 5 and Fig. 6/I

|
|
|
t
|
|

)4

0

Network \A
voltage angle\_synchronisation (PLL) )~

Figure 4. Analysed topology

P

|
|
i p +i vy
-( ) | |
el 1 + .
01 id*T | 5 : Vdcl
, S M— 4 yo
. ] —7 — o
L ¢q ; Lol >< ap y;# modulator 4
3 labe\ FwL] — dq > 6
T ——— ~\
| |
0e : Kp +l 1
O |
Y
v v ) +T : 1 +f 1y,
v dq' iy * : i :
2 lape\ \_ _Pl controller __,

Figure 5. PIVOC

186



Journal of Ecological Engineering Vol. 18(2), 2017

\
|
I
I
|
|
|
|

" PR controller

VANS

6

modulator

~

Kp

K s

s+’
——

Kp

K;s

s+’

|

I

e i e e S i

——— i ——————

— PR controller_ _

Figure 6. PR VOC

2.50

Q
890
> =
L 0C
A O
% K

o o o o
o~ — — o

LNINOdINOD TVININVANNLS 40 % NI 3ANLINdAY

19 20 21 22 23 24 25

10 11 12 13 14 15 16 17 18
HARMONICORDER

9

[ms1 20

16

12

NI

AN N T
4 Y

A 4

12

[Al
8
4

-12

[ms] 20

16

12

PI-VOC

Figure 7. FFT of current and current traces

187



Journal of Ecological Engineering Vol. 18(2), 2017

0.020

0.015

0.010

0.005

AMPLITUDE IN % OF FUNDAMENTAL COMPONENT

/N

& PI-VOC
PR-VOC

0.001
0.001

N

12 13 14 15 16 17 18 19 20 21 22 23 24 25
HARMONICORDER

\
s

N\ N\
\/ \

-200 | -

,300-\_,/ \_,,/ N \ 300 P \\ / \ / \

-400 T — -400 — ; —

O A .8 12 16  [ms]20 0 LA 16 [ms] 20
PI-VOC PR—VOC

Figure 8. FFT of voltage and voltage traces

HARMONICS AND ENERGY LOSSES IN
POWER TRANSFORMERS

As previously mentioned in section 2, one of
the most common, adverse impact that harmonics
have on various electrical equipment are losses.
Those are usually manifested in increased heat-
ing but should be also accounted for at the design
stage, which may increase the rating of e.g. cables
or power transformers. All in all, harmonics re-
lated losses lead inevitably to higher material us-
age, cost and as a consequence negative influence
on environment. In this paper the losses in power
transformers are of a particular interest and are
used to exemplify the existing problem. For this
purpose the harmonic spectrum recorded in sys-
tem presented in Figures 7-8 and its influence on
power losses increase is analysed in this section.

The losses present in power transformers
can be divided into few categories each of which
is affected by presence of harmonics in current
and voltage. No load losses are a consequence of
transformer’s iron core magnetization determined
by hysteresis characteristics and are dependent
only on supply voltage. If the supply voltage
contains harmonic components, it will lead to no
load losses increase. The factor that allows one
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to calculate per unit no-load loss change can be
calculated according to formula (3) [IEEE 2008,
Jagieta 2011]:

=Y () 0k

where: U, —nominal voltage,
U, — fundamental voltage,
h — harmonic order,
N — maximum significant harmonic order.
K - is a ratio between losses when sup-
plied from non-sinusoidal voltage source
to losses when supplied from sinusoidal
source.

3)

Load losses (P ;) can be further subdivided
into fundamental part caused by winding resis-
tance and stray losses. First portion of stray losses
(P,.) is caused by winding eddy-current circulat-
ing between strands or parallel winding circuits,
independent of those stray power loss occurs in
core, clamps, walls and other components of the
transformer, this portion is referred simply as oth-
er stray losses (P, ). Hence, total load loss (P,))
can be expressed as, [IEEE [2008]:
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P, = Pg + Pgc + Posy, “4)

where: P, —is total load loss, W,
P, — is the resistance related conduction
losses, W,
P,. — is the winding eddy current load

loss, W,
P, — is the other stray loss, W.

The increase of eddy current loss and other
stray loss due to non-sinusoidal current flow can
be estimated based on formulas (5) and (6) pre-
sented in [IEEE 2008]. The resistive losses can be
also affected by the harmonics in current if they
increase the RMS value of the current, in this
paper this influence is neglected due to the fact
that the output active power of the converter is
controlled and kept at the same level. Therefore,
by combining equations (3), (5), (6) it is possible
to capture the influence of harmonics to power
transformer loss increase [IEEE 2008].

)
2
i ()

Yh=1 G_h)z ho®

1

2
()

where: F,, —is harmonic loss factor for winding
eddy currents P, ,
F,, o~ 1s harmonic loss factor for wind-
ing other stray losses P
h — is harmonic order,
I, —is RMS current at harmonic “h” order,
I, —is fundamental RMS load current,
N — is maximum significant harmonic

order;

Fy, =

(6)

Fyr—str =

osL?

Table 1 presents the results of transformer
losses increase calculations. They were based
on the simulation outcome which is presented in
Figure 7 and Figure 8. As can be observed, there
is a visible difference in losses increase depend-
ing on the applied control method.

It has to be added that calculation of losses
in transformers and reactor is very complicated
and normally more sophisticated methods are em-
ployed for that purpose. These are usually based
on magnetic FEM analyses. However, calcula-
tions based on formulas herein can give an ap-
proximate value of losses increase due to voltage
and current distortion [Kefalas and Kladas 2010,
Pan et al. 2012].

FAULT RIDE-THROUGH IMPACT ON
LIMITING THE POLLUTION

Sample of FRT characteristics for Polish,
Danish, German and Netherlands utility grids is
presented in Figure 9 [Jarzyna & Lipnicki 2013].
It should be interpreted in way that the wind farm
should remain connected to the grid under the
characteristics, e.g. in Poland when the voltage
depression is as high as 85%, the windfarm should
be connected for 0.5 s. However, for example
during 20% voltage dip a wind farm should oper-
ate continuously. For small amounts of installed
power produced by renewables, the sudden dis-
connection due to voltage dip is not of a concern.
It is when the wind farm or photovoltaic plant are
rated at hundreds of megawatts that such regula-
tions are necessary mainly due to grid stability.
However, if the disconnection happened, the loss
of generation would have to be balanced by the
conventional power plants that will contribute to
increased pollution. This is why test methods ex-
ists that allow assessing the response of renew-
ables coupled via digitally controlled power elec-
tronic converters during various grid disturbances
[Zielinski et al. 2014].

Let us then consider the scenario in which
these requirements are not imposed on the wind
farms or other renewables in case of 100 MW
wind farm installed in Poland, operating at its
maximum power which is subjected to voltage
dip no larger than 20%. In this case, it should re-
main operating indefinitely if the FRT capability
is required by the operator and could be shut down
even immediately after dip detection. The carbon
dioxide (CO,) emission per MWh produced by
thermal power plants in 2010 was estimated at
0.5 tons of CO, per MWh [European Commis-
sion 2013]. Taking into account that the wind-
farm may deliver some reactive power to support
the grid voltage recovery, then the output active

Table 1. Losses increase factors for different types of
applied converter control algorithms

Losses
PR-VOC .
P1-VOC control increase
control
reduced by:
F. 1.008415749 | 1.006753825 | 0.16480544 %
F..sm | 1.000960727 | 1.000603173 | 0.03572108 %
K 1.000432248 | 1.000432188 N/A
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Figure 9. Requirements of European grid operators for wind farms operation during voltage dips
[Jarzyna & Lipnicki 2013]

power is assumed to be reduced to 80 MW. At
this power level every second of wind farm power
generation absence would result in CO, emission
as high as 11.1 kg if we assume that this energy
gap is balanced by the thermal power plants.

The above-mentioned simple discussion is just
an example that the coordination of renewables
integration with the grid imposed by regulations
or otherwise may potentially lead to greenhouse
gases emission reduction. In the presented exam-
ple, the assumed CO, emission is an average for
all kinds of thermal power plants. This means that
the potential CO, emission could be even higher
e.g. in case of older coal fuelled power plants.

CONCLUSIONS

The simulation and calculation results show
the difference between the losses increase depend-
ing on the applied inverter control. This difference
will change depending on the system condition
such as load current, equipment rating etc. How-
ever, it is evident that the power transformer losses
can be reduced indirectly with use of control for
power electronic converter. In certain cases, es-
pecially when inverter current is significant such
reduction may lead meaningful savings and energy
quality improvement. It is noteworthy that this pa-
per focuses only on two fundamental control meth-
ods and the further harmonics reduction could be
achieved using other algorithms out there.
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Fault ride-through is another environmen-
tal aspect related to power electronics which
was described in this paper. Based on the lit-
erature, it was shown that regulations imposed
by grid operators that require inverter to stay
connected to the grid during faults can prevent
unnecessary additional greenhouse gases emis-
sion and pollution.
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