Integration of RES in AC grids

Professor Razvan Magureanu
POLITEHNICA University of Bucharest

PART 2
Power Quality in AC Grids

Abstract - The power quality problems are generated by the deviation from the standard values of the
amplitude and frequency of the supplied voltages and currents. The causes of these variations are
different and can be generated by the utility or by the end users. In the present paper we deal with the
generation current and voltage harmonics by the nonlinear loads and their cancellation techniques.

There are several methods for harmonic cancellation, the last and most efficient one being by direct
injection of currents and/or voltages by the means of power electronic converters operating as current
or voltage sources. A number of advanced solutions are presented in the present paper capable to
minimize the overall harmonic distortion level. A special attention was given to weak systems
harmonic cancellation for which the harmonic power flow direction has to be taken into account, as
well as the use of multifrequency references and the prediction techniques for nonsinusoidal load
currents.

I. INTRODUCTION

60-70% of all world produced electrical energy has its parameters: voltages, currents, and
frequency, modified by the means of power electronic converters. Beside the benefic aspects, these
equipments can produce also by-effects as current and voltage harmonics, which can cause problems
like: elevated RMS currents, increased Joule and iron losses, heating the wires, transformers,
generators, robbing the system of usable electrical capacity and reducing equipment life, trips and
nuisance fuse operation, high frequency currents flow, resonance phenomena and interference with
sensitive equipment, reduced power factor and higher electricity bill [1,2,3].

Different types of equipments were developed and are commercially available for harmonic
reduction based on passive or active technique, usually the cost being the determining factor in the
final decision. From the technical point of view the Active Power Filters (APF) represent the most
performant solution being the only ones which can guarantee compliance with IEEE, IEC and national
standards [4,5,6]. Beside this, they offer also displacement power factor improvement and can produce
system resonance damping. It has also to take into account the negative aspects of the solution: high
hardware and installation costs, low or medium MTBF (Mean Time Between Failure), complicated
setup, increased high frequency voltage harmonics and radio frequency emission.

There are two possible control techniques for harmonic cancellation.

The first solution is suitable for “powerful systems” with large short-circuit ratio at the Point of
Common Coupling (PCC) where the voltage is all the time practically sinusoidal. The reference
current for Shunt Power Active Filter (SPAF) is determined directly by calculating its fundamental
harmonic and subtracting it from the total current [7,8].

The second solution is suitable for “weak systems” with low short-circuit ratio (Fig. 1), where, due
to the harmonic currents produced by the nonlinear loads (Fig. 2.), the PCC voltage is no longer
sinusoidal, (Fig. 3.). Consequently, even for a linear load, the currents are non-sinusoidal (Fig.5.),
although these are produced by somebody else, the non-linear loads being the cause of this harmonic
flow.

Under the present day regulations, if the Total Harmonic Distortion (THD) of these currents is over
a certain limit, the linear customers might be obliged either to cancel somebody’s else incoming
harmonics or to pay penalties imposed by the utility [4,5,6]. It is clear, that in such a case, the direct



use of the first method is not suitable, and the Harmonics Power Flow Direction (HPFD) has to be
taken in to consideration.

II. THE BASICS OF HARMONIC CONTROL

Both methods are based on calculation of the fundamental harmonic current, and the higher current
harmonics are calculated by subtracting the fundamental from the total current. [7,8,9]

The fundamental harmonic can be obtained by different methods like:

- by digital pass-band filters;

- by real time Sliding Fast Fourier Transformer (SFFT);

- by determining it in a synchronous rotating frame generated by the fundamental harmonic of the
voltage supply, obtained by the means of a Digital Phase Lock Loop (DPLL).

Although in previous papers the authors used equally the last two techniques for the current
fundamental extraction [10], in the present paper the attention is concentrated only on the third one. It
is clear that in the case of weak systems a different approach should be used and that the HPFD has to
decide if, when and how cancellation has to take place.

In achieving these targets it is necessary to calculate the total harmonic active power.

Let’s consider a simple low voltage distribution system connected to the mains by the mean of a
three phase Medium Voltage / Low Voltage (MV/LV) power trans-former (Fig.1.).

The nonlinear load (n) is a three phase diode rectifier (DR), with three phase entry inductive filter L,
of 600uH, an electrolytic capacitor C; = 1000uF and a resistor R; =40Q on the DC side. The linear
load (/), is formed by a resistor R, = 100Q. The grid impedance is considered only inductive and is of
3mH (scaled for an equivalent 10kV A transformer).

In Fig. 2. are presented the three phase nonlinear load currents i, (a), the linear load currents #; (b)
and the mains total current i, (c). In Fig. 3. a there are presented the supply voltages (phase “a”
emphasized), and the DPLL output respectively (Fig. 3. b).

If the supply voltages are the inputs of a three phase DPLL, its outputs represent the argument w;¢,
sinw,t and cosw;¢ functions of the fundamental (Fig. 3. b), allowing us to generate the rotating
synchronous frame [11,12,13]:

T=e"". (1)
The nonsinusoidal supply voltages v,,v,,v. can be replaced by a two phase quadrature system:
v,=vs v, =(v _VC)/‘/5
or in a complex form:

0
v=ve";

where: v=/v] +V} ; 6’=arctg(vﬂ/va) )

Similarly, for a set of three phase nonsinusoidal currents (no neutral load connection), i ,i,,i
currents can be replaced by a two-phase quadrature system:
i,=i; i,=(,—i)/\3
or in a complex form:
i=i,+ji,=ie”;

where: = i§+i,2,; 7=ar€fg(iﬁ/ia) 3)
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Fig. 1. Simplified low voltage power circuit model with a linear and

a nonlinear load
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Fig. 3. Voltage waveforms: a) the mains; b) DPLL
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Fig. 4. The dq synchronous frame instantaneous and average value currents: a) for the nonlinear load; b) for the
linear load
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Fig. 5. Harmonic waveforms for the “a” phase: a) the current for the nonlinear load; b) the current for the linear
load; c¢) the current for the mains; d) the voltage for the mains

If we want to operate in a synchronous frame, all the currents and voltages have to be transformed.
This is done, by multiplying these variables with ¢ /", determined by relation (1):
iT e—ja)lll l.e‘/.(yiwlt) —

PN @
:lcos(}/—a)lt)+]zsm(7—a)lt) =1, +Ji,
For steady-state operation, if this output is applied to a Digital Low Pass Filter (DLPF), in order to
get the mean value, the output represents only the first harmonic products:
I"=1,+jI, %)
as all the other products have a zero mean value. These results are presented in Fig. 5. a,b.
In order to determine the current harmonics in the synchronous frame, we have to subtract these
values from the total current i "

L'}{ =i'-I =i, =1, +j(iq _]q):i”d * I ©)

If we want to reconstruct the harmonic currents in the stationary frame, i, has to be multiplied by

joqt
e’

i,=ie™ (7

—h



This technique is applied for all the harmonic currents:i,, i; and i,. The results are presented for the
phase “a” in Fig. 5. a,b,c.

The nonlinear load harmonic currents in stationary frames: iy, iup, inn OF in rotating frames: i,4, and
ingn can be used for “powerful systems” directly as references for the IGBT converter which operates
as an Active Filter.

For weak systems, as we mentioned, in order to cancel only the harmonics produced by the
nonlinear sink itself we need to know the sense of harmonics power. In order to get this, we have to
determine also the voltage harmonics with the same technique as in the previous case for the currents:

T j(0-ant)
®)

vi=e ™y =ve
=vcos(@—at)+ jvsin(0-wt)=v, + v,
As previously, this signal will be applied to a DLPF, the outputs will represent only the fundamental
of the applied voltages in synchronous frame:
Vi=v,+jv, €))
and the voltage harmonics in the synchronous frame:
v=yT —pT =

—h

(10)

=v, -V, +j(vq —Vq)zvhd +jvhq
As for the currents, the voltage harmonics in stationary frame v, can be calculated by the mean of

Jjot

inverse transformation e’ ,
v, =v e (11)
—Zh h

The reconstructed voltage vy, is presented in Fig. 5. d.
The total harmonic power (which is the same in the fixed and in the rotating frame) can be obtained

by multiplying the transformed harmonic voltages with the transformed conjugate harmonic currents:

T aT* . T _
Sy =Yy Ly _(vhd +/th)(lhd thq)_

= (vhdihd FVigba ) + j(_vhdihq Vb ) = (12)
=p,*Jja,
Applying this set of signals to a DLPF is obtained the harmonic average power S, which is

produced only by the voltage and currents of the same frequency:
S, =F+7jo, (13)
The harmonic active powers for nonlinear load and the linear load are presented in Fig. 6. a,b.
Considering the signs of the average active power P, an indication for the sense of harmonic power
flow, one can say that it is necessary to compensate the current harmonics only when active power Py,
is negative, i.e. the harmonic currents are produced by the nonlinear load and not when the currents are
received and the power Py, is positive.
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Fig. 6. The instantaneous and average value active power
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III. EXPERIMENTAL RESULTS

The experimental results were done on a 10 kVA IGBT converter which was initially developed for
a Unity Power Factor equipment. The control was done at the first stage using a DSP EVM-805
40MHz Motorola Board and in a second stage with a dSPACE controller (Fig.9).

The results are presented in Fig. 10, a THD under 4.5% being obtained. At present time a new 4 legs
1700V and 200A, 70 kVA inverter was built and is under test.

In the upper group of pictures are presented the nonlinear load (i p4p) and the harmonics
compensation currents produced by the Active Filter (igrer). After compensation the three phase
currents from the mains are presented in the third picture (irory.) and in the fourth the reference
current and the compensated current (i7o74z, irer pi 4)-

In the lower group of pictures, in the first (Voltage Reg) is presented the voltage on filter condenser

V.. (the spikes are just noise which is rejected later in the control proces), i)" represents the voltage

controller output which is applied as one of inputs on PI i; controller. This current, in phase with the
main voltage is recharging the filter capacitor maintaining the level of voltage constant and covering
the switching losses of the Active Filter. The third and the fourth pictures represent in d and q axis the
reference and the measured filter currents (z}* and iy). Vf* represent the reference voltages for the
inverter which are transformed in stationary frame and applied to the PWM interface. Although the
inductances on the load and Active Filter were not the optimal but out of shelf, designed for other
applications and there were not used trapping capacitors on the Active Filter output, the results
obtained demonstrated the capacity of this compensation equipment for most demanding nonlinear
loads.
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Fig.10 The experimental set-up



oo,

= 1740

éassselll

Fig. 11 The inverter component of the active filter Fig. 12 The controlled rectifier as nonlinear load

IV. EFFICIENT USE OF ACTIVE FILTERS

An ideal Active Filter, which can compensate perfectly all the desired harmonics, cannot be built
due to present day technical limitations. The IGBT converter cannot respond to very fast load
changing even when prediction techniques are used, as the compensation is done in discrete steps and
the inverter present a dead time. A better response would require a higher switching frequency and a
higher voltage reserve on the filter capacitance. This means higher switching losses and higher voltage
IGBTs and electrolytic capacitors, which evidently represent lower efficiency and higher investments.

A second cause for lower performances compared with the ideal ones is the fact that the Active
Filters are not only current sources, but also high switching frequency and high voltage sources. These
high frequency voltages produce high frequency currents, which can be reduced only by inserting on
the outputs larger inductance in series, or RC filter traps in parallel, all of these for higher costs.

Finally, an industrial Active Filter will never be able to cancel all the harmonics and even not to
produce any. The limits of the harmonic currents a nonlinear end user is allowed to deliver in the
mains are stipulated by the IEC and IEEE standards, not only by the maximum THD, but also by the
amplitude of each harmonic apart. For example, in our case, the nonlinear load current has a maximum
allowed THD of 5%, but only a 4% for the S5th harmonic. Instead of the total harmonic current, for
power electronic loads, the prime target becomes the Sth harmonic cancellation. Over a certain power
ratio, the THD allowed limit is also reached, and a mixed form of control has to be used. From that
moment, beside the 5th harmonic, the rest of harmonics are in such way compensated that neither the
THD, neither the 5™ harmonic to out-run the imposed limits.

Usually, total load of an end-user, is not only nonlinear but a mixture with other linear ones and
consequently the THD amount and the 5th harmonic decreases when the ratio between the linear and
the nonlinear load increases. If this ratio is about 17%, the 5th harmonic reaches the limit and the THD
did the same for 20%. In consequence up to this ratios, the AF has not to operate, and over, on the new
characteristic load, Fig 13 a, b [16].

The new version of IEEE-519, which is now under revision, intends to replace some definitions
from harmonic standardization, as the “utility” by “electrical energy producer” which means that the
PQ standards will be applied also to end users supplied by front end users. A second change concerns
MV/LV transformers placed inside end-users facilities. In the future the PQ measurements and
monitoring will be done on the primary Medium Voltage (MV) side, allowing customers to replace
existing transformers with harmonic trap transformers of types which can decrease dramatically the
Sth and 7th harmonics sent in the mains, and consequently the demands on the AF equipments.
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Fig. 13. Experimental results for power and control parameters

Another element of interest is the effects of de-regulation. If the producers of active and reactive
energy are allowed to pump their output for commercialization in the mains why others not be able to
sink the harmonic energy from the grid, in order to compensate for a fee the end-users electrical
garbage. After all if an international CO, market was created, why not a Harmonic Energy one?

V. CONCLUSIONS

From the customer side there is a higher demand of top power quality electrical energy for the new
IT technologies, automated production plants, banking and other service industries. As long that these
performances can not be guaranteed by the utilities in house solutions has to be introduced by the end
users themselves and such an Active Filter with electrical energy storage facilities can solve at least
part of the problems.

De-regulation and commercialization of electrical energy markets made power quality a target to be
reached by utilities as that can bring higher added value justifying higher price per kilowatt, allowing
thus to increase the profits and the share of the market.



Taking into consideration the mentioned demand, a number of compensating equipments were
developed by different companies and university laboratories from all around the world, and our work
is part of this effort.

Different solutions for weak systems harmonic cancellation were presented in this paper by taking
into account the harmonic flow direction. The simulated and experimental results obtained on a small
(10 kVA) active filter are now verified on a new industrial 4 legs, 1700V, 200A, 70 kVA, 16 kHz
inverter built recently by the authors and destined to be produced by Romanian Power Electronic
Industry. The presented results demonstrated the capacity of building and controlling of such
equipments which can play an important role (by simple software changes and addition of the
necessary hardware) in high performance medium power UPSs, Voltage Restorers, current and voltage
harmonic cancellation equipment, etc.
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