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REACTIVE POWER COMPENSATION APPROACH WITH DYNAMIC MODE OF LOAD CURRENT
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The actuality of the compensation of the residual reactive power that arises with the non-stationary current of the
power grid is shown. On the example of the computer power supply unit, the amount of residual reactive power is
calculated by using a compensator with one period lag of the power grid voltage. In parallel with the general reactive
power compensator, it is proposed to use an auxiliary one, which eliminates distortion of the grid current based on its
predicting. It is shown that the use of the additional compensator allows reaching power factor value closed to one with
a non-significant increase in the total installed capacity of the compensation system. The proposed compensation
method is adapted to the presence of current pulsation of the general compensator. References 10, figures 9.
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Introduction. Implementation of energy-efficient technologies in electrical devices, for instance,
electric drives or "sleep" mode in household electric appliances etc. [1, 2] can cause the dynamic change of
consumed current from a power grid. As the result, the total grid current shape is always changed.

In consequence of the time lag of reactive power compensation devices, their efficiency at the dy-
namic current mode is decreased [3]. Therefore, the amount of consumed energy increases, the shape of the
supply voltage is distorted, and stress on the transmission line is increased [4, 5]. Because of this, the actual
task is the problem of compensation of residual reactive power in power grids with non-stationary current,
theoretical principles of which is proposed in [6], calculation of excess energy which is generated as a result
of its availability and suggestions for the possibility of its compensation is relevant.

In the paper, on the basis of the consumed current of a personal computer power supply, which is
one of the possible consumers with dynamically changing current, the structure of a reactive power compen-
sation system with general and additional compensators is proposed, effectiveness of a reactive power com-
pensation algorithm in transient mode is analyzed, installed power of the additional compensator is esti-
mated, the compensation algorithm is adopted to the general compensator pulsation.

Analysis of the consumed power from the power grid. As mentioned above, electronic devices
with the input capacitor filter and rectifier are loads with dynamically changing current, for instance, per-
sonal computer power supplies. Thus, in the paper, as an object of study is used 500 W Frontier atx-500f
power supply of the computer based on a dual-core AMD Athlon 64x2 4400+ processor. The analysis is
performed based on the measured data during 320 seconds which corresponds to 16 thousand periods of the
power grid voltage. In the Fig. 1 is shown the timing diagram of 3 periods of instantaneous current values
io(?) and voltage u.(¢) of the power grid and illustrating the typical dynamics of the consumed power. As can
be seen from the figure, in the half-period of the grid voltage =0.20..0.21 sec. the maximum value of current
is 3 A, while in the neighboring half-period =0.22..0.23 sec - the current value increases to 3.8 A. Such dy-
namics of the current is explained by increasing of the computer processor energy consumption. The same
behavior is observed throughout the time interval of current measurement.

Since the current of the power grid has a dynamic character due to the parametric nature of the load,
values of the total power S, active power P, reactive power O and the power of distortion D are varied in
time [7]. In Fig. 2 is shown the diagrams of the total S, active power P and power factor y depending on
the period number k.

The total and active power fluctuate in the range of + 17 % and change mainly synchronously, there-
fore the power factor fluctuates within a narrower range of = 8 % with an average value of y,, = 0.546. If
compensation of reactive power is performed by the compensator with output current i.(¢)

i.(t) :ig (Z_T)_Im(—l) Sin((’)t_(p(—l))a (1)
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where i, is the grid current, ,1) is the amplitude of the first harmonic of the grid current in the previous period
of the grid voltage, ¢ is phase of the first harmonic of the grid current at the previous period of the grid volt-
age, the average value of the power factor of the system increases to the value of i, = 0.978.
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The timing diagrams of the parameters, depending on the period £ is shown in Fig. 3. In this case the

shape of the grid current has a distortion as shown in Fig. 4, whose values are significant during the dynamic
current change, for example, at the time interval £ = 0.2..0.22 sec in Fig. 4.
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The average power of the compensator over the entire compensation interval of P. is P~=197.7
Watts. The calculated power factor y,.,=0.978 corresponds to the current standards for electricity consump-
tion, however, in such modes an additional stress on the power supply system is created with 2.2% of the
nominal value. The stress may be eliminated as result of implementation more effective compensation algo-
rithms based on one or two compensators. In the second case, the first (general) compensator operates with
the classical algorithm, the second one (additional) operates with the improved algorithm. The system with
two compensators has such advantages:

— a majority of installed compensators operates with classical compensation algorithm with one pe-
riod lag. One compensator realization of the proposed algorithm requires full replacement of the previous
compensator. If two compensators are used, it will enough to install the second compensator with one order
less power and improved algorithm. The second variant has a better economic effect.

— the improved algorithm is used for high-frequency current distortions compensation that arise in
transient modes. Therefore, the compensator based on the improved algorithm has to operate at a higher
frequency that increases it's the dynamical losses and price. Separation of compensation functions allows
decreasing frequency of the general compensator. Therefore, the relation effectiveness-price is higher for the
system with two compensators, the general compensator and the additional one.

Thus, in the paper are developed the system with two compensators. The compensators connection
scheme is shown in Fig. 5. Since the additional reactive power compensator reacts to distortion of the current
shape, its control loop must contain a prediction link, this will allow compensating the current deviation from a
sinusoidal shape with minimal error.
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tive power after the general compensator,

the additional reactive power compensator Fig. 5

has to generate current i,., which is deter-
mined in the same way as in formula (1), and takes into account the current distortion after the general com-
pensator

iac(i) (0= igc - Igc(l) cos()sin(o?), (2)
where #,.(?) is grid current after the general compensator, /o) is first harmonic amplitude of the grid current,
¢ is a phase difference between first harmonics of voltage and current.

According to formula (2), the additional compensator eliminates the distortion of the grid current and
the residual reactive power, which allows reaching the maximum value of the power factor y, x = 1. To real-
ize the proposed principle of reactive power compensation in dynamic modes, it is necessary to identify the
value of the grid current first harmonic and its phase based on the grid current.

First harmonic value identification may be realized on the grid current measuring at the beginning of
each period. Before the identification process is finishing, distortion compensation is carried out approxi-
mately. An identification technique has to identify the current parameters with a minimum amount of meas-
urings. The least squares method (LSM) [8] is one of the effective approximation methods for measured
noisy data. Since the criterion for the approximation of LSM is a minimization of the mean square error d,
the additional compensator has a minimum output power.

Let define a grid current approximation function as F(x). Then the mean square error & of the ap-
proximation calculated as follows:

8., F)= \/ f(igc (kAf) — F(kAL)) = \/ E(igc (kAa) — F(kA)) 3)

where At is the measuring period of the grid current, Aa is the angle which corresponds to the period A¢, N is
a number of grid current measurements.
Function F is expedient to define as

F(a) = Asin(a + @), 4)
where A4, ¢ are unknown parameters which are identified at the beginning of the grid voltage half-period.

At least two measurements of the grid current are necessary for function F parameter identification.
Current distortions increase of the identification error, therefore additional measurements are made. Their
amount depends on distortions value and frequency.

Function F parameters A and ¢ are calculated according to the error &°

Nii(igé, (kAa) — F(kAa))oF / 04 = 0;

k=0

Noi (5)
D (i, (kAa) — F(kAo))OF /0 = 0.

k=0

After substitution of function F (4) into the system (5) we obtain

D (i, (kb — Asin(kAo + @) sin(kAct +¢) = 0;

(6)
z(’;‘ (kAa) — Asin(kAa + @))A cos(kAa + @) = 0.
After a series of simplifications, the system (6) is transformed to
a, cos() + a, sin() + a, Acos(2¢) — a, Asin(2¢) —a, A =0;
' 7
—a, sin(¢) + a, cos(¢) — a, Asin(2¢) — a, Acos(2¢) =0, @
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N1 Nl - sin(NAa) cos(Ao(l — N
a,= i _(kAo)sin(kAa); a, =D i (kAo)cos(kAa); a, =0.5) cos(2kAa) = 0.5 (NEe)cos(Ball— ).
k=0 k=0 k=0 Sil’l(AOL)

< sin(NAo) sin(Ao(1 - N
a,=0.5)_sin(2kAa) = ~0.5 (Vha)sinAa( )); a,=N/2.

k=0 sin(Aa)
arcsin(C] INC +Co ),Cl >0,C, >0;

A solution of the system (7) is given below
T — arcsm(C/ C+C) <0,C, 20;

where

—a, sin() + a, cos(p)

. HNOE 3
a, sin(2) + a, cos(2¢) —arcsm(C 14JC +C, ) C 20,C, <0;

7t+arcsm(C/ C +C ) C <0,C, <0,

where C, =a,a, +a,a, —asa,; C, =a,a, —a,a, + asa,.
First harmonic identification error &,y depends on a number of measurements £. It is calculated as

1 7
24 \/EI(A sin(ow — @) —A4, sin(at— ¢, ) do = \/EA‘I\/AZ 124 A2 12— A4, cos(p—,), )
0

where 4, ¢, are the identified parameters with £ measurements, 4, ¢ are the identified values with minimal
error in formula (3) among Ay, ¢y.
The error §;) is calculated for each registered period and average value 6 is obtained. The relation
between error d.() value and a number of measurements k are shown in Fig. 6.
The average error is less than 1 % already at 20 measurements which corresponds to angle /6, that
enough for distortion current compensation based on formula (2) at interval [a...7]. At the initial interval
. [0..0.] the compensation is performed approximately.
04 ‘ ‘ According to the possibility of sin(a) function approxi-
mation in the range [-n/4..m/4] by the linear function
sin(a) = a, the grid current first harmonic in the range

0.08f .
[0..0.] is approximated as follows:
D06} - igc(l) ((p) = b(P + a, (10)
where b and a are the constant coefficients that are cal-
0.04} . culated based on LSM
b3 (kao) +a3(kao) = 3. (k10)i, (ko)
n k=0 N (1 1)
‘ i k b) (kAp)+aN = ) i (kAg).
0y = = 7 ;( 0) ; . (kAD)
% 2%[ ?ﬂ % After calculation b and @ parameters, the compensation
Fig. 6 current i,.(p) of the additional compensator in the range

[0..a.] is chosen according to the law i,.(¢)=b¢. The cur-
rent timing diagram after compensation of general and
additional compensators is shown in Fig. 7: I — grid voltage shape, 2 — grid current after compensation of the
general compensator, 3 — grid current after compensation of the additional compensator.
The current has mostly sinusoidal shape, therefore power factor values are near to ideal, x.,=0.998.
Power factor y relation with period number £ is shown in Fig. 8. Hence, proposed approach of reactive power
compensation with the additional compensator allows to increase power factor on 2 % and reach it to 100 %
without significant increasing of the compensation system power. But for implementation the system it is
necessary to take to account the current pulsation created by the general compensator because it sophisticates
the grid current prediction and decreases power factor. Adaptation of the proposed reactive power compensa-
tion approach to the current pulsation is given in the next chapter.
Adaptation of the proposed approach to the compensator current pulsation. The current pulsation
may be considered as an additional current distortion which has to be compensated with the additional compen-
sator.
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In this case, the additional compensator has to have a high-speed reaction that increases its technical require-
ments and price. Therefore, due to not significant current distortions caused by the pulsation, its compensation
isn’t expedient, but it should be eliminated at the input of the additional compensator control loop. Then, the
additional compensator is compensated only current distortions caused by the electrical loads.

For reactive power compensators, usually, is used relay control [9] due to minimization of its time
lag [10], therefore the current pulsation frequency is changed. If low pass filter is used for pulsation eliminat-
ing, its cutoff frequency will depend on the grid current shape. Therefore, it has to be calculated for border
case that increases control loop time lag. Software-apparatus realization of the filter allows reducing control
loop time lag. As usual, the pulsation has a triangle shape. Therefore, after double differentiation of the cur-
rent with pulsation delta-pulses are created. Their positions correspond to minimum /,;, and maximum /.«
grid current pulsation values. The average current values ig, ,,(¢)

) , , iy (@) =05, (@) + 1, (9), (12)
Power li O lg; e WK {1 Load doesn’t contain the pulsation created

grid . . T with the general compensator. The pro-

u i u AL _Li posed adaptation needs an additional

IV rr— cogggmor synchronization unit with two differ-

C?ii‘;‘;’;?ér compensaior entiators connected to additional com-
I— pensator that shown in Fig. 9.

The compensators’ current pul-

i
T\: dx/dt - dx/dt

[ Synchronization
| unit

sation decreases power factor. For power
factor estimation with pulsation y, , let
separate the grid current ig* into a pulsa-
tion current of the general compensator
ine, a pulsation current of the additional compensator i,, and an ideal grid current without pulsation igi*

=i i, i (13)
If the relation of the general compensator pulsation current RMS value /,,, and RMS value of the grid
current without pulsation g, 8;c = I,c / Ig,-*, and the same relation for the additional compensator 6, = 1,, / [g,-*

are known, the power factor value with the current pulsation calculated as follows:
P UL UL, U, Yy

@ _ g g

chip = = = = = ,
Sy Udy UNLAL A+ UL\1+8, +8, (148 +8,

where y, is the power factor without the current pulsation, I, is the active component of the grid current Ig*.
Let calculate power factor with pulsation y,, , when power factor without pulsation is ., = 0.998 and
compensator current pulsation is 5 %, 6,=5;,=0.05
%, 0.998
oy = = =0.996. (15)
’ \/14-52 15 V1+0.0025+0.0025

Fig. 9

(14)

X

As we can see the power factor value with the pulsation is slightly decreased to 0.996.
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Conclusions. Hence, the grid current shape analysis with dynamical load namely a computer power
supply allows to make such conclusions.

1. Reactive power compensation by a compensator with one grid voltage period lag allows to reach
power factor value ¥=0.978 that corresponds with actual electrical energy quality requirements, but it causes
additional stress on power grid namely 2.2 %.

2. The additional compensator with one order less output power eliminates current distortions cre-
ated during dynamical current consumption and allows to reach power factor y closed to ideal, ¥=0.998.

3. It is necessary to develop the adaptation of the proposed approach to the general compensator
current pulsation. In this case power factor y slightly decreased to value 0.996.
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