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Sampled Method of Active Power Filter Control (Part I)

Andrzej SZROMBA

Cracow University of Technology, Poland

Summary: Theaim of thepaper istodemonstratehow to usesampled method of control of ashunt
active power filter tomaintain invariable power of asupplying voltage sour ce, even though the
supplied load variesrandomly. Thedefinition by S. Fryzeof load current componentsisused as
abasisfor thecongtruction of afamily of shunt activepower filters. Theunder discussion family
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of filter sisdesigned towork synchronically with atimeperiod T. Theperiod T may beregulated
in somerange. Thedistinctive property of thesefilter sismaintaining non-defor med sour ce

currentin every oneindividually considered period T.

Main featuresof thefamily of filter saredescribed in thefir & part of the paper, which isdevoted
to DC circuit. Then in the second part, the results, which are obtained in DC circuit, are
implemented to asingle- and then to athree-phasecir cuit. Additionally, somenew features,
which may beapplied only for AC cir cuit, arediscussed in thesecond part.
All thepresented wavefor msar e obtained using computer smulation toals.

1. INTRODUCTION. ACTIVE FILTER FOR DC
CIRCUIT.BASICEQUATIONS AND FILTER
STRUCTURE

Electric systems are used for transmitting signals or as a
medium for transportation energy from a place where it is
produced (a source) to the places, where the energy is
transferred into work (a load). The paper deals with the second
question. Not only AC systems are used for this purpose,
DC systems may be used as well.

This is well known, that in AC systems may appear non-
active currents, which cannot transfer active power from the
source of energy to the load. Can non-active current appear
ina DC circuit? The answer is: yes. And its flowing is as well
useless in DC as in AC systems. In the paper consideration
on this problem is chosen as a platform for discussion on
development of a family of shunt active power, which may
work as well in DC as in AC circuits.

Let us consider an elementary electric circuit consisting
of'a DC voltage source and a varying load. A constant time
period 7 may be designated for the circuit. During any n-th
period 7, the active power P(7,, of the load is:

1 ()T 1 ()T
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where:

n=0,1,2,..,N

U is the voltage across the load,

irg is the current flowing through the load, and
Lyyrny  1s the average value of current flowing through

the load during period 7,.
According to proposition by S. Fryze [1], during any period
T,, the current of load iy 7, consists of two components: an
active component i, 7,y and a non-active one iy (g

iLs(Tn) = ip(Tn) + iq(Tn) )

At the core of the definition is the idea of an equivalent
conductance G(z,,= P(T,,)/US2 of the load. The conductance
is used for calculating the active current component:

P u.l
. (Tn) st AV (Tn)
Tom) = G(Tn)Us = Us =

US US2

Us =l avem) 3)

From Expression (1.2) and (1.3):

Lg(Tn)= ILs(Tn) — Ep(Tn) = ILs(Tn) — LaviTn) 4)

The non-active component i, cannot transfer active power P
to the load, and the average value of the non-active current
component is equal to zero. Taking into account Expression

(D)

1 n+)T 1 n+)T
? J. Uslq(Tn)dt :US? J lq(Tn)dt :USO (5)
nT nT

Figure 1 shows how the currents may exist in an example
series circuit, consisting of a voltage source, a chopper (acting
with the period 7) and a resistor.

Active filter for DC circuit. Each member of the family of
active filters is constructed based on a full-bridge voltage-
source inverter (see Fig. 2 and Fig. 3). Let us connect the
inverter (which acts as a current source and is here called the
shunt active power filter) in parallel to the load (Fig. 3) and
using the inverter force an additional non-active component
ip through the source. The reference for the additional
component i should be the load non-active component i,
in order to satisfy the equation:

l([+lF:0

In this situation the inverter cancels the non-active current
component of load in the source, and the source provides
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Fig. 1. Load current (the same as source current, waveform 1), non-
active component i, (waveform 3), active component i, (shown as
IActive, waveform 2)

only active current i, now. Of course, the apparent power of
the source is diminished.

The active filter observes the current flowing through
source and is controlled to maintain only active current
through the source. The equivalent conductance of the load,
if only known, may be used to calculate the active current
(Expr. 3). In respect of the whole family of presented filters,
the load equivalent conductance Gy is obtained in the same
way. The equivalent conductance, and then the active current
component, is calculated at the very end of each time period
T, as a function of the amount of energy stored in the
reactance elements: the capacitor C and the inductor L of the
inverter. The period T can be named the synchronization
period. As the conductance for any period T can be found
only at the very end of this period, it cannot be valid for this
period. The last obtained conductance may be applied only

starting at the beginning of the next period 7. So, the transfer
of energy from the source to the load has to be delayed for
one period 7T (see waveform 2 in Fig. 4):

ipnT = Gu-nyrUs

This way of operation implies, that the active filter acts as a
buffer of energy, which participates in transferring energy
between the source and the load.

The first synchronization period 77 is a particular period,
for during it the load is supplied not by the source but
exclusively by energy stored in the active filter, mainly by
energy stored previously in the capacitor of the filter:

C(U&-Uér)

Pyl = 2

(6)

Taking into account energy stored also in the inductor L, the
active component calculated for any n-th period T is as
follows:

2 2 2
C(U¢o-Ycrpng) — LI T

Ip,T(n) = GT(n—l)Us = ZTUSZ Us 7
where:
U is an initial voltage across the filter capacitor,

Uc 1(n-1) 18 its voltage at the end of (n—1)-th period 7, and
Iy 7(n-1) 1s reactor current at the end of (n—1)-th period T.
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Fig. 2. Functional diagram of presented active filter
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If the load varies, the active filter balances changes of
power of load, because source power cannot change during
any synchronization period. As is shown in Figure 5
magnitude of voltage across the filter capacitor at the end of
period 7, contains almost complete information on energy,
which is consumed by the load. The capacitor voltage contains
also information on energy consumed by the active filter.
The energy stored in the filter reactor can be skipped. Then
the equivalent conductance can be calculated using only
voltage across the filter capacitor, and applied in the next
period T}, as the new conductance Grp+1).

Figure 2 shows implementation the Expr. 7 to the filter
structure. Energy stored in the Filter capacitor balances
between the capacitor and the Source via the H-bridge
inverter. Simultaneously, square of the capacitor voltage u,?
is compared with square of the Initial capacitor voltage U,,.
The difference of the both signals is multiplied by magnitude
of the Filter regulator K,, (see Expr. 11a). As the result, the
signal of instantaneous equivalent conductance g(¢) is
calculated. The Sample-and-Hold device memorizes the
signal of conductance at the end of each synchronization
period T (using the Synchronizer), and maintains the signal
constant till the next synchronization moment. Then the
constant signal of the conductance is multiplied by the signal
of the source voltage U, so the signal of the load active
current i, ofrence 1S calculated. The reference current is
compared with the signal of source current. The result, the
current error, is compared with the signal Tolerance band
Al The output of the Comparator controls switches of the
H-bridge inverter to maintain the source current i, equal
to the load active current i, with maximum error no bigger
then Al

Figure 3 presents the basic power circuit diagram of the
active filter.

The Equations 8 and 9 describe currents and voltages in
Figure 3.

dis _ ug+ou,
d L

dij ¢
+ it ®)

duc _ O-(iLs_is)
G- Cc ©)

The introduced coefficient o is equal to +1 when the pair
NA-PB of filter switches is in state ON (the pair PA-NB is
then OFF), and is equal to —1 when the pair PA-NB is ON
(NA-PB is OFF). The current of the active filter is shaped as
follows: The source current is compared with a tolerance
band A/ around the active current i,. The pair PA-NB is turned
ON (o is equal to—1) if the actual source current rises beyond
(i, 7(n) T AD). The pair NA-PB is turned ON (s is equal to +1)
if the actual source current falls below the lower tolerance
band.

Figure 4 shows example current waveforms, which may
relate to the discussion. The constant parameters in the
Expression 7 are chosen as follows: 7= 10ms, C = 4mF,
L=2mH, Ug= 100V, Up=300V.

Parameters of the load current (waveform 1, starting from
t = Oms till 400ms) are as follows: RMS 13.9A, mean 9.6A,

C :‘:T ue
NA NB E
[ |
Fig. 3. Basic circuit diagram of the active filter
[ ]
ILoad 15.0 aatndngfon
o i 1
15.0 i
ISource M 0 " Dl el sowll sk 3e o Bawel natied 2
15.0
IFilter ﬂnﬂL
0 Ui 3
in Amps
T T ‘l T | [ DL AL

50.0M 150M 250M 350M 450M
TIME in Secs

Fig. 4. Load current (waveform 1), source current (waveform 2) and
filter current (waveform 3)

standard deviation 10.1A. The same parameters for the source
current (waveform 2, time “shifted” for one synchronization
period: ¢ = 10ms —410ms) the parameters are 10.1A,9.9A and
2.2A, respectively. From these parameters results, that there
is still some space for improving the quality of the filter action.
For the filter current (waveform 3, £ = 10ms — 400ms) the
parameters are 10.4A, 0.4A and 10.4A, respectively.
The equation 7 may be rewritten as follows:

ip,T(n) = GT(n—l)us =

(10)
= |:Ku (Uéo _Ué,T(n—l) )— Kil E,T(n—l):lus
where: K, = Lz . “voltage” coefficient, (11a)
2TU¢
K‘ = # 13 LD :
T oTU S2 . “current” coefficient (11b)

We can say, that the equivalent conductance G consists
of two components: the “voltage” component K,, AU) and
the “current” one K; f(/;). Let the coefficients X,, and K;
calculated without any modification exactly from Expressions
11 are called nominal. For the synchronization period 7= 10ms,
filter capacitor C = 4mF, filter inductor L = 2mH and source
voltage Ug= 100V, the nominal coefficients are:

5 A
K, =20-10 6? (12a)
K; =1O'10_6A7-1V (12b)
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Fig. 5. “Voltage” (waveforml) and “current” (waveform 2) components
of equivalent conductance G. Waveform 0 shows percentage ratio G;
/G, of both components

For the example shown in Figure 4, the range of the
capacitor voltage is 300V —288V and the range of the current
of the inductor is about —15A, +15A. Taking into account
Expression 10, the ratio of the “voltage” to the “current”
component of the actual instantaneous equivalent
conductance g(t) can be displayed as in Figure 5. We can
see, that the “voltage” component is much bigger then the
“current” one. The “current” component is almost always
less then about 3% of the “voltage” one. So one can say, that
the impact of the “current” component on the whole equivalent
conductance G7,, may be neglected.

2. DEVELOPMENT OF FILTER’S PROPERTIES

If the power of load changes, the actual equivalent
conductance G, may not equal to the previous conductance
G (1)1 As aresult the actual power of load may be different
from the actual power of source. But the presented active
filter can balance the energy flowing from the source to the
load. From this perspective, the filter is engaged in transferring
active power from the source to the load. As a consequence,
the source of energy which feeds the load (for example
a battery, a fuel cell, a photocell, etc.) operates with lowered
apparent power and in much more stabile conditions. Some
possibilities of developing of the filter structure and regulation
of the filter action, in order to diminishing the non-active
current component flowing through the supplying source,
are described in this section.

2.1. Properties of coefficient K,

The nominal value of the “voltage” coefficient K, is
determined with the assumption, that the active filter balances
every change of load power within each individually observed
single period 7. Figure 6 illustrates process of switching ON
an invariable load at # = 10ms. The figure shows voltage
across the filter’s capacitor (waveform 1), and the source
current (waveform 2). Period 7T is equal to 20ms, and the
coefficient K, is set to the nominal magnitude. We can see,
that the source power reaches steady state in a single
synchronization period 7 (see Expressions 6 and 7).

Figure 7 shows the same runs, but this time the coefficient
K, is set to half of its nominal value.
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Fig. 6. Voltage across filter’s capacitor (waveform 1) and source current
(waveform 2). The coefficient K,, is nominal

ISource
@ Klow 300
in Amps \
2
20.0 290 X oy
10.0 280 '\
0 270 S—
1
Uc
@Klow
inVolts

10.0M 30.0M 70.0M 90.0M

50.0M
TIME in Secs

Fig. 7. Voltage across active filter’s capacitor (waveform 1) and source
current (waveform 2). The coefficient K, is reduced by half

One can see in Figure 7, that the filter action is “slowed”:
the source current approaches the steady-state step by step.
For the reason that K, is reduced by half, the source power
approaches the steady-state in fifty percent between each
step (each period 7). It should be also noticed, that the filter
acts with much lower capacitor voltage when coefficient K,
is below its nominal magnitude. This effect is obvious, but it
makes worse the ability of the filter to compensate sudden
changes of load power. This problem will be considered in
one of the following sections.

The “slowing” of the filter action may be used for
averaging changes of power of the source. Reaching the
steady state is spread on several subsequent periods of
source cycle after each change of power of the load. If during
these several periods the load power changes in the opposite
direction, the equivalent conductance of the load is averaged
in some way. The capacitor of the filter acts as an energy
buffer (between source and load) in this situation.
Consequently, the RMS of source current is lowered. There
is no change of the load power, what is obvious.

Figure 8 illustrates the effect of reducing the coefficient
K, in a more general case. For the waveform 1 the K, is set
nominal, and for the waveform 2 is reduced by half. The load
current is the same as presented in Figure 4. The RMS for the
waveform 1 forz € (S0ms—410ms)is 10.1A, its mean is 9.8A,
and its standard deviation is 2.2A. The RMS for the waveform
2 for t € (50ms — 410ms) is 9.9A, its mean is 9.8A, and its
standard deviation is 0.95A.

2.2. Running adjustment of the coefficient K,

Reducing of the coefficient K,, leads to averaging of
changes of equivalent conductance of load. The more the
coefficient K, is reduced, the less fluctuates source power.
But from the other hand, the filter acts at lower voltage of the
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Fig. 8. Source current when K, is nominal (waveform 1), and then
when K, is reduced by half (waveform 2)

filter capacitor. To reconcile the contradiction, the coefficient
K,, may be adjusted dependently on the load changeability.
Let the load changeability be characterized by a new
coefficient A(¢), so adjusting of the coefficient K, is as
follows:

K, =A0K, (13)

The coefficient A should be adjusted in the follow-up way.
It should equal unity if the load is constant, and should be
reduced if load varies. The 1 may be defined on many ways.

For example, it may depend on amplitude of load current
compared to active current component:

Ai) = fAipou@)@Ip 1) (14)

The variable Ai;,,; is easy to obtain, but there is an
inconvenience if the RMS of load current changes, but the
average value of the current remains constant (in other words,
if there is a change of load apparent power without any
change of load active power). It causes needless change of
the coefficient K- and, as a consequence, needles change
ofthe voltage across the filter’s capacitor (Fig. 9, waveforms
2 and 3). The mentioned inconvenience may be avoided if
the coefficient I is dependent on successive changes of load
active power compared to the averaged active power of load
in some range of periods 7.

Ap() = AP)@P 4 (15)

To avoid the positive feedback between the coefficients
K, and A, the changes of load active power must be obtained
not from changes of the filter’s capacitor voltage, but by
observation of load. Waveforms of coefficient A (waveform 1
for 4, and waveform 2 for 4;) and capacitor voltage
(waveforms 4 and 3, respectively) are compared in Figure 9
for the both methods. To show the difference, the load is
modified in some way to increase the RMS of load current,
without any change of its average value, within the time
period ¢ € (150ms, 350ms).

The next example illustrates using of changeable
coefficient X,,,,,.instead of invariable K,,. Figure 10 presents

uvar

the active current to be realized by the filter through the
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Fig. 9. Waveforms of coefficient A: waveform 1 for A; and waveform 2
for /'{p, Then capacitor voltage, waveforms 4 and 3, respectively
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Fig. 10. Active current when K, is nominal (waveform 1), then active
current for K,,,,, at 4,, and coefficient K, (waveform 3)

source. First the coefficient K, is set to the nominal level.
The parameters of waveform 1, within time period 10ms-
410ms, are as follows: its RMS'is 10.1A, average is 9.9A, and
standard deviation is 2.2A. Then the variable K,,,,,,. is applied,
and the coefficient lp is used. The RMS is 10.3A, average
10.2A, and standard deviation is 1.6A (waveform 2, within
time period 10ms-410ms). Waveform 3 presents the coefficient
K, and corresponds to the waveform 2.

The effect of reducing of the coefficient K|, that means
averaging of changes of source power and increasing of
filter’s capacitor voltage, is clear visible when ¢ € (50ms,
100ms) and ¢ € (240ms, 300ms).

2.3. Changes of synchronization period

Lengthening of the synchronization period 7'may average
and smooth the current of the source as well as diminishing
the coefficient K,,. Figure 11 shows source current when
period T'is set to 50ms (waveform 1), and then when T'is set
to 10ms (waveform 2). The coefficient K, is set to the nominal
magnitude for the both experiments, respectively (see the
first of Expression 11). Load current (waveform 3) is exactly
like in foregoing examples (RMS'is 14.1A, average is 9.6A,
and standard deviation is 10.1A). There are following
parameters for the waveform 1: RMS'is 9.9A, average is 9.9A,
standard deviation is 0.9A for ¢ € (50ms —450ms); and then
RMS 10.1A, average 9.9A, and standard deviation 2.2A for
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Fig. 12. Sinusoidal source current with varying frequency (waveform 1)
and equivalent conductance of load (waveform 2)

the waveform 2 for 1 € (10ms —410ms). Looking at the example
we can say, that the power of the load is sufficiently
characterized during the first period 7= 50ms, so there is no
need to correct source power in successive periods. The
length of synchronization period T'if set to 10ms is too short
to reach the like effect.

The sufficient length of period 7 must be calculated with
respect to band spectrum of load power. The bigger is the
difference between the spectrum and the frequency 1/7, the
better the filter can stabilize the source power. The related
example is presented in Figure 12.

The active filter acts with lower capacitor voltage when
the period 7 is lengthen, see Figure 13 (or when coefficient
K, isreduced, see Figure 7). The voltage waveforms in Figure
13 correspond to current waveforms in Figure 11.

When capacitor voltage falls down the ability of the filter
to compensate sudden changes of load power worsen. Figure
14 shows the pulse of source current caused by rapid change
of load power. The Figure 14 is an enlargement of the area
around # = 56ms in Figure 11. The tags of current waveforms
correspond to those shown in Figure 13.

2.4. Supplementing of filter capacitor voltage

As mentioned in section 1, the filter capacitor operates as
a “sensor” of load equivalent conductance and,
simultaneously, as an energy store used to compensate non-
active current component in the source. The “sensing”
function leads the capacitor to lowering its voltage, which is
necessary for obtaining the equivalent conductance of load.
Stabilizing of the source power also leads to the capacitor
voltage decreasing, as is shown in section 2.1, 2.2 and 2.3.
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Fig. 13. Capacitor voltage for 7= 10ms and 7 = 50ms
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Fig. 14. Pulse of source current caused by rapid rise of load power

But from the other hand the decreasing of the voltage is
unfavourable due to the following: the “allowed” magnitude
of the load active power becomes limited at a lower level,
because the capacitor voltage must be much higher then the
source voltage. Additionally, the dynamic properties of the
filter are worse, because the speed of changes of the filter
current, which determines the ability to follow rapid load
changes, depends on the filter capacitor and the source
voltage difference.

A supplementing-capacitor-voltage procedure may be
used in order to reduce these inconveniences. The operation
principle of the procedure may be memorizing information on
successive filter’s capacitor voltage changes. If the procedure
is applied, the capacitor of the active filter does not have to
perform the task of indicating the existing load power. Its
charge can be supplemented now from the source. This
happens due to the fact, that the supplementing procedure
forces the doubling of the source current change in the next
period T after the load change. The need that the capacitor
voltage must be considerably higher then the peak source
voltage should be referred now not to the total active power
of the load, but to the maximal change of the load power
during a single period T (see also Expr. 6).

The effect of using the supplementing procedure on the
capacitor voltage is presented in Figure 15 (the shown load
current is the same as in previous examples, period 7 equals
50ms). It should be mentioned that — if the procedure is
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Fig. 16. Supplementing-capacitor-voltage procedure is applied, but
synchronization period 7 is chosen improperly. Synchronization period
T is set to 10ms. Load current (waveform 1), source current (waveform 2),
capacitor voltage (waveform 3)

applied —in the next T period after switching the load off, the
active filter gives back “the additional” amount of energy
(drawn to supplement the capacitor voltage to Ucy) to the
source.

Using the supplementing procedure together with
improperly chosen period T increases non-active current
component flowing through the source. Figure 16 illustrates
such possibility. The active filter acts with the supplementing-
capacitor-voltage procedure, but the synchronization period
T'is chosen too short. Compare the source current (waveform
2) to the source current got for basic arrangement of the
active filter which is shown in Figure 4, waveform 2. The load
current is identical for the both examples.

Generally speaking, if the synchronization period 7'is chosen
improperly, that means if the difference between the band
spectrum of load power and the synchronization frequency 1/T
is insufficient, the active filter does react to such power changes,
which for a longer period 7would look like changes of a “local”
character. We can say, that the filter “lacks orientation” on a
long-lasting average power of the load.

oo IGEDAN 1
in Amps 2;’ | L ,
e 300 i 3
in Volts 260 \ /

Fig. 17. Eliminating of useless energy flow if supplementing-capacitor-
voltage procedure is applied. Load current (1), source current (2),
capacitor voltage (3)

As mentioned above, there is a needless additional flow
of energy after the load is off if the supplementing-capacitor-
voltage procedure is applied (Fig. 15, waveforms 2 and 3).
The additional flow of energy results from delayed (for one
synchronization period 7) realization by the filter of the
reference (active) current through the source (see Expr. 7).

This useless flow of energy may be eliminated if the
shutting down of the filter is done synchronically with the
shutting down of the load. The shutting down of the filter
can be done by switching off all switches of the active filter.
In this way the filter returns to its initial state: voltage across
the filter’s capacitor is near its initial value Uy, and the energy
stored in the filter’s inductor discharges. Such effect is
presented in Figure 17 (see also Fig. 15).

2.5. Reduction of pulse source current distortion

When the load current changes rapidly, pulse distortions
occur in the source current. The distortions appear when the
load current rate of change is greater then the maximal rate of
change of the filter current (see Expr. 8):

Us+ou, dig
- < at (16)

Supplementing the voltage of the capacitor to the initial
level U can decrease the duration and the energy of each
pulse source current distortion (Expr. 16, see also Fig. 14).
The other way of reducing the distortions is decreasing
inductance of the filter reactor L. However, decreasing the
inductance causes increasing frequency of the filter switches
action. But there is a possibility of applying a “small” reactor
when fast change of load current occurs (to reverse the
inequality 16), and a “large” reactor when the rate of change
of'the filter current is sufficient compared to the rate of change
ofload current. This idea may be satisfied by the active filter
with modified structure [6], shown in Figure 18.

The former reactor L may be divided into two parts L =L,
+L,, Ly <L,, and linked to the additional leg consists of two
switches PC and NC. The switches “disconnect” the “large”
reactor L, is every time the pulse source current distortion
occurs.
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3. CONCLUSION

The H-bridge inverter is used as a tool for compensating
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