CONTROL METHODS FOR ACTIVE POWER FILTERS
WITH MINIMUM MEASUREMENT REQUIREMENTS

Domenico Casadei, Gabriele Grandi, Ugo Reggiani, Claudio Rossi

Dept. of Electrical Engineering, University of Bologna
viale Risorgimento 2, I-40136, Bologna - Italy
E-mail: elettrot5@dns. ing.unibo.it

Abstract - Two shunt active power filter configurations are
analyzed in this paper in order to define new control methods
characterized by simple control algorithms and minimum volt-
age and current transducer requirements. The transfer functions
for the two control schemes are determined and analyzed to em-
phasize the active filter behavior in both steady-state and tran-
sient conditions. The performance obtained by the proposed con-
trol schemes is similar to that of standard solutions. The experi-
mental results substantially confirm the numerical results ob-
tained by Simulink of Matlab.

I. INTRODUCTION

Parallel active filters have been recognized as a valid solu-
tion to current harmonic and reactive power compensation of
non-linear loads. As it is known, the principle of operation is
based on the injection of the current harmonics required by
the load. As a consequence, the characteristics of the har-
monic compensation are strongly dependent on the filtering
algorithm employed for the calculation of load current har-
monics. Various active power filter configurations and con-
trol strategies have been proposed and developed in the last
decade [1]-[8]. The performance of any configuration is de-
pendent on the method employed to implement the current
regulator. Hysteresis current regulators have been extensively
used for active filter applications because of their wide band-
width and simple structure. Alternatively, the implementation
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Fig. 1. Active power filter with
source current measurement only.

of current regulators can be realized by PWM-controlled
Voltage Source Inverter (VSI) [9]-[14]. Regardless of the
type of current regulator, two current measurement systems
are usually employed in active filters to sense the load and fil-
ter currents. Furthermore, powerful microprocessors are nec-
essary for the on-line evaluation of the harmonic content of
the load currents.

In order to simplify the control scheme, two active power
filter configurations are proposed in this paper. The corre-
sponding block diagrams are represented in Figs. 1 and 2.
They are based on a single current measurement system and
the current regulation is achieved by using a PWM-controlled
VSI. The control scheme of Fig. 1 needs the measurement of
the source current only, whereas the control scheme of Fig. 2
needs the measurement of the load current only.

Both active filter configurations are based on the same
principle, which consists in the direct generation of reference
values for the source current on the basis of the dc-voltage
level. According to this principle, the current regulator acts in
order to force the source currents to be sinusoidal and in
phase with the corresponding line-to-neutral voltages. In this
way, the need of manipulating the load currents to extract the
harmonic components can be avoided.

The two control schemes are analyzed and compared
through the Simulink tool of Matlab. The numerical simula-
tions are validated by experimental results.
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Fig. 2. Active power filter with
load current measurement only.
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II. PRINCIPLE OF OPERATION

As it is known, active power filters are used for compensat-
ing reactive power and low-order current harmonics gener-
ated by non-linear loads. The maximum harmonic order that
an active filter is able to compensate determines the filter
bandwidth. As a result of the active filter operation, the
source currents become almost sinusoidal with unity power
factor. Most of the solutions proposed to implement the con-
trol system are based on the measurement of both the load
and filter currents. The source voltage measurement is also
required for the synchronization of the inverter output volt-
ages or for coordinate transformations, depending on the em-
ployed control strategy. In this paper, the possibility of using
active filters operating with a single current measurement sys-
tem is investigated [15]-[17]. Depending on whether the
source currents or the load currents are measured, the block
diagram shown in Fig. 1 and Fig. 2, respectively, must be
considered. In these figures and in the continuation of the pa-
per, three-phase quantities are represented with space vectors
according to a stationary d-q transformation.

The proposed schemes have been implemented using the
same basic principle, i.e. the generation of a reference value

for the source current sz* in phase with the source voltage
Vg, as represented in Fig. 3. The magnitude of the reference

source current 1; is obtained applying the regulator R(s) to
the instantaneous error between the reference dc-link voltage

Vé and the actual dc-link voltage V. measured across the

capacitor C. I; is then modulated by the unity source volt-
ages to generate the reference value for the source currents.

III. ANALYSIS OF THE DYNAMIC BEHAVIOR

In this section, the active filter configurations shown in
Figs. 1 and 2 are analyzed and compared. It can be noted that
the system performance is dependent on the time responses of
the ac current controller and dc-link voltage regulator. How-
ever, the dynamic behavior of the filter is mainly affected by
the time response of the ac current control loop, which must
be designed in order to track the reference current waveforms
closely. The dc voltage control loop has the task to keep the
dc voltage level close to its reference value and may not be
very fast. A frequency analysis can be carried out with refer-
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Fig. 3. Block diagram of the dc voltage regulator.

ence to the simplified block diagram represented in Fig. 4. In
this diagram, the input of the regulator R(s) is the error of the
capacitor stored energy, the output is the reference value of

the source power P; defined as Py = Vi Is . The reference
value of the power absorbed by the filter P; is calculated by

subtracting the load power P, to P; . Assuming that the VSI
is able to generate the reference power at each cycle period
yields Pp = P;. This instantaneous power represents the total
power flowing from the supply to the active filter. Neglecting
the rate of change of the magnetic energy in the ac-link induc-
tors, P represents the input power of the VSI. Furthermore,
being negligible the losses of the converter, the energy stored
in the capacitor E¢ is given by the time integral of Pr. Under
these assumptions, the following expression can be derived
from the block diagram represented in Fig. 4
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M

The choice of the regulator R(s) should be made taking the
desired active filter performance into account. A detailed dis-
cussion on different types of regulators is given in [18]. In or-
der to obtain a zero steady-state error, the regulator must in-
troduce an integral action. Then, choosing for R(s) a PI regu-
lator expressed as

1 1+T:s
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By (3) it is possible to verify that the perturbation intro-

duced by changes in the load power does not introduce

steady-state errors in the dc-link voltage. Usually, the time

constant of the dc voltage regulator is several times greater

than that of the current controller. Thus, the two control loops
can be designed as two independent systems.
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Fig. 4. Control loop of the capacitor energy
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A. Control scheme based on the source current measurement

In this case, the control system acts in order to perform a
direct regulation of the source currents, which must be sinu-
soidal and in phase with the corresponding line-to-neutral
voltages. The voltage and current equations are

173 =VF+L—' (4)

ITS = ITF + lTL . (5)
Being the rate of change of the filter current usually higher
than that of the load current, (4) can be written as

VF=VS— —_—. (6)

For small variations, the time derivatives can be replaced
by finite differences and (6) yields

- - L -

VE =Ve——Alg. 7
F=Vs =0l )
Equation (7) is used to implement the control scheme

shown in Fig. 5, where Afs represents the instantaneous

source current error.
Under the assumptions made, and for an ideal PWM in-
verter, the transfer function of the ac current controller is
- 1 - T:5
¢ +— 1, =L/K;. (8)

g =—ig +
s 1+Tl~S § 1+TiS

iy, where

The first term of (8) shows that the relationship between z_';

and ;s is given by a low-pass filter with the time constant T;.

High values of the ac-link inductance cause an increase of the
time constant T;, but this effect can be compensated by adjust-
ing the parameter K; of the ac current regulator. The second
term of (8) shows that the load current acts as a disturbance
through a derivative network. As a consequence, the high or-
der harmonics of the load current cannot be compensated by
the active filter and will be reflected on the source current.

B. Control scheme based on the load current measurement

In this case, an indirect regulation of the source current is
achieved by introducing a closed loop control of the “filter
flux”, defined as the time integral of the filter voltage. The
block diagram representing the basic control principle used to
generate the control signals for the inverter is shown in Fig. 6.
The integration of (4) leads to the following “flux equation”

-
3 VSI

Fig. 5. Block diagram of the control system with PWM current
regulator. The source current only is measured.

— — 3
OF = 95— Lip, ®)

where $;,~ is the reference “filter flux”, and @y is the ac-
tual “source flux”. The reference filter current is given by
PO R T . T* .
ip =ig —i;, where {; isthe measured load current and ig is
the reference source current.

The steady-state relationship Vg = jw@g can be intro-
duced in (9) yielding the following equation

— VS —*
=—=—Lip.
PF o F

(10)

Equation (10) has been used in the block diagram of Fig. 6

to calculate 6} . The actual value of @ is obtained by inte-

grating the output filter voltage, which can be determined on
the basis of the dc voltage Vi and the inverter switch states
S4, Sp, Sc. In this way, the use of additional wide bandwidth
voltage transducers can be avoided.

Assuming that the PWM inverter is ideal, the transfer func-
tion of the ac current control loop, according to the block dia-
gram shown in Fig. 6, is

foee 7505 | where 1, =1/K
F s L %) @ @

an

The first term of (11) represents the low-pass filter action
applied to 7;- . The second term is a perturbation term related

to the source voltage, which determines an error in tracking
the filter current. However, this term can be easily compen-

sated by subtracting to ;; the quantity Vg - T, / L which can

be calculated at any instant. If a complete compensation is as-
sumed, the following transfer function can be obtained for the
source current

TS -
i (12)
l+t(ps

T 1 T +
ig = 12y
I+ Tes

The comparison between (12) and (8) shows that the dy-
namic performance concerning the source current regulation
is the same for the two control schemes.

It can be noted that the implementation of the control
scheme represented in Fig. 6 requires the knowledge of the
ac-link inductance L. If the estimated inductance L” is differ-
ent from the actual inductance L, only a partial compensation
of the second term in (11) can be achieved. As a conse-

VSI

Fig. 6. Block diagram of the control system with PWM current
regulator. The load current only is measured.
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< Tk . -
quence, an error between iy and ip will be introduced. In

this case, the following transfer function for the filter current
can be obtained
- L'/L -
F= F-
I+14s

13)

It can be seen from (13) that an error in the estimation of L

. . . *
leads to a corresponding error in tracking ip . However, the

behavior of the active filter is satisfactory even in presence of

T T .
an error between i and ir . This because the outer dc volt-

age control loop acts in order to adjust the magnitude of Z;

to a value compatible with the power balance equation.

IV. NUMERICAL RESULTS

The performance of the active filter configurations shown in
Figs. 5 and 6 has been analyzed in steady-state and transient
operating conditions. For this purpose, a numerical simulation
of the whole power conditioning system has been carried out
by using Simulink of Matlab. The assumptions of ideal sinu-
soidal source voltages (380 V, 50 Hz) and ideal inverter
switches have been made. The steady-state performance has
been verified considering a non-linear load constituted by a
three-phase thyristor rectifier supplying a resistive-inductive
load, controlled with a firing angle a=30°. Step changes have
been applied to the load to investigate the dynamic behavior
of the control system.

The simulation results are shown in Figs 7 and 8, for the con-
trol schemes based on the source current measurement and
load current measurement, respectively. The results are re-
lated to the following data:

thyristor commutation time 600 s,

switching frequency 10 kHz,

ac-line inductor parameters L=2mH R=01Q,
dc-link reference voltage Vé =750V,

dc-link capacitor C = 1000 pF.

As can be seen in Figs. 7 and 8, during the first 40 ms the ac-
tive filters are operating in steady-state conditions. Then, a
step change of the load is applied determining an increase in
the load current from 20 to 40 A. The behavior of the two
control schemes is practically the same, leading to source cur-
rents with a low harmonic content and in-phase with the cor-
responding line-to-neutral voltages. After 80 ms the load is
switched off, causing a temporary increase in the dc-link volt-
age. The reference value of dc-link voltage is recovered in
about 20 ms for the control scheme with the source current
measurement, and about 30 ms for that based on the load cur-
rent measurement. It should be noted that the results given in
Figs. 7 and 8 have been obtained using the same parameters
for the dc voltage regulator. It has been also verified that the
performance of the two control scheme is quite similar to that
of standard schemes, which utilize two current measurement
systems.

Numerical results in steady state and transient conditions

(b) - line-to-neutral voltage, vy

(a) - dc voltage, Vi

Fig. 7. Source current measurement only.
Load: thyristor rectifier, 0=30°.

(c) - load current, i (d) - compensated source current, ig

“30°Afdiv

Fig. 8. Load current measurement only (flux method).
Load: thyristor rectifier, =30°

1156



V. EXPERIMENTAL TESTS

To validate the numerical simulations, the control system
has been digitally implemented on a TMS320C31 DSP based
board. As a first step in the experimental tests, the behaviour
of the active filter configuration based on the measurement of
the source currents (Fig. 5) has been investigated.

Fig. 9 shows the block diagram of the active filter used for
the experimental tests. The IGBT VSI is shunt-connected to
the 220 V, 50 Hz power grid by means of a 2 mH, 3-phase ac-
link inductor. The dc-link capacitance is 1000 uF and the ref-
erence dec-link voltage is 450 V.

The active filter is shunt-connected to a three-phase, three-
wires system. Thus, the sum of the line-to-line voltages is
zero, and only two voltages (i.e. vg,, Vsp) are necessary to de-
fine the source voltage system. In the case of sinusoidal and
balanced supply voltages, the three phase system can be de-
fined by one line-to-line voltage (vs,;) only. In the experimen-
tal setup the instantaneous value of vs,, has been measured,

and the line-to-neutral voltage vector V¢ has been calculated

by the DSP. The source voltage identification subsystem is
represented by the dashed block a) in Fig. 9.

The synchronization with the source voltages has been real-
ized by a digital Phase Locked Loop (PLL) algorithm. This
algorithm needs to detect the zero crossing of vg,, then it
quickly tunes the phase of vg,, giving the unity space vector

vg as output. The magnitude Vsy of Vg has been calculated
on the basis of the RMS value of vy,
The unity line-to-neutral voltage vector ‘;S has been also

Tk .
used to generate the reference source current g, as shown in

Fig. 3 and in the subsystem b) of Fig. 9. In particular, 1.5* has

been calculated multiplying v s by the reference source cur-

rent magnitude 1; generated by the dc voltage regulator. The

@ Source

Inverter
(Filter)

Fig. 9. Block diagram of the active filter used for experimental tests
a) source voltage identification subsystem
b) dc voltage regulator subsystem
c) current regulator subsystem

current regulator has been implemented in the subsystem c) of
Fig. 9 according to the block diagram of Fig. 5. In order to
synthesize the calculated output filter voltage U; , a triangular

carrier PWM technique has been used to control the VSIL.
The active power filter prototype has been firstly used to

compensate the reactive power of a linear R-L load (cos ¢ =
0.8). The results obtained are shown in Fig. 10. As expected,
the reactive power is compensated and the resulting source
current is almost sinusoidal and in phase with the correspond-
ing line-to-neutral voltage.

The harmonic compensation capability of the active filter has
been tested connecting a full bridge diode rectifier (non-linear
load) to the mains. The results are shown in Fig. 11. As
expected, the load current harmonics disappear in the source
current, with exception of the high order harmonics due to the
fast current commutations.

Experimental results in steady-state condition

(a) - line-to-neutral voltage, vg

Sms/div

(Smsydiv)
NORM:200kS /s

Fig. 10. Source current measurement only.
Load: R-L, cosp = 0.8.

(b) - load current, i, (c) - compensated source current, ig

Sms/div

[S my/diy] v

Fig. 11. Source current measurement only.
Load: full bridge diode rectifier
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V1. CONCLUSIONS

Two control schemes for active power filters which impose
sinusoidal source currents in phase with the corresponding
line-to-neutral source voltages have been analyzed. The con-
trol techniques are based on a single current measurement
system, leading to simple schemes which can be easily im-
plemented. The current regulation is obtained by a PWM con-
trolled VSI. Transfer functions are given to emphasize the
dynamic response of both the dc voltage and ac current con-
trol loops. The numerical and experimental results have
shown that the performance of the two control schemes is
practically the same, giving sinusoidal source currents with
unity power factor in both cases. The results obtained have
clearly shown that, even using a single measurement system,
the active filter performance is quite similar to that of stan-
dard solutions.
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