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Abstract - This paper presents single-phase active power In this work single-phase active power filters based on
filters based on the full-bridge voltage source and current the full bridge voltage source and current source inverters
source inverters. The active power filters are controlled gre presented.
through the sensor of the input current, allowing the

) e . Il. CONTROL STRATEGY
compensation for the load current harmonic distortion and . . .
the load current phase displacement. Theoretical analysis, 1 he active filters based on the full-bridge voltage source

design examples and experimental results of two 1600VA, and current source inverters have their control based on the
30kHz active power filters, employing the full-bridge voltage ~ sensor of the AC mains current, allowing the compensation

source and current source inverters are presented. for the load current harmonic distortion and the load
current phase displacement. It is important to emphasize
|. INTRODUCTION that it is not necessary to calculate the load current

In the last years the number of non-linear loads has be&gmonic content.
increasing rapidly. These non-linear loads draw a current The switches operate at a constant frequency (PWM)
form the AC Mains with harmonic distortion and phasewith a three level modulation technique, which is
displacement, leading to low power factor, low efficiency,@mployed with two triangular signals with a phase
interference by the EMI, among others. A classic solutiodisplacement of 180 The modulation techniques for the
is the use of passive filters, which have resonanc¥oltage source and current source inverters are shown in
problems, large size and fixed compensatiorfi9- 2 and 4, respectively. The advantage of using the three
characteristics. The most common single phase non-linelgvel modulation technique is that the voltagg Woltage
load is the uncontrolled rectifier followed by a capacitiveSource inverter - VSI) and the curresit(current source
filter. For this specific non-linear load the use of a Boostnverter - CSI) have a frequency that is two times the
pre-regulator provides a reduction in the harmoni@Witching frequency. The inductor; ksize (VSI) and the
distortion and an improvement in the power factorhigh frequency filter (CSI) are optimized, and the active
However, the Boost pre-regulator can not be used ifilters performance are improved.
equipment already in service, and it is applied only to on@. Active Filter Employing the Full-Bridge VSI

kind of non-linear load. The full-bridge voltage source inverter used as an active
The shunt active power filter is a very interestingfilter and its control diagram is shown in Fig. 1. The
solution for the non-linear load problem because, ifnverter is connected in parallel to the AC mains through a
adequately controlled, it is able to compensate for the loagbupling inductance ;Land its DC side is connected to a
current harmonic distortion and the load current phaseapacitor filter G
displacement. Besides that, as it is placed in parallel to the The voltage source inverter is basically a bi-directional
load it is easily installed and its power rating is acurrent Boost converter. The average current mode control
percentage of the load. It processes a reactive power at&thnique employed in the Boost pre-regulator is suitable
some active power due to the switching losses and oth&ar the voltage source inverter. The active filter voltage
parasitic components. and current control loops are shown in Fig. 1. The outer

The single phase active power filter more widely used i¥°lt@ge loop consists in the comparison of the voltage V
the full-bridge voltage source inverter. Many techniques t¥/ith @ reference voltage. The resulting error is the input of
control the voltage source inverter have been proposell® voltage controller. A sensor of the input voltage V
usually calculating the load current harmonic content [1]Tultiplies the voltage controller output signal. The result
and more lately through the sensor of the AC Main®f this multlphcathn is a reference cgrreg}gf.l The inner
current [2] [3]. However, in order to be connected incurrent _Ioop_ consists in the comparison of the_reference
parallel to the AC mains the voltage source inverter need&/TeNt ket With the AC mains current. The resulting error
a coupling inductance, which limits the active filter'S the input of t_he current contrc_>||er. The current cor_ntroller
performance. On the other hand, the full-bridge currerRUtPUt signal is compared with the triangular signals,
source inverter may be connected directly to the load andggnerating the drive signals for the switches.
is naturally a current amplifier, so a better performanc®. Active Filter Employing the Full-Bridge CSI
may be expected. Some works have been made involvingThe full-bridge current source inverter used as an active
the full-bridge current source inverter which is, as thdilter and its control diagram is presented in Fig. 3. The
voltage source inverter, usually controlled through thénverter is connected in parallel to the load through a high
calculation of the load current harmonic content [4] andrequency filter (I, and G), so that the harmonics due to
more lately through the sensor of the AC Mainsthe switching frequency will not flow in the AC Mains.
current [5]. The inverter DC side is connected to an inductance L
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Fig. 3. Diagram of the Full-Bridge Current Source Inverter operating as
) ) = T an Active Power Filter and the proposed control strategy.
Fig. 1. Diagram of the Full-Bridge Voltage Source Inverter operating as aVm Ve . /\ ) /\ ) /\ /

an Active Power Filter and the proposed control strategy. /\
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n = Fig. 4. Three level modulation technique employed for the Full-Bridge
vl - M Current Source Inverter.

Fig. 2. Three level modulation technique employed for the Full-Bridge ~ The inductor Lk current ripple Ai;, presented in (2),
Voltage Source Inverter. varies along the line cycle and is dependent on the

The control strategy is based on the sensor of the currdfPdulation index defined by (3). The maximum
I.; and its comparison with a reference currgat The parameterized current rippl&it max is also dependent on
resulting error is the input of an appropriate currenthe modulation index. Equation (4) is used to calculate the
controller. A sensor of the input voltage Multiplies the inductance L The choice of the maximum current ripple
current controller output signal, resulting in a sinusoidaIAifmax depends on the load current harmonic contents.

reference currenti; The reference current is compared tOThe bigger the load current harmonic distortion, the bigger

the input current and the resulting error is compared to th : : .
triangular signals, generating the drive signals to th enould_ be the tolerated current ripple, otherwise the active
ilter will not compensate properly the load.

switches.
— Ais L . .
[Il. THEORETICALANALYSIS Al =foT/f2= M; sin(0) - (M, sin(6s))? for 0<6, <2r
- : . e (2)

A. Active Filter Employing the Full-Bridge VSI Aie :%:7Mi sin(6.)~ (M, sin(6,)) 2 for <6, <2x

The voltage Yaverage value must be kept constant an T
higher than the input voltage peak value, in order to ensure M, = vf/vSpeak (3)
the active filter proper operation. .

The chosen voltage controller, shown in Fig. 5, is a o Aif max Vi )
proportional integral one, in order to ensure a null statc '~ 2Aif oy fs
error. It must be a slow controller, presenting a crossover
frequency bellow the line frequency; otherwise the . el
sinusoidal reference curregtiwill be distorted, as well as LB
the input current. The voltage controller transfer functionis |~ rg y NG .
defined by (). : < Rez Car

Vref ﬁ ! v
_'r_ cl ~cl
V, -1 R =
H(S)= c(s) — ( +5Cc1 c2) (1) @ ®)

Va(s) SCc1Re1 Fig. 5. Proportional integral controller (a) and its Bode diagram (b).



The inductor current-to-duty- cycle (D) transfer functionA. Active Filter Employing the Full-Bridge VSI
is presented in (5). As can be noticed it is the same transferrhe  gpecifications are  presented as  follows:
function of the Boost pre-regulator. Thus the two poles ong;_ =31V fine=60Hz P, =1600N Vi =400V
zero current controller, shown in Fig. 6, may be used. Its 7 ) _
transfer function is defined by (6). fs = 30kHz Alf max = 200ispeay
The modulation index and the inductof maximum

Gi(s)= Aiggfs) _ —Ve (5)  current ripple are calculated as shown bellow:
AD(S) SLf Vf 400
~(L+sRi Cy) M; = =2=207775
H; (S)= 3 il (6) VSpeak 311
Riz Ci1 C;
Ri» (Cip + ciz)s[u sC'3+'1C'2] i 2P, _2x1600_, 0,
i1tCi2 peak Vs peak 311

The open loop transfer function is calculated according  Ai¢ .. =0.2igpeq =0.2x103=2.06A

to (7). The parameterized maximum inductqgrdurrent ripple

is obtained deriving (2) for the calculated modulation
Gi(s) Hi(s) (") index.

Aif max = 0.25
The inductance (s calculated according to (4).

K is
Vr PP

R(s)=

Where: Ks»the AC mains current sensor gain,

VTpp —the triangular signal peak-to-peak voltage. _
o Aitma Ve 0.25x400
 2Aif ek fs 2% 2.06x30x10°

B. Active Filter Employing the Full-Bridge CSI L =810uH

The current; average value must be kept constant and L .
higher than the input current peak value, in order to ensure The G{s) transfer function is calculated using (3).
_Aig(s) vy 400  494x10°

the active filter proper operation.
The relation between the input current peak value and Gi(s)= AD(s) sLq T ox810<10° s
the current k average value defines the modulation index )
as shown in (8). The smaller the modulation index, the 1N€ current controlleris calculated as follows.
bigger the ability of the active filter to compensate for the Choosing R = 50k2 and the current controller zero to

loads. be located at approximately 1kHz, the capacitqr i€
calculated:
i \Y
| _Speak _ Tmpeak (8) Cp-—>t =1 33,107
Ifavg  VTpeak f;i2nRi3  1kx2mx50k
Where: M-modulation index; Choosing B = 10k2 and the current controller pole to
ispeak>iNPUt current peak value; be located at 30kHz, the capacitop @& calculated as
ILavg—current |; average value, shown bellow.
Vmpeak>Modulation signal peak value; c Ciy 3.3n - 110x10 12F
i2 = =

Vrpeak>triangular signal peak value. - fo 27 R Cy—1 30k x 21 x 50k x 3.30 1

The chosen current controller along with its Bode The resulting current controller transfer function is as
diagram is shown in Fig. 5 and its transfer function igollows:
presented in (1). The proportional integral controller _(1+s165)
ensures a null static error. Besides it must be a slow H;(s)=
controller, presenting a crossover frequency bellow the line s34.1u(1+5 5.33:)
frequency, otherwise the sinusoidal reference curgnt i The open loop transfer function is calculated according
will be distorted as well as the input current. to (7). The triangular signal peak-to-peak voltage is equal

to 10V, and the AC mains current is sensored with a gain
IV. DESIGNMETHODOLOGY AND EXAMPLE of 0.3.

£ 0.3 494x103X —(1+5s165u

A simplified design procedure and example for the §)= —= )
active filters employing the Full-Bridge VSI and CSI are 10 s $34.1u(1+5 5.33)
presented in this Section. The open loop transfer function crossover frequency is
about 10kHz, and the phase margin is abobit 65

A bank of capacitors to be placed in the inverter DC
side was chosen due to component availability. The
resulting capacitance is 1.8mH/400V.

The voltage controller crossover frequency is 15Hz.
Choosing R = 47K, the capacitor & is calculated.

PWM 1 1
e N T

v12715Hz 47k x 2nx15Hz

= 22nF

Fig. 6. Current controller.



The voltage controller zero is placed in 80Hz. The 1 1

resistor R, is calculated as shown bellow. Ca = Ry 2n15Hz 22k x 2nx 30Hz =220k
R 1 1 1k The current controller zero is placed in 80Hz. The
2 = = ~ H H
V27 C 2780HZ  220x10°° x 21 x 80HZ resistor R, is cillculated as ShOV\:{n bellow.
Res = = 10kQ

Cu2m80HZ  220x10°%x 271 x 80Hz

o The inductance dto be placed in the inverter DC side
The specifications are presented as follows: was chosen to be 10mH.

Vepeak=31V  fiine =60Hz R, =1600N Iy =40A

fs = 30kHz

B. Active Filter Employing the Full-Bridge CSI

V. EXPERIMENTAL RESULTS

In order to verify the principle of operation and the
gontrol strategies, the designed prototypes were built. The
active power filters were tested with the non-linear and
multiple loads shown in Fig. 7.

The input current for the load rated power, and th
modulation index are calculated as follows:

. 2R, 2x1600 . . . .
Ispeak = IV o= 311 =10.3A A. Active Filter Employing the Full-Bridge VSI
Speak I
i pes The parameters and power component specifications are
M; = Slp_ea" = % - 02575 as follows Ve, =31V, fine=60Hz, R=1600W, \=400V,
Lf

o . ) f=30kHz, G = 1.8mF/400V, IGBTsS(S;;34: IRG4PC50W
Def|n|_ng _the triangular _S|gnal_ peak value, theLf = 81QuH - 40turns (6 x 20AWG) on 2xEE 65/39 core (gap=10mm),
modulation signal peak value is obtained.
D134 HFA15TB60.

VT peak =5V In Fig. 8 and 9 the experimental results of the active
filter compensating for a diode rectifier followed by a
Vmpeak = VT peak Mi =5x0.2575=1.288/ capacitive filter and a diode rectifier followed by an

The high frequency input filter {Land G) is calculated inductive load as shown in Fig. 7 (a) and (b), respectively,

according to the following procedure. are presented. The active filter current compensates the
non-linear loads current, resulting in a sinusoidal input
fe =f_S=3kH22WC =18850rad/s current in phase with the input voltage. In Fig. 10 the
10 experimental results of the active filter compensating for
£=1.0 the multiple non-linear load shown in Fig. 7(c), are
presented. As can be noticed the active filter is able to
Req = VSpeak=3_11=30.2Q compensate for the load current phase displacement and
Ispeak  10.3 the load current harmonic distortion at the same time. The
1 1 resulting input current is sinusoidal and in phase with the
C= Req20W,  302x2x1x18850 0.9uF input voltage. For all the loads the resulting power factor is
superior to 0.99.
L ——t 1 ~313mH In Fig. 11 the experimental results for a step load change
w2 C;  1885( x0.9u up and down are presented, for the active filter
compensating the load of Fig. 7(a). As can be noticed, the
Adjusting the filter by simulatior{:cl =2uF active filter takes a few line cycles to adapt itself for the
L, =1.4mH step load change. This is mainly because a high

capacitance Gwvas used, due to component availability. If
The current controller crossover frequency is 30Hza smaller capacitance were available, the dynamic

Choosing R, = 22k, the capacitor g is calculated. performance would be improved.
”Omta\ ZEDl 2§D3
foy S00KH 1==11200
A A Q40uF
D, Dy

io2

200uH

500uH L 500 iy

io

o3 109mH

320

(@ (b) (©
Fig. 7. Non-linear loads (a), (b); and multiple loads (c).
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Fig. 8. Experimental results: (a) Input voltage (100V/div.) and input current (10A/div.), (b) load current (10A/div.)yédjltmticurrent (10A/div.).
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Fig. 9. Experimental results: (a) Input voltage (100V/div.) and input current (10A/div.), (b) load current (10A/div.)védjlgaticurrent (10A/div.).
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Fig. 10. Experimental results: Input voltage (100V/div.) and input current (10A/div.), (b) load current (10A/div.), (d)leetmerrent (10A/div.).
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Fig. 11. Experimental results: Step load changes up (a) and down (b), input current (10A/div.), load current (20A/diig iltdraairrent (20A/div.).

B. Active Filter Employing the Full-Bridge CSI current in phase with the input voltage. For all the loads
The parameters and power component specifications atrraae resulting power factor is superior to 0.99.
P P P P In Fig. 12(a), 13(a) and 14(a) it can be noticed that the

as follows: Vepeq =31V, fine =60Hz, By =1600N. \oq ting input current is higher when compared to the VSI
ls =40A, fg=30kHz, C;=_2uF/280V (polypropyen), in Fig. 8(a), 9(a) and 10(a). This is due to the losses in the

Ly =1.4mH -30 turns (5x14AWG) on 3.9cm Fe Si core(gap=0.8mm),CSI, that are much bigger than in the VSI, not only
20 e GG o 1o g < DS 17 0 s i e, ot o
IGBTS (S.23): IRG4PCS0W, Dzs; HFASOPAGOC. . € 99

in a capacitive bank.

In Fig 12, 13 and 14 it is presented the experimental In Fig. 15 the experimental results for a step load change
results of the active filter compensating for the loads ofip and down are presented, for the active filter
Fig. 7 (a), (b) and (c), respectively. The active filter currentompensating the load of Fig. 7(a). The active filter
compensates the load current resulting in a sinusoidal inpt#sponds promptly for the step load change.
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Fig. 12. Experimental results: (a) Input voltage (100V/div.) and input current (10A/div.), (b) load current (10A/div.véd)li@ctcurrent (L0A/div.).
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Fig. 14. Experimental results: (a) Input voltage (100V/div.) and input current (10A/div.), (b) load current (10A/div.ivéd)li@ectcurrent (LOA/div.).
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Fig. 15. Experimental results: Step load changes up (a) and down (b), input current (10A/div.), load current (20A/dii¢ diltdreairrent (20A/div.).
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