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Abstract-- This paper presents a three-phase shunt active
power filter controlled by the non-linear passivity technique.
The dissipative features in which the passivity technique is based
on allow the development of a non-linear controller having a
good dynamical response, robustness and stability. The control
circuit is based on a DSP. Analysis and modeling are presented
as well as simulation and experimental results, which verify the
satisfactory of the proposed approach.

L. INTRODUCTION

With the proliferation of active and non linear loads,
including the increasing number of static power converters
and arc furnaces, the performance of a power distribution
installation is been considered as an essential component,
because of the presence of high order harmonics produced by
non linear loads. Just to mention some, harmonic elimination
techniques have been widely studied and traditional solutions
such as passive filters have many well-known disadvantages
{1,2], therefore active power filters are becoming very
important.

Active power filters are connected to AC mains in order
to eliminate voltage variations and harmonic components.
Shunt active power filters eliminate the current harmonic
components working as a current source to provide only the
harmonic components that the load demands and correcting
the power factor, so that only the fundamental current
component is present in the AC mains. In active power filters
there are many control strategies, which have been studied in
order to obtain a good performance.

This paper presents a shunt active power filter approach
controlled by the non-linear passivity technique. There is a
good agreement between the active filter dynamics and the
dissipative features in which the passivity technique is based
on; this allows the development of a non-linear controller
having a good dynamical response, robustness and stability.

Passivity based control has shown to be an adequate
alternative when applied for the dynamical control of dc-dc
converters [3,4].
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The paper is organized as follows: in section II the active
filter model is obtained; in section III the passivity based
controller is analyzed and designed; in section IV the
simulation and experimental results are presented, and finally
the conclusions are shown in V.
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Fig. 1 Shunt active power filter topology

The control circuit is based on a digital signal processor
(DSP), where the reference current signals are generated
using the PQ theory [2], and the passivity control law is
programmed. The active filter topology used is shown in Fig.
1: it can be modeled as a current source supplying the
harmonic currents required by the non-linear load.

II. ACTIVE FILTER MODEL

A. Reference Signal Generation

The reference signal required by the controller is obtained
by means of the instantaneous reactive power theory

Fig. 2 shows the control system configuration
programmed in the DSP, where the voltage and load currents
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are transformed from three-phases (iv, iws., iv) to two-phases
(i ig), including the zero sequence component.
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Fig. 2 Control system configuration programmed in the DSP

The transformation of the load current and the ac mains
voltages are based on the following expressions:
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Equation (3) can be inverted to explicitly obtain the three-
phase harmonic currents giving:
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Where p. is the negative ac component of p obtained by
through a digital filtering, g. is the negative of ¢, and p, is the
zero sequence component. The physical meaning and the
reason for the naming of the instantaneous active and reactive
currents are presented in [2].

B. Model of the Active Filter

The active power filter model is obtained now in order to
get the passivity based control. The equivalent single-phase

circuit for the operation mode is shown in Fig. 3.

Fig. 3 Equivalent circuit for shunt active power filter modeling
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Where C,=C,=C n=ic
xn=Va x=Ve,

By considering every possible combination, the system
model is obtained in the following matrix form:

X 0 —u/L (1-w)/Lx
nl|=| wcC 0 0 X %)
»| L-U-w/C 0 0 X3
—RIL 0 OTx7 [Vs/L
+ 0 00 X2 + 0

0 0 0fx 0
or:
X={(x)+g(x)u+b

8
y=h(x) 5

I11. PASSIVITY-BASED CONTROLLER DESIGN

A system is said to be passive if the stored energy in the
system is less than or equal to the total energy supplied to the
system in a given period of time. In the case of the active
filter, this principle is fulfilled, and consequently, this
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technique can be applied [4]

By considering that the forces acting on a dynamical
system can be divided into stabilizing forces, unstabilizing
force and conservative forces, passivity-based control only
modifies the unstabilizing forces. When this passivity
principle is applied to active filters, the controller obtained
respects the non affecting forces and a more natural and less
stressing control law is applied to the system.

Form equation (7), the associated exosystem for the active
filter is:

de I 0 —u/L (1-14)/[. X1d
*a |=|  WC 0 0 |xa ©
3| [~0-w/c 0 0 |lxy
[—R/L 0 O] xy,
+ 0 0 Ofxpy
0 00 X34
-—Rl/L 0 0 Xy —Xi4
+ 0 ]/RCDC 0 Xy —Xoq
0 0 I/RCDC X3 —X3d
[V /L
+ O
0

Where: R, and Rcp are the virtual resistive elements
associated to the exosystem; X4, Xpg, and Xjy are the
corresponding reference state variables. From the exosystem,
the control law based on the passivity technique is obtained:

p3d —Rua+Vs —Lhg — Ry (v —x14)
X2d + X34

(10)

There are three essential conditions to apply passivity
approach: 1) The system must be stable, 2) The relative
degree of the system must be equal one, and 3) The stored
energy must be less than the supplied energy. The analysis to
verify the above three points is shown as follows:

A. Stability analysis.

The stability analysis is carried out by using the remaining
dynamic concept, this is, the internal behavior of the system
considering that it is time variant. The following equations
show the remaining dynamic:

. 2
x,;x; —Lx,; %, —Rx," + x,v,

Cx, =
N X, +x
2 3 ; an
Cr. = Z5i%2 —Lx, %, —Rx,” +x,v,
3

X, +X;

The simulation results of the remaining dynamic show that
the system is stable in a limited region. This can be observed
in Fig. 4.

R

g. 4 Phase diagram of the remaining dynamic (top to bottom): remaining
dynamic of x2; remaining dynamic of x3

B. Relative degree of the system.

Relative degree equal one is an essential condition to
apply the passivity control law [4]. The relative degree is
equal to the number of times that the output has to be
differentiated to have the value of the input u explicitly
appearing in the output expression. In equation (9) it can be
observed that the input u is appearing in the first derivative of
X. Therefore, the relative degree of the system is equal to one
and the non-linear technique can be applied.

C. Stored energy in the system.

From Fig. 2, two elements that stored energy can be seen:
the capacitor and the inductor. Also, it can be observed one
Qissipative element: the resistance.

The general expression that must be satisfied is:

T
V) -VO)< [uT @y (12)
0

Stored energy Supplied energy

Using the storage and dissipative elements of the non-
linear model, the right hand inequality (12) becomes:
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T T T
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0 [ 0

Dissipated
energy
It can be observed in (13) that the stored energy is less

than the supplied energy.

supplied energy supplied energy

1V. SIMULATION AND EXPERIMENTAL RESULTS

The following plots present the results from simulation
obtained by the use of the passivity based control for the
active shunt power filter and the following parameter values:

Inductor filter L= L[ﬂ_ﬂ,ﬂ7 =2mH

Capacitor filter C,=C,=1400uF
Capacitor voltage reference chf = VCan =220V
Phase-to-neutral source voltage V=120V

AC mains inductance Lg=0.22mH

AC mains resistance R=0.2Q

Exosystem resitances R,=1Q, Rep=100Q
Source frequency 60 Hz

In Fig. 5 the system and exosystem currents are presented.
The upper trace represents the reference current, the system
current X, is represented by the intermediate trace and lower
trace presents the difference between the two signals above
(error signal). At start, this error is high because the
capacitors are initially charged to the peak voltage value of
the ac mains. When the capacitors are charged to the
reference voltage the current error is exclusively due to the

difference between the reference and the filter currents.
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Fig. 5 Simulation results (top to bottom): reference current; active filter
current; current error.

Fig. 6 presents the simulation results when the system is

affected by a load transient. The signals present from top to
bottom are: the load current; active filter current; ac mains
current; dc bus voltage (given by the addition of the voltages
in capacitors C; and C,) and the control law u (whose
instantaneous value represents the filter duty cycle).
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Fig. 6 Simulation of the transient response (top to bottom): load current:
active filter current; ac mains current; cd bus capacitor voltage; control law
u

A transient in the load step can be seen in the capacitor
voltage. The value of this transient is much more less than the
dc bus average value. To avoid the capacitors to be
discharged it is necessary to introduce a compensating factor
in the reference current. There is a change in the control law u
whenever the load current increases. This is due to the new
duty cycle pattern required to provide the current harmonics
demanded by the load.

An experimental prototype of a three-phase, 20 kVA
active filter has been used to experimentally verify the filter
performance under the passivity based control law. The
values for the passive elements remain the same as those from
simulations and the power stage is conformed by a three
phase IGBT inverter having a maximum frequency of 10 kHz.
The nonlinear load is a three-phase rectifier with a resistive
load in dc.

The exosystem and the control law (based on passivity)
with the PWM duty cycle were programmed in the DSP by
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using equations (9) and (10). The non-lineal differential
equations of the exosystem are solved in the DSP by
numerical methods, particularly the third order Runge-Kutta
method.

Fig. 7 represents from top to bottom the load current,
filter current and the ac mains current. It can be seen that the
ac mains current has a low harmonic content compared with
the load current.
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Fig. 7 Compensation with the active filter (top to bottom, 10ms/div): load
current [30 A/div}; active filter current [30 A/div]; ac mains current [30
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Fig. 8 Compensation with the active filter (top to bottom, 10ms/div):
capacitor voltage {20 V/div]; active filter current [20 A/div].

Fig. 8 presents the dc bus capacitor voltage and the active
filter current, The vertical scale for the dc bus voltage is 20
V/div. It can be appreciated that the voltage ripple presents a
low magnitude

Fig. 9 shows the system response under a load transient.
The upper trace represents the dc bus voltage, the
intermediate trace presents the ac mains current and the lower
trace shows the filter current. An adequate compensation can
be observed even during the load transient.
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Fig. 9 Experimental results for transient response (top to bottom, 50ms/div):
capacitor voltage [100 V/div]; ac mains current {30 A/div]; active filter
current [30 A/div].

The Fig. 10 shows the harmonic spectrum for the load
current and the ac mains current, with the active filter
compensating the harmonic currents. The upper trace
corresponds to the load current and bottom trace corresponds
to the ac mains current.

It can be appreciated that the fifth harmonic in the ac
mains current is clearly lower than the fifth harmonic in the
load current. The other significant harmonics have similar
results.

The Table I presents the current harmonic content in the
ac mains before and after current harmonic compensation by
the active filter. The harmonic content has been reduced by
the use of the active filter and also the power factor has been
incremented tending to unity
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Fig. 10 Current harmonic content (top to bottom. 125 Hz/div): load current
[4 A/div]; ac mains current (4 A/div]

TABLE 1
Harmonic components demanded to the AC mains by a nonlinear
load with and without active filter AF (as a percent of the

fundamental).
Without AF | With AF
Po (kVA) 7.80 7.26
P.F. 093 | 099
I 132% 1.38%
Is 25.30% 3.45%
I 1111% 2.82%
I 0.35% 031% |
T 731% 2.55%
I 4.59% 0.53%
I;s 0.76% 0.27%
I,s 222% 0.40%
THD 29.1% 537% |

V. CONCLUSIONS

A three-phase shunt active power filter controlled by the
passivity-based control technique and using a digital signal
processor (DSP) has been presented. To validate the filter
performance, experimental and simulation results were
obtained. The use of passivity-based control produces a good
harmonic current compensation by the active filter, and the
system dynamics are adequately driven. A novel contribution
of this work is the application of passivity to active filtering.
Some other significant results from this work are an
improvement in the power factor and in the transient response
by the use of the active filter and the developed controller.

Actually, research is been carried out comparing
passivity-based control and other control techniques as
sliding mode contro and conventional control (PID) to justify
the use of non-conventional control techniques to improve the
active filter performance. It is important to consider that the
controller must achieve an adequate harmonic current
compensation in a minimum time (to properly follow the
reference current signal) with a minimum commutation
frequency (to reduce the losses in the filter).
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