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Application of passivity-based control in active power filters
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Abstract: When the parameters of the line and load in APF are uncertain or unknown, the system may be unstable. In
order to solve this problem, the passivity-based control (PBC) was applied to the active power filters (APF). The work con-
centrated on the compensation strategies. The APF and the nonlinear load were considered as a whole. By simplifying the circuit
of the APF by Norton equivalent, the system model on dg axes was built. The load voltage and the supply current were taken
as the state variables of the system and the compensating current as the control variables. The passivity of the system was
demonstrated. The control law, which is the reference compensation current, was deduced by the passivity approach. Though
the theory was complex, the control law obtained by the passivity-base control was very simple. Some simulations are conducted
with varicus loads, and the results indicate the stability and robustness of the PBC.
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1 Introduction

The harmonics and reactive power component of cur-
rent and unbalance in three — phase system reduce the ef-
ficiency of the power system and disturb the communica-
tion network nearby. Traditionally, the passive filters,
composed of resistors, inductors and capacitors, are
used to eliminate the harmonics. Yet, the passive filters
have many disadvantages, such as, the big sizes, fixing
frequency and resonance!!). With the development of
power electronics, active power filters are introduced to
address the problems. The solid-state devices as IGBT
and GTO are used in APF to improve the power of the
equipment. Compared with the passive filters and SVC,
the APF can be controlled more easily with better perfor-

Received date:2003 — 01 - 10; Revised date:2003 — 09 - 05.

mance!?). The active power filters are taken as a con-
trollable current source connected in parallel with the
mains. The harmonics and reactive components of the
load current are drawn by the APF. As a result, the sup-
ply current is sinusoidal with unity power factor.
Energy is a basic concept in both science and engi-
neering. One complex dynamic system could be divided
into many simple subsystems. The total energy of the
subsystems decides the dynamics of the whole system.
The passivity approach is a method using the idea of en-
ergy to design the control strategy. It includes two
steps: energy shaping and damping injection. Energy
shaping is to design the desired energy of the total sys-
tem. Damping injection is to reform the dynamics of the
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system. Passivity-based control (PBC) makes the sys-
tem more robust with simple realization'’ . Recently,
PBC was applied into DC-DC converters'*!, UPS!! and
hybrid generators! and so on.

When the parameters of the line and load in APF are
uncertain or unknown, the system may be unstable!”’.
The conventional compensation methods, either load
current detection method or supply current detection
method, are able to lead to instability. As a conse-
quence, the research of the stability of APF system is
important for its wider application. Passivity approach
starts from the energy storage in the system. It designs
the desired energy storage function with minimum on the
desired equilibrium of the system. Thereby if the system
is passive, the system will be stable on the equilibrium.
Besides this, the robustness of the system is also im-
proved.

This paper considers the APF and the loads as a whole
system and the compensation current as the control sig-
nal. After demonstrating that the system is passive, this
paper deduces the control law by means of passivity ap-
proach, which is the given compensation current of the
APF. The results of simulation confirm the theoretical
analysis and illustrate the advantage of the proposed
method .

2 Brief of passivity
Consider a nonlinear system G:u(t) — y(t)
G_{x = f(x) + g(x)u,
: y = h(x).

The definitions are given as follows.
Definition 1 ( dissipative systems)
said to be dissipative with respect to the supply rate
s(u, y) if there exists a function V(x) = 0, called the
storage function, such that the inequality stands for all

shapes of the input function « :

V<s(u,y), YVt =0. (2)
It expresses the fact that the storage energy V(x(t)) of
the system G at any future time ¢ is at most equal to the
sum of the storage energy V(x(0)) at the start time and

(D

The system is

t
the total externally supplied energy Jos(u,y)dt during

the time interval [0, :]. Hence there can be no intemal
creation of energy and only internal dissipation of energy
is possible. So the inequality of dissipative can be writ-

ten as follows:
V(x(1)) < VxO) + [\sCup)de. (3)

If the supply rate is defined as s(u,y) = u"y, the defi-
nition of passivity and strictly passivity are given.

Definition 2 ( passive systems)
system G in (1) is dissipative with supply rate s(u,y)
= u"y and the storage function V with V(0) = 0, i.e.
for all t = O:

Suppose that the

V< uly. (4)
Then the system is passive.

Definition 3(strictly passive systems) A system G
is said to be strictly passive if it is passive and there ex-
ists a positive definite function Q (x) such that for all ¢
= 0:

V+Q(x)<uly. (5)
3 Model of APF

The generic diagram of the active power filter dis-
cussed in the paper is shown as Fig.1.

The shunt active power filter (SAPF) is considered as
an ideal controllable current source connected in parallel
with the main. And the load is represented as a Norton
equivalent circuit. So the equivalent circuit of SAPF is
shown as Fig.2. The v, is the supply voltage; Z, is the
impedance of the line, i,, i, i. is the supply current,
load current and compensation current respectively. The
current generator is the distorting current and Z; is
impedance in the equivalent circuit of the load.

supply load

ic | R L
APF

Fig. 1 Principle diagram of APF

The voltage source inverter is assumed to be driven by
a high performance current control, that is, the compen-
sation current i can track the referential signal i. , so we
only focus on how to generate the current references for
the active power filter current loop. In other words, the
work concentrates on the compensation strategies. Ac-
cording to Fig.2, assuming that the impedance is com-
posed of inductor L, and resistance R,, the model of the
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APF is built:
d. .
Lsats == Rs"s_ UL + v, (6)
v = ZL(is_ ic_ I:o).
A L
_— + iz
Is . l l io
Vs § l " 4
supply active load
filter

Fig. 2 Equivalent circuit of APF
4 PBC strategy
For the capacitive load, we can rewrite the model of

the system:
d. .
L, dite =~ R.i, — vy + v, -
oty - Bi i
LdtL_ RL s c 0

where the Cy and R are the equivalent capacitor and re-
sistance of the load respectively. On d - g coordinates,
the model is:

(L, 0 0 O e

0 L, 0 0 |q]isx

0 0 ¢ o d oyl

L0 0 0 (. V14

-R, -wlL, -1 0 ]
wl, —R, 0 -1 || ' 0 0
R ERER o
TR T o] | -1 0 [lig
1 Lo Lo -1
L 0 1 wCL _RL_
(1 0 0 ]
0 1|[ia 0 0 lod
+ . (8)
0 oflog [ -1 0 [Lig,
L0 O 0 - 14
Ly
i - i, v
let x = - ,u:[ ‘d],yz[ [d],then
V4 — log Vg
Uid R
Di = (J-R)x + Bu + Ew,
{ ©)
y = Cx,
where

J wL, 0 0 -1 T
0 0 - wCL ’
0 wCy, 0
"R, 0 0 017
0 R, 0 O 00
R=|o o L ol B=|"?
R, 1 0
(0 0 o RlL_ 01
0 0 L, 0 0 O
00 [0 L, 0 0
C" = , D= ,
10 0 0 C. O
0 1 0 0 0 C
10 0 O vy
g_|01 0 0 |
00 -1 0 iod
00 0 -1 iog
The storage function is defined as
V(x) = 52"Dx = %Lsi§+%CLv{. (10)

Then the passivity of the system can be proved.
2

V=— 2R, + u™y + vgi, — iovp - %. (11)
L

Suppose that the source supplies the dissipation of the

load, that is

of

v i, — oL — R, = 0, (12)
L
the passivity inequality stands
V< uly. (13)

The system is passive.

According to the passivity approach, the control law
can be designed. Leti, = i, — i) ,5, = v, — v and
i, ,o[ is the reference signal of the supply current and
load voltage. The model of the error is shown as fol-

lows:.

Di=(J-R)i+Bu+Ew-(Di* —(J-R)x*) =

(J-R)i + V¥, (14)
iy isd
i e
wherez = |- |, x* =| 1],
viq vrg
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W = Bu+ FEw-(Di - (J-R)x"). For the error
model, the storage function is defined as
1 1y 1, | P
Vi(x) = 52"DE = 5 L} + 5 Cudt, (15)

then

Vi=-%"Rz + ¥'x. (16)
R, as we know, is positive definite, then if we let ¥ be
the generalized control of the error system, the error sys-
tem of APF is strictly passive. V; taking the place of the
original storage function V is called energy shaping. On
the other hand, V, can be viewed as the Lyaponov func-
tion of the system. As a consequence, if we design the
control law properly to make V; < 0, the system is sta-
ble asymptotically, that is, ‘lir:; x = 0. The next step is
damping injection. Let ¥ = Kz, where K is a negative
definite matrix. The model of the error system is

D= (J-R+K)z. (17)
The desired equilibrium point in this control system is
the complete elimination of the harmonics and reactive

components in the mains. Hence the references of the

line current are i = Iq,iq = 0. We take iy = fdas
the RMS of the supply current, where P is the nominal
power of the load. As a result, the active component of
current remains and the phase of the supply cusrent is the
same as the voltage. By giving the reference current, we
get the reference voltage as viy = v — JaR v = vy -
wL,Iy. The desired equilibrium of the system is

[Id 0 1.1]_:1 vf;]

00 O 0
00 O
Let K = , where £ > 0, the
0 0 -k
00 0 -k
control law is given as
leg = - Crog - (Rl[‘ - k)vsd - wCLvsq +
) R, .
(w CLLs + F + kRs)Id — lod — kv[d,
‘ L
icq = - CL‘Iqu - (RLL - k)vsd + wCLvsd +
L
| (wCR, + “’T: + kL) Iy - igg — kvgg.

(18)

5 Simulation results

The simulations were conducted on MATLAB
SIMULINK. The threc loads were tested: capacitive
load, inductive load and changeable load, among which
a capacitive load was added to at 0.04 s and cut off at
0.06 s. The parameters of the simulation system were
chosen as: the impedance of the main is R, =0.19 {,
Ly =0.02 mH; the impedance on the line of active
power filter is R, =0.2(Q, L.=0.5 mH; the DC volt-
age is 800 V; the solid-state devices IGBT were used.
The switch frequency is 15 kHz. The nonlinear load is
simulated by a three-phase rectifier bridge. The load of
the rectifier bridge is 15 kW. When the load of bridge is
capacitive, the results of the simulation are shown in
Fig. 3. The controller can provide the line current har-

monics reduction and stable operation.
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Fig. 3 Result of simulation of capacitive load

In order to test the robustness and stability of the con-
troller, the load was changed to be inductive, but the
parameters of the controller were not revised. The simu-
lation results are shown in Fig.4. In spite of the varia-
tion of the load, the steady stability can be guaranteed.
It also attests the robustness of the strategy .
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Fig. 4 Result of simulation of capacitive load

For the sake of testing the dynamic properties, the ca-
pacitive load was inserted at 0. 04 s and separated at

0.06 s. The simulation results are presented in Fig.5.

300
200}

100

< o0
_100 9
_200 L

—3005 0.02 004 006 008 0l
t/s
(a) load current

150
100 t
50

=50
-100
—150,

0.02 0.04 0.06 0.08 0.1
t/s
(b) supply current

ilA
=

0.02 0.04 0.06 0.08 0.1
t/s
(c) compensation current

Fig. 5 Result of situlation of capacitive load

For the first case, the frequency analysis of the load
current and the supply current are done. The spectrums
of them are shown in Fig. 6 and Fig. 7. The results
present that the fundamental components in the supply
current are far larger than the load one, at the same
time; the harmonics in the load current are eliminated.
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100
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) 60
= 40
20
0

0 500 1000 1500
f/Hz

Fig. 6 Spectrum of load current
120

lslA
3

0 500 1000 1500
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Fig. 7 Spectrum of supply current
6 Conclusion

This paper has investigated a passivity-based control
for the APF systems. The proposed strategy is intended
to eliminate the harmmonics and reactive components of
the supply current with various loads and uncertain pa-.
rameters. For simplification, Norton equivalent circuit
takes the place of the load. The approach is based on the
model on dg coordinates. The passivity of the system is
stated at the beginning of our design. Compared with the
conventional compensation methods, the control by the
passivity approach ensures the globe asymptotical stabili-
ty regardless of the load parameters variations. The ro-
bustness and easy realization of the controller is also
shown in the results of simulation. The APF system with
passivity approach can compensate the hanmonics and re-
active parts of various nonlinear loads with stability and
robustness .
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