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1 Introduction

The Split-Capacitor-type Shunt Active Power Filter (2C SAPF) can be widely used
in low-to-medium-power applications of three-phase four-wire system because its
cost is lowest [1]. At present, a number of linear strategies for SAPF have been
reported in the literature, but the mathematical model of SAPF is nonlinear [2]. In
this paper, a nonlinear Passivity-Based Control (PBC) strategy based on EL model
is used to achieve globally stable operation of 2C SAPF, which satisfies the current
harmonic limits as specified by IEEE-519 [3, 4] and effectively maintains the
stability of the DC bus voltage. The principle and comparison with the traditional
strategies reveal the merits of the proposed strategy.

2 Modeling of 2C SAPF

The circuit in Fig. 1 is the considered system used to derive the model of 2C SAPF.
Selecting the current flowing through the inductor (L), the different and the total
DC bus voltage (AVy. and Y V) as state variables, the Kirchhoff’s law is used to
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PCC Nonlinear Load

2C SAPF

Fig. 1 The equivalent circuit of 2C SAPF

determine the mathematical model of 2C SAPF in abc stationary coordinate as
shown in (2.1).

Lf.ifa - Sa Z Vdc - Rfifa - VLa - (Z Vdc - AVdc)/2

Lei, = Sy ) Vae — Reiny — Vo — (32 Vae — AVae) /2

Lyige = Sc ) Vae — Reire — Vie — (32 Vae — AVie) /2 (2.1)
CrAVye = —(ira + iy +irc)

Ct 3_ Ve = ira + iy + ite — 2(Saita + Spim + Secirc)

where AVdcs ZVdC and Cf are giVCH by AVdc = Vdcl - Vdc2’ ZVdC = Vdcl + Vdc27

Ct = Cqy = Cp. And the switching function S; (for j = a, b, ¢) is defined as:
_ 1,8 is on and §; is off

5= {O,Sj is off and §; is on (2.2)

In the future work, the dq0 approach is used to describe the control strategy of
2C SAPF. Therefore, the mathematical model in (2.1) can be transformed into (2.3)
by using equal power transformation.
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Lita = Sa Y Vae—Rrita — Via + oLsig

Lf{.fq = Sq Z Vdc - Rfifq - VLq - (ULfifd

Leiro = (So — V3/2) 3> Vae — Reito — Vio + V3AVy /2 (2.3)
CiAVye /2 = —\/3ify /2

Ct > Ve /2 = —Sqita — Sqitq — (So — V/3/2)iro

where, o is the angular frequency of the power supply.
Letting us choose x = [x1, X3, X3, X4, xS]T = [ifa, ifg> ir0r AV EVdC]T, and then
rewriting (2.3) into the form of EL equation [5], as shown in (2.4).
Mx+Jx+Rx=u (2.4)
where M, J, R and u are given by:

M = diag{Lf,Lf,Lf, Cf/2, Cf/2}7 R = diag{Rf,Rf,Rf7070},

[0 —oL 0 0 —Sq V4
ol 0 0 0 —Sq Vi
J=10 0 0 —V3/2 —(So-V3/2) | u= |-V
0 0 V3/2 0 0 0
| Sa Sq (So—v3/2) 0 0 | 0
(2.5)

3 Principle and Design of PBC Based on EL. Model

The proposed strategy is based on passivity-based method. The main idea is that of
proving that the total increased energy of the system is less than that of the external
injection.

Assuming that the storage energy of the 2C SAPF is given as:

H(x) =x"Mx /2 (3.1)

The system is globally asymptotically stable if H(x) satisfies the following
inequality:

H(x) <u'y - Q(x) (3:2)
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where, the Q(x) is positive. Based on (2.4) and (3.1), H(x) derivative can be
expressed as:

H(x) =x"Mx =x"(u — Jx — Rx) = u"x — x"Rx (3.3)

From (3.2) and (3.3), we can see that if we choose y = x, Q(x) = x'Rx, the 2C
SAPF is globally asymptotically stable.

In order to achieve the purpose of PBC, that is to make each controlled variable
gradually reach its expected value, the definition of the error of x is given as:
Xeg =X — Xoep = [isa = ifg> itq = ifg» ir0 = G0 AVaer D Vae = 2 Vi IT, where ijy, if,,
and i, are the reference currents extracted from the nonlinear load, and ) V. is the
reference voltage of > Vy.. The equilibrium points of the system are found to be:
Xeg = 0. Then, based on (2.4), we can get:

Mieg + JXeg + RXeg =t — (MXret + JXrer + RXrer) (3.4)

Assuming that the error energy storage function of the 2C SAPF is given as:
Heg(x) = X!, Mxeg / 2 (3.5)

As long as the H,,(x) converges to 0, the x¢g can converge to 0, and at this time,
we can achieve the purpose of PBC.

In an attempt to increase the speed of convergence, the damping injection
method can be used to speed up the system’s energy dissipation, so as to increase
the speed of the system’s response. The injected damping dissipation can be
expressed as:

RaXeg = (R +R;)xeg (3.6)

where, the form of R, is the same as that of R, is given as: R, = diag{r,1, 7., 73,
0,0}. Then, (3.4) becomes:

Mixeg +RaXey =t — (MXper +JX + RXpes — RaXeg) (3.7)

In an effort to ensure the global asymptotic stability of the 2C SAPF, letting us
choose the control law of hybrid PBC as:

U = Mxret +Jx + Rxret — RaXeg (3.8)
At this time, based on (3.5), (3.7) and (3.8), the derivative of H,,(x) satisfies:

Heg (x) = xeTgM)'ceg = —xeTngxeg <0 (3.9)
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Then, based on (3.9), the switching function on dg0-frame can be deduced as:

S — Via—Leitg + Reify—ra1 (ira—ify)
0=
2 Ve
V],q + wLgigg JeriF —ra (iquiF )

S — 9q q

4 N (3.10)
S — 2V10—V3AVye + 2Riigy —2ra(in—if) | 3

"= D T
de

At this time, according to (2.3) and (3.10), we can get:

. L >
g = Ud ¥ gyp, Ud

s L -

Ity = lfq + Rt Ma (3.11)

s Li
ltg = U0 T R rg HO

It’s easy to see that the control law of PBC of (3.8) can make the compensating
current completely decoupled.

From (2.1) and (2.3), it can be seen that the compensating current and DC bus
voltage is closely related, so a regulation of the DC bus voltage is required. In order
to keep AVg. stable at 0 and ) Vg stable at Y V* dc, an outer control loop is
designed by a suitable PI regulator. The output of the AV, controller is added to the
d-component harmonic current i, 4, and the output of the > Vy. controller is added
to the 0-component harmonic current i; o, as shown in Fig. 2.

. . 4
iLa—> lLd: tL_dh>®7
iy —3 /z(xlb; qu= Hz:rm(:.mc irn AT
. i extraction |,
i —» q oy, 1Lon
Vaa  +
Vie - e s |
Ifd lfq if
\4 \ A A S, S,

l

I~
/

VLa—> I
V| ™ v,y | PBCofinner- | S /‘:“11)‘2 s,

Vie—s- /440 loop current
Vio S S,
A} A A
l‘fa_> ifa ifq i
i —p| abc

i, —»- /dq0

Fig. 2 Block diagram of the proposed control scheme
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4 Simulation Results

To verify the merits of the proposed strategy, a system of 2C SAPF based on this
and traditional strategy is simulated under the Matlab/Simulink environment, and
the THD of the source current under varying load and unbalanced voltage source
conditions is taken as the performance index. The simulation parameters are: the
nonlinear load Ry, =5 Q, L; = 20 mH; filter inductor and resistance L; = 5 mH,
R¢ = 0.3 Q; capacitor of DC bus Cy =5 mF; >V} =800 V; injection damping
Tal = Fap = Fa3 = 600 Q; the simulation time is 0.55 s.

Figure 3 shows the transient responses of 2C SAPF that adopted the proposed
strategy for a 100% step increase and decrease of the load at #; = 0.2 s and
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t, = 0.4 s, respectively. It can be seen that both the supply current and the DC bus
voltage exhibit a fast transient response under this sudden variation of load,
achieving stable operation of the 2C SAPF.

Figure 4 shows the steady-state simulation results of 2C SAPF that adopted the
proposed strategy before and after compensation when the phase of supply voltage
is 0°, —90°, 60°, respectively. The corresponding THD of the supply current has
reduced from 24.89 to 2.50, 2.32, 2.60%, which shows the effectiveness of the
proposed strategy.

Figure 5 shows the simulation results of 2C SAPF that adopted the proposed and
traditional strategy before and after compensation at b-phase grounding. The cor-
responding THD of the supply current using the proposed strategy has reduced
from 24.89 to 3.04, 2.67, 2.90%, while using traditional strategy in each phase of
THD decreased to 6.72, 7.58 and 6.62% respectively. In addition, the results further
show that compared with traditional strategy, the time of reaching steady state can
be reduced from 0.1 to 0.05 s when using the proposed strategy. They both show
the availability and significant advantage of the proposed strategy.
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Fig. 4 Response of 2C SAPF when the phase of power supply is unbalanced
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Fig. 5 Response of 2C SAPF at b-phase grounding

5 Conclusion

A hybrid PBC strategy for 2C SAPF has been proposed and implemented in this
paper. The observed performance has demonstrated the ability of the proposed
strategy of 2C SAF to compensate the current harmonics effectively under varying
loads and unbalanced power supply. It has also been shown that the proposed
strategy has a faster and better dynamic response than traditional strategy and is
able to keep the THD of the supply currents well below the mark of 5% specified in

the IEEE-519 standard.
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