Selective Active Filtering for Four-Wire Loads:
Control and Balance of Split Capacitor Voltages

Gonzalo Casaravilla, Gabriel Eirea, Gabriel Barbat, José Inda and Fernando Chiaramello
Instituto de Ingenieria Eléctrica - Universidad de la Republica
Julio Herrera y Reissig 565, CP 1300, Montevideo - Uruguay
Email: [gep, geirea, gabarbat, joseinda, fchiara]@fing.edu.uy

Abstract - This paper presents a controller for the DC voltages
on the split capacitor topology for a four-wire selective active
filter. A simple model for the dynamics of the two capacitor
voltages is derived under the assumption of time-scale separation
between the dynamics of the inverter currents and the capacitor
voltages. The controller proposed is based on physical principles
and can be easily integrated with existing four-wire active filter
controllers based on instantaneous reactive power (p-q) theory.
Simulations and experimental results illustrate the benefits of the
solution proposed.

I. INTRODUCTION

Selective active filters are used for compensating perturba-
tions introduced by nonlinear loads in the utility network in
the form of reactive power and harmonic distortion. In the case
of unbalanced loads, a homopolar current is also introduced in
the neutral wire. In order to eliminate this undesirable current,
a four-wire selective active filter can be used, either by adding
a fourth leg to a voltage source inverter (VSI) or by using
the split capacitor topology. The latter is a more economical
solution but presents the challenge of controlling both the
total DC voltage and the voltage balance between the two
capacitors.

Previous works have shown ways to control shunt active
selective filters [1] [2] (series and parallel methods) depending
on the selected control type [3]. These works are typically
about three-wire circuits, where homopolar currents are not
considered. From the expression of homopolar currents as a
sequences function [4] shown in (1), it is evident that channels
iq(t) and ig(t) are completely decoupled from i, (¢). In par-
ticular, homopolar channel i,(¢) only depends on homopolar
harmonic components Ij,.
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Fig. 1. Selective filtering scheme including the homopolar channel.
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Fig. 2. Selective filter basic cell (SFBC) and its symbol.

Therefore, filtering the homopolar component can be
achieved by adding a separate filter to the homopolar channel
as shown in Fig. 1. This selective filtering scheme was
proposed in [5] and is based on the selective filter basic cell
(SFBC) [6] [7] shown in Fig. 2.

An alternative way of controlling a four-wire shunt active
filter was presented in [8], in which a nonlinear model-based
controller is proposed. There are, however, no clear guidelines
for selecting the controller parameters.

This paper extends the results in [S] by presenting a detailed
analysis of the DC voltages regulation loop. A small-signal
dynamic model is derived in Sec. II. The model shows that
the dynamics of the total voltage and the dynamics of the
difference between the two capacitor voltages are decoupled,
so the design of the controller is simplified. Simulation and
experimental results are presented in Sec. III.
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II. CONTROL OF THE DC VOLTAGES
A. Control Strategy

The four-wire VSI used is shown in Fig. 3. In order to
control the total voltage Vpe = Vpei1 + Vpez and to
balance voltages Vpcoi1 and Vpea, a new decoupled strategy
was proposed in [5]. The controller is shown in Fig. 4. The
compensation signals p* and i," are utilized as shown in
Fig. 5.

This control strategy is based on physical concepts. In order
to control Vpe, active power (in fact instantaneous active
power D) is subtracted or added to the busbar. This is achieved
by injecting the p* control signal in the p channel of the last

Multiple bandpass filter

Fig. 5. Complete four-wire selective filtering control strategy including

control of the DC voltages.

SFBC (labeled as +1) that controls the amount of positive-
sequence fundamental current in phase with the grid voltage.
On the other hand, in order to balance Vpc1 and Vpeo, i), (in
fact i,) is drained from the middle point of the capacitors. For
example if the difference between Vpei1 and Vpeo (relative
to Vp¢) increases, the control drains a current ¢ that tends
to increase Vpco and reduce Vpeo.

In the next subsection, a simple small-signal model for the
dynamics of the DC voltages is derived. It is shown that this
control strategy creates two decoupled loops. The model is
also shown to be useful for optimizing the performance of the
control loop.

B. Analysis of the Control Loop

The dynamics of the capacitor voltages are usually much
slower than the dynamics of the VSI currents. Under this
assumption, the VSI can be represented as a static mapping
from the reference currents to the actual currents. As shown in
Fig. 5 the VSI references are the desired filter currents ip,,
irg and i), which the inverter is going to follow with an
internal current control method that is of no interest in this
derivation. Without loss of generality, the p-q transformation
can be lumped into the VSI and therefore it can be assumed
that the VSI references are actually pr, gr and 7}n. On
the other hand, the actual currents on the VSI will affect
the capacitor voltages. The outputs of interest for feedback
purposes are Vpco1+Vpeog and % as shown in Fig. 4.

In spite of its complexity, the filtering mechanisms in Fig. 5
are actually of no relevance to the DC voltage control loop. In
fact, they are located in the feedforward path so the reference
signals they generate can be considered external perturbations
with no effect on the performance and stability of the feedback
loop. To clarify this concept, the control loop is redrawn as in
Fig. 6.

For the purpose of analyzing the feedback loop it is neces-
sary to derive the mappings from the commanded active power
and the commanded homopolar current to the VSI currents on
the DC side. Then, those currents are applied to the capacitors
to derive the output voltages as illustrated in Fig. 7. The total
active power at the VSI DC-side can be computed as

Pr = ic1vct + icavce. “4)
The neutral current is
in =1c1 — ic2 (%)

where i, = V/3i, (Clarke transformation).
From (4) and (5), the capacitor currents are

. p} + inVe2

o1 = ———————
Vo1 + Vo2

. p}; - Z'n'UC‘l

icy = . (6)
ve1 + vee

This implies that the dynamics of the capacitor voltages are
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The equations are nonlinear, so a small-signal model will
be derived by linearization. The operation point (noted with
capital letters) is given by X1 = Vpcorer, Xo = 0, Pp
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where the relationship i,, = \/gij; was used. Here, 4} is the
homopolar current at the inverter side of the transformer. If

the load homopolar current is measured, then the transformer
ratio must be considered.

The outputs are defined as y; = x; and y» = i—f The
small-signal relationship is then
1 0
S I e (10)
Y2 VDCref X2

From (9) and (10) the two-input two-output transfer function

is
} (11)

It is then confirmed that this control strategy actually decou-
ples the two loops and the controller design reduces to two
standard single-input single-output (SISO) loops with a first-
order plant on each.
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III. SIMULATIONS AND EXPERIMENTAL RESULTS

In this section simulated results made with Simulink and an
experimental validation of the implementation of the control
in the DSP TM320F2812 (kit F2812 eZdsp) are shown. The
VSI current control is hysteretic at a regular sampling period.

Data: Vpcores = 340V, C = 4400uF, grid voltage
U = 380V, grid frequency f = 50Hz, L = 10mH. The
transformer indicated in Fig. 3 has a ratio of 220 : 55 = 4.
The sample and control frequency was f,,, = 20kHz (400
samples for each grid cycle) so 7, = 50us. The time delay
introduced by the DSP depends on the number of harmonic
sequences being filtered, and is equal to 16.2us plus 2.8us
per homopolar sequence and 3.2us per positive or negative
sequence.

Having in mind the commutation losses, this sampling and
control frequency is equivalent to a f,,, = 20kHz/2 = 10kH z
averaging PW M current control.

Figure 8 shows the selective filter operation for a dim-
merized resistive load. The line current is shown before and
after applying the filter. Three different configurations of the
selective filter are shown: filtering all harmonics (up to the
17th), filtering only Sth and 7th harmonics, and filtering only
the homopolar multiples-of-3 harmonics. No passive filters
were used in this experiment.

The small-signal model (11) is validated with a simulation
of the DC voltage response to a step in the reference voltage.
The PI controllers were tuned to achieve a bandwidth of 10H z
and a phase margin of 45°, using standard techniques based on
the small-signal model. The bandwidth was selected such that
the voltage regulation loops do not interfere with the proper
functioning of the filter; a justification for this is included in
the appendix.

The output of the small-signal model is compared to that of
a full switched model and experimental results in Fig. 9. The
correlation between the models and the experimental results
is very good.

Figure 10 shows the responses of both the total voltage
Vbe1 + Vpee and the difference Vpeo1 — Vpes to a step in

4638



gy -
100
current
(a) o 50 |
voltage / I
e - _,_l_l_l_l_l_l B_N.n.n
-340 385 7 89 11 1531517 18 21 23 25
340y x
M )
(b) 0 MIUH“M . .
4 el dod d b D B _B_§
_340 35 7 89 1 131517 19 21 23 25
3401 s b
(c) 0 gt 2 ey 50 |
- _.I.-II-.II. h n.§
_3a0 385 7 89 11153151 9 2 23 25
40y s
M |
(d) ] MM Wa -
4 -I_I..I_l. Bl .00 _n.n.n
-340 1 3 5 7 8 1 1315 17 19 21 23 25
Fig. 8. Load current and selective filtering. Left: voltage and current waveforms; right: line current spectrum. (a) Load current without filtering. (b) Filtering
all harmonics up to the 17th. (c) Filtering Sth and 7th harmonics. (d) Filtering homopolar multiple-of-3 harmonics.
Response to a step in V. ¢ Response to astepin AV, o
356l ] 360 360
[ S
354 ig} 350 350
3521 4
8 340 340
350
e
o 348} 330 330
.8 -0.5 0 0.5 1 -05 0 05 1
5 346)
a
> 20 20
3441
S
342 - <, 10 10
experiment 8
a0k e switched simulation| | =
averaged simulation 8 OWWMWWWWWM 0
338 1 >
0 0.05 0.1 0.15 0.2 0.25 03 -10 -10
-05 0 0.5 1 -05 0 05 1

t(s)

Fig. 9. Step response of the total voltage Vpc1 + Vpce2 to a change in the

reference value. The small-signal model is compared with a switching model
and experimental results.
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the reference for each loop. The decoupling between the two
becomes very clear, in agreement with the model (11).

In Figs. 9 and 10, the experimental voltage shown was
acquired with the DSP that introduces noise due to the signal
conditioning circuits.

IV. CONCLUSIONS

This paper presents a controller for the DC voltages on
the split capacitor topology for a four-wire selective active
filter. The main contribution of the paper is the derivation of
a small-signal model for the dynamics of the DC voltages in
the two capacitors. This model enables the definition of the
controller parameters using standard techniques for LTI SISO
systems. The benefits of this approach are illustrated with
simulations and experimental results. Further, the appendix
presents a theoretical justification for selecting the bandwidth
of the voltage control loops, also illustrated with experimental
results.

APPENDIX

This appendix shows that, under normal operation, the
voltage at the capacitors have a ripple which has a frequency
that depends on the current harmonic sequences being filtered.
The results included in this appendix are useful to define the
bandwidth of the voltage control loops such that they do not
interfere with the normal filter operation.

First, harmonic expressions for power and homopolar cur-
rent are derived. Next, the effect of the oscillatory part of these
expressions on the capacitor voltages is derived.

The three-phase power in a four-wire system is

(12)

where p is the instantaneous power as defined in the p — ¢
transformation, and pg is the instantaneous homopolar power.

In steady-state, the instantaneous values py and p have
average values of py and p respectively. Then, the oscillatory
values py and p are defined such that

p3=po+p

(13)
(14)

Po = Po+po

p = p+p
Expressions for pg, po, p and p as a function of the harmonic
sequences (positive, negative and homopolar) of voltage and

current in the three-phase system were presented in [4], [9]
and reproduced here:

= > +3Vonlon cos(don — don) (15)

n=1
po(t) = (16)

Z 3%7n107z COS[(wm - wn)t + ¢0m - 60"}}
=1

— {Z 3Vom Lon cos[(Wa, + wy )t + dom + 50n]}

n=1

plt) = > 3Vinlincos(din —0in) +
n=1
D VoI cos(¢n —6-n) (17)
n=1
pt) = (18)
Z {Z 3V+m[+n COS[(w'm - wn)t + ¢+7n 6+7L]}
::;é n=1
+Z {Z 3V_ Iy cos[(wp, w,L)t+¢_m5_n}}
Jfl:;i =1
— Z {Z 3V —p cos[(wp, + wp )t + pgm + 0— ]}
— Z {Z 3V_ i cos[(wp, + wp )t + ¢ + 6+n}}
m=1 (n=1
where wp = kw is the k-th harmonic frequency, V.,

V_i and Vy; are the amplitudes of the positive, negative
and homopolar k-th harmonic sequences respectively (same
notation for currents), and ¢, and J, are the angles for the
corresponding harmonic sequence component for voltages and
currents respectively.

Finally, the homopolar current is expressed in terms of the
corresponding homopolar sequences:

Z \/61071 sin(wnt + 6On)

n=1

(19)

A. Homopolar sequence

In case of using the inverter to filter a unique homopolar
sequence of index n, from (19) the current can be expressed
as

io(t) = V61, sin(wnt + don) (20)

Since there are no positive nor negative current harmonic
sequences, from (17) and (18) p is zero which implies p3 = po.
Then, from (15) and (16) p3 is

p?)(t) = S%HIOn COS((bOn - 6071)
- S%nIUn COS[(wn + wn)t + d)Un + 5071] (21)

Assuming the inverter has only an inductive load (decou-
pling impedance between the inverter and an ideal electric
network) and setting arbitrarily do,, = 0, then ¢g,, = 7/2. The
final expressions for the homopolar current and the power are

io(t) = V61, sin(w,t) (22)
p3(t) = —3Von Loy cos[(2w,t) + 7/2] (23)

For example, if n = 3 (filtering the third harmonic of the
homopolar) then iy has a 3rd harmonic and p3 a 6th harmonic.
When these inputs excite the system described by (8), the
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Fig. 11. Voltage ripple generated by filtering the homopolar 3rd harmonic

sequence.

resulting voltages v and veo have a dominant ripple with
a 3rd harmonic with opposite phases, and the 6th harmonic
appears in the total voltage vy + voe due to the cancellation
of the 3rd harmonic between vcq and veo. This is illustrated
by the experimental results shown in Fig. 11.

B. Positive/negative sequence

In this case the homopolar current is null, so iy(¢) = 0.

As in the previous section, the impedance seen by the
harmonic sequences is a pure inductance, for a given [.,,
there will be a corresponding V.,,. Then,

p(t) = +3Vinlip COS(d)ﬂ:n - 5in)

Setting arbitrarily d4,, = 0, then ¢+,, = 7/2 which results in
p(t) = 0.

Since the three-phase system is ideal, there is only V4, so
from (18)

ﬁ(t) = pS(t) = i3V+IIiTL COS[(wl q:er)t+¢+1 :F(;i'rJ (25)

For example, if the harmonic sequence —3 is filtered, then
p3 will have a frequency component at w; + ws = w4 which
implies an oscillation at 4 x 50H z = 200H z. Similarly, if the
sequence +3 is filtered, the oscillation at p3 will happen at
100H z.

Since ip = 0, the solution to (8) is simpler than in tt
previous case and can be computed analytically. Clearly tt
difference between the voltage on the capacitors is zero ¢
vel(t) = ve2(t) = % Let pys be the amplitude of p3 :
given in (25), and let arbitrarily choose ¢+1 F 0+, = 0. The
the result is

24)

pyu = E3Viili, (2
_1cC 9 )

e(0) = 3 5116(0) 2
i, 1

ve(t) = \/C [wl sin(wy F wy )t + 6(0):| (2

where v (0) is the initial value for the total voltage on the
DC bus.
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Fig. 12.  Voltage ripple generated by filtering the positive 3rd harmonic

sequence on Vpc1 + Vpea.

TABLE 1
CAPACITOR VOLTAGE RIPPLE FREQUENCY

| On | +n | -n
vo1t+vee | 2n | n—1 | n+4+1
Vo1, Vo2 n n—1 n+1

vc1 — V2 n - -

This result implies that the ripple at the capacitor voltages
has the same frequency as that of p3, namely w; F w,. In
Fig. 12 experimental results are shown when filtering the +3
harmonic sequence; as expected, a ripple at 100H z appears at
the DC bus voltage.

C. Combination of Sequences

Although the system is non-linear, it was shown that
to a first-order approximation the dynamics are decoupled.
Therefore, superposition can be applied to a certain extent.
It is concluded that the harmonic components present in the
capacitor voltage ripples will be given by the results of the
previous analysis, summarized in Table 1.

These results are illustrated with the experimental wave-
forms shown in Fig. 13, in which both the homopolar 3rd
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Fig. 13.  Voltage ripple generated by filtering the homopolar 3rd and the —5
harmonic sequences simultaneously.
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and the —5 harmonic sequences are being filtered. As a
consequence, a 6th harmonic appears at the total voltage, and
a superposition of a 3rd and a 6th harmonic appears at the
individual capacitor voltages.

Concluding, for a given selective harmonic filter, the min-
imum frequency of the voltage ripple can be computed. This
provides an upper bound for the bandwidth of the voltage
control loops.
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