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Table 1 Parameters of the system

Symbol Value
E,, - line to neutral voltage amplitude 50V

f— supply frequency 50 Hz
C;, C, — DC capacitors 750 pF

L —inductor 4 mH
r—inductor resistance 1Q

V. - reference voltage 250V

h - hysteresis band 0.1TA

k, — proportional gain 0.12

k; — integral gain 1.0

ke — imbalance compensation gain -0.05

Ts — sampling time 25 ps
load; — non-linear load res. and ind. 20 Q, 80 mH
load, — non-linear load res. and ind. 40 Q, 40 mH

When the source current regulation is achieved successfully, the
output voltage reaches to its reference (V.) indirectly. The value of
source current amplitude reference is determined by a PI controller
which operates as an outer voltage loop [10, 11]

L) =k,(Ve—v)+k (V. —v)dt 27
where k, and k; denote the PI gains, respectively.

3.4 Compensation of imbalance in capacitor voltages

It is mentioned in [14, 16] that there exists an imbalance in the
capacitor voltages (v.; and ve). One of the reasons of this
imbalance comes from a DC offset caused by the system’s initial
condition. The other reason is the non-equal capacitance values
(Cy # () in practice. Inspired from the method presented in [28],
this imbalance in capacitor voltages can be eliminated by feeding
back the imbalance variable (ve.=v.| —V.2), multiplying it by a
gain (k) and adding the multiplication result to i}, and i}, as follows

i;a,e = i:‘u + kevce (28)
i;b,e = flk:b + kevce (29)

where k. <0. In this case, the active filter currents (ix, and ig,) track
the modified references (ix, ., and if, ) instead of ij;, and i%,. The
capacitor voltage difference (v, =v.; —v.») utilised in (28) and
(29) converges to zero through imbalance compensation loop
action. Let us validate this mathematically. The capacitor currents
and their sum are given by

lge1 = = Palra — Pblpp
lgey = — (1= pigy — (1 = ppig, (30)
idcl + idc2 = (ipa + in) = ti

In the derivation of i +igep, it is assumed that C;=C,. The
capacitor currents in terms of switching functions and filter

Fig. 3 Non-linear load current waveforms
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Fig. 4 DC-link capacitor voltage waveforms

a Without imbalance compensation loop
b With imbalance compensation loop

currents are

lgel = —Palra — Polpp> lac
=—(1 = pip, — (1 = Ppligys iger +isger = —(ip, + ipp)
= ipe (31)

Equating (30) and (31) gives

dv, 1
ce _ — ) ) 32
dr Cl lF'c ( )

Now, adding (28) and (29) gives
it"a,e + i;i“b,e = i;a + i:"a + 2kevce (33)

Assuming that the filter currents track their references and
substituting (33) into (32) with the fact that ip, . + if, . = —if .
we obtain

Cce

dv, 1 .
dt - _C_l lpe — 2kcevce (34)

Taking Laplace transform of (34) yields

1
Ir(s) + m"ce(o) (35)

1
Vce(S) - Cl (S - 2kcc)
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Fig. 5 Current error of phase A and gate signals of S, and S, for

a Two-level HCC
b Three-level HCC

The solution of (35) in time domain can easily be obtained as
1
Veolt) = & ir (e v (0)e?hee! (36)
1

Clearly, v.(t) decays to zero for all ¢ since k.. <0.

4 Computer simulation results

In this section, the effect of imbalance compensation loop on the
capacitor voltages is first presented. Then, the simulation results of
the three-level HCC and the two-level HCC are discussed. Moreover,
the THDs of the three-phase source currents obtained by the proposed
control strategy are compared with the results obtained from
state-of-the-art using MATLAB/Simulink. The simulation studies have
been carried out by using the parameters as shown in Table 1.

The non-linear load group is modelled such that it draws
non-sinusoidal currents from the three-phase supply as shown in
Fig. 3.

Fig. 4 shows the start-up and dynamic responses of capacitor
voltages (v.; and v.,) and DC-link voltage (v.) when load, is
disconnected from PCC at +=0.5 s. Initially, the system starts with
both load; and load, which are connected in parallel. It is clear
from Fig. 4a that the capacitor voltages are not equal to each other
(Ve1 # ve2) when the imbalance compensation loop is not utilised.
When the imbalance compensation loop is activated, the
imbalance in the capacitor voltages is eliminated as shown in
Fig. 4b. This result clearly shows that the imbalance compensation
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loop acts correctly to eliminate the imbalance in the capacitor
voltages. Also, the oscillations seen on the total capacitor voltage
(v.) obtained without imbalance compensation loop are not visible
on v, when obtained with imbalance compensation loop.

Fig. 5 shows the current error of phase A (i.,,) and gate signals (g; and
g») of S, and S, obtained by two- and three-level HCCs, respectively. Itis
clear from Fig. Sa that the current error remains between the defined
upper and lower hysteresis bands by making a zigzag movement
between 2=+0.1 A and —0.1 A without having a zero level. Having a
zigzag motion of i, between two levels forces the switching devices
(S, and S,) to be turned on and off continuously. Eventually, this
would increase the switching frequency and losses.

In the case of three-level HCC as shown in Fig. 5b, the current
error makes a zigzag motion between three levels. When the
current error is negative, it changes between 2=—0.1 A and 0. On
the other hand, when the current error is positive, it changes
between #=+0.1 A and 0. With such switching scheme, S, is
turned on and off when the current error is negative, while S, is
always off and vice versa. Comparing Figs. 5a and b, the number
of pulses for three-level HCC is seen to be smaller than that of
two-level HCC for the same time interval from 7=0.1546 to
0.1554 s. This means that the three-level HCC leads to smaller
switching frequency than two-level HCC.

Fig. 6 shows the steady-state waveforms of three-phase source
currents obtained by three- and two-level HCCs using four- and
six-switch APF topologies. Figs. 6a and b show the source current
waveforms obtained by the three- and two-level HCCs using
four-switch topology, respectively. The THDs of phase A current
are computed as 1.81 and 1.54%. Though the three-level HCC
leads to a higher THD than that of three two-level HCC, it is still
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Fig. 6 Three-phase source current waveforms obtained by

a Three-level HCC-based three-phase four-switch APF
b Two-level HCC-based three-phase four-switch APF
¢ Three-level HCC-based three-phase six-switch APF
d Two-level HCC-based three-phase six-switch APF

below the IEEE-519 standard. The main contribution of three-level
HCC is that it offers smaller switching frequency compared with
the two-level HCC. Figs. 6¢ and d show the source current
waveforms obtained by the three- and two-level HCCs using
six-switch topology, respectively.

The THDs of three-phase source currents obtained by the proposed
control strategy are compared with the THDs of source currents
obtained by the four-switch two-level HCC and traditional six-switch
APF topology under two- and three-level HCCs. The THDs of phase
A current are computed as 1.81 and 1.54% which are equal to the
THD values computed for the four-switch case. The THD values
regarding the other phases obtained by three- and two-level HCCs
under four- and six-switch APF topologies are reported in Table 2.
As a consequence of using three-level HCC, the source current
distortions are only affected by 0.27% in phase A, 0.06% in phase B
and 0.07% in phase C which are still below the IEEE-519 standard.

5 Real-time control in software-in-the-loop
results

The performance of the proposed control strategy under four-switch
topology was investigated in a real-time environment. RT-LAB allows

Isar iy isc (A)
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d

for the distributed simulation of complex power systems. Specifically,
the proposed system is realised on a field programmable gate array
architecture using the Xilinx system generator toolbox.

Fig. 7 shows the steady-state waveforms of load current, active
filter current, source current and spectrums of load and source
currents for phase A obtained by the proposed control strategy.
Despite the highly distorted load current, the proposed control
strategy works correctly by injecting the required active filter
current to PCC so as to produce a sinusoidal source current as
shown in Fig. 7a.

The spectrums of the load and source currents are depicted in
Figs. 7b and c, respectively. It is clear from Fig. 7b that the load
current contains odd harmonics (3rd, 5th, 7th and 9th) which are
successfully eliminated by the proposed control strategy so that
they do not appear in the source current as shown in Fig. 7c.

Fig. 8 depicts the steady-state waveforms of three-phase source
currents and source voltage together with source current for phase
A. It is obvious from Fig. 8a that the proposed control strategy with
four-switch topology is able to control iy, and is,. When the control
of phases A and B currents are achieved, the control of phase C
current is done automatically. Also, it can be easily noted from
Fig. 8b that the unity power factor requirement is achieved
successfully.

Table 2 Comparisons of four- and six-switch APFs under three- and two-level HCCs

Topology Three-phase four-switch APF

Three-phase six-switch APF

Current control methods Three-level HCC, proposed

method

Two-level HCC

Three-level HCC Two-level HCC

THD of phase currents, %

THD of phase currents, %

THD of phase currents, % THD of phase currents, %

A B C A C A B C A B C
load currents 26.33 25.88 25.92 26.33 25.88 25.92 26.33 25.88 25.92 26.33 25.88 25.92
source currents 1.81 1.51 2.03 1.54 1.96 1.83 1.67 1.75 1.73 1.51 1.60
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Fig. 7 Steady-state waveforms of load current, active filter current, source current and spectrums of load and source currents for phase A
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Fig. 8 Steady-state waveforms of three-phase source currents and source voltage for phase A

a Three-phase source currents
b Source voltage and current for phase A (scale: 2 A/div, 20 V/div)
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Fig. 10  Dynamic responses of v., v.; and v.; when the load, is disconnected from PCC

a With imbalance compensation loop
b Without imbalance compensation loop

Figs. 9a and b show the dynamic performance of the proposed
control strategy under step changes in the load. Fig. 9a shows the
response of iy, ir, and is, when load, (40 Q, 40 mH) is connected in
parallel with load; (20 ©, 80 mH) at PCC and Fig. 95 shows the

AL, @ Stop M Pos: 50.00ms
+

Load Disconnected

W

In(t)

response of i ,, ir, and iy, when load, is disconnected from load;. It
can be seen that the dynamic response is reasonably fast in both cases.

Fig. 10 shows the dynamic responses of capacitor voltages
obtained with and without the imbalance compensation loop when
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Fig. 11 Dynamic responses of iy, and 1,,(t) when the load, is disconnected from PCC
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load; (40 Q, 40 mH) is disconnected from PCC. Initially, both load,
and load, are connected in parallel at PCC. It is clear from Fig. 10a
that both capacitor voltages are equal to each other which clearly
show that the imbalance compensation loop acts correctly to
eliminate the imbalance in the capacitor voltages. However, when
the imbalance compensation loop is removed, there exists an
imbalance in the capacitor voltages as shown in Fig. 105. In both
cases, the DC output voltage is stabilised successfully by the PI
regulator existing in the voltage-control loop.

Fig. 11 shows the dynamic responses of source current of phase A
and the time-varying reference amplitude [/,,(¢)] produced by the PI
regulator for a step change in load from (20 Q, 80 mH) to no load
(load; is disconnected from PCC). It is obvious from Fig. 11 that
the actual amplitude of the source current tracks its reference
amplitude before and after the load; is disconnected from PCC. It
should be noted that, before the load is disconnected, ,(f) is
non-zero which means that the load should draw a non-zero
current from AC supply. After the load is disconnected from PCC,
I,(t) converges to zero meaning that the load does not draw a
current from the AC supply.

6 Conclusions

In this paper, a three-level HCC strategy employing an imbalance
compensation loop is proposed for three-phase four-switch APFs.
It is pointed out that regardless of the control strategy the
four-switch topology offers a reduced cost than what would be
achieved in the widely used six-switch topology. The four-switch
APF is controlled by using three-level HCC strategy. An important
consequence of using HCC strategy is that it enables access to the
zero level of the input voltage of the active filter so that a
switching device is only switched when the current error is
negative, while it remains off when the current error is positive.
The three-level HCC strategy not only maintains the advantages of
conventional two-level HCC such as higher accuracy, fast dynamic
response, robustness and simplicity in the implementation, but also
offers additional advantages such as reduced switching frequency
and switching losses. Furthermore, the additional feedback term,
which involves the difference in the capacitor voltages multiplied
by a suitable gain, is added into current control to eliminate the
imbalance in the capacitor voltages. Simulation and experimental
results are presented to demonstrate the steady-state and dynamic
performance of the proposed control strategy.
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