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two modules are shown in Figs. 14a and 14b. Their
resultant currents can track the load harmonic cur-
rents well, resulting in the harmonic components of
the grid currents iy, iy, I being close to zero
(Fig. 144d).

Table 4 Harmonic component comparison

Harmonic irn (% of the fundamental component)
order Before compensation  After compensation
5t 22.36 0.48
7t 10.51 1.02
11t 8.08 0.93
13t 5.06 0.53
17t 4.24 1.05
19" 2.60 0.68

5.2 Steady-state compensation experiment with
unbalanced loads

The experimental study was further extended to
investigate the performance when compensating for
unbalanced nonlinear loads. Three types of asym-
metric loads are set up: (1) a parallel 20- :
between phases a and b; (2) an open circuit of phase c;

resistor

(3) an open circuit of phase ¢ and a 4-: resistor in-
stalled in series in phase a. The schematic is shown in
Fig. 5.

Fig. 15a shows that when paralleling a 20-:
resistor between phases a and b, the equivalent
impedance of phases a and b becomes diminished,
resulting in a current increase. According to the
split-phase control, the detected and produced refer-
ence signals of phases a and b will be larger than that
of phase c¢. Thus, the compensation currents of phases
a and b should be greater than that of phase c. Fig. 15b
shows that due to the open circuit of phase c, its
compensation current is nearly zero and it does not
affect the performance of the other two phases.
Fig. 15¢ shows that when a 4- : resistor is in series in
phase a, its equivalent impedance is increased, re-
sulting in a current decrease. Similarly, the compen-
sation current of phase a will be smaller than that of
phase b. Table 5 lists the THD of grid currents under
unbalanced conditions.

By observing the three-phase grid currents in
Fig. 15, the waveforms of the grid currents are all
purely sinusoidal and the corresponding THD
decreases obviously after compensation, which
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Fig. 15 Compensation waveforms with unbalanced
loads: (a) a 20-: resistor between phases a and b; (b) an
open circuit of phase c; (c) an open circuit of phase ¢ and
a 4-: resistor in series in phase a

validates that although the three-phase load configu-
rations are asymmetrical and even lacking one phase,
the SAPF system can still compensate for the load
harmonics effectively based on split-phase control.
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5.3 Dynamic experiment with sudden load change

To validate the dynamic response of the multi-
modular SAPF system, a load changing experiment
was carried out. The most serious situation in which a
load capacity changes sharply from zero to 100% is
set up. Fig. 16 shows that when the load is turned on
suddenly, these two modules respond almost at the
same time and then compensate for half of the total
load harmonics separately, which demonstrates that
the synchronization between the modules is excellent.
Meanwhile, the grid current is compensated for to an
ideal sinusoid in almost one fundamental period,
which indicates that the compound control strategy
achieves good dynamic performance.

Table S Compensation performance under unbal-
anced conditions

THD (%)
Condition  Phase Before After
compensation  compensation
a 22.51 3.73
1 b 22.32 3.40
c 28.50 2.77
a 23.96 2.79
2 b 23.76 2.64
c _ _
a 16.42 2.36
3 b 10.55 2.08

o

5.4 Dynamic experiment with a phase fault based
on a conventional fault-tolerant control strategy

Fig. 17 shows the experimental results for the
output currents and grid currents of a two-modular
SAPF system during the occurrence of a fault in
module 1 phase a. The fault occurs at #. It shows the
effect of the conventional fault-tolerant control
strategy, which can be regarded as a comparison for
the proposed fault-tolerant approach.

According to the conventional remedial strategy,
once a phase fault occurs, the whole module will be
out of service (Fig. 17a). After the monitor detects the
malfunction in module 1, module 2 will receive the
double distribution coefficient and control its three
phases to output the double compensation currents
(Fig. 17b). After the activation of the upper strategy,
the three-phase grid currents return to the same qual-

ity as that before the fault occurrence (Fig. 17¢). Yet,
during the activation process, the grid power quality
becomes deteriorated and the three-phase THDs de-
crease to 9.27%, 11.30%, and 8.96%, respectively
(Fig. 17d). This is due to the bus communication
delay, coefficient updating calculation, and the dy-
namic response delay of the tracking unit. Note that a
single-phase fault will affect the entire multi-modular
system performance and also waste the remaining
usable power devices when adopting the conventional
strategy.
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Fig. 16 Dynamic waveforms of a changing load

5.5 Dynamic experiment with a phase fault based
on the proposed fault-tolerant control strategy

Fig. 18 shows the experimental results based on
the proposed fault-tolerant control strategy. The fault
mode is introduced at ¢;. After the fault occurs, phase
a is isolated separately. The controller blocks the
PWM signals from phase a but keeps generating the
other two phases’ PWM signals and driving the re-
maining power semiconductors, resulting in a con-
tinuous operation of phases b and ¢ (Fig. 18a). At-
tributed to the real-time bus communication and cen-
tralized control, the distribution coefficient k, , will be
renewed to double. Thus, phase a will output the
double currents, which means that phase a in module
2 will undertake the compensation capacity of phase a
in module 1. Due to the independent phase coefficient
updating and split-phase control, the normal phases’
reference signals will not change and their outputs
will be the same as before (Fig. 18b). Thus, for the
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Fig. 17 Waveforms based on the conventional fault-tolerant strategy: (a) module 1 output currents ic,, icp 1, and ic.;;
(b) module 2 output currents ic,;, icp2, and ic.,; (¢) grid currents iy, iy, and i;; (d) zoomed grid currents during the
strategy activation (References to color refer to the online version of this figure)
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Fig. 18 Waveforms based on the proposed fault-tolerant strategy (one phase malfunction): (a) module 1 output cur-
rents ic, 1, icp1, and ic.;; (b) module 2 output currents ic,,, ics2, and ic.,; (¢) grid currents i, iy, and is.; (d) zoomed

grid currents during the strategy activation (References to color refer to the online version of this figure)

entire multi-modular SAPF system, only phase a will
experience a capacity adjustment process. This avoids
a fluctuation in the other two grid currents and guar-
antees the whole system compensation quality as
much as possible (Figs. 18c and 18d). Compared with
the conventional strategy, the proposed fault-tolerant
strategy has a better disbursement of power loss and a
higher reliability.

The experiment was further extended to validate
the performance when faults appear in two phases

simultaneously. Assume that phases a and b break
down at #,. Fig. 19a shows that phase ¢ of module 1 is
under a sustained operation because of the separate
isolation and blocking of the faulted phases a and b.
Similarly, with the effect of bus communication and
split-phase control, phases a and b of module 2 re-
spond and adjust the outputs while phase ¢ maintains
stability (Fig. 19b). Thus, the three-phase grid cur-
rents are still symmetrical and well compensated
(Fig. 19c). Based on the proposed fault-tolerant
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Fig. 19 Waveforms based on the proposed fault-tolerant strategy (malfunction of two phases): (a) module 1 output
currents ic,, icp1, and ic.;; (b) module 2 output currents ic,p, icpa, and ic.,; (¢) grid currents iy, iy, and ig;
(d) zoomed grid currents during the strategy activation (References to color refer to the online version of this figure)

control strategy, the performance deterioration for the
three phases can be reduced to just two phases
(Fig. 19d). In other words, if the two faults do not
appear in the same phase, the two-modular SAPF
system can always operate normally and the
three-phase compensation performance will still be
perfectly ensured. This is the biggest benefit of
split-phase control and it can be verified as effective
when extended to a multi-modular system.

6 Conclusions

In this study, a multi-modular SAPF system has
been introduced and a novel fault-tolerant control
strategy has been proposed. The advantages of
structural consistency and functional compatibility
have been shown to improve the coordination control
among the modules. Each module’s reference signal
was obtained by multiplying the total reference signal
by the respective distribution coefficient. Due to the
three-phase four-wire configuration, the control sys-
tem was decoupled into three independent phases in
the a-b-c frame and split-phase control was imple-
mented. When a fault occurs, unlike a conventional
fault-tolerant method, the proposed approach just
isolates the faulted phase and transfers the compen-
sation capacity to the same phases of the other normal
modules through real-time bus communication, re-
sulting in the continuous operation of the faulted

module and optimization of the remaining usable
power devices. We also validated that as long as a set
of integrated three-phase circuits exist, the whole
system can still operate normally, and the compensa-
tion performance can be guaranteed. The post-fault
circuit analysis and system stability dissection also
demonstrate that even if the controller performance
deteriorates a bit due to the circuit reconfiguration,
the tracking accuracy and the system reliability are
still high enough within the 2.5-kHz frequency band.
Finally, various kinds of experimental results have
verified the feasibility and validity of the proposed
system and its fault-tolerant control strategy.
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