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This paper aims the implementation of the control techniques for shunt
power active filters and the achievement of a comparative study
regarding the performance achieved by these techniques both in
simulation and on an experimental active filter. The experimental active
filter is using the dSpace DS1103 DSP board for the control section so
different methods for the compensating current computation as well as
for the DC-Link voltage and output current control can be investigated.
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1. Introduction

The shunt power active compensators requires for their operation the use of
control loops in order to obtain both the instantaneous value of the compensating
current and the voltage on the compensation capacitor. Usually, hysteresis regula-
tors are used for the current control and PI controllers for the voltage control, but
the latest research trends are to replace the hysteresis current controllers with PI
regulators using the triangular carrier PWM modulation. The feasibility of this tran-
sition is investigated in this paper.

Further in the paper, the 2™ section presents the adopted compensating cur-
rent computation method, in this study, the Conservative Power Theory. The 3™
section describes the closed loop current control techniques which are to be inves-
tigated. The Simulink model of the virtual active filtering system is presented in the
4™ section, in which the simulation results are also described, for a typical nonli-
near load, and the power quality indicators. The 5™ section presents the experi-
mental setup as well as the experimental results, in order to validate the virtual
results and to have a complete image of the study. Finally, the 6™ section is for
conclusions.
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2. Reference current computation using CPT.

In order to calculate the compensating current, the CPT theory was used,
where the active and reactive currents are defined in such way so they are equiva-
lent to a balanced load absorbing the same active power and reactive energy of
the actual load [1].

Each current component was defined as follows [1]:

- Balanced active current:
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where:
- G"is the equivalent balanced conductance.
- Balanced reactive current:
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- a =W~U;u(t )dt —%J'OT J:u(t )dt dt} is the time integral;

- W is the three-phase reactive energy absorbed by the load and B is the
equivalent balanced susceptance.
The compensating current will be calculated from the load current depending
on the compensation goals, as follows:
- Unity power factor — the active filter will compensate the entire non-
active current:

e =i —i, 3)

- harmonics compensation — the active filter will compensate only the dis-
torted component:

i_F :i_L_i_a_i.r (4)
3. Active filters control methods.

The active filters performances depend on the reference currents computation
method as well as on the current and voltage control loops [2][3]. The block dia-
gram of the inner current loop and of the outer voltage loop is illustrated in Fig. 1.
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Figure 1. The active filtering system block diagram.

The voltage control loop is necessary to maintain the compensating capacitor
voltage to an imposed value, dependant on the power to be compensated. The
voltage regulator is always a Pl regulator, its output being the amplitude of the
active current to be absorbed by the active filter (to charge the compensating ca-
pacitor to the working voltage and to cover the power inverter losses). This active
current is obtained multiplying the voltage regulator output by a unitary amplitude
current in phase with the grid voltage. The voltage loop operation directly influ-
ences the performance of the active filter [3].

Regarding the inner current loop, two current controllers are typically
adopted:

- hysteresis current controller

- Pl current controller.

The first case is widely adopted because of the hysteresis controller simplicity and
robustness. In this case, no regulator tuning is required, the controller operation is
not affected by the system structure changes, but the working frequency is varia-
ble and dependent on the current slope [5].

The second case is rarely used because the Pl regulator tuning process is dif-
ficult, and the current loop operation with the voltage loop can cause problems. On
the other side, the working frequency is constant, which is an advantage in the
power inverter and interface filter design. So, the PI current controller, correctly
tuned, can give very good results [2].
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4. Virtual implementation of the active filtering system

Because the results obtained by simulation are compared to the experimental
results, in order to have a relevant comparison, the virtual system has the same
components as the experimental one, grouped in masked blocks.

4.1. The Simulink Model of the active filtering system

The virtual model is a Matlab Simulink model containing all the components in
Fig. 1, and it was constructed using SymPowerSystems blocks for the power sec-
tion (like the power inverter, the interface filter, the nonlinear load, etc). The mod-
el main components are: the power inverter (with 100A, 1200V IGBTs); the inter-
face filter (first order inductive filter, L=4.4mH); the compensating capacitor
(C=1100uF / 800V); the nonlinear load (three-phase full wave rectifier connected
to the power grid through a Y-Y transformer 380/240V); the control algorithm of
the active filter which is a distinct Simulink block which contains all the necessary
computing blocks for the implementation of the [6]:

0 Compensating current computation using the CPT;
0 The output current and the DC-Link voltage regulating loops;
0 Auxiliary blocks for the active filter start-up process control.
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Figure 2. The active filtering system virtual implementation




4.2. The virtual system results

The virtual determinations were obtained considering the following initial con-
ditions:

- The DC-Link voltage control loop is the same for the both current control me-
thods (hysteresis and PWM).

- The power grid voltage is non-sinusoidal — the voltage THD is 4.47%;

- The current absorbed by the nonlinear load was set at 15A on each phase.

- Because of the high slope of the rectifier current, measured at the PCC despite
the transformer inductance, after the compensation the current still retain
these slopes, for the 4.4mH interface filter. Consequently, the current total
harmonic factor is altered and the comparison between the filter current con-
trol methods cannot be accomplished. In order to solve this problem, series
reactances were added to reduce the rectifier current slope. In this case, the
load current THD is 22.34%.

The power grid voltages and currents without compensation, considering these
conditions, are illustrated in Fig. 3. From the harmonic spectrum of the load cur-

rent in Fig. 4 it can be observed that the important harmonics are the 5™, 7", 11"

and 13", all other harmonics being insignificant.

4.2.1 The hysteresis current controllers

When the hysteresis current controllers were put to the test, the compensated
current waveform that has resulted, for the partial compensation, can be observed
in Fig. 5. The hysteresis band was calculated using [5]:

hyS — 2 8U DfC—Link , (5)

SW max

where the considered maximum value of the switching frequency is 7500 Hz and
the DC-Link operating voltage is 700 V, giving a hysteresis band of 58.3 mA.

In order to have relevant results, the maximum simulation step-time was re-

stricted to the dSpace time step (which is 20us), so the resulted hysteresis band
exceeded the prescribed value to about 4.45 A. The minimum and the maximum
switching frequency is 5.42 kHz and 19.2 kHz, respectively. The filtration efficiency
is proved by the compensated current waveform and harmonic spectra in Fig. 5,
but also by the numerical results synthesized in Table 1.
An interesting fact is that the grid current waveform should take the grid voltage
shape, because according to the CPT both waveforms must be similar. This proves
not to be true in the first hand from the waveforms (the current is almost sinu-
soidal despite the voltage, which is flattened). But, on the other hand, it can be
seen, that the current harmonics in the first 100 (corresponding to the lowest
switching frequency) are practically null.
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Figure 3. The power grid voltages and currents without compensation
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Figure 4. The power nonlinear load current harmonic spectrum

This means that the compensated current is sinusoidal, with a high frequency
noise added. This noise is due to the switching operation of the active filter, and is
dispersed all over the harmonic spectra. This can be explained by the fact that be-
cause of the high time step the hysteresis regulator are not functioning correctly so
the switching frequency is no more linearly dependant on the filter current slope.

If the DC-Link voltage control loop is tuned correctly, its influence on the
compensated current waveform is negligible. This proves to be so, because the
compensated current waveform is not distorted by low frequency harmonics which
can be produced by the voltage loop improper functioning. Regarding the current
control loop performance, this follows from the difference between the THD and
the PHD of the compensated current. This is because the harmonics caused by the
switching operation of the active filter are above the 108th harmonic. Therefore,
the partial harmonic distortion factor, calculated for the first 51 harmonics shows
the performance of the compensated current computation method. The more the
THD is higher than the PHD, the more switching harmonics are produced by the
active filter and injected into the power grid.
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Figure 5 The power grid voltages and currents after partial compensation, for the
hysteresis current regulator: a) the waveforms, b) harmonic spectrum

4.2.2. The PI current controllers

When the PI current controllers are used, the gating signals for the power in-
verter IGBTs are obtained using the triangular carrier modulation. In this case, the
current controller output signal is the modulating signal for the PWM modulator.
This method has the advantage of the constant switching frequency (which is
equal to the carrier signal frequency), but at the same time, the disadvantage of
the PI regulator tuning, which is a laborious task.

The compensated current waveform, for the partial compensation, can be ob-
served in Fig. 6-a. In this case, because the switching frequency is constant at
7500 Hz, the current regulating loop is functioning almost correct (the high time
step causes the triangular carrier to have small imperfections, but with no high
impact on the final result), so the high frequency noise is clearly visible left and
right the 150" harmonic (Fig. 6-b), which is the 7500 Hz switching frequency.
Again, the imperfections in the carrier shape can be seen in the waveform as well
as in the harmonic spectra, mainly in the interval between the 40" to 100" har-
monic, but not dispersed on all the spectra, like in the hysteresis case.
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Figure 6. The power grid voltages and currents after the partial compensation, for
the PWM current regulator: a) the waveforms, b) harmonic spectrum

This is having a direct effect on the current waveform (the first 51 harmonics),
thus the compensated current takes the voltage shape: the current is flattened like
the voltage, i.e. the current up to 51" harmonics are reduced close to the voltage
corresponding values.

Table 1. Numerical results

Current THDs THD;s _ THD;.
regulator [26] [26] PHDis 51 [26] FE
Hysteresis 6.00 2.59 3.696
PWM 311 5.61 2.58 22.35 3.98

5. The experimental active filtering system

The experimental filtering system was obtained joining two sections: the
hardware section which includes all the power components, interface electronics,
wiring and the necessary transducers, and also, the software section, which in-
cludes the compensating current computation and the voltage and current control
loops.
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5.1. Experimental setup
The experimental system can be divided in two sections:

- The hardware section which includes: the three-phase power inverter; the
first order interface filter; the compensating capacitor in the DC-Link; the
polluting load (in fact, a three-phase thyristor rectifier connected to the
power grid through a Y-Y adapting transformer).

- The software section which is a masked Simulink block containing all the
necessary computing blocks for the compensating current method, and
the control algorithm of the active compensator (two control loops).

In order to control the hardware section using the software section an inter-
face between them is necessary. This interface is a virtual control panel which con-
tains all the necessary virtual instruments as a real panel (switches, indicator
lamps, panel meters, etc) [7].

5.2. Experimental results

The experimental determinations were performed considering the same initial
conditions as in simulation: the DC-Link voltage control loop has the same struc-
ture and the same parameter values of the Pl controller for both control methods;
the power grid voltage is non-sinusoidal, having the THD of 2.09%; the current
absorbed by the nonlinear load was set at 15A; the load current THD with the line
inductors is 15.77%.

The power grid voltages and currents without compensation, considering these
conditions, are illustrated in Fig.7 and the harmonic spectra of the current in Fig.8.
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Figure 7. The power grid voltages and currents without compensation
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Figure 8. The power grid current harmonic spectrum without compensation
5.2.1 The hysteresis current controllers

The hysteresis band of the current regulators has the same value as in the
simulation case, being calculated for the same conditions. Because the lowest
sampling rate of the dSpace DS1103 control board is limited to 20 pus, the real hys-
teresis band exceeded the prescribed value to about 2.14 A. The minimum and the
maximum switching frequency is 5.71 kHz and 11.43 kHz, respectively.

The grid voltages and currents after the compensation are illustrated in Fig. 9.
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Figure 9. The power grid voltages and currents after the partial compensation, for
the hysteresis current regulator: a) the waveforms, b) harmonic spectrum
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Figure 10. The power grid voltages and currents after the partial compensation,
for the PWM current regulator: a) the waveforms, b) harmonic spectrum

The power quality indicators are synthesized in Table 2 for the two investi-
gated current controllers. In the case of the hysteresis controllers the experimental
results are equivalent with the corresponding virtual system results. However, in
the case of the PI current regulators, some differences can be observed between
the virtual and the experimental results. It can be seen that the current switching
noise seems to be higher than in the previous cases. This is also proved by the
current total harmonic distortion factor, having the higher value. However, there is
not only switching noise present, but also current oscillations due to the faulty be-
havior of the PI current regulators. Also, the PHD value for the first 51 harmonics
shows that the compensated current is also distorted, meaning the current is badly
compensated, because the Pl regulator bad operation affects the filtering efficien-
cy. An interesting fact is the presence of harmonics left and right the 70" harmon-
ic, which is half the PWM frequency. This harmonics are produced not by the
switching operation of the active filter but by the current oscillations.

Table 2. Numerical results

Current THDys THD;g . THD;,
regulator [%] [%] PHDs 51 [%] FE
Hysteresis 6.32 2.71 2.49
PWM 2.09 11.50 9.53 15.77 1.42
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5. Conclusion

Analyzing the virtual and experimental results, it can be concluded that the
system performance is directly influenced by the control loops. It confirms that the
hysteresis regulators can give good results, for a simple design and no tuning re-
quired, but with the cost of variable switching frequency. Another drawback is the
need of a low time step for a numerically implemented regulator. At the same
time, the PI regulators can give even better performance, but the poor experimen-

tal results proves the intricacy of the proportional-integrative control.
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