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Abstract—With the significant increase of nonlinear loads
in data center power systems, the losses due to the injection of
current harmonics have also increased significantly. In order
to reduce current harmonics, the use of Shunt Active Power
Filters (SAPF) has become widespread. These filters use
active components such as IGBT or MOSFET as well as R,
L and C passive components. The SAPF power stage consists
of a voltage source inverter (VSI) and an LCL filter, which
is used to filter the signal at the switching frequency. The
paper presents two simulatons of SAPF. The first simulation
refers to a filter used only to reduce the current harmonics,
while the second simulation uses a filter that also acts on the
current reactive component. The control loop consists of a
current controller and a PWM. In the first simulation, the
grid side current and the converter side current are used as
the current feedback signal. In the second simulation, only
the grid side current is used as the current feedback signal.
The results of two SAPF simulations are compared and the
results show the influence of the control methods on the total
current distortion as well as on the current ripple.
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I. INTRODUCTION

Recently, the need for data storage and processing has
increased, and with it the need for data centres. Nonlinear
loads in data centers, such as servers, IT equipment and
cooling systems, are the most common sources of current
harmonics. Harmonics not only increase the heating of
equipment and shorten its life, but also have an impact on
increasing overall losses in the system. The most common
method for harmonic reduction is the use of active filters.
Active filters compensate current harmonics by injecting
equal but opposite harmonic compensating current. Type
L and LCL filters are the most commonly used filters
for reducing current harmonics. The LCL filter attenuates
the high frequencies better than the L filter because the
capacitor acts as a short circuit at high frequencies [1]. In
addition, the LCL filter has a smaller volume for the same
filtering effect and thus lower production costs. The LCL
filter disadvantage is that they have current spikes at the
resonant frequency [2]. It is necessary to provide damping
at the resonant frequency to overcome this shortcoming.
This attenuation can be passive or active. In the active
method, fewer additional losses are introduced into the
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system, but the control loop is more complicated due to
the additional control of active elements [3]. The passive
damping method introduces additional losses into the
system, but is the preferable option for more complex
systems. In the simplest passive method, a resistor is con-
nected in series with the capacitor. In contrast, in improved
versions of passive methods, an inductor or a combination
of inductor and capacitor is connected in parallel with
the resistor. Due to their simplicity and good harmonic
filtering characteristics, Shunt Active Power Filters with
damping resistors have the widest application. This paper
examines such a method.

In order to improve the properties of the LCL filter,
the improved parameter design method of LCL SAPF is
presented in [1]. In series with the capacitor, a resistor,
an inductor, and a capacitor are connected in parallel. To
design the inductor L; on the inverter side, which is used
to suppress the inverter output current ripple, the peak
ripple current method is used. For the best filtering effect,
the two inductors ratio L;/Lo can be selected between 3
and 5. The filter’s capacitance value (C'y) is designed to the
systems rated power, and the reactive power generated by
the capacitance is less than 5%. The damping inductor L,
short-circuits the damping resistor R, at low frequencies,
and the damping capacitor Cy short-circuits the resistor
R, at high frequencies. Conventional and improved LCL
filters are compared in MATLAB/SIMULINK simulations,
and the results show that the improved LCL filter has
higher filter accuracy for higher harmonics.

A comparison of four different passive damping meth-
ods for LCL filter is given in [4]. Topologies, transfer
functions and frequency characteristics are presented. Sim-
ulations for all methods were performed on an 80 kVA
SAPF using the MATLAB/SIMULINK software package.
Losses, damping efficiency, and performance were com-
pared. The results show that the best attenuation of low
frequencies up to resonance has the first method, where a
resistor R is added in series with the capacitor of the LCL
filter. Frequencies between the resonant and switching
frequency are best attenuated by the second method, which
involves connecting a parallel of the resistor and inductor
in series with the capacitor. Frequencies above double
switching frequency are best attenuated with third method
which includes connecting a parallel resistor, an inductor,
and a capacitor in series with the capacitor. Frequencies
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approximately equal to the switching frequency are best
attenuated by the fourth method, which adds a parallel of
resistor and a series connection of inductor and capacitor
in series with the capacitor. It is concluded that additional
losses for all methods have a small effect on efficiency.

To improve the properties of the LCL filter the SAPF
control system has two loops, the outer and the inner loop
have feedback by grid current [5]. The inner loop is the PI
control and the outer loop is the repetitive control, where
the controller accumulates the error signal cycle by cycle
and the error in this cycle occurs again in the next cycle.
The PI control corrects the frequency characteristics and
improves the dynamic response speed, while the repetitive
control ensures the control system accuracy in a steady-
state. A line voltage feedforward control has been used
to suppress the influence of line fluctuations. The results
show significant influence is in the low and medium
frequency range. The voltage feedforward also reduces the
line current THD. The experimental results show faster
speed responses, good disturbance rejection, and higher
accuracy in a steady-state compared to conventional SAPF
control.

Another example of current control system is presented
in [6]. In the LCL filter, there is no resistor in series
with capacitor C. Resonance is prevented by an additional
internal control loop. The internal circuit uses the capacitor
current as a feedback signal. The coefficient (R) in the
capacitor current feedback acts on the LCL filter attenu-
ation like a physical resistor, which is why it is called a
virtual resistance. The internal circuit stabilizes the control
system, and the external circuit provides the required
accuracy with a PI controller. Using the damping method
with a virtual resistor improves the SAPF efficiency.

This paper compares the results of two Shunt Active
Power Filters simulations when grid side and converter
side currents are used as feedback signals. The paper
is divided into four sections. Section I consists of an
introduction and related work. In Section II, circuit and
control diagrams of SAPF with LCL output filter are
presented. Section III presents a comparison of the two
simulations results. In the first simulation, measured values
of the current harmonics were used, while in the second
simulation the diode rectifier with an RL load on the DC
side was used. Future work and conclusion are given in
Section IV.

II. CONTROL MODELS

Fig. 1 shows the SAPF scheme with the LCL output
filter. The grid side current (i3) and the converter side
current (47) can be used as the current feedback signal.
To achieve the desired LCL damping factor resistor is
connected in series with the capacitor. Transfer function,
where (L = Ly || L) is given by (1). The resonant
frequency of the second order term in the denominator
is given by (2), and the damping factor ¢ is given by (3).

B 1 RCs+1
" s(L1 + Ly) LCs2 + RCs + 1

G(s) ey
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Fig. 1: Circuit diagram of SAPF with LCL output filter
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The inductance L7 on the converter side has a value of
2 mH, the inductance Ly on the grid side has a value of
0.5 mH and the capacitor has a value of 8 uF. The desired
damping factor ¢ is 1.41 and is achieved with a resistance
value of 20 €.

The VSI consists of a single-phase transistor bridge
with a constant DC voltage of 450 V. The transistors are
controlled by a PWM circuit with a constant switching
frequency of 16.7 kHz. Fig. 2 shows two different non-
linear loads. Load 1 is a diode rectifier with RL load
on the DC side, which is standardly used for obtaining
current harmonics in experimental verification. When the
RL circuit time constant is more than 30 ms (3 half
cycles of the supply voltage), the RL circuit current
pulsation is less than 7%, so that the current ¢; on the
AC side is almost rectangular. Such a waveform is rich in
harmonics and is therefore suitable for SAPF experimental
verification. The values for resistance and inductance are
13 © and 0.48 H, respectively. Load 2 is designed as a
current source representing the actual current harmonics
obtained by measurements in the data center. The current
source consists of odd current harmonics up to the 25th
harmonic.

Fig. 3 shows a control diagram of an APF filtering only
the higher current harmonics, without compensation of the
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Fig. 2: Different SAPF Load
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fundamental harmonic reactive component. Fig. 4 shows a
control diagram in the dgq frame, with compensation of the
higher harmonics and the fundamental harmonic reactive
component. In the harmonic extraction block, the load
current fundamental harmonic signal is subtracted from
the load current signal 7;. The difference between these
current signals is the harmonic current signal 4;, and forms
the reference for the current control loop. The current
controller is a linear controller of the PI type. In dg frame
a single-phase system can be translated directly into an a-
(8 frame without matrix conversions by shifting 8 by 90°
relative to « (i1). To generate the fundamental harmonic,
the active component (i4) and the # obtained from the PLL
are needed [7]. After the generation of the @ from the ¢4,
the rest of the control proceeds to harmonic extraction
block previously described (Fig. 3).

III. SYSTEMS SIMULATIONS

A. Simulations on nonlinear load

This subsection shows the responses of current har-
monics filtering in a circuit with a nonlinear load "Load
1" (Fig. 2). Reason for choosing RL was the simplicity
of its realisation in a laboratory environment to test the
prototype active filter. Two cases have been considered.
The converter side current ¢; and the grid side current iy
(Fig. 1) are used as feedback signals.

Fig. 5 represents the first case, showing the waveform
of the load current (blue), the active filter current (red)
and the grid current (green). The load current RMS value
is 15.35 A and the grid current RMS is 14.0 A. The load
current THD is 42.3%, and the grid current THD after
filtering is 2.76% (Fig. 6).

Fig. 7 shows the load, filter and grid current waveforms
for the case where the current i is used as feedback signal.
The RMS value of the load current is 15.35 A and the grid
current RMS is 14.1 A. The load current THD is 42.3%,
and the grid current THD after filtering is 1.55%. With the
same setting of the PI controller, the grid current THD is
lower when current ¢5 (Fig. 8) is used as feedback signal
than when current ¢; (Fig. 6) is used as feedback signal.
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Fig. 5: Current waveforms using converter side current
(i1) as a feedback signal
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Fig. 6: Current harmonics spectrum using converter side
current (i1) as a feedback signal
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Fig. 7: Current waveforms using grid side current (i2) as
a feedback signal

For simulations in dq frame presented below, the current
19 was used as feedback signal (Fig. 9).
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Load and grid current harmonics, relative to fundamental (dB)
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Fig. 8: Current harmonics spectrum using grid side
current (i2) as a feedback signal
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Fig. 9: Current waveforms using dq frame control and
grid side current (i2) as a feedback signal

In order to compensate for the fundamental current
harmonic reactive component, a control is carried out in
the dq frame. The inductance L, value was increased from
1mH to 20mH. The load current THD was decreased
from 42.3% to 26.5%, due to the inductance L higher
value. The load current waveform has a lower slope and
a lower THD. The load current harmonics from the 15th
harmonic upwards are smaller than -40 dB, whereas in the
case with 1mH only the 29 harmonic is smaller than -40
dB. The grid current THD is 0.5% (Fig. 10), whereas in
the first case it is 1.55%.

B. Simulations with measured load current harmonics

Fig. 11 and Fig. 12 show the load, APF and grid current
waveforms as well as the harmonic spectrum for the case
where the load was simulated with real current harmonics
data measured in the data center. These measurements
were made in data center rack with data servers. The load
current RMS value is 13.34 A and the grid current RMS
is 13.25 A. The load current THD is 11.94%, and the grid
current THD after filtering is 0.66%.
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Fig. 10: Current harmonics spectrum using dq frame
control and grid side current (i2) as a feedback signal
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Fig. 11: Current waveforms using measured data rack
harmonics as load current
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Fig. 12: Current harmonics spectrum using measured
data rack harmonics as load current

Measurements on another rack with communication
equipment show a higher current distortion (Fig. 13, blue).
Since the equipment is underloaded, the load current THD
is 47% with an RMS value of 1.82A. After filtering, the
grid current THD is 2.11% and the RMS value of 1.56A
(Fig. 14).

The case with real load current harmonics data from
the data center was also simulated in the dq frame. The
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Fig. 13: Current waveforms using measured
comunication rack harmonics as load current
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Fig. 14: Current harmonics spectrum using measured
comunication rack harmonics as load current

load current fundamental harmonic lags the grid voltage
by 60°. The load current RMS value is 13.34 A and the
grid current RMS is 7.04 A (Fig. 15). The load current
THD is 11.94%, and the grid current THD after filtering
is 1.61% (Fig. 16).

IV. CONCLUSION

The paper presents two Shunt Active Power Filter
simulations. The first simulation refers to a filter used
only to reduce the current harmonics, while the second
simulation uses a filter that also acts on the current reactive
component. In the first simulation, the grid side and
converter side currents were used as the current feedback
signal. With the same settings of the PI controller, the
grid current THD is lower when the grid side current is
used as the feedback signal. For this reason, only the grid
side current was used as the current feedback signal in
the second simulation with control in the dgq frame. Two
types of loads were considered, an RL load and a load
represented as a current source with current harmonic
values measured in the data center. In both cases, the
current THD after filtering is reduced to a value of less
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Fig. 15: Current waveforms using dq frame control and
measured data rack harmonics as load current
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Fig. 16: Current harmonics spectrum using dq frame
control and measured data rack harmonics as load current

than one tenth of the original value. Future work will be
based on experimental verification of the Shunt Active
Power Filter prototype.
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