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Abstract: This study presents a multiple harmonic elimination-based feedback controller for shunt hybrid active power filter
(SHAPF) to perform an effective harmonic compensation performance in a wide harmonic frequency band. The conventional
control methods presented for SHAPF cannot perform an adequate performance, because of the disturbances such as phase
delays caused by controller methods and measurement circuitries, tolerances of passive filter components and supply voltage
harmonics. In the proposed controller, the conventional feedback controller is improved by using supply side individual current
harmonics which are extracted by the synchronous reference frame method. To prevent the performance degradation effects of
disturbances, proportional–integral controllers are applied to each d and q components of individual current harmonics. The
compensation performance of the proposed method is compared with conventional methods both theoretically and
experimentally. The experimental results verify the advanced harmonic compensation performance of the proposed control
method.

1 Introduction
Shunt hybrid active power filter (SHAPF) is an efficient
compensation device consisting of a small rated APF in series with
a single-tuned passive filter (PF). SHAPF topology combines the
reactive power compensation and the harmonic filtering ability of
the PF with the superior harmonic compensation performance of
APF. In addition to the compensation performance, SHAPF
topology ensures a low switching loss, a reduced converter size and
a low cost thanks to the reduced dc-link voltage of APF [1–4].
SHAPF is first proposed in [5]. In this paper, SHAPF topology
is formed from multiple branch PFs and an APF. Multiple branch
PFs consists of two single-tuned filters tuned to the 5th and 7th
harmonic frequencies and a second-order high-pass filter. The APF
is connected in series to PFs with a coupling transformer. The
harmonic compensation control of APF is achieved with a supply
side current detection-based controller, also referred as a feedback
controller, which calculates the output reference voltage of APF
using only a linear proportional controller and the supply side
current harmonics. By means of this controller, APF acts as a
resistor connected in series with the supply impedance to force the
flow of current harmonics to PF [5]. In [6], SHAPF topology is
improved by using only a single-tuned PF and connecting APF
directly in series to PF without a coupling transformer. In this
paper, the tuning frequency of single-tuned PF is set to the 7th
harmonic frequency instead of the 5th harmonic frequency so, the
filtering performance of SHAPF is increased in higher harmonic
frequencies, the size of PF reactor is minimised and the dc-link
voltage level of APF is decreased. However, the shifting of PF
tuning frequency causes an excessive performance degradation on
the 5th current harmonic component. To cope with this problem, a
feedforward controller is used in addition to the feedback
controller. The feedforward controller generates a reference voltage
using the 5th harmonic component of load current and the complex
impedance of PF to increase the filtering performance of SHAPF
on the 5th harmonic. By using the feedback controller with
feedforward controller, the design and implementation of SHAPF
which is integrated into a three-phase rectifier is presented in [7].
The multilevel inverter-based SHAPF is proposed for the harmonic
compensation of medium-voltage motor drive in [8–10]. The
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application of SHAPF in medium-voltage distribution network is
investigated in [11]. SHAPF topology is proposed for the threephase four-wire networks in [12] and an industrial implementation
SHAPF for the harmonic problems of induction steel melting
furnaces is proposed in [13].
The load side detection-based controller which is the other
compensation approach is proposed for SHAPF in several studies
[14–20]. In this approach, APF acts as a variable negative
impedance used to improve the filtering characteristic of PF by
decreasing the equivalent impedance of PF in harmonic
frequencies. The load side detection-based controller requires a
direct current control for APF. The inherited reactive current
component and the second-order characteristic of single-tuned PF
cause the use of complex current control methods for the effective
harmonic compensation performance of SHAPF. Although the load
side detection-based controller approach presents a favourable
performance for SHAPF, the advanced controller requirements
complicate the use of this control approach.
The feedback controller provides a simple control scheme for
SHAPF. In most of cases, it provides an admissible performance
with the feedforward controller. Owing to these, the feedback
controller approach becomes a conventional control scheme for
SHAPF in the literature. Besides the advantages of the feedback
controller, it suffers from disturbances such as delays of the
controller methods and phase errors caused by measurement
sensors and circuitries. These disturbances limit the increase of the
feedback controller gain and degrade the compensation
performance of SHAPF. In addition, the tolerances of PF
components and voltage harmonics cause a severe reduction on the
performance of the feedforward controller which is used to
improve the performance of the feedback controller.
This paper proposes a multiple harmonic elimination-based
feedback controller for SHAPF to increase the harmonic
compensation performance. In the proposed controller, the
conventional feedback controller is improved with multiple
feedback loops which are applied for individual current harmonics.
The proposed controller requires only the supply side current
measurements to achieve the harmonic compensation control. The
current harmonics are extracted from the supply side currents using
the synchronous reference frame (SRF) method. The multiple
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grid. However, the capacitor of PF holds the fundamental supply
voltage across its terminals in SHAPF topology, so that APF keeps
required voltage on dc link only for the harmonic compensation.
Thus, the voltage ratings of VSC and the dc-link capacitor bank are
significantly reduced by the series connection of PF and APF in
SHAPF topology. By means of this advantage, low-voltage power
switching devices and dc-link capacitors can be used, so that the
size and the cost of APF can be reduced. Additionally, the
switching losses in APF are considerably decreased, thanks to the
low-voltage stress on power switching devices [3].

3

Conventional control approach

The block diagram of SRF-based feedback + 5th harmonic
feedforward controller of SHAPF is presented in Fig. 2a. The
feedback controller uses the supply side harmonic current for the
calculation of the reference compensation voltage. The supply side
harmonic currents are extracted using the synchronous fundamental
reference frame method. The reference compensation voltage
generated with the feedback controller is calculated from (1) using
the gain of proportional controller, K and the extracted supply side
harmonic current, I ∗Sh
∗
V A, fb = KiSh

Fig. 1 Power circuit topology of SHAPF

feedback loops consist of proportional–integral (PI) controllers
which regulate each d and q components of individual current
harmonics separately. With the help of PI controllers, the
performance degrading effects of delays in the controller methods,
phase errors caused by measurement circuitries, tolerances of
components and supply voltage harmonics are prevented. The
compensation performance of the proposed control method is
compared with the conventional controllers both theoretically and
experimentally. The performance and stability of the proposed
control method are verified with a 400 V laboratory prototype of
SHAPF which compensates the harmonics and reactive power of a
load group formed from 15 kW three-phase rectifiers and 10 kVAr
inductive loads.
This paper is organised as follows: Section 2 introduces the
power circuit topology of SHAPF. In Section 3, the conventional
feedback and the feedback plus feedforward controllers are
described and the compensation performances of these controllers
are presented with the theoretical analysis. In Section 4, the
proposed control method is presented in detail and the
compensation performance of the proposed controller is
investigated with theoretical analysis. In Section 5, the proposed
controller is compared with the conventional controllers by means
of experimental results and the effective compensation
performance of the proposed controller is verified. Section 6 gives
the discussion of the theoretical and the experimental results of the
conventional and the proposed controllers. Finally, Section 7
summarises the main results and the significant contributions of
this paper.

2

Power circuit configuration of SHAPF

The power circuit topology of SHAPF is formed from the series
connection of a single-tuned PF and an APF as shown in Fig. 1.
Single-tuned PF is generally tuned to low-order harmonic
frequencies to filter a part of dominant harmonic currents of the
load. Additionally, it supplies a capacitive reactive power for the
reactive power demand of load. APF consists of a voltage source
converter (VSC) and a dc-link capacitor bank. VSC is the main
part of SHAPF that generates voltage across its terminals to
compensate harmonics. The dc-link capacitor bank is used as
energy storage element to maintain harmonic compensation.
In conventional APF topology, the dc-link voltage must be kept
higher than the peak value of supply voltage in order to control the
active and reactive power flows and inject harmonic currents to
946

(1)

The feedforward controller is designed to make PF absorb all
amount of the 5th harmonic load current by generating the required
compensation voltage at the terminals of APF. To apply the
feedforward control, the 5th current harmonics are extracted using
the load current with the synchronous individual harmonic
reference frame method. The reference compensation voltage
generated by the feedforward controller is calculated on the dq
reference domain from (2) using the 5th load current harmonic,
dc)
i(Lh
and the steady-state impedance of PF in the 5th harmonic
dq5

dc)
frequency, Z F given in (3). i(Lh
is extracted from the dq reference
dq5

5

frame which rotates at the angular frequency of the 5th harmonic,
ω5. Finally, the reference compensation voltage of feedforward
controller are transformed into three-phase quantities and added
with the reference compensation voltage generated by the
feedforward controller to calculate the final reference
compensation voltage [6]
VA

dq5

= Z F iLdq5(dc)
5

Z F = RF + jω5LF +
5

1
jω5CF

(2)
(3)

The dc-link voltage controller is necessary for providing and
keeping the required dc-link voltage in constant level to achieve
compensation. The dc-link voltage control of APF is provided by
controlling the active power flow between ac and dc sides of
converter. If APF generates a fundamental output voltage in phase
with the fundamental leading current of PF, the active power flow
is achieved and the dc-link capacitor is supplied. Thus, the dc-link
control signal generated by PI controller is added to the qcomponent instead of the d-component [5, 6].
The characteristic of feedback + 5th harmonic feedforward
control can be explained using a single line equivalent circuit of
SHAPF as shown in Fig. 2b. APF is assumed as an ideal
controllable voltage source which generates compensation voltage,
VA. The load is represented as an ideal current source which
generates load currents, IL in a wide harmonic spectrum. The grid
is represented as an ideal voltage source with a series inductive
impedance ZS. The compensation voltage generated by APF, VA
becomes as
V A(s) = KH FB(s)I Sh(s) + Z F H FF(s)iLh(s)
5

(4)

where HFB is the transfer function of the harmonic extraction
method in the feedback control as given in (5) and HFF is the
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Fig. 2 Block diagram of conventional FB + 5th harmonic FF control method and its equivalent circuits
(a) Block diagram of conventional FB + 5th harmonic FF control method, (b) Equivalent circuit of SHAPF, (c) Equivalent circuit of SHAPF for ILh, (d) Equivalent circuit of SHAPF
for VSh

transfer function of the harmonic extraction method in the
feedforward control as given in (6)
H FB(s) =

s − jω1
s − jω1 + ωc

(5)

H FF(s) =

ωc
s − jω5 + ωc

(6)

The first term in (4) is the reference compensation voltage
generated by the feedback controller and the second term in (4) is
the reference compensation voltage generated by the feedforward
controller. If the equivalent circuit in Fig. 2b is analysed for
harmonic frequencies, the following equation is obtained for ISh:
I Sh(s) =

Z F(s) − Z F H FF(s) I Lh(s)

5

5

Z S(s) + Z F(s) + KH FB(s)

V Sh(s)
+
Z S(s) + Z F(s) + KH FB(s)

(7)

The compensation characteristic of the feedback + 5th
harmonics feedforward controller can be analysed from (7). By
assuming the supply voltage as pure sinusoidal (VSh = 0), the
current harmonic filtering characteristic of the feedback + 5th
IET Power Electron., 2017, Vol. 10 Iss. 8, pp. 945-956
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harmonics feedforward controller can be investigated. Also, the
compensation characteristic of supply harmonic current caused by
the supply voltage harmonics can be investigated by considering no
load current harmonics (ILh = 0). To simplify the analysis, HFB and
HFF are assumed as ideal harmonic extraction methods. With this
assumption, HFB is equal to 1 in all harmonic frequencies, HFF is
equal to 1 in only the 5th harmonic frequency and it is equal to 0 in
other harmonic frequencies.
When the load current harmonic filtering characteristic of
SHAPF is investigated from (7), the feedback controller makes
APF act as a pure resistor with K which is connected series with ZS
as shown in Fig. 2c. This resistor increases the filtering
performance of PF and damps the parallel resonance between ZS
and ZF. In addition, the feedforward controller makes APF act as a
controlled current source which is connected in parallel with PF as
shown in Fig. 2c. Its value is equal to (Z F /Z F)/I Lh in only the 5th
harmonic frequency. In other harmonic frequencies, its value is
equal to zero. By means of the feedforward controller, APF
generates compensation current to eliminate the 5th harmonic load
currents in Point of Common Coupling (PCC).
When the compensation characteristic of supply harmonic
current caused by the supply voltage harmonics is examined from
(7), the feedback controller makes APF act as a pure resistor K
series with PF as illustrated in Fig. 2d to suppress series resonance
caused by supply voltage harmonics and keep PF from
overloading. Unfortunately, though the feedforward controller has
947

Fig. 3 Compensation characteristic of conventional control methods
(a) Positive sequence filtering characteristic for load current harmonics, (b) Negative sequence filtering characteristic for load current harmonics, (c) Positive sequence damping
characteristic for supply current harmonics, (d) Negative sequence damping characteristic for supply current harmonics

significant contribution on the current harmonic filtering
characteristic, it has no effect on the supply voltage harmonics.
The theoretical compensation characteristic of SHAPF which
has the 7th harmonic tuned PF is demonstrated in Fig. 3. The
compensation characteristics are presented separately for the
feedback controller and the feedback + 5th harmonic feedforward
controller to show the effects of each controller. The current
harmonic filtering performance of SHAPF is presented for the
positive and negative sequence harmonics in Figs. 3a and b,
respectively. When the feedback gain, K is equal to zero, PF
performs a limited filtering performance and causes harmonic
amplification under its cut-off frequency. When K is larger than 0,
the feedback controller prevents the resonance phenomenon of PF
and shows an effective filtering characteristic around the cut-off
frequency of PF. However, the feedback controller cannot perform
adequate filtering performance in the most dominant the 5th
harmonic frequency. Moreover, the filtering performance of the
feedback controller is limited in the high-frequency dominant
harmonics. When the filtering characteristic of the feedback + 5th
harmonic feedforward controller is investigated, it shows almost
the same positive sequence filtering characteristic with the
feedback controller, but the feedforward controller significantly
improves the filtering characteristic of SHAPF in the 5th harmonic
negative sequence component [6, 7].
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The damping characteristics of SHAPF for supply current
harmonics caused by supply voltage harmonics are demonstrated
for positive and negative sequence harmonics in Figs. 3c and d.
When K is equal to 0, supply voltage harmonics cause the
amplification of supply current harmonics because of the series
resonance. For the higher values of K, the series resonance caused
by supply voltage harmonics can be damped by the feedback
controller. The feedforward controller has no effect on the
suppression of the harmonic supply current caused by the supply
voltage, so the feedback + 5th harmonic feedforward controller
almost shows the same damping characteristic with the feedback
controller for supply current harmonics caused by supply voltage
harmonics.

4

Proposed control method

In the proposed control method, a multiple individual harmonic
elimination-based feedback control method is applied in order to
increase the compensation performance of SHAPF. The block
diagram of the proposed method is presented in Fig. 4a. In this
control method, the conventional feedback controller is improved
with the feedback loops which are applied for individual current
harmonics using PI controllers. The individual current harmonics
are extracted up to 25th harmonics from the supply current using
IET Power Electron., 2017, Vol. 10 Iss. 8, pp. 945-956
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Fig. 4 Block diagram of the proposed controller and its equivalent circuits
(a) Block diagram of the proposed controller, (b) Equivalent circuit of SHAPF, (c) Equivalent circuit of SHAPF for ILh, (d) Equivalent circuit of SHAPF for VSh

synchronous individual harmonic reference frame. The extracted d
and q components of individual current harmonics are applied to PI
controllers separately. The PI controllers generate the d and q
components of the reference voltage required for the compensation
of individual harmonics with (8) and (9) as
V Adn, ref = K pnI Sdn(dc) + K inI Sdn(dc)

1
s − jωn

(8)

V Aqn, ref = K pnI Sqn(dc) + K inI Sqn(dc)

1
s − jωn

(9)

where n = 6p ∓ 1, p = 1, 2, 3, 4.
The reference voltages in the dq reference frame are
transformed into αβ reference frame. Finally, the reference voltages
IET Power Electron., 2017, Vol. 10 Iss. 8, pp. 945-956
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for the compensation of individual current harmonics are summed
with the reference voltage generated by the conventional feedback
controller to generate the reference voltage for the compensation of
current harmonics. The dc-link voltage control is provided with the
same method applied in the conventional control method as
mentioned in Section 3. To generate switching signals, the spacevector modulation method (SVPWM) which has significant
advantages in dc-link voltage utilisation and output waveform
quality is preferred [21].
The characteristic of the proposed controller can be analysed
using the single line equivalent circuit as shown in Fig. 4b by
assuming the APF is an ideal voltage source. The compensation
voltage generated by APF, VA is equal to
V A(s) = KH FB(s)I Sh(s) + ∑ CPIn(s)H IFBn(s)I Sh(s)

(10)
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The first term of (10) is the reference voltage generated by the
conventional feedback controller and the second term of (10) is the
sum of voltage references generated by the individual harmonic
feedback controllers. HIFBn is the transfer function of the extraction
method of nth harmonic in the individual harmonic feedback
controller control as given in (11). CPIn is the transfer function of
PI controller applied in the individual feedback controllers as given
in (12)
H IFBn(s) =

ωc
s − jωn + ωc

(11)

K In
s − jωn

(12)

CPIn(s) = K Pn +

If the equivalent circuit in Fig. 4b is analysed for harmonic
frequencies, ISh becomes for the proposed controller as
I Sh(s) =

Z F(s)I Lh(s)
Z S(s) + Z F(s) + KH FB(s) + ∑ CPIn(s)H IFBn(s)
+

V Sh(s)
Z S(s) + Z F(s) + KH FB(s) + ∑ CPIn(s)H IFBn(s)

(13)

The compensation characteristic of the proposed controller can
be examined with (13) against load current harmonics and supply
current harmonics caused by the supply voltage harmonics. By
assuming that there is no supply voltage harmonics (VSh = 0) and
the harmonic extraction methods are ideal (HFB = 1 and HIFBn = 1
for the nth harmonic frequencies), the proposed controller makes
APF act as an impedance series with the supply impedance as
shown in Fig. 4c in order to increase the filtering performance of
the PF to the load current harmonics. When the supply current
harmonic damping performance is investigated by assuming that
there is no load current harmonics (ILh = 0) and the harmonic
extraction methods are ideal, APF acts as an impedance series with
the PF as shown in Fig. 4d to damp the supply currents caused by
the supply voltage harmonics. The impedance model consists of a
resistance with the feedback controller gain value of K and an
impedance with the transfer function of PI controller, CPIn in the
individual feedback controller. Note that, the impedance of CPIn
shows an effect only on the extracted individual harmonics.
The compensation characteristic of SHAPF which has the 7th
harmonic tuned PF is demonstrated with the proposed controller in
Fig. 5. The proposed controller shows a superior current harmonic
filtering performance as shown in Figs. 5a and b and a successful
damping characteristic for the supply current harmonics caused by
the supply voltage harmonics as shown in Figs. 5c and d in both
positive and negative sequence individual harmonics compared
with the conventional feedback harmonic controller. Although the
proposed harmonic controller shows an effective compensation
characteristic in the individual current harmonics, the same
filtering characteristic can also be achieved theoretically with the
feedback plus feedforward controllers. However, the proposed
controller shows its influence in the existence of the disturbances
such as the phase delays in the controller, the phase errors in the
measurements circuitry, the tolerance values of PF components in
the supply voltage harmonics. In the proposed controller, the effect
of these disturbances can be effectively eliminated by means of PI
controllers used in each d and q components of the individual
harmonics.

5

Experimental results

The performance of the proposed control method is verified with
the laboratory prototype of SHAPF as shown in Fig. 6. The SHAPF
prototype consists of a 10.25 kVAr PF tuned to 350 Hz and an APF
formed from a three-phase inverter and dc-link capacitor bank. To
test the performance of SHAPF, a test load group which is formed
from three-phase rectifiers and the inductive loads is set-up. The
power circuit parameters of the SHAPF prototype and the test load
950

group are introduced in Table 1. The electronic control system of
SHAPF is designed using the Texas Instruments TMS320F28225
digital signal processor (DSP)-based microcontroller unit (MCU).
In the experimental studies, the proposed controller is applied with
100 μs sample time and the switching frequencies of insulated gate
bipolar transistors are generated in 10 kHz. The experimental
waveforms are taken with Tektronix MSO3034 oscilloscope. The
root mean square, power and harmonic measurements are recorded
with Fluke 1760 power quality analyser which is compatible with
International Electrotechnical Commission (IEC) 61000-4-30 Class
A.
The performance of the proposed controller is compared with
the conventional feedback controller and the feedback + 5th
harmonic feedforward controller. To compare the performance of
harmonic compensation controllers on equal terms: the dc-link
voltage level of SHAPF is set to 100 V and SVPWM is applied for
the gate signal generation in all of three control methods; the
feedback gain, K is selected as 10 Ω in all of three control methods;
and the load group is kept constant for all control methods.
The supply voltage and the current waveforms of the test load
group are presented in Fig. 7a. The load group draws nearly 16 kW
active power and 13.5 kVAr reactive power. The current of the load
group consists of the dominant harmonics of three-phase rectifier
in high levels. The current total harmonic distortion (THD) of load
group is around 40%. The experimental results of the conventional
feedback controller, the feedback + 5th harmonic feedforward
controller and the proposed controller are presented in Figs. 7b–d,
respectively. The harmonic compensation performances of three
controllers are summarised in Table 2.
The conventional feedback controller provides a considerable
harmonic filtering performance in low-order dominant harmonics
with compensating 84.4% of the 5th harmonic, 93.6% of the 7th
harmonic, 64.7% of the 11th harmonic and 60.8% of the 13th
harmonic of the load current. Although this control method
provides a certain performance in the low-order harmonic
frequencies, the magnitude of the 5th harmonic in the supply
current still remains in a high level, because of the 7th harmonic
tuning frequency of PF. In 17th and 19th harmonic currents,
SHAPF shows insufficient performance with this controller. On the
other hand, SHAPF causes amplification in 23rd and 25th
harmonics because of the feedback gain, K and the phase delays
caused by the controller and the measurement circuitries. This
amplification can be prevented by decreasing the value of K, but
this adjustment reduces the overall filtering performance of
SHAPF by decreasing the filtering performance in low harmonic
frequencies. SHAPF decreases the supply current THD from nearly
40.6 to 9.36% with this conventional method.
When the performance of the feedback + 5th harmonic
feedforward controller is investigated, it is shown from the
experimental results that the feedforward loop increases the 5th
harmonic filtering performance of SHAPF prototype from ∼84.4 to
92.7%. The feedback + 5th harmonic feedforward controller shows
the similar harmonic filtering performance with the conventional
feedback controller for other harmonic frequencies as expected.
With the effect of feedforward controller, SHAPF decreases the
supply current THD around to 7.19%.
The proposed controller provides a much better filtering
performance than the conventional methods as shown in the
experimental results. SHAPF holds the average values of dominant
harmonics of the load group up to 25th harmonic under 0.1 A with
the proposed controller. It decreases the supply current THD from
41.2 to 3.44%. Moreover, the amplification of 23rd and 25th
harmonics in supply current is taken under control and an effective
filtering performance is provided close to 90% in these harmonics.
The dynamic responses of the feedback + 5th harmonic
feedforward controller and the proposed controller are presented in
Figs. 8a and b, respectively. Owing to the inadequate compensation
performance of the conventional feedback controller, the dynamic
response of the feedback + 5th harmonic feedforward controller is
presented only. In both cases, the number of three-phase rectifiers
in the load group is increased from 2 to 3, so the harmonic contents
of the load currents are nearly increased to 50%. The inductive
loads in the load group are not changed in these cases. To compare
IET Power Electron., 2017, Vol. 10 Iss. 8, pp. 945-956
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Fig. 5 Compensation characteristic of proposed control method
(a) Positive sequence filtering characteristic for load current harmonics, (b) Negative sequence filtering characteristic for load current harmonics, (c) Positive sequence damping
characteristic for supply current harmonics, (d) Negative sequence damping characteristic for supply current harmonics

the dynamic performances of these controllers, the THD trends of
the supply and load current waveforms are demonstrated in Fig. 9.
The THD trends of these current waveforms are computed from the
captured data of Fig. 8 using MATLAB. The THD trends are
calculated using the sliding window fast Fourier transform (FFT)
technique by counting current harmonics up to 50th harmonics.
If the dynamic responses of controllers are investigated, it is
shown from the FFT trends that the feedback + 5th harmonic
feedforward controller reaches the steady-state condition
approximately in 90 ms after the load increase. The proposed
controller reaches the steady-state condition nearly in 168 ms,
because of the response of PI controllers. However, it decreases the
supply current THD under the level provided with the feedback +
5th harmonic feedforward controller in 126 ms by the help of the
existing conventional feedback loop. During the transient period,
the conventional feedback loop shows dominant effect on the
generated reference signal with the proportional gain. It suppresses
the drawback of PI controllers until they reach the steady-state
condition.
The computational loads of the feedback + 5th harmonic
feedforward controller and the proposed controller are compared
using the TMS320F28335MCU which has 32 bit floating point
IET Power Electron., 2017, Vol. 10 Iss. 8, pp. 945-956
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DSP and the averaged computation load results are summarised in
Table 3. The control programmes are written in C language of
MCU. The results are taken by counting the instruction cycles of
MCU using the software development environment of MCU
named Code Composer Studio. While the results are taken, MCU
is operated in 150 MHz, the other auxiliary programme part such
as protection and monitoring programmes of system is disabled. In
addition, all trigonometric calculations in the compared methods
are calculated by DSP of MCU. When the instruction periods of
controllers are compared, it is clearly shown that the proposed
methods have much more computational burden than the
conventional method. However, the instruction period of the
proposed method is quite lower than the selected sample time.

6 Discussion of theoretical and experimental
results
The performance of the conventional feedback controller is directly
proportional to the value of the feedback gain, K. According to the
theoretical analysis, if the value of K goes to the infinity, SHAPF
eliminates all of the load current harmonics at the supply side.
However, the increase of K is limited to a certain level in real
951

Fig. 6 Experimental set-up
(a) Top view, (b) Side view

Table 1a Continued
Power system parameters
line voltage (VS)

400 V

frequency (f)

50 Hz

Table 1b Continued
SHAPF
PF reactor (LF)
PF capacitor (CF)
PF cut-off frequency (fc)
reactive power capacity (QPF)
dc-link capacitance (CDC)

1 mH
200 µF
350 Hz
10.25 kVAr
11.2 mF

Table 1c Power circuit parameters of the SHAPF prototype
and the test load group
Test load group
three-phase rectifier – three pieces
dc load resistor
dc load capacitor
smoothing reactor
inductive loads

50 Ω
2200 µF
1 mH
tot. 11 kVAr

implementations, because of the phase errors caused by reference
generation methods and the measurement circuitries. Particularly,
the phase errors of high-order harmonics in the measurements
cause the instability after a certain level of K. This situation is
observed in the experimental results of SHAPF with the
conventional feedback controller. It is shown in the experimental
results that SHAPF shows maximum harmonic filtering
performance in low-order harmonics and ensures the minimum
source current THD with the selected K value. Nevertheless, this
value of K causes instability in the compensation of high-order
harmonics with the amplification of 23rd and 25th current
harmonics in the supply side. Although the conventional feedback
control method presents a remarkable compensation performance
952

in the low-order dominant harmonics, this performance maybe
insufficient for many applications. Especially, the conventional
feedback control method cannot show effective performance in the
most dominant 5th current harmonic, because of the cut-off
frequency of PF.
The feedback + 5th harmonic feedforward controller is
proposed to improve the performance of the conventional feedback
controller in the 5th current harmonic. According to theoretical
indications, the feedforward controller improves the filtering
performance of SHAPF in the 5th current harmonic effectively, but
the experimental results are far away from the theoretical
performance. The tolerance of PF components, the phase error in
the measurement of the 5th current harmonic and the existence of
the voltage harmonics are the main obstacles on the expected
performance of the feedforward controller. The tolerance of PF
components and the phase error in the measurements can be
compensated with the preliminary measurements and making
settings on the controller. However, the effect of voltage harmonics
is directly related with the capability of the controller. The
feedforward controller has no ability to reduce the effect of voltage
harmonics. The feedback controller can theoretically perform an
adequate suppression for the effect of voltage harmonics with the
increasing value of K. Nonetheless, the increasing value of K
causes stability problems in practical applications, so that the
feedback control loop presents a limited performance in the
avoidance of the performance degradation caused by the voltage
harmonics.
In the proposed controller, the drawbacks of the conventional
control methods are improved by adding PI controllers to each d
and q components of individual harmonics. By means of PI
controllers, SHAPF is not affected from the tolerance values of PF
components, the phase errors caused by the controller and the
measurement circuitries and the presence of voltage harmonics in
the supply voltage. The influence of the proposed controller is
clearly shown when the filtering performances of the proposed and
the conventional control methods on the 5th current harmonic are
compared. It is shown from the experimental results that SHAPF
presents an excellent performance in the compensation of the
dominant harmonics of the six-pulse rectifier up to 25th harmonics.
The dynamic response of PI controllers and the computational
load can be thought as the drawbacks of the proposed controller. It
is true that the PI controllers can slow down the response of
IET Power Electron., 2017, Vol. 10 Iss. 8, pp. 945-956
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Fig. 7 Experimental results
(a) Voltage and current waveforms of the load group, (b) Voltage and current waveforms of the conventional FB controller, (c) Voltage and current waveforms of the conventional
FB + 5th harmonic FF controller, (d) Voltage and current waveforms of the proposed controller

SHAPF if the controller is formed from only the individual
harmonic feedback controllers. However, the proposed controller is
designed by keeping the conventional feedback controller. The
conventional feedback controller shows dominant effect during the
dynamic response until the settling time of PI controllers. Thus,
this drawback of PI controllers is eliminated by the conventional
feedback loop of the proposed controller. In addition, the
computational load of the proposed controller can be easily
handled
with
today's
technology.
In
this
paper,
TMS320F28335DSP-based MCU whose clock rate is 150 MHz is
IET Power Electron., 2017, Vol. 10 Iss. 8, pp. 945-956
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preferred. The instruction period of the proposed controller is
measured below 50 μs. This value is fairly lower than the selected
sample time of 100 μs.
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Conclusion

This paper presents a novel controller for SHAPF. In the proposed
controller, the conventional feedback controller is improved with
the multiple individual harmonic elimination-based feedback
controllers. In this approach, PI controllers are applied to the d and
953

Table 2 Summary of SHAPF performance with the conventional controllers and the proposed harmonic compensation
controller
Feedback controller
Feedback + 5th harmonic feedforward controller
Proposed controller
IL
IS
Fil. rate
IL
IS
Fil. rate
IL
IS
Fil. rate
fun.
5th
7th
11th
13th
17th
19th
23th
25th
THD

32 A
11.54 A
5.51 A
1.56 A
1.20 A
0.61 A
0.41 A
0.37 A
0.25 A
40.6%

26.1 A
1.80 A
1.35 A
0.55 A
0.47 A
0.40 A
0.36 A
0.56 A
0.43 A
9.36%

—
84.4%
93.6%
64.7%
60.8%
34.4%
12.2%
—
—
—

32.1 A
11.5 A
5.44 A
1.62 A
1.18 A
0.58 A
0.43 A
0.38 A
0.25 A
40.4%

26.1 A
0.83 A
0.33 A
0.56 A
0.48 A
0.35 A
0.39 A
0.58 A
0.46 A
7.19%

—
92.7%
93.9%
65.4%
59.3%
39.6%
9.3%
—
—
—

32.4 A
11.8 A
5.75 A
1.67 A
1.28 A
0.59 A
0.45 A
0.41 A
0.26 A
41.2%

26.3 A
0.098 A
0.086 A
0.049 A
0.046 A
0.055 A
0.044 A
0.042 A
0.033 A
3.44%

—
99.1%
98.5%
97.0%
96.4%
90.6%
90.2%
89.7%
87.3%
—

Fig. 8 Dynamic response results
(a) Voltage and current waveforms of the conventional FB + 5th harmonic FF controller, (b) Voltage and current waveforms of the proposed controller

q components of each individual current harmonics to increase the
compensation performance. The advantages of the proposed
controller over the conventional control methods are summarised
as follows: the effect of phase delays caused by the reference
generation method in the controller is eliminated; the effect of
phase delays caused by the measurement sensors and circuitries is
eliminated; the effect of PF component tolerances is compensated;
an additional immunity is gained against the voltage harmonics;
and the compensation of current harmonics can be performed with
only the supply side current measurement, whereas the feedback +
feedforward controller needs both supply and load side current
measurements.
The proposed controller provides an effective compensation
performance for SHAPF. The performance of the proposed
controller is verified with the theoretical and the experimental
results by comparing with the conventional controllers.
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Fig. 9 Dynamic response analysis
(a) Supply current waveform and THD trend with the conventional FB + 5th harmonic FF controller, (b) Supply current waveform and THD trend with the proposed controller

Table 3 Average computational loads of controllers
Feedback + 5th harmonic feedforward controller
number of instruction cycles
total instruction period
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