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Phase-Angle Balance Control for Harmonic Filtering
of a Three-Phase Shunt Active Filter System

Souvik Chattopadhyay and V. Ramanarayanan

Abstract—This paper proposes a new strategy for harmonic fil-
tering of a three-phase shunt active filter system. The shunt har-
monic filter’s control objective is defined as: balance the phase
angle of the input current with the phase angle of the line frequency
component of the load current. This objective is achieved in dig-
ital implementation without sensing the input voltages. The con-
troller uses a phase-shifting method on the sensed input current
and then applies the resistor-emulator-type input-current-shaping
strategy on the phase-shifted current. In implementation, Texas In-
strument’s digital-signal-processor-based unit TMS320F240 EVM
is used as the digital hardware platform. The control algorithm is
computationally simple yet the harmonic filtering performance is
high. The analysis, simulation, and experimental results of a three-
phase shunt active filter prototype on a 25-A nonlinear load are
presented.

Index Terms—Digital-signal-processor (DSP) TMS320F240-
based implementation, harmonic filter, phase-angle balance (PAB)
control, shunt active filter (SAF), voltage-sensorless operation.

I. INTRODUCTION

T HE shunt active filter (SAF) is a current-controlled
voltage-source converter (VSC) of boost topology. We

can identify two major functions in the control of shunt active
filter. First, it must generate a current reference containing only
those components of harmonic current that are present in the
load, and second, a very high bandwidth current controller, that
would extract the same actual current waveshape as dictated
by the reference, needs to be implemented. The design of a
high-bandwidth current controller is important but not the
unique feature of active filter control. The unique feature of
active filter control is the method of harmonic extraction.
The method should be such that each harmonic component in
the reference is exactly equal in magnitude and phase to the
corresponding harmonic component in the load current. It is
difficult though to design a harmonic filter that would separate
out the fundamental from the lower order harmonics without
any phase shift. As a result, conventional filtering technique
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Fig. 1. Block diagram of the existing control methods.

can not be applied in a straightforward manner. Moreover, there
can be unbalanced currents in the phases that may also have to
be filtered out from the input. The harmonic extraction theories
that have addressed these issues and provided implementable
solutions are: 1) the instantaneous active and reactive power
method [2]; 2) the synchronous reference frame method [3];
and 3) the instantaneous active and reactive current component
method [4].

All these methods involve computations using the sensed
input voltage. A block diagram of the existing control methods
is shown in Fig. 1. It shows that two voltage sensors are
required for sensing the input voltages. However, the input
voltage waveform of a real life system can have distortions.
Therefore, to filter out the distortions in the input voltage, a
phase-locked loop (PLL) circuit is a mandatory requirement for
these methods. Design of a high-performance PLL is not easy.
It is a computational burden on the digital controller as well.

This paper proposes a new strategy, named here as the phase
angle balance (PAB) control, for filtering the harmonic currents
of a three-phase shunt active filter system. The schematic dia-
gram is shown in Fig. 2. The control objective of a shunt active
filter is defined in this method as: balance the phase angle of the
input current with the phase angle of the line-frequency com-
ponent of the load current. This objective is achieved in digital
implementation without sensing the input voltage. PAB control
has the ability to compensate only for the harmonics of the load
current. Under such condition, the reactive component of the
load current is supplied by the input and the SAF works like an
impedance emulator. However, if required, PAB can be used to
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Fig. 2. Schematic diagram of a three-phase shunt active filter system with the proposed controller.

compensate for both the harmonics as well as the reactive com-
ponent of the load current. When the SAF is operated with the
above objective it effectively makes the nonlinear load appear
as a resistance to the input source. The active filtering strategy
proposed in [5] is not available with such flexibility.

A few power-factor-correction (PFC) strategies have been
proposed that do not use input voltage sensors. The virtual
flux direct power control (VF-DPC) [6] is structurally similar
to the well-known direct torque control (DTC). The switching
frequency of the VF-DPC is not constant and the sampling fre-
quency needs to be much higher than the switching frequency.
The digital implementation requires fast A/D converters and
microprocessors. In comparison, the current-mode control
technique of PAB is based on constant switching frequency
and low sampling frequency. It can be implemented using
low-speed digital hardware such as digital signal processor
(DSP) TMS320F240 (20 MHz 6.6s ADC. The input voltage
sensorless method proposed in [7] has the structure of a
voltage-oriented control (VOC). In comparison, the input
current shaping is performed in PAB with a much simpler
control structure. In this method, coordinate transformation is
not required. There are no current error amplifiers in the control
loop. This method has eliminated the need for observers that
are required in [7] for estimation of the input voltages.

In Section II, we have explained the basic principle of oper-
ation of the proposed PAB controller. Two methods for the de-
termination of the phase shift of the input current are also pro-
vided. The simulation results of the proposed control scheme
are presented in Section III. The voltage-sensorless digital im-
plementation strategy specific to the TMS320F240 controller is
given in Section IV. In Section V, the experimental results of the
prototype shunt active filter system are presented.

II. PAB CONTROL

The PAB control is proposed to filter the harmonics of a three-
phase SAF system. It is an extension of the current-shaping
method described in [1] that shapes the input current like input
voltage for high power factor operation of boost rectifier. The
difference is that the PAB control makes the phase-shifted input
current proportional to the input voltage. The control objective
for a three-phase shunt active filter, defined in Fig. 3, is to make
the input current devoid of higher order harmonics that are

Fig. 3. Control objective of a three-phase shunt active filter.

Fig. 4. Block diagram of the PAB control technique.

otherwise present in load current. In order to keep the rating
of the active filter low, current in the shunt filter should con-
tain only the harmonic currents but not the reactive current of
the load.

The reactive component of the load current has to be supplied
from the input side. Mathematically, the function of the shunt
active filter can be expressed as

(1)

where and are input current and voltage vectors, respec-
tively. can be positive or negative depending on whether the
load is inductive or capacitive, respectively. is the emulator
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(a) (b)

(c)

Fig. 5. (a) Determination ofsin(' ) andcos(' ) by Method I. (b) Determination ofsin(' ) andcos(' ) by Method II. (c) Load current space phasors(i ),
(i ) in stationary (a, �) and rotating (d1 p, q1 p) reference frame.

resistance corresponding to active power transfer in the positive
direction. The required phase shift depends on the load power
factor. In implementation, either the input current can be sensed
directly or obtained by summation of the load and the filter cur-
rents. For determination of the phase shift, load current needs to
be sensed.

Let us assume that the input voltage is sinusoidal and
balanced

(2)

where is the angular frequency of the input voltage. (, ) is
a system of orthogonal and stationary axes as shown in Fig. 3.
The variables with suffix or represent components along that
particular axis. A line-current-shaping controller, similar to the
one that has been described in [1] for high-power-factor oper-
ation of a three-phase boost rectifier, can be used here to make

proportional to It has been shown in Fig. 3 that from
the input current , can be obtained by phase shifting by
an angle Therefore,

(3)

where

(4)

It can be noted that if we make the phase shiftequal to the
phase angle of the positive-sequence component of the funda-
mental frequency load current then the input current will consist
only of active and reactive current components of line frequency.

This general principle of filtering the harmonic currents is de-
noted here as the PAB control technique. The block diagram of
the PAB controller is given in Fig. 4. We can use either Method
I, shown in Fig. 5(a) or Method II, shown in Fig. 5(b), to get
the desired phase angle.

Method I:For a three-phase three-wire system (i.e., no zero-
sequence current) , the nonlinear load current can be ex-
pressed as a summation of harmonics of positive-sequence and
negative-sequence current components. It has been assumed that
there is no dc component in the load current

(5)

where is the harmonic number.
In the suffix of a variable “p”and “n” indicate positive- and

negative-sequence components, respectively. The space phasors
in the above equation are decomposed into (, ) axis compo-
nents as given by (6) and (7)

(6)

(7)
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6. Simulation results of the PAB controller with load consisting of 20-A
(peak) diode rectifier and 10-A (peak) reactive lag. (a) Input phase currenti .
(b) i . (c) Filter currenti . (d) Load currenti . (e)sin(' ). (f) i , i .
(g) cos(�)(h) sin(�).

The angular frequency of the fundamental component is.
Therefore, the square of the magnitude of can be written as

(8)

All the frequency-dependent terms are combined together as
. We can eliminate the high-frequency components of by

passing it through a low-pass filter (LPF), then take a square
root of the output of the filter to get

(9)

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 7. Simulation results of the PAB controller with 20-A (peak) diode
rectifier load. (a) Input phase currenti . (b) i . (c) Filter currenti . (d)
Load currenti . (e)sin(' ). (f)i , i . (g)cos(�):(h) sin(�).

The magnitude of the input current is made equal to the
by the outer loop proportional plus integral (PI) controller.
Therefore, the PI controller ensures that

(10)

The output of the PI controller gives us the magnitude of
, or . By monitoring and we can de-

termine whether the load current is leading or lagging the input
voltage. This information is binary in nature because it has only
two values: for lagging current and for
leading current

(11)



CHATTOPADHYAY AND RAMANARAYANAN: PAB CONTROL FOR HARMONIC FILTERING OF A THREE-PHASE SAF SYSTEM 569

Fig. 8. Voltage vectors produced by the converter and the definitions of the
corresponding sectors.

TABLE I
GENERATION OFRECTIFIED CURRENT VARIABLES

(12)

This method of calculation of phase shift is computation-
ally simple but not very exact. The reason for that is given below.
From the power balance condition on the input source and the
nonlinear load we get

(13)

where is the phase angle of the fundamental frequency
positive-sequence component of the load current.

Therefore,

(14)

can be expressed as

(15)

where the total distortion coefficient is defined as

(16)

Fig. 9. Mapping of P, Q, R, and S vectors into M of Sector 1 of positivea, �
axis for solution ofT , T .

TABLE II
SELECTION OFACTIVE VECTORS INSECTORS1, 3, 4,AND 6

Ideally, we would like the controller to make the input cur-
rent phase shifted by an amount equal to the phase angle of
the line-frequency positive-sequence component of the load cur-
rent, that is, we want . Under that condition, the SAF
will compensate only for the harmonics and both the active and
reactive components of the load current will be supplied from
the input. However, it can be seen from (14) that this principle
is not exactly followed in this implementation. Instead, some
phase-angle error gets introduced that depends on the total dis-
tortion coefficient of the load current. This would mean that
the input current though free from harmonics will not supply
power at the optimum power factor. However, in most cases this
error in magnitude of the input current is not significant. For ex-
ample, if is 28%, as would be in the case of a diode bridge
rectifier, then the magnitude of the input current will be 3.8%
more than what is possible to achieve through perfect compen-
sation.

If we approximate as , then

(17)

(18)

Method II: It is possible to implement perfect compensa-
tion for harmonics with some extra computational requirements
on the controller. The fundamental-frequency positive-sequence
current can be extracted from the load current in the syn-
chronously rotating ( , ) reference frame. For that, it is
not even necessary to sense the input voltageas would be re-
quired in other methods.

This is due to the reason that the internal control variable
is proportional to . Therefore, as shown in Fig. 5(c),

(19)
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Fig. 10. Mapping of A, B, C, and D vectors into N of Sector 2 of positivea,
� axis for solution ofT , T .

TABLE III
SELECTION OFACTIVE VECTORS INSECTORS2A, 2B, 5A,AND 5B

(20)

Therefore,

(21)

(22)

Subsequently, we pass and through LPFs to elim-
inate the ac content in the waveform and get the dc quanti-
ties ( , ) corresponding to the fundamental-frequency
positive-sequence component of the load current . From
( , ) the and can be computed as

(23)

(24)

Alternatively, the magnitude of can be obtained from
(25) and the phase angle of the input current,, can be deter-
mined by the closed-loop PI controller, as in Method I

(25)

III. SIMULATION RESULTS

The SAF with the proposed PAB controller is simulated in the
MATLAB-SIMULINK (version 5.3) simulation environment.
The nonlinear load is of 20 A peak, as shown in Fig. 7(d). The
shape of the current and its rise and fall times are so chosen
that it approximately models a three-phase diode bridge recti-
fier. The per phase inductance of the shunt active filter is 0.75
mH. The output dc voltage of SAF is regulated by an outer loop

Fig. 11. Sequence of sector change to be followed to eventually synchronize
with the input voltage vector. For example, if for the present switching period the
actual voltage vector is in sector 5B but the initial assumption of sector is 3, then
sectors 3, 4, and 5A will not produce an acceptable solution but the modulator
will lock at sector 5B.

Fig. 12. Generation of symmetrical PWM signals Sw1, Sw3 and Sw5 using
the Full Compare Unit of the TMS320F240 DSP in sector 1 of the input voltage
vector.

PI regulator. The switching frequency of the converter is chosen
to be 10 kHz. It is desirable that the switching frequency of
the SAF is made as high as possible. At higher switching fre-
quency the filter inductance can be made lower and better dy-
namics can be extracted by the current controller. However, in
this case the choice is dictated by the limitations of the general
purpose TMS320F240 digital controller that has been used for
the hardware implementation of the control algorithm (20-MHz
CPU, 6.6- s ADC). The simulation results for two types of load
with method II of the PAB control are presented in Figs. 6 and
7. Method I provides practically the same results, therefore, it
is not reported separately. In simulation, two cases are consid-
ered. In case I, the load is diode-rectifier-type nonlinear along
with line-frequency reactive current of 10 A peak. The simulated
waveforms are shown in Fig. 6. In case II, the load has no line-
frequency reactive component but consists only of 20-A peak
nonlinear current. The simulated waveforms are shown in Fig. 7.

IV. DIGITAL IMPLEMENTATION

This section describes the digital implementation procedure
of the PAB controller. We sense two phase currents (, ) of
the harmonic filter (instead of ( , ) the input currents ( ,

) can also be sensed). Two phase currents of the nonlinear
load ( , ) should also be sensed. The output dc voltage of
the shunt harmonic filter is sensed and regulated at the reference
value. The - and -axes components of the sensed currents for
the “ th” switching period are given by (26)–(29)

(26)
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TABLE IV
GENERATION OFSYMMETRICAL PWM PULSESUSING TMS320F240

(27)

(28)

(29)

The - and -axes components of the input current can be
calculated as

(30)

(31)

Let us assume that and are known to the con-
troller at this point, then and can be obtained from
(32) and (33)

(32)

(33)

The voltage vectors produced by the switching of a
three-phase two-level pulsewidth-modulation (PWM) converter
are shown in Fig. 8. The corresponding switching sectors are
also defined in the same figure. From the sector change logic
(described in a later part of this section) the sector of the input
voltage vector is known to the controller. Using the sector
information the rectified current variables and
are obtained from Table I. The continuous-conduction mode
input–output conversion equations of the boost converter are

(34)

(35)

Therefore, under closed-loop operation the duty ratios can be
calculated from

(36)

(37)

is the output of the outer loop PI controller
that regulates the output dc voltage of the SAF.
and are the corresponding duty ratios of- and -axes
converters. In implementation, we need to satisfy (36) and (37)
simultaneously in every switching period of the converter by
applying the voltage vectors shown in Fig. 8. From and

, we can calculate the time duration and for
the two active vectors and , respectively, by using the
principle of volt-second balance. The remaining time of
the switching period should be used by the null vector .
From Fig. 9, it can be noted that if the active vectors and

for sectors 1, 3, 4, and 6 are identified as in Table II, then
the corresponding duty ratio and

, needed for synthesis of any vector (, , or )
that makes an anglewith respect to the axis of the segment,
can be obtained as

(38)

(39)

Similarly, for sectors 2A, 2B, 5A, and 5B, as shown in Fig. 10,
Table III gives the selection of vectors. The and can
be calculated from (40) and (41)

(40)

(41)

The duty ratio of the null vector is given by

(42)

The controller implements self-synchronization of the con-
verter switching with respect to input voltage based on the
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 13. Experimental results of the PAB Control Method I. (a) Diode—(� ),
(i ), (i ), (i ). (b) Diode plus IM (no load)—(� ), (i ), (i ), (i ).
(c) Diode—(i ), (i ), (i ), sin(' ). (d) Diode plus IM (no load)—(i ),
(i ), (i ), sin(' ). (e) Diode—(i ), (i ), ji j, ji j . (f) Diode
plus IM (no load)—(i ), (i ), ji j, ji j . (g), (h) Diode plus IM (no
load)—high-power-factor mode—(g)(i ), (i ), (i ), sin(' )(h)(i ),
sin(' ), ji j, ji j.

following logic: as long as the sector selection is correct, the
- and -axes modulators will produce duty ratios less than 1,

i.e., , . Further, has also to be true

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 14. Experimental results of the PAB Control Method II. (a)
Diode—(� ), (i ), (i ), (i ). (b) Diode plus IM (no load)—(� ), (i ),
(i ), (i ). (c) Diode—(i ), (i ), (i ), sin(' ). (d) Diode plus IM (no
load)—(i ), (i ), (i ), sin(' ). (e) Diode—(i ), (i ), i , i .
(f) Diode plus IM (no load)—(i ), (i ), i , i . (g) Diode—(i ),
(i ), cos(�), sin(�). (h) Diode plus IM (no load)—(i ), (i ), i , cos(�).

for the modulator to produce valid switching pulses for the SAF
converter. When any one of these conditions are not satisfied,
the next sector in sequence is chosen, as shown in Fig. 11.
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(a) (b)

(c) (d)

Fig. 15. Harmonic spectrum of (a) input current with diode loadi , (b) diode rectifier load currenti , (c) input current under diode plus IM loadi , and
(d) load diode plus IM (no load) currenti .

It may be noted that the duty ratio control law is input voltage
sensorless and can be expressed with a few simple formulas.
Therefore, it can be said that the computational overhead of this
input voltage sensorless algorithm is not substantial.

It has been assumed in the above algorithm thatis known
to the controller. In method I of the PAB controller and

are determined in closed loop. First, (load current
magnitude square) is computed from (43)

(43)

This quantity is then filtered by an LPF and square root is
taken on the filtered output to get . The magnitude of the
input current phasor is computed as

(44)

The difference in the magnitudes of these two quantities, that
is, , is treated as an input signal to the PI controller.
The output of the PI controller is the magnitude of . It
passes through a limit check where maximum value is set as
one and the minimum value as zero. The information whether
the load power factor is leading or lagging , or the value ofin
(11), is binary in nature. It can be obtained even without sensing
the input voltage by processing and . This is because
is proportional to input voltage . Then, the values of
and are calculated from (11) and (12).

In method II of the implementation (19)–(24) are used to
compute and , as described in Section II.

The control algorithm is implemented in a Texas Instruments
DSP TMS320F240F. It has three 16-bit registers [8], namely,
CMP1, CMP2, and CMP3, to control the individual duty cy-
cles of the switches as shown in Fig. 12. The values that are to
be loaded on to these registers to generate symmetrical PWM
pulses are given in Table IV.

V. EXPERIMENTAL VERIFICATION

The general-propose DSP TMS320F240 has been used to im-
plement the (PAB) control in digital hardware. It has a CPU
clock frequency of 20 MHz and the ADC conversion time is 6.6

s. The execution time of the PAB algorithm is approximately
50 s in the TMS320F240. The power hardware of the prototype
PWM converter is built on an intelligent power module (IPM)
switched at 10 kHz that corresponds to the control loop time of

s (underflow interrupt of Fig. 12). The per phase
filter inductance is 0.75 mH. The filter and load currents are
measured but input voltages are not sensed. The output of the
shunt harmonic filter is regulated at 375 V. A nonlinear load of
12.7 A(rms) rating is constructed by using a three-phase diode
bridge rectifier connected to the resistive load. A predominantly
reactive load of 24.7 A(rms) is constructed by adding an induc-
tion motor (IM) under no load to the already available nonlinear
load of the diode bridge rectifier in order to verify that the phase
shift control algorithm compensates only for the harmonics but
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not for the reactive current of the load. However, if we deliber-
ately set and , then the SAF can be used
for compensation of both reactive and harmonic currents and the
entire SAF system works like a high-power-factor boost recti-
fier. The experimental waveforms are shown in Figs. 13 and 14.
In particular, Fig. 13(g) and Fig. 13(h) demonstrate the opera-
tion of the SAF as a PFC rectifier.

The total harmonic distortion (THD) of the rectifier current
is 25.7% and the THD of the input current with the PAB con-
trol is 6.5%. The frequency spectrum of the input and load cur-
rents are measured using LEM HEME ANALYST 2060 and are
shown in Fig. 15. The input voltage of the experimental con-
verter is not an ideal sine wave but itself has a THD of 1.8%. It
has been found that there is no substantial difference in the input
current THD results between the two methods of PAB control
that are proposed in this paper. It may be noted that the har-
monic performance can be further improved by using a lower
value of per-phase inductance in SAF. However, in that case, the
switching frequency of the converter should be increased. This
in effect means that a DSP with faster CPU speed and lower
ADC conversion time than the TMS 320F240 should be used.
This is due to the reason that, at a higher switching frequency,
the ADC conversion time of TMS320F240 is substantial com-
pared to the loop time of the control algorithm.

VI. CONCLUSION

In this paper, the PAB control for filtering the harmonic com-
ponents of the nonlinear load is proposed for an SAF. The har-
monic filtering objective is defined as the task of balancing the
phase angle of the input current with the phase angle of the
line-frequency component of the load current. To achieve this
objective the input current is sensed, phase shifted by a specific
amount and then made proportional to the input voltage. Two
methods are described in this paper for determination of the re-
quired phase shift. The current-mode control algorithm is input
voltage sensorless, without PLL and suitable for digital imple-
mentation with currents being sampled only once in a switching
period. The PAB control has the flexibility to compensate only
for the harmonics of the load current so that the current rating re-
quirement of the converter can be made lower than the converter
with both reactive and harmonics compensation. However, if re-
quired, this method can compensate for the reactive component
of the load current as well and thereby shape the input current
like input voltage. In conclusion, it can be said that the PAB
control is a simple but effective harmonic filtering technique for
loads that support unidirectional power flow from input to load.
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