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Abstract—The injection of sinusoidal current to an electrical
grid is nowadays possible with the use of active power filters
(APFs). With quasi-steady-state (QSS) nonlinear controllers, these
power filters provide low grid-current-harmonic content with
simple-control analog implementation. This paper focuses on the
design of a QSS nonlinear controller for a single-phase APF.
A complete analysis based on the sliding-mode-control theory
is given. From the analysis, a set of control-design guidelines
is presented to select the gains and parameters of the control
scheme. Selected experimental results are reported to validate the
theoretical design procedure.
Index Terms—Active power filter (APF), harmonics, power
quality, quasi steady-state (QSS) approach.

I. I NTRODUCTION

W

ITH THE increasing use of electronic equipment, special attention has been drawn to the impact that this
equipment has on ac power lines. The amount of harmonic
currents flowing into the grid is growing rapidly due to polluting
loads. The use of passive filters can increase power quality,
but they are a costly and bulky solution. Moreover, there is no
possibility of adjustment to correct harmonic currents produced
by different loads.
Some power-grid-conditioning methods have been proposed
in the literature to minimize harmonic distortion currents and
to correct the power factor on the electric network [1]–[6].
One of the most popular power-grid conditioners is the active
power filter (APF), with shunt connection [3]–[14] or series
connection with the load [15]. Several topologies are possible,
including full-bridge voltage source inverter and full-bridge
current source inverter [16].
The main purpose of the shunt APF system is to supply the
harmonics absorbed by the nonlinear load, in order to provide
the grid current with a low harmonic content. To this end,
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the control of APF systems has been widely studied in the
literature. The basic approach consists of two control loops.
The outer voltage loop is responsible for capacitor-voltage
regulation while the inner current loop performs the referencecurrent-signal tracking. For the reference-signal generation, a
direct method consists of sensing the load current and extracting
the harmonic content. Then the filter current is used in the inner
current loop to track the load-current harmonics [7], [11]. As an
alternative, an indirect method generates a sinusoidal reference
signal by means of grid-voltage sensing. In that case, the grid
current is forced to follow this sinusoidal signal and, thus, the
load harmonics are indirectly given by the APF inductor current
[8], [17]. The main advantages of this second approach are that
only one low-bandwidth current sensor is required and faster
transient response is obtained [17], [18].
To improve the performance of the basic approaches, different control solutions have been proposed. Recent works
have proposed digital implementations with time or frequencydomain mathematical representations [18]–[26]. These control
solutions give high performance and flexible designs. However,
fast digital signal processors are required to compute the complex mathematical calculations, yielding costly schemes.
Analog-control implementations have also been widely evaluated in the literature [7]–[12]. The conventional control
configuration provides good performance at nominal grid conditions. However, in distorted grids, additional analog circuitry
should be necessary to maintain the expected features. To
simplify the control circuitry, the quasi steady-state (QSS)
approach has been successfully applied to switching converters and particularly to shunt APFs [27]–[29]. The basic implementation uses an integrator with a reset signal which is
synchronized with each switching cycle, in order to compute
the duty ratio. The method is simple, but it loses the advantages
of past behavior in error correction caused by the integrator
periodic reset [30]. An improved QSS controller has been
recently presented in [31]. This control scheme has superior
performance characteristics due to its ability to maintain the
past behavior of the system. This feature is achieved through
the use of an analog multiplexer and a bandpass filter instead of
the reset integrator.
In this paper, we present a complete design-oriented study
for the QSS nonlinear controller reported in [31]. The analysis
is based on the sliding-mode-control theory. A set of design
guidelines for the selection of the gain and parameters of the
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Following this QSS approach [27]–[29], the relationship between voltages vc and vs can be expressed as
vc
1
≈
vs
u

(3)

where u is the average value of the control variable u over
one switching period. This simple expression will be used next
to derive the nonlinear control proposed in this paper.
Fig. 2 shows the control configuration for the shunt APF
circuit [10]. It consists of two control loops and a modulation
scheme. The inner current loop is responsible for assuring that
the grid current is remains sinusoidal and in phase with the grid
voltage vs . This control objective can be expressed as
is = i∗s = k · vs
Fig. 1.

Shunt active power filter.
TABLE I
S TATE OF S WITCHES AND C ONTROL I NPUT u

QSS controller is identified by means of the evaluation of
existence, reaching, and stability conditions. In addition, the
effect of the bandpass-filter characteristics on the APF performance is analyzed. As a result, we propose a systematic
procedure for the design of the QSS controller. This procedure
constitutes the main contribution of this paper.
This paper is organized as follows. Section II reviews the
analog-control implementations for the shunt APF. Section III
uses the sliding-mode-control theory to devise the QSS nonlinear control configuration. Section IV presents some controldesign guidelines. Section V corroborates the expected features
of the proposed controller by means of selected experimental
results. Also, a performance comparison with a reference APF
controller is provided. Section VI presents the conclusion.
II. C ONVENTIONAL I NDIRECT C ONTROL FOR
S INGLE -P HASE S HUNT APF
Fig. 1 shows a typical configuration of a full-bridge APF
circuit in parallel with both the grid and the nonlinear load. For
the APF control, we adopt the basic bipolar modulation scheme
due to its easy analog implementation. Table I sums up the state
of the switches and the definition of the control input u for this
modulation technique.
From Table I, the dynamic model of the APF circuit can be
easily expressed as
1
diL
= (vs − rL · iL − vc · u)
dt
L
iL
dvc
=
· u.
dt
C

(1)

(4)

where i∗s is the reference current, and k is a slow-varying
variable which accounts for the average power consumed by
the nonlinear load. Note that an analog multiplier is required
for the implementation of this control objective.
The value of k is given by an outer voltage loop, usually by
means of a proportional–integral (PI) compensator of the voltage error ev = vc∗ − vc . In common practice, the voltage vc is
filtered out through a low-pass filter with a cutoff frequency less
than twice the grid frequency, in order to reduce the harmonic
content of both the variable k and the reference current [8].
The last stage of the conventional indirect controller includes
the modulation scheme. From an analog implementation point
of view, an interesting sliding-mode modulation technique is
given in [8]. A simple sliding surface is defined using the gridcurrent error
s = is − i∗s .

(5)

The control law, which forces the grid current to track the
reference signal, can be expressed as [8]

1,
for s > 0
u=
(6)
−1, for s < 0.
Normally, a high-bandwidth current compensator is necessary in a conventional pulsewidth modulation scheme. Following this sliding-mode approach, the compensator of the inner
current loop is not required.
The indirect sliding-mode control described here will be
used as a reference control in the experimental performance
comparison provided in Section V.
III. QSS S LIDING -M ODE C ONTROLLER
The aim of this section is to derive a QSS sliding-mode controller which avoids the use of an analog multiplier in the outer
voltage loop. Some details about the practical implementation
of the proposed controller are also presented.

(2)

Normally, the grid frequency is well below the switching frequency. Therefore, the variables of the aforementioned model
can be considered nearly constant in one switching period.

A. Derivation of Control Configuration
The QSS approach is considered here to obtain the output of
the outer voltage loop i∗s . It is important to note that in steady
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Fig. 2. Conventional indirect control for the single-phase APF circuit.

Fig. 3. Proposed QSS sliding-mode controller.

state, u is a nearly sinusoidal waveform, and the variables k
and vc are slow-varying signals with respect to the switching
period. Substituting (3) into (4), the main control objective can
be alternatively expressed as
is ≈ k · vc · u = k1 · u

(7)

where k1 is the output of the PI compensator of the error voltage
ev , i.e.,

(8)
k1 = kp (vc∗ − vc ) + ki (vc∗ − vc ) dt.
Note that (7) gives the desired control objectives without sensing the grid voltage, but an analog multiplier is still required.
Because k1 is almost constant and a slow-varying signal, a
second approximation can be made; k1 · u ≈ k1 · u, that
is, the product of two analog signals (k1 and u) is replaced
by the average value of the product of an analog signal (k1 )
and a discrete one (u). In that case, a bandpass filter and a
multiplexer can be used to implement the reference current
k1 · u [31], eliminating the need for an analog multiplier in
the outer voltage loop
is = i∗s = k1 · u.

(9)

The bandpass filter used to obtain k1 · u must be tuned to
the grid frequency to reject all the current harmonics except the
fundamental one.

The characteristics of the bandpass filter have a significant
effect on the APF performance. The bandwidth should be small
enough to sufficiently attenuate the harmonic components of
the reference current. However, a slow transient response with
an important delay is obtained with a narrow bandpass filter. In
Section V, a solution for this design tradeoff is given for the
proposed controller.
In addition, the sensing of the grid voltage is not necessary
in the proposed controller, given that the reference current
produces a sinusoidal waveform by means of the averaged value
of the control variable u, as shown in (3). In that case, the gridvoltage harmonics do not affect the generation of the reference
thus reducing the grid-current total harmonic distortion (THD).
This is an interesting property for an APF circuit, particularly
under distorted grid condition.
With the proposed controller, the switching frequency varies
during the grid period, due to the inherent behavior of the
sliding-mode control. The maximum frequency is expected at
zero-voltage crossing points and the minimum frequency is
obtained at peak grid-voltage values. In the proposed controller,
the maximum switching frequency fs,max is fixed by using a
D flip-flop at the output of the comparator. A clock generator
oscillating at fclk forces that fs,max = fclk /2. The complementary outputs of the flip-flop, u(nTs ) and ū(nTs ), drive the
power switches. The signal u(nTs ) indicates the sampled value
of the variable u(t) at the frequency fs,max (Ts = 1/fs,max ).
Fig. 4 shows a possible implementation of the multiplexer
based on two bipolar transistors. The output of the circuit is the
voltage k1 · u(nTs ).

B. Controller Implementation
Fig. 3 shows the implementation of the control objective
(9) following a sliding-mode-control approach. The sliding
surface is easily derived by identifying (9) with the well-known
existence condition s = 0
s = is − i∗s = is − k1 · u.

(10)

IV. D ESIGN OF P ROPOSED C ONTROLLER
This section presents some guidelines for the design of the
proposed controller. The design is based on the sliding-modecontrol theory. In particular, reaching, existence, and stability
conditions will be examined.
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It is worth mentioning that the equivalent control input
expressed in (14) exists, and, thus, a sliding motion is possible
over the sliding surface defined in (10).
C. Attraction Domain

Fig. 4.

Analog implementation of k1 · u(nTs ).

A. Reaching Condition
In a sliding-mode-control system, the fulfillment of the
reaching condition ensures that, regardless of the initial system
state, the state trajectory of the system will always be directed
toward the sliding surface. The direction of these state trajectories is governed by the control law
 +
u , for s > 0
u=
(11)
u− , for s < 0
where u+ and u− can take the values 1 or −1 in the current
application.
The design of u+ and u− is carried out normally by using the
well-known local reaching condition [32], [33]
lim s ·

s→0

ds
< 0.
dt

(12)

Using (1), (2), and (9), it is easy to derive that u+ = 1 and
u = −1 guarantee the accomplishment of (12).
−

B. Existence Condition
In a sliding-mode-control system, the reaching regime is
finished when the system state reaches the sliding surface and
stays on it. In that case, the sliding regime appears and is
characterized by a particular system dynamics restricted over
the sliding surface. In order for the sliding motion to exist, the
following conditions must be observed [34]:
s=0

ds
= 0.
dt

(13)

Theoretically, the equivalent control ueq is a continuous
control input that satisfies (13). By substituting (8) and (10) in
(13), the equivalent control can be expressed as
ueq =

is 
is 
=
k1
kp (vc∗ − vc ) + ii 

(14)

where is  and ii  are the average values of is and ii respectively, over one switching period. Note that ii  is a state
variable introduced by the integral term of the PI compensator
dii 
= ki (vc∗ − vc ) .
dt

(15)

A design condition for the reference voltage is derived here
using the attraction-domain analysis.
By inserting (14) in (1) and (2), the low-frequency dynamics
of the APF circuit can be written as


1
vc  · is 
diL 
=
vs  − is − io  · rL −
dt
L
kp (vc∗ − vc ) + ii 
(16)


1
is − io  · is 
dvc 
=
.
(17)
dt
C kp (vc∗ − vc ) + ii 
Note that the closed-loop system dynamics is represented by
the nonlinear model (15)–(17).
It is well known that the control variable ueq must be
restricted to the maximum and minimum values of the control
input variable u [34]. Given that umax = 1 and umin = −1, the
attraction-domain restriction is expressed as
−1 <

vs  − L ·
vc 

diL 
dt

< 1.

(18)

This condition must be observed to avoid the saturation of the
control. A design condition can be formulated for the parameter
vc∗ considering the worst possible scenario, i.e., the variables of
(18) have their maximum values


 diL  
∗


vc > |vs |max + L · 
.
(19)
dt max
In the particular case that the grid is supplying a nonlinear
load with a high crest factor, the maximum slew rate of the
load current limits the system performance. Then, taking into
account that




 dis  
 dio  




>
(20)
 dt 
 dt 
max
max
the previous design condition can be formulated as


 dio  
∗


vc > |vs |max + L · 
.
dt max

(21)

It is interesting to note that the required reference voltage
is normally higher in the APF system in comparison with
other applications using a step-up-based converter topology
(such as high-power-factor boost preregulators and dc/dc boost
regulators). In such applications, the maximum value of the
load-current time derivate is normally negligible, which does
not happen in the case of the APF system.
D. Stability Condition
In a sliding-mode-control system, the fulfillment of the stability condition ensures that the state trajectory of the system will always reach a stable equilibrium state. As stated
previously, the low-frequency dynamics of the APF system is
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expressed in (15)–(17) by a nonlinear description. The system
stability is then examined using a small-signal model. Usually,
the small-signal model of the APF system considers only the
dynamics of the capacitor voltage [7]. In this section, the whole
nonlinear-model description is used in the small-signal-model
derivation to obtain a complete set of design conditions.
The variables of the nonlinear model (15)–(17) contain, in
general, dc and ac components. For the control design, only the
ac components with frequencies below the grid frequency have
significant information. These components can be extracted
by averaging the nonlinear model over one-half grid period
[35], [36]. Thus, all the variables in the system model can
be represented as quiescent-averaged values plus their smallsignal variations. Note that the small-signal variables have
nonsinusoidal waveforms due to the low-frequency averaging
process. The averaged variables can be expressed as
īL = IL + îL (t)

(22)

v̄c = Vc + v̂c (t)

(23)

īi = Ii + îi (t)

(24)

v̄s = Vs + v̂s (t)

(25)

īs = Is + îs (t)

(26)

īo = Io + îo (t)

(27)

īo1 = Io1 + îo1 (t).

(28)

Note that two load currents are defined in (27) and (28).
The first one īo is the current absorbed by the nonlinear load.
The second one īo1 is the first-harmonic component of īo . The
current īo1 is introduced in the model by the averaging process
of the product is − io  · is  expressed in (17). It should be
mentioned that the averaging of the product of a sinusoidal
signal is  and a signal with a rich-harmonic content is − io 
yields values that are different from zero only at the firstharmonic component (property of orthogonality).
By substituting (22)–(28) into (15)–(17) and averaging over
one-half grid period, a model with quiescent and small ac
variation variables is obtained




d Io + îo (t)
d Is + îs (t)
L−
L
dt
 dt

= Vs + v̂s (t) − rL · Is + îs (t) − Io − îo (t)


(Vc − v̂c (t)) · Is + îs (t)
−
(29)
kp (vc∗ − Vc − v̂c (t)) + Ii + îi (t)
d (Vc + v̂c (t))
dt 

⎞
⎛
π 2 ⎝ Is + îs (t) · Is + îs (t)−Io1 − îo1 (t) ⎠
=
8C
kp (vc∗ −Vc −v̂c (t))+Ii + îi (t)

d Ii + îi (t)


dt
= ki (vc∗ − Vc − v̂c (t)) .

(30)

(31)

TABLE II
PARAMETER VALUES OF APF C IRCUIT FOR E XPERIMENTAL T EST

Taking the quiescent values separately, the following steadystate relationships are deduced:
Ii =

vc∗ · io1,rms
Vc · Is
=
Vs + rL · (Io − Is )
vs,rms + rL · (io,rms − io1,rms )
(32)

Is = Io1

√
2· 2
io1,rms
=
π

Vc = vc∗

(33)
(34)

where vs,rms and io1,rms are the rms values of the grid voltage
and load-current first harmonic, respectively (see Table II).
The small-signal closed-loop model of the variable v̂c is,
finally, derived by inserting (32)–(34) into (29)–(31) and disregarding the second-order ac terms. In the Laplace domain,
the model can be expressed as


(s3 + a2 s2 + a1 s + a0 )v̂c (s) = f v̂s (s), îo (s), îo1 (s)
(35)
where
a2 =

vc∗ + Ii · rL
Ii · L

a1 =

io1,rms
(io1,rms + kp (vs,rms + rL (io,rms − io1,rms )))
CL · Ii2

(36)

(37)
a0 =

ki · io1,rms
(vs,rms + rL (io,rms − io1,rms )) .
CL · Ii2

(38)

With the linear model (35) in mind, the stability analysis
is performed using the well-known Routh’s–Hurwitz criterion.
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Fig. 6. (Top) Load current and grid voltage, and (bottom) load-current spectrum with the nondistorted grid feeding an uncontrolled bridge rectifier.

Fig. 5. Family of root-locus diagram. (a) kp = 0.64 for 0 < ki < 1000.
(b) ki = 45 for 0.1 < kp < 1. Chosen locations for poles λ2 and λ3 are
indicated by the large asterisks.

kp = 0.64 and ki = 45 to achieve an equivalent second-order
dynamics with a damping factor of ξ = 0.707 and a natural
frequency of ωn = 2π · 15.2 rad/s.
V. E XPERIMENTAL R ESULTS

The stability limits of the gain parameters of the PI compensator
can be expressed as the following stability condition:
kp > −

io1,rms
vs,rms + rL (io,rms − io1,rms )

(39)

0 < ki

In this section, experimental results are provided to validate
the proposed control. A comparison with a reference controller
is also given.
A. Experimental Setup

(v ∗ +Ii ·rL)·(io,rms +kp (vs,rms +rL (io,rms −io1,rms)))
.
< c
Ii ·L·(vs,rms +rL(io,rms −io1,rms))
(40)
An analysis of (35) through the representation of some rootlocus diagrams gives additional information about the transient
response of the system. Using the values shown in Table II,
we observe that a negligible high-frequency real pole exists
(λ1 at −6.7 · 1030 rad/s). Besides, neither kp nor ki have any
noticeable effects on this pole location.
Fig. 5 shows the root-locus diagram of the two remainder
poles, λ2 and λ3 , under different values of the kp and ki
coefficients. The high-frequency pole λ1 is omitted in this
figure. Note that there is a wide range of possible pole locations,
so the desired transient response can be easily satisfied. In
common practice, the bandwidth of the outer voltage loop must
be sufficiently low to avoid an undesired harmonic content in
the grid current. Therefore, the PI compensator gains are set at

An experimental prototype of the active filter was built using
four insulated-gate bipolar transistor (IGBT) switches from a
Mitsubishi PM50RSK60 intelligent power module. Table II
lists the parameter values of both the APF circuit and the proposed controller. The maximum switching frequency is 18 kHz
according to the limits expected for the IGBT switching characteristics. The power components have been designed using the
guidelines reported in [8]. The design of the PI gain coefficients
was presented in the previous section. The remainder-control
parameters have been experimentally selected according to the
following criteria.
1) The value for vc∗ must fulfill the design condition (21).
2) The cutoff frequency of the vc low-pass filter must be
set at less than twice the grid frequency, to reduce the
harmonic content of the reference current.
3) The bandpass-filter parameters must be selected according to the need to attenuate all the undesired current
harmonics and to guarantee a fast enough transient
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Fig. 7. Nondistorted grid. (Top) Grid current and grid voltage. (Bottom) Grid-current spectra.

response. In the experimental setup, a simple secondorder bandpass filter, with unity gain at resonant frequency, was used.
The utility grid feeds a nonlinear load, as shown in Fig. 1.
The load is composed of a series resistance Rs , used to establish
the desired crest factor, a diode bridge, and a resistance Ro in
parallel with a capacitor Co . Fig. 6 shows the load current io
under nondistorted grid and its spectrum.
The measured grid voltage (THD, calculated with respect to
the fundamental value of the signal) is 2%. The crest factor
of the load current is 2.27, with a power factor of 0.73. The
THD of the load current, considering up to the 21st-harmonic
component, is 83.92%.
B. Test Results
To evaluate the proposed controller, a performance comparison with a reference controller, described in [8], is carried
out. This reference controller has been described in detail in
Section II. Fig. 7 shows the time waveforms of the experimental
grid current and voltage when the active filter is governed by the
reference and by the proposed control. As a prominent feature
and due to the inherent characteristics of the bandpass filter,
there is no noticeable phase deviation between the grid voltage
vs and the grid current is when using both controls. Fig. 7
also shows the measured spectra of the grid current with both
controllers. With the proposed controller, the grid-current THD
drops to 5.10%, providing a high reduction in the 3rd, 5th,
7th, 9th, and 11th harmonics with respect to the load current

(see Fig. 6). When using the reference control, the grid current
THD drops to 5.29%.
In practical applications, the grid-voltage waveform is normally distorted. To compare the performance of both controllers
in such a situation, a distorted grid voltage with an 8.92% THD
has been employed. Moreover, the measured load-current THD
is 60.34%. In that case, the reference current i∗s has a significant
harmonic content in the reference controller.
Fig. 8 shows the experimental grid-current waveforms using
both the reference control and the proposed control. In this case,
the reference control presents an unacceptable grid-currentharmonic distortion coming from the grid voltage, which is
replicated. As can be seen, the proposed control maintains
the harmonic-rejection capability also when the grid voltage is distorted. The nearly sinusoidal grid current is , obtained with the proposed control, shows that most of the load
current harmonics have been compensated for successfully,
see Fig. 8. The grid-current THD is 12.15% when testing
the reference control but it drops to only 6.11% with our
proposal.
Fig. 9 shows again the grid-current spectra but now with a
larger frequency axis (up to 30 kHz). As can be seen, both
high-frequency spectra are very similar. Thus, the proposed
controller achieves similar performance in these frequency
range but with the benefit of simple-control implementation.
The dynamic performance of both controllers under stepload changes was evaluated and compared. Fig. 10 shows
the transient response of the grid current and the capacitor
voltage for the proposed controller. The load is changed from
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Fig. 8.

Distorted grid. (Top) Grid current and grid voltage (top). (Bottom) Grid-current spectra.

Fig. 9.

Distorted grid. Grid-current spectra.

no load to full load to evaluate the worst scenario. A good
transient response is noticed with small deviation from the final
steady-state value and low settling time. Although not shown
here, the reference controller presents a transient response
with no appreciable differences with respect to the proposed
controller.

Fig. 10.
control.

4879

Response to load-step change from 0% to 100% using the proposed

C. Discussion
The proposed controller is a simple low-cost analog solution
for single-phase APF systems. The analog multiplier used in
the conventional control is substituted by a multiplexer and a
bandpass filter. Moreover, the sensing of the grid voltage is no
longer required. The performance of the APF system with the
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proposed control is improved in relation to the performance of
the conventional control. In fact, the THD of the grid current
is small, and it has low sensitivity to grid-voltage THD variations. This interesting property could be attributed to the low
bandwidth of the bandpass filter which rejects all the unwanted
harmonics.
The proposed control is particularly suitable for environments in which the grid frequency presents small deviations
from its nominal value. Variations smaller than 2% of the nominal grid frequency (which is the normal situation in large grid
systems [37]) does not deteriorate significantly the performance
of the proposed APF system. In fact, a displacement power
factor of 0.99 is measured when the frequency has a positive
2% deviation. Moreover, the grid-current THD is unaffected in
this situation.
In environments in which high deviation in the utility grid
frequency is expected, the displacement power factor of the
APF system could be unacceptable. The reason for this performance deterioration is that the bandpass filter operates at
a frequency different from its nominal resonance frequency,
and, thus, a high phase deviation between the grid voltage and
current is produced.
VI. C ONCLUSION
The injection of sinusoidal current to the electrical grid
is nowadays possible with the use of APFs. With QSS nonlinear controllers, these power filters provide low grid-currentharmonic content with simple-control analog implementation.
This paper has been focused on the design of a QSS nonlinear
controller for a single-phase APF. A complete analysis based
on the sliding-mode-control theory has been given. From the
analysis, a set of control-design guidelines were presented to
select the gains and parameters of the control scheme. The
performance characteristics of the proposed controller were
evaluated experimentally and compared with the features of a
reference controller. In view of these results, we can conclude
that the proposed controller offers low grid-current-harmonic
content with low sensitivity to grid-voltage distortion.
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