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ABSTRACT

This paper proposes an improved modulated carrier control with on-time doubler for the single-phase shunt
active power filter, which eliminates harmonic and reactive currents drawn by nonlinear loads. This control
method directly shapes the line current to be sinusoidal and in phase with the grid voltage by generating a
modulated carrier signal with a resettable integrator, comparing the carrier signal to the average line current and
making duty ratio doubled. Since the line current compared to the carrier signal is not the peak, but the average
value, dc-offset appeared at the conventional control methods based on one-cycle control is effectively
addressed. The proposed control technique extirpates the harmonic and reactive currents and solves the dc-offset
problem. The operation principle and stability characteristic of the single-phase shunt active power filter with
the proposed control method are discussed, and experimental results with laboratory prototype under various
load conditions verify its performance.

Keywords: single-phase shunt active power filter, modulated carrier control, indirect control, one-cycle
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I. INTRODUCTION

Nonlinear loads such as diode rectifiers with a capacitive or inductive load generate harmonic and reactive
currents from ac sources and cause low efficiency, low power factor, high total harmonic distortion (THD), and
some detrimental disturbances to other devices. Thus, tight regulations (e.g. IEC 61000-3-2, IEC 61000-3-12)
on harmonic and reactive currents have been established to suppress the serious harmonic contamination caused
by proliferation of nonlinear loads.

To comply with the aforementioned regulations, various researches have been conducted. At the earlier stage,
simple passive filters such as parallel, series, and hybrid filters consisting of solely passive elements were
employed to improve power factor and selectively compensate harmonic currents [1]-[3]. In spite of merits in
cost and simplicity, the passive filters are so intolerant of line variations that resonance between the filter and
line impedance may aggravate the harmonic pollution at the grid. Active power factor correction (PFC) schemes
have been widely used as well, which build an ideal rectifier presenting an effective resistive load to the grid
[4]-[6]. Although active PFC achieves almost unity power factor, it requires higher rating power semiconductor
devices since it processes the whole power delivered from the grid to the load.

The other technique, active power filter (APF), has been a reasonable solution to tackle the aforementioned
issues. Among a variety of APFs, shunt active power filter is one of the most practical configurations on account
of its simplicity, effectiveness and versatility. A single-phase shunt APF is connected in parallel with nonlinear
loads and compensates the harmonic and reactive components by working as a current source as shown in Fig. 1
so that the line current contains solely the fundamental content of the load current. Based on which current is
controlled, the conventional single-phase shunt APF control methods are classified into two groups: 1) Direct
control method [7]-[10], 2) Indirect control method [11]-[19]. In the direct control method, in order to obtain a
reference current for a control converter, the shunt APF, it is necessary to detect the harmonic and reactive
elements of the nonlinear load, which means that at least two current sensors are needed to eliminate the
unwanted elements in the line current. Furthermore, obtaining the reference current requires precise analog

multipliers or high performance processor and A/D modules.
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Fig. 1. Single-phase shunt active power filter with nonlinear load.

To overcome these drawbacks, the indirect control methods have been introduced, which simply control the
line current to follow the grid voltage. The main advantages of this approach are that only one current sensor for
the line current is required, and faster transient response is attained. In [11]-[14], the line current reference
signal is generated instead of shunt APF current reference by multiplying the grid voltage and the output signal
of the dc-link voltage compensator with different combinations or additional functions. Then, the shunt APF
operates to drive the line current to pursue the grid voltage. Although these sorts of indirect control compensate
unwanted currents properly, they still have calculation burden on the reference generation as the load level
changes and need to use the analog multipliers as well.

In contrast, the indirect controls based on one-cycle control [20] do not generate the line current reference but
use an integrator with reset as a key component to control the duty ratio of the shunt APF, which drastically
simplifies the control circuit without multiplying function [15]-[19]. Nevertheless, because the peak value of the
line current is programmed to be compared with the reference signal, dc-offset arises especially at light loads.
The dc-offset problem renders power factor and efficiency deteriorated. In [16] and [18], the slope of the carrier
signal is modified in the way either an artificial ramp or one more integrator is added to resolve the dc-offset
problem, but this compensation leads to increase in the current control loop complexity. Unipolar operation
mode alleviates dc-offset since the shunt APF at positive and negative half cycle operates symmetrically [17].
However, the method complicates the gating logic at each half cycle of the grid voltage. On top of that, these are
relatively susceptible to noise in the sensed line current as both control methods use the peak current to reset a

latch.
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This paper proposes a new single-phase shunt APF control method using an improved modulated carrier
signal and an one-time doubler to solve the dc-offset problem. The slope of the modulated carrier signal is
determined for the parallel connection of the nonlinear load and the shunt APF to be a resistive load to the grid.
By comparing the carrier signal to the average line current and making the duty ratio doubled, the proposed
control technique accomplishes no dc-offset, noise immunity, and good compensation performance as well. In
section II, the operation principle is analyzed in detail, and verification of the proposed control scheme is
theoretically proved. Next, the small-signal model of the shunt APF system is given to design the voltage
controller. Experimental results with a laboratory prototype (1.6-kW nonlinear load with a shunt APF) are
provided to validate the performance of the proposed control method in section IV. Lastly, the paper is

concluded in section V.

I1. OPERATION PRINCIPLE
A. Operation analysis of power stage
The shunt APF with the proposed control method is operated in bipolar mode illustrated in Fig. 2. At positive
half cycle of the grid voltage, Q1, Q3 are on and Q2, Q4 are off during 0<t<dTs, and Q2, Q4 are on and Q1, Q3
are off during dT,<t<T,, vice versa at negative half cycle, where T; is the switching period, and d is the duty
ratio of the converter. Figs. 3 (a) and (b) show the equivalent circuit of the shunt APF system during one
switching cycle in which the nonlinear load is expressed as a constant current source iy.
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Fig. 2. Operation modes of the shunt APF power stage.
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(c)

Fig. 3. Equivalent circuit of the shunt APF and operation waveforms.

(a) O<t<dT; when v;,>0, (b) dT;<t<T when v;,>0, (c) APF inductor current and voltage.

On the assumption that 1) the switching frequency of the shunt APF f; is much higher than those of the line
and the nonlinear load currents, 2) the capacitance of the dc-link capacitor C is large enough so that v, is
regulated to be a constant value V, in each switching cycle, the shunt APF current i;is approximately constant
during a switching period. Then, by using volt-second balance of the APF inductor L in the equivalent circuit of

the shunt APF shown in Fig. 3,

L%:Vin +V, (0<t<dT)), 1)
di

LE:V"‘ -V, (dT, <t<T,), ()

d(v, +V,)+d (v, -V,) =0. ®3)

From (1) and (2), (3) is derived, and the relation between the grid voltage vi, and the shunt APF’s dc-link
voltage V, is given by

1
V, = T Vi, . 4
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B. Proposed control scheme
To make the line current follow the grid voltage, (5) must be satisfied that is the key concept of power factor
correction control.
in
e R, (5)
where iinayg IS the averaged line current in one switching period and R.is the constant of proportionality known
as the emulated resistance. By combining (4) and (5), the control equation for the proposed control method is

presented as

S Iin,avg

R =RS-\é—°(1—2d)=vm(l—2d), (6)

e
where R is the line current sensing gain and vy, is RyV/Re. Then, (5) is realized by controlling d to satisfy (6) in
a switching cycle.

Fig. 4 illustrates the proposed control circuit with the shunt APF. In Fig. 4, the nonlinear load current i is
represented as a current source. The control circuit consists of a voltage controller, a resettable integrator, a
comparator, an on-time doubler, a zero crossing detection circuit, and a bidirectional switch for the line current
sensing. The sensed dc-link voltage is compared to the reference voltage V¢ and the error voltage is fed to the
voltage controller. The voltage controller output v, determines the amplitude of the modulated carrier signal.
The modulated carrier signal v, is generated by integrating v,,, with a time constant z=74/4 and subtracting it from

Vi expressed as (7).

vc(t)=vm(l—$) (0<t<T,) )
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Fig. 4. Overall control structure of the proposed control method with the shunt APF.

When the sensed line current, Rgii,, reaches the modulated carrier signal, v, the comparator outputs dy, and the
duration of this signal is processed to be doubled [21]-[23], 2d,, by the on-time doubler in Fig. 4. The processed
signal d becomes the duty ratio of the shunt APF. As the slope of the sensed line current is uniform during
0<t<dT,, the sensed line current at t=d,T;=T, in Fig.5 is exactly the average value. Therefore, modifying the
duty ratio d as the tow-fold of d, allows v, to be compared with the average value of the sensed line current
which, in turn, guarantees no appearance of the dc-offset problem. Fig. 5 shows the mechanism of the proposed

control method and the following equation is obtained at t=T,.

. 4T,
Vx = F\)slin,avg :Vc (Tx) :Vm (1_ T ):Vm (1_2d) (8)
Combination of (4) and (8) yields
Vi, Y/
=R —=+=R
iin,avg ; Vm ° (9)

It can be inferred from (9) that the average line current is proportional to v;, and this allows a unit power
factor with the grid voltage. Therefore, parallel connection of the nonlinear load and the shunt APF emulates a

resistive load from the viewpoint of the ac source.
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Fig. 5. Duty generation mechanism of the proposed control method.

C. Stability Analysis of the proposed control
Stability characteristic of the current control loop with the proposed control method is examined by observing
the change in a perturbation of the line current over one switching period [24]. Fig.6 depicts the steady-state and

perturbed line current waveforms of the shunt APF with the proposed control method where my, -m,, -m,, i, (0),
i, (T,), and d are the on-time slope of the line current, the off-time slope of the line current, the slope of the

improved modulated carrier signal, the initial line current perturbation, the line current perturbation at T, and
the change in duty ratio caused by the perturbation, respectively. m; and -m, are regarded to be constant
assuming that the amount of the line current perturbation is negligibly small which is exaggerated in Fig.6 for
the sake of easy understanding. The line current perturbations at t=0, t=T and correlation between two values

are expressed as follows:

0=+ 20T, (10)
L) =m T, —{1,6+1,0) + m(D~d)T, ~ (1, + mDT)}= (m, + 7%~ 2T, )
fr)= 2t MM ) (12)

m, +m,
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where my is (vin+Vo)/L, m, is (Vo-vin)/L, and m, is 4v, /Ts. (12) can be extended to the generalized form as
expressed in the following:

2m, +m, —m

I, (nT,)=1_(0)( )" =i, (0)-a", (13)
m +m,

where j (nT,) is the perturbed line current at n th switching cycle from the initial perturbation, and « is the
characteristic value of the line current perturbation. For the control system to be stable, j (nT,) must decay to

zero as the number of switching cycle n increases, that is

2m, +m, —m
lof = “Re MM g (14)
m, +m,
v,, 2Lv, (15)
VO TS RSVO

Expressing my, m,, and m, in (14) in terms of v;,, V,, L, v, and T yields (15) which is the prerequisite for the
current control loop stability. Combination of (6) and (15) gives

2L
R, <— . (16)

T, .(1_Vi
Vo

This is the condition of an emulated resistance when active boost PFC is operating in continuous conduction
mode [24], [25]. In other words, the current control loop of the proposed control is stable as long as the shunt
APF system operates in CCM because parallel connection of the shunt APF and the nonlinear load seems to be
an emulated resistance from the perspective of the grid voltage. As the converter topology used in the paper
allows bidirectional power flow, the shunt APF system always operates in CCM and naturally (15) is satisfied.
Consequently, with the proposed control method the current control loop stability is guaranteed regardless of the

grid voltage, the output voltage and load conditions and localized sub-harmonic instability arisen under light

load operation is effectively lessened without an external ramp added to the carrier signal [16].
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Fig. 6. Steady-state and perturbed line current waveforms.

I11. SMALL-SIGNAL MODELING FOR VOLTAGE CONTROL
To regulate the dc-link capacitor voltage, the voltage controller needs to be designed properly. For such
design, small-signal transfer function of control voltage v, to output voltage v, must be clarified. This step starts
from looking into the large-signal model of the shunt APF system. Power balance technique can derive the
large-signal model in a line cycle when assuming that the shunt APF is loss free. The input power is equal to the

sum of the output power consumed by the nonlinear load and that handled by the shunt APF [17], that is

2
v, .
Pin = ? = Pout = IDload +Vo-ly, (17)

e
where p;, is the instantaneous input power, poy is total power consumed by the shunt APF system, Pq,q is the
nonlinear load power, and i, is the dc-link capacitor current. Substituting (9) into (17) gives the large-signal
equation (18) that represents the overall power flow of the system as shown in Fig. 7(a).

vV 2
R "']V 'Vm = Pload +Vo : Io (18)

S 0
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Fig. 7. (a) Large-signal low frequency model of the shunt APF system
(b) Small-signal model of the shunt APF system.

To construct the small-signal model, perturbation and linearization process in [24] is used on (18) and the

following equation is acquired.

,i\o:gm'\,}in‘ij'\’}m_r_'\,}O, (19)
(o)
where g, = R Vi (20)
"RV
: Vin2
and In= W , (21)
VO
and lh=—. (22)

Since it is assumed that the large-signal model is ideal and theoretically the shunt APF does not handle any
active power, the dc value of capacitor current |, is zero. Then, the small-signal resistance r, becomes infinite,
and the small-signal model is simplified as Fig. 7(b). The small-signal transfer function from the capacitor

current to the output voltage is expressed as

== (23)

Finally, the control voltage to the output voltage small-signal transfer function is yielded by combination of (19)

and (23).
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\A/_o = J i (24)
Vm " sC
Based on (24), the output voltage compensator, G,(s), is designed as follows:
@)
w
G, (s)=w ———. (25)
sl+—)
WP

The integrator plays a role to remove dc error. The zero is placed at 1Hz to prevent the slope of the voltage from
becoming -40 dB/decade at crossover frequency to assure sufficient phase margin, while the pole is placed at 1
kHz to attenuate the high frequency noise, but not to affect the phase margin. wy is selected for the voltage loop
to have very low bandwidth (approximately 10 Hz) avoiding the line current distortion. With the output voltage
compensator, the bode diagram of the shunt APF system’s voltage-loop gain is plotted as Fig. 8. System
parameters used to design the voltage control loop are specified in Table 1 in section IV. It is expected from Fig.
8 that the dc-link voltage of the shunt APF is stably regulated because the voltage-loop gain has very low
crossover frequency (10.6 Hz) and sufficient phase margin (78.6 degree).
Bode Diagram
Gm=-nfdB (at0 Hz), Pm=78.6 deg (at 10.6 Hz)
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Fig. 8. Bode diagram for voltage-loop gain of the shunt APF system
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IV. EXPERIMENTAL RESULTS
Laboratory prototype of a single-phase shunt APF system with the improved modulated carrier control is
implemented to validate the performance of the new control method. The power stage and the control circuit are
realized on the basis of Fig.4. The photograph of the laboratory prototype is shown in Fig. 9 and the

specification of the prototype is organized in Table 1.

Fig. 9. Laboratory prototype of 1.6kW shunt APF system.

TABLE |. THE SPECIFICATION OF THE PROTOTYPE

Condition Value
Maximum Load Power ( Pjoaq ) 1.6 kW
Grid Voltage ( vin ) 220 Vrms/60 Hz
APF Inductor (L) 1mH
APF Capacitor (C) 800 uF
DC-link Voltage (v,) 400 Vdc
Load Inductor ( Ljoaq) 2 mH
Load Capacitor ( Caq ) 600 uF
Switching Frequency ( fs) 60 kHz
MOSFET Q1,02,Q3,Q4 SIHG20N50C
DSP controller TMS320F28335

0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2682794, IEEE
Transactions on Power Electronics

The main element of the control circuit, the modulated carrier signal and the on-time doubler, can be simply
realized in two ways. Reference [26] introduces an analog method using purely analog circuitry and a hybrid
method effectively mixing analog and digital controllers for multi-phase interleaved boost PFC. By virtue of its
cost effectiveness and implementation flexibility, the hybrid method is applied for the prototype specified in
Table | and partially modified to be suitable for the proposed control scheme as depicted in Fig. 10(a). The
modulated carrier signal v, is obtained by integrating the inverted voltage controller output -v,, with reset and
subtracting it from the voltage controller output v,,. The comparator outputs high signal when the sensed line
current intersects the carrier signal and this set signal triggers an interrupt event in DSP. Once the interrupt event
is perceived, the DSP internal counter at the moment(CNT) which is initialized to zero at each switching cycle is
captured and processed to be doubled(2CNT). Finally, the calculated DSP internal counter is converted in terms
of duty, vgyy. The operation mechanism of the current controller with this hybrid method is illustrated in Fig.
10(b).

Analog circuitry r— CLK
(Carrier Generator)

Comparator

DSP(On-time doubler)

, Read Counter to Duty
Veomp N GPIO DSP internal Conversion Viuy
Interrupt Counter Process
(CNT — 2-CNT) (2:CNT — duty)
(a)
A Ve = Vm(l T R.iim

v Comparator
COMmp .
comE Quiput

Internal
counter

Vidun : DSP Output :

A
T 2:CNT > 2d,T,=dT,
CNT = 4T,
(b)

Fig. 10. (a) Current controller implementation using hybrid method

(b) Operation mechanism of the current controller with hybrid method.
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Experimental waveforms of the shunt APF system with the proposed control method are shown in Fig. 11 and
Fig. 12. Fig. 11 illustrates the grid voltage, the line current, the load current, and the shunt APF current at 220-
Vrms under full-load condition (1.6-kW nonlinear load), whereas Fig. 12 shows them under half-load condition
(800-W nonlinear load). It can be seen that the line current is almost sinusoidal and in phase with the grid
voltage. These figures show that, regardless of how much currents flow to the nonlinear load, the line current
contains mostly the fundamental component of the nonlinear load. In addition, as expected, the dc-offset
problem totally disappears both under full and half load conditions due to the inherent characteristic of the
proposed control. However, when the load current changes stiffly from peak to zero, the line current is slightly
distorted. In section Il, the switching frequency is assumed to be significantly higher than that of line and load
so that the load and the APF currents are considered to be constant in a switching cycle. Because these currents
vary slightly in the real situation, the line current cannot follow the grid voltage perfectly at the moment the load
current drastically changes. If the load current changes slowly in a line cycle, this phenomenon is not observed.
Although increasing the switching frequency mitigates the current distortion as well, trade-off between the

efficiency of the system and THD needs to be taken account of.

A -, Grid voltage VinA Line current iin )
A A A

16

. ~APF.current is

L v \ L) L
Load current i.

&
rigger  [EIEE
200 Vidiv 20.0 Aldiy| 20.0 Afdiy 10.0 msidiv| Stop 42A
400.0Vofst]  -40.00 A ofsf 400 mA ofs]| 250MS 25 MS/s|Edge i

Fig. 11. Measured grid voltage, line current, APF current and load current waveforms of the shunt APF

system based on the proposed control method at full load condition (v;, : 200 V/div, i;, : 20 A/div, i : 20 A/div, i.
L : 20 A/div).
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Fig. 12. Measured grid voltage, line current, APF current and load current waveforms of the shunt APF

system based on the proposed control method at half load condition (vj, : 200 V/div, i, : 20 A/div, i; : 20 A/div,
i : 20 A/div).

Fig. 13 represents the switching mechanism of the proposed modulated carrier control method which agrees
with that depicted in Fig. 10(b). When the sensed line current reaches the carrier signal, the comparator outputs
a high signal and duty is generated as two-fold of d,. This allows the average line current to be compared with
the carrier signal as intended. The experimental result of the load transient response is given in Fig. 14. The load
conditions change from half (800 W) to full (1.6 kW). As soon as the load the load increases, the dc-link voltage
is raised to the origin right away, 400msec. in this system, which suggests that the voltage compensator is
appropriately designed. It is implied that the shunt APF system with the proposed modulated carrier control
guarantees magnificent performance not only in steady-state but also in transient-state. The experiments at 110
Vrms grid voltage under various load conditions are carried out as well as 220 Vrms as shown in Fig. 15. As
expected, the line current has the same shape as the grid voltage and no dc-offset is observed. Nevertheless, the

line current distortion owing to the abrupt load current change still exists and worsens power factor and THD.
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Fig. 14. Measured dc-link voltage, line current, APF current and load current waveforms of the shunt APF
system in load transient from 800 W to 1600 W (v, : 100 V/div, iy, : 20 A/div, i : 20 A/div, i_ : 20 A/div).
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Fig. 15. Measured grid voltage, line current, APF current and load current waveforms of the shunt APF system
at 110 Vrms grid voltage. (vi, : 100 V/div, ij,: 10 A/div, is : 10 A/div, i, : 10 A/div) Under (a) 200 W, (b) 270 W,
(c) 340 W, (d) 400 W load condition.

Fig. 16 shows the measured power factor of the shunt APF system with the proposed control method at
diverse load conditions. Also, power factor of the nonlinear load system without the shunt APF is represented
together. The specific values of both cases are bestowed in Table Il. Lastly, harmonic elements of the line
current with and without the APF under full-load (1.6 kW) condition at 220 Vrms grid voltage are organized in
Fig. 17. It is confirmed the system satisfies IEC 61000-3-2 class A with adequate margins. In addition, it is
noteworthy mentioning that although the system does not include an input filter for switching ripple attenuation,
nearly unit power factor and good harmonic distortion compensation are accomplished (Power Factor : 0.9891,

THD : 8.75 % under full-load condition). Further improvement of power factor and THD is expected when the

input filter is added to the system. Data in both Fig. 16 and Fig. 17 are collected by PM-6000 power analyzer.
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Fig. 16. Power factors of the nonlinear load system with and without the APF under various load conditions.

TABLE Il. POWER FACTORS OF THE EXPERIMENT UNDER VARIOUS LOAD CONDITIONS

Condition 50 % 60 % 70 % 80 % 90 % 100 %
Load Load Load Load Load Load
W/O APF 0.675 0.687 0.697 0.705 0.713 0.721
W/ APF 0.9692 0.9787 0.9816 0.9844 0.9865 0.9891
Harmonics(220Vrms)
7 T T T T T
: : : I 1 EC 61000-3-2
I without APF
6 R ——

Current [A]

| 2 with APF H

Harmonics [Order]

Fig. 17. Harmonic elements of the line current with and without the APF under full load (1.6 kW) condition.
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V. CONCLUSION

An improved modulated carrier control for single-phase active power filter has been proposed. The shunt
APF with the proposed control method fulfills harmonic and reactive current elimination at the line current by
comparing the carrier signal to the average line current and having the duty ratio doubled. On top of that, the
control method totally gets rid of the dc-offset problem arisen at the conventional one based on one-cycle
control and ameliorates the current control loop stability without additional ramp signal. The operation principle
of power stage, the main control mechanism, and the stability characteristic of the current control loop are
analyzed in detail. Experimental results with the shunt APF system under assorted conditions verify the

performance of the proposed control method in steady and transient states.
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