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Abstract—The active power filter (APF) is effective for harmonic
suppression. But it may cause harmonic oscillation under certain
source-load conditions. This article analyzes the harmonic oscilla-
tion and its stabilization. The dynamics of the APF’s current control
and the nonlinear load’s frequency coupling effect are considered,
which are normally ignored in existing research. It is found that the
frequency coupling effect makes symmetric harmonics (—5th/7th,
—11th/13th, for example) share their harmonic dynamics and os-
cillate or converge together. And the APF’s current controller can
provide harmonic damping. Then two regular harmonic stabilizing
methods, harmonic suppressing ratio reducing (SRR) and har-
monic virtual admittance (HVA) control, are reassessed considering
the nonlinear load. Analyzing results show that frequency coupling
caused by the nonlinear load has different impacts on the SRR
and HVA, which provides theoretical guidance for choosing or
designing stabilizing strategies. Models in this article are verified by
frequency-sweeping simulation, and analyzing conclusions about
the oscillation features and stabilizing methods are verified by both
simulations and experiments.

Index Terms—Active power filter (APF), harmonic resonance
instability, nonlinear load dynamic modeling, stabilizing methods.

NOMENCLATURE

A(s) Characteristic polynomial of the APF system.

w1 Frequency of the ac-bus (grid).

Prk Phase adjustment of the APF’s kth harmonic
resonance controller.

D(s), Di(s) Transfer function of the whole harmonic detect-
ing algorithm and kth harmonic detecting algo-
rithm.

Gi(s) Closed-loop dynamic response characteristic.

Hi(s) Transfer function of the current controller.

Teg, Iy Phasor of steady-state kth harmonic component

of APF’s output current and nonlinear load’s
input current.
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K, Proportional gain of the APF’s current controller.

Ky, Gain of the APF’s kth harmonic current reso-
nance controller.

L, R C Parameters of the grid-side impedance.

T(s) Equivalent loop gain of the APF system.

T,(s) Sequence loop gain of the APF system.

Y(s) Input admittance of the APF.

Zy(s) Grid-side impedance.

1. INTRODUCTION

HE active power filter (APF) is an effective and flexible

device to deal with the harmonic issue introduced by
nonlinear loads [1] and improve the power quality. Till now,
designing of APFs has been researched in detail, including
algorithms of harmonic detection [2], [6], [7], [8], [9], current
control methods [3], [4], [5], and topology improvement [10].
However, utilization of the APF leads to a potential resonance
characteristic that interacts with nonlinear loads and the system
impedance to form a parasitic feedback system called “APF
system.” The dynamic interaction sometimes activates the po-
tential resonance to trigger an issue of stability, damaging the
effectiveness of the APF.

Recent research works suggest that the stability issue in-
cludes two categories: high-frequency resonance and harmonic
oscillation. Literature [11], [12], [13], [14], and [15] researched
the high-frequency resonance of an APF system. Their results
show that high-frequency resonance is mainly determined by the
current-inner-loop parameters, digital control delay, and system
passive resonance frequency, which is similar to high-frequency
resonance of voltage source grid-connected converters (VSCs).
So, high-frequency resonance issue of the APF can be dealt
with by regular active damping strategies, such as digital control
delay compensation [15], [16], [17], auxiliary current feed-
back [18], [19], or voltage feedback [15].

The other stability issue, harmonic oscillation, typically oc-
curs around the harmonics under suppression. The grid-side
impedance, APF’s current inner loop (CIC), the dynamic of
nonlinear loads, and harmonic detection methods all impact it.
Therefore, the harmonic oscillation issue is more challenging
than the high-frequency resonance. Harmonic oscillation has
not been covered in great detail, though. In [20] and [21], it
was examined how the power factor correcting (PFC) capac-
itors paralleled with the nonlinear load affected the harmonic
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instability of the APF system. It was discovered that the har-
monic oscillation propensity of the APF system was activated
by the resonance interaction between the grid-side impedance
and the PFC capacitors.

However, the conclusions in [20] and [21] are overly conser-
vative for two reasons. First, the nonlinear load is viewed as a
straightforward Norton equivalent circuit, whereas the system
can be dampened by the frequency coupling effect that the
nonlinearity introduces. Second, dynamic of the APF’s CIC
also has a damping effect that enhances stability, whereas the
dynamic is ignored in [20] and [21]. Although CIC was taken
into account in [22] and [23], the harmonic controller group
(resonance or repetitive controllers), which is crucial for the
harmonic stability of the APF system, was not.

To further investigate the harmonic oscillation issue and
draw more accurate conclusions, the harmonic current controller
group (composed of resonance controllers in this article) and
nonlinear load are taken into account in this study. The nonlinear
load is found to have a frequency coupling effect and is mod-
eled through harmonic linearization [24], [25]. Then grid-side
impedance, the APF, and the 6-pulse rectifier are considered
as a whole to analyze the harmonic oscillation issue. Findings
indicate that both the frequency coupling and harmonic current
controller have a sizable impact on the harmonic stability of the
APF system.

Two stabilizing methods, suppressing ratio reduction (SRR)
and harmonic virtual admittance (HVA), are then evaluated to
demonstrate once more how important it is to consider the non-
linear load’s frequency coupling effect. Conclusions help select
and design effective harmonic stabilization with appropriate
harmonic suppressing precision lost.

The rest of this article is organized as follows. Section II
introduces the APF parasitic feedback system and explains
concepts of the parasitic system and the harmonic oscillation
issue qualitatively. Section III gives out the modeling process
of the APF and the 6-pulse rectifier. Here, how 6-pulse rectifier
causes frequency coupling is explained. Section IV describes
how harmonic oscillation occurs under the impact of key factors.
Section V assessed the two stabilizing methods (SRR & HVA),
revealing how frequency coupling affects their effectiveness.
Section VI gives out simulation and experimental results to ver-
ify the conclusions. Finally, Section VII concludes this article.

II. QUALITATIVE INTERPRETATION OF THE APF’S HARMONIC
RESONANCE PHENOMENON

The APF system examined in this article is shown in Fig. 1.
A 6-pulse diode rectifier with an RLC load is chosen as the
nonlinear load. The grid-side impedance Z,(s) includes line
inductor L, line resistor R, and PFC capacitor C. The APF
works in load-current-detected mode. Indicated harmonics in the
load current are detected through the harmonic current detecting
(HCD) algorithm as 7,0, and current inner-loop control (CIC)
makes sure the APF’s output current i, adheres to ¢ef.

Due to Zg(s), a parasitic dynamic feedback loop of iz —
vg — ig is formed, which interconnects the APF, rectifier, and
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Fig. 3. Bode plots of the equivalent loop gain 7'(s) around 13th harmonic

resonance valley.

Zg(s) together and results in a parasitic feedback system (the
APF system), as shown in Fig. 2.

The parasitic system introduces unanticipated dynamics and
causes different types of dynamic issues. In the APF system,
APF maintains indicated suppressed harmonics in i, at an ig-
norable level, even if v, has these harmonic components. So the
parallel admittance of the APF and nonlinear load is very small
around the harmonics, which means parallel resonance and gives
the APF system a propensity to oscillate.

Equivalent loop gain 7T'(s) (will be derived in Section IV)
is shown here to explain the oscillating propensity. Fig. 3
shows bode plots of T'(s) around the 13th harmonic (13w,),
corresponding to the stable and unstable situations. The APF’s
suppression on the 13th harmonic causes a resonance valley
(corresponding to the aforementioned parallel resonance) at
13wy, where ZT'(s) has a sharp step. This sharp step makes
ZT(s) possible to cross +180° under the phase deviating effect
of other factors in the system.
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Block diagram of the APF control system.

As shown in the corresponding simulation waveforms in
Fig. 4, in an unstable situation, |I113| (amplitude of the 13th
harmonic in load current 41,) oscillates at a low frequency and
is higher than that of a stable situation, which means that the
harmonic oscillation is harmful to power quality.

Equivalent loop gain T'(s) is influenced by all of the key
components in the APF system (Z,(s), nonlinear load, HCD,
and CIC), as shown in Fig. 1, whereas the two situations in
Figs. 3 and 4 are different only in Z,(s). So, more investigation
is necessary.

More importantly, both |I1,13| and |I;, _11| oscillate in Fig. 4,
which usually happens in reality. This article finds that this
phenomenon is caused by the frequency coupling effect of the
nonlinear load, which is ignored in existing literature, so the
frequency coupling is emphasized in this article. Following
sections model the key components and do quantitative analysis.

III. MODELING OF THE APF AND NONLINEAR LOAD
A. Modeling of the APF

This article focuses on stability assessment. Thus, small-
signal linear models [30], [31] are derived. The control system
of the APF is shown in Fig. 5. Apparently, the APF control
system has two inputs (load current i1, and ac bus voltage vg ), and
one output (APF compensating current ¢.). So the small-signal
model of APF is in the form of (1). A(s) is the dynamic response
from ir, to i and Y (s) is that of APF’s input admittance

ie(s) = A(s)in(s) — Y (s)ig(s). (1)
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As shown in Fig. 5, the control system of APF is composed of
three major parts that are current inner-loop control (CIC), har-
monic current detection (HCD), and dc voltage control (DVC).
The following part considers them, respectively, to derive A(s)
and Y (s) in (1).

Fig. 6 shows the structure of CIC. CIC has three inputs (¢ycf,
Vde, and vg) and one output (i.). Current reference i,ct is the
sum of HCD’s and DVC'’s output. It is easy to derive the model
of CIC as (2). H;(s) refers to the current proportional-resonance
controller [as shown in (3)], and Rj(s) denotes the resonance
controllers. Ty refers to the digital control delay. The phasor M,
is the steady-state component of the PWM modulation wave m.
In the variables and subscripts, & denotes harmonic order in this
article

ic = Gi(8)iret — Y (8)ig + 0.5M Y (s)e T4°L {1 g, }

H;(s)e Tas 1
Gi(s) = ,Y(s)= 2
(s) L¢s + Hy(s)e Tas (s) Les + Hi(s)e Tas (2)
e.]‘prk
=K, . 3
* Z s — jkw )
—
Ry(s)

In the view of the frequency domain, HCD operates as a
bandpass filter that extracts specified harmonics in load current
i1,. So various HCD strategies (FIR form [6] or [IR form [7]) can
all be modeled with bandpass filters [22]. This article chooses
the strategy of the rotating frame sliding window filter (SWF),
which is a kind of digital IIR filter. Its structure is depicted in
Fig. 7. The dynamic response of the SWFs is defined as U (s),
and the dynamic of the kth harmonic’s detection is defined as
Dk(S).

Apparently, U(s) can be modeled as a transfer function in
(4). Parameter 77 is the time width of sliding window, which
is set as the period of ac voltage in this article. According to
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Fig. 8. Low-pass notch filter Fyg.(s) of the APF’s DVC controller.

the relationship between models under rotating frame and static
frame [28], [29], [30], s in U(s) is substituted with (s — jkw1)
to derive the model of Dy (s). So HCD is modeled as (5)

1 _ ,—T1s
Uls) =~ @)
iref(5) B 1 — e Tilsiken)
i) " PO =Dk =3 e )

In APF’s control system, dc-voltage vq. is an inner state. vq.
provides interacting paths for v, and ir, to affect i.. These
interacting paths depend on the harmonic steady state of the
APF and introduce complicated frequency coupling effect [35],
so they are difficult to describe precisely. However, this article
finds out that the dc-associated interacting paths are ignorable
compared with other paths [G;(s) D(s) and Y () in (2)] because
of the APF’s large dc-side capacitor.

The dc-voltage-related interacting paths can be described
by (2), (6), and (7). Equation (6) explains the small-signal
linearization result of the APF, where C, ¢ denotes the dc-side
capacitor of APF. Vi, Vg1, and I, are steady-state values of dc
voltage, ac-bus voltage v, and the kth harmonic in the APF’s
output current i.. vy and harmonics in 7. are ac states, so Vg
and I, are complex values whose phases are based on v,. In
(7), Hgvc(s) is the dc voltage controller, including a PI controller
and a 6kth (k=1,2,...) harmonic notch filter Fy.(s). Fy.(s) aims
to prevent the steady-state 6 kth harmonic fluctuation in vq.
(which is inevitable because APF absorbs harmonic reactive
power) from affecting 7..¢ and reducing precision of harmonic
suppression. Bode plot of Fy.(s) is given in Fig. 8.

d 3 Small-signal
Vdc . . Linearization
Capfvdcw = -3 (Vgalea + Vgpicp) :
ddgc 3 oL t? N
Oapfvdc s;i’ - *Z (Vgleijwltlc + V;glejwltZ:)
3 j A% x —jkwit
~ 1 (Z IckeJk“’ltvg + Zlcke ik 1tvg>
k k
(6)
%ref(s) = Hdvc(s _jwl)L{erJlt@dc}
K ci
where: Hyyc(s) = (chp 4 2d ) Fyc(s). (7

DC-voltage-related paths are compared with other paths
around the 5th harmonic (5w ) here. If dc-voltage-related paths
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TABLE I
MAJOR PARAMETERS OF THE APF TO EXPLAIN THE WEAK INFLUENCE OF
DVC ON THE HARMONIC DYNAMIC

Lf(IJ/H) 400 C’apf(mF) 1.0
Ky 5 1000 Ky 4.0
Kacp 0.7 Kyei 1.6
Vg (V,rms value) 400 Vac(V) 800
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Fig. 9. Bode plots of p1 (s) and pa(s).

are ignorable around 5w;, they will be absolutely ignorable
around higher harmonics because of their low-pass character-
istic. Based on the harmonic linearization [24], it is easy to
derive i.(s)/0g(s) and i.(s)/ir.(s) around 5w;, as shown in
(8). My = V41 /(0.5Vy,) is the steady state of APF’s modulation
wave, as defined in (2)

e(s) _ Y(s)(L+(p1(s) ic(s) _ D(s)Gi(s)
g (s) T4+pa(s)  Tig(s) 1+ pa(s)
- Sjill [Ml + 2Hdvc(s 7jw1)Hi(S)] edeS
pl(S) N 4VdCCapf(S _jwl)
pals) = 3 [MEY (s)e Ta% 4+ 2My Haye(s — jw1)Gi(s)] .

8Capt (s — jwi)
(®)

In (8), p1(s) and po(s) reflect de-voltage-related paths. If
|p1(s)| and |pa(s)| are both much smaller than 1.0, these paths
can be ignored. From (8), the smaller Cp,¢ or higher I_1; is, the
larger |p;1 (s)| and |p2(s)]| are. For a 30 kVA APF that suppresses
(6K £ 1)th harmonics, the smallest value of C, ¢ is given with
other key parameters in Table I. Under these parameters, when
the APF outputs 5th harmonic current in full rated power, the 6th
harmonic fluctuation of v4. gets to 80 Vpp, which is one-tenth
of Vdc-

To make |p; ()] aslarge as possible to show thatitisignorable,
the APF is assumed to output —11th harmonic current with full
rated power (|17 ;| = 58 A). Under this condition, bode plots
of p1(s) and po(s) are given in Fig. 9. Apparently, |p;(s)| and
|p2(s)| are both much lower than 0 dB, so dc voltage related
paths in the APF control system are ignorable compared with
other major interacting paths.

In conclusion, the small-signal model of APF can be sim-
plified into (9) in harmonic stability assessment. G;(s), D(s)
and Y (s) are given in (2), (3), and (5). As a result, APF can be
considered a 2-in-1-out linear-time-invariant (LTI) system

ic(s) = Gi(s)D(s)ir(s) — Y (5)ig(s). 9
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B. Modeling of the Nonlinear Load

A 6-pulse diode rectifier is chosen as the nonlinear load in
this article. The topology is given in Fig. 10. Two internal states,
dc-side current 74 and voltage vq, are defined. Y3(s) denotes
dc-side admittance, whose unit pulse response is yq (¢).

Relationships among vy, i1,, v4, and iq can be described by
(10). Switching functions S,, Sy, S, are defined in (11)

0a(t) = Sa(t)va(t) + Sp(t)vy (t) + Sc(t)ve(t)

[ia(t) ib(t) ic(t)] = [Sa(t) Sb(t) Sc(t)]ia(t) (10)
ia(t) = ya(t) * va(t)
1, upper diode on
S, =< —1, bottom diode on (11)

0, both diode off.

Under the condition of current-continues mode and ignoring
commutating-delay angle (CDA), S,, Sp, S can be considered
periodical square-wave signals independent of current. As a
result, the rectifier is nearly a linear-time-periodically variant
(LTP) system [33]. This article is aimed at stability assessment of
the APF system, so small-signal dynamic characteristic (small-
signal admittance from ac-bus voltage v, to the rectifier’s input
current ¢1,) is mainly cared about.

The model of the 6-pulse rectifier should be transformed to
the same form (complex form [32]) as the model of APF, where
the variables’ real part denotes the c-axis component and the
imaginary part denotes the (5-axis component. Equation (10) is
transformed into o frame in (12). Then the o5 form model is
further transformed into complex form in (13). The sign “*” in
this article means convolution

b = 1.5(Suba + Spd . )
ﬁ%a&$Ti£wf?$T’“@W—%@Md@ (12)
. 3 A
i = 7Sap(0) [ya(t) * (Sep ()0 + S5p ()] . (13)

To explain the harmonic information of Sz, waveforms of
the switching signals are given in Fig. 11(a). Based on the
waveforms, it is easy to do the Fourier integration [as shown
in (14)] to obtain the analytical spectrum of S, 3 as shown in
(15). The footnote k denotes the kth harmonic. Based on (15),
|Sk| is given in Fig. 11(b)

1 [h "
Sk = —/ (Su(t) +jSa(t)) e iFrtdt (14)
T Jo
_ DM -1 mgee) i3k

O R pa 1 M

Amplitude
S
N

ISLs
ST —I ISonl FHN
o1 |
Sp —'_‘—|_I_I_ 550 -250 50 350 0650
Frequency (Hz)
(a) (b)

Fig. 11.  Waveforms and spectrum of the switching functions.

|S1] is much larger than |Sy| (k # 1). According to the har-
monic linearization theory [24], the most significant component
in the modulation signals of a LTP system mainly determines
the dynamic characteristic. So for simplicity, |Sk| (k # 1) are
ignored in this article, which means S,3(t) is considered ap-
proximately S;el1t. Then, based on (15), (13) can be further
simplified as follows:

9

i = = (yd(t)ejwlt) * (ej%ltﬁ; + ﬁg) .

(16)

A fundamental frequency modulation factor ¢/21* appears in
the model (16), which is similar to the model of VSCs in [30].
The modulation factor e/?#1? is caused by the asymmetry of the
model on d- and g- axes. For a 6-pulse rectifier, the asymmetry
reflects the coupling between the d/q axis voltage/current and
vge. The result of e21% is a frequency coupling effect between
positive and negative sequence signals. For example, if a voltage
perturbation 9gp, (the frequency is wp) exists in v, the response
signal of 71, will contain frequency components of %Lp (wp) and
iLn (2w — wyp). To describe the frequency coupling with LTI
expressions, v, and iy, are decomposed into positive and negative
sequence components, as shownin (17). By substituting (17) into
(16), modulation factor ei?*1* is eliminated, as shown in (18).
Then an 2-in-2-out LTT input admittance matrix is obtained as
(19), which is convenient for stability assessment

L =iy + 2L By = gy + XML, (1)
{?Lp = .,r% (yd(t)ej:wlt) * (ﬁgn + ﬁgp) (18)

it = 77 (Ya(t)e ") * (Dgn + Ogp
?Lp(s) _ EY 3 L1 ’ng(s) 19
LLAsJ A T S | R

Two more points should be stressed. First, ignorance of
diodes’ commutation delay angle (CDA) does not degrade the
precision of the model, because CDA has little influence on
Sy and does not increase harmonic components of S,(t). An
example of CDA = 20° is given here to show CDA’s impact on
|Sk|. Sa/b,c(t) differentiates into the current switching function
Sia/b/c(t) [to replace S, 1,/ (t) in the second equation of (10)]
and voltage switching function S, 1,/ (t) [to replace S, 1,/ (t)
in the first equation of (10)] [26], [27], as shown in Fig. 12(a).
Spectrums of S, (t), Sia(t), and Sy, (t) are shown in Fig. 12(b).
So the influence of CDA is not apparent.
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Second, modeling approach of this article can also be applied
to other semicontrolled or noncontrolled nonlinear loads, by
modifying switching functions accordingly. For example, the
difference between thyristor and diode rectifier is the firing
angle. So, amodel of a thyristor rectifier is obtained by replacing
Sap(t) with Sap(t) * 0(t — a/wq) in (13). 4(t) denotes the
unity-pulse signal and a denotes the firing angle.

IV. STABILITY ANALYZING OF THE APF SYSTEM

A. Model Combination of the APFE, Nonlinear Load and Grid
Impedance

In this section, the models derived in Section III are utilized
to assess the stability of the APF system shown in Fig. 1.
Dynamic interaction within the APF system is described by the
combination of the models.

For clarity, signal flow diagrams of the models are listed in
Fig. 13. i, and i, are decomposed into positive and negative
sequence components just like v, and 41, in the model of 6-pulse
rectifier (17). Then the models are connected together, as shown
in Fig. 14.

Positive and negative loops are conjugate symmetric about
jwi. In the APF system, 6-pulse rectifier is the junction that
relates positive and negative sequence loop gain together. Cor-
respondingly, the system characteristic polynomial is the sum
of positive, negative loop gain (7}, (s), T;;(s* + j2w1)), and 1, as
shown in the following:

A(s) =14+ Ty(s) +T;(s* + j2wq)

T(s)
Zg(s) [1 = D(s)Gi(s)]
T 20 (s)

where: T}, (s) = %Yd(s — jwr)
(20)
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Combination of each part’s small-signal models in a signal-flow

TABLE II
PARAMETERS OF THE APF SYSTEM FOR STABILITY ANALYZING

L(uH) | 800 | C(uF) | 150 | R(2) | 09
La(pH) | 1200 | Cq(uF) | 100 | Rq(Q) | 20
Le(pH) | 400 K, 38 | K, | 1000
- Tpl')(s) _' T])A-\(S)' — ;')(s)
2 0 0
=
£
s (]
© 20¢ 1S
180
< \ 0
2 OWW\ \
5 =
-180p . . . ] =
-550 -250 50 350 650 620 650 680
Frequency (Hz) Frequency (Hz)
Fig. 15.  Bode plots of Tp,p (), Tpa (s), and Ty (s).

According to the Nyquist criterion [34], if ZT(s) crosses
+180° atw, where |T'(s)| > 1, characteristic equation A(s) = 0
will have a right-half-plane root, which means the APF system
will have an unstable dynamic mode around jw,.. So this article
utilizes T'(s) to assess stability.

Sequence loop gain T, (s) can be decomposed into two fac-
tors, the active factor 7,4 (s) and the passive factor T,p(s), as
shown in (21). T,p(s) reflects the dynamic of passive compo-
nents in the APF system. Whereas T, 5 (s) describes the dynamic
of APF’s harmonic detection and closed-loop current control

9 Zals —jer)

T
72 1+ Zg(s)Y(s) = P

pp(s) =

a(s) =1 - D(s)Gi(s).
@n

A case study is given to reveal how the interaction influences
stability. Major parameters are listed in Table II. Bode plots of
Top(s), Tpa(s), and T;,(s) are given in Fig. 15.

T,p(s) has two passive resonance peaks (PRP) at the reso-
nance frequency of 72 /9 * Yy (s — jw1)Zg(s). Tpa(s) has active
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Fig. 17.  Bode plots of D(s), Gi(s), and D(s)Gj(s).

resonance valleys (ARV) at suppressed harmonics. ZT},p (s) gets
close to +£180° quickly as frequency increases around PRPs,
and |T,p(s)| bumps there. Meanwhile, ZT},4 (s) falls and rises
rapidly around ARVs.

When a PRP gets close to an ARV, phase shifting of ARV and
gain bump, phase deviation of PRP are added together, which is
easy to make Z7},(s) cross £180°. As shown in Fig. 15, ZT},(s)
crosses +180° around —11w; and 13wy, and the phase crossing
point is located where |T},(s)| > 1.

The whole loop gain T'(s) is the sum of 7},(s) and T} (s* +
j2w1 ). Their bode plots are given in Fig. 16. So ZT'(s) crosses
+180° where |T'(s)| > 1. Asaresult, the APF system is unstable
and has —11th/13th harmonic oscillation, just like the example
in Fig. 4.

If the passive resonance peaks move to higher or lower fre-
quencies, the APF system may get stable, as shown in Fig. 17.
When PRPs move to a higher frequency, ZT'(s) moves away
from +180°, which results in phase margin. When PRPs move
to a lower frequency, |T'(s)| gets lower, which results in gain
margin.

In conclusion, “PRPs getting close to ARVs” activates the
propensity of the APF system’s harmonic oscillation.

Some questions still need investigation. First, the difference
of T,,(s) and T'(s) is not considered, which reflects exactly
the frequency coupling effect introduced by the nonlinear load.
Second, how the CIC parameters influence T,a(s) and Y'(s)

— Ty(s) — T, (s +j2w1) — T(s)

=)

Gain (dB)

Y
S

o =20

Phase (°)

-180
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Fig. 18.  Bode plots of T'(s), T (s) and T} (s* + j2w1 ) when 13th harmonic
suppression is canceled.

is unknown. The following two subsections discuss the two
questions.

B. Influence of Nonlinear Load’s Frequency Coupling Effect

If frequency coupling was ignored, the characteristic poly-
nomial A(s) would be 1 + 27},(s) rather than that in (20). As
shown in Fig. 16, T}, (s) is similar to 7} (s* + j2w1 ), so ignoring
frequency coupling may not result in apparent imprecision in
this situation.

The similarity of 7},(s) and T};(s* + j2w; ) is because of the
symmetry of harmonic suppression. If 13th harmonic suppres-
sion is canceled but —11th harmonic suppression is remained,
T, (s) and T (s™ + j2w1 ) will be apparently different from each
other around —11w; and 13wy, as shown in Fig. 18.

Ty (s) gets smooth around 13w; and does not cross —180°,
but is sharp around —11w; and crosses 180°. Inversely, T;j (s +
j2w1) is smooth around —11w; but sharp around 13w . If fre-
quency coupling was ignored, so only T},(s) was used to assess
the stability, the APF system would be believed to have unstable
dynamic mode around —j11w;. However, according to T'(s) in
Fig. 18, the APF system is stable in fact.

The reason for being stable is that the damping effect (T, (s)
getting smooth around 13w ) is brought to the —11th harmonic
through the frequency coupling. This example indicates that
frequency coupling is necessary to consider for stability assess-
ment. Otherwise, one may obtain imprecise conclusions.

T(s) is symmetric, which means T'(s) = T*(s* + j2w1).
Therefore, if the APF system has an unstable mode around kw1,
it must have another unstable mode around (2 — k)w;. So kth
and (2 — k)th harmonics share their resonance characteristic in
the APF system.

C. Influences of Current Inner-Loop Controller

CIC controller H;(s) influences the dynamic interaction of
the APF system in two aspects. First, H;(s) affects the active
loop-gain factor T, (s) through the current dynamic response
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Gi(s). Second, Hj(s) influences passive loop-gain factor T,p ()
through APF input admittance Y (s).

As shown in (3), CIC includes a proportional controller
K, and resonance controllers Ry(s). Ry(s) aims to eliminate
steady-state harmonic components in current error (iyer — 4c).
©rk 18 set to cancel out digital control delay and K, determines
the bandwidth of the kth harmonic control.

According to Section IV-A, the kth harmonic stability is
reflected by T'(s) around kw;. Meanwhile, around kw1, | R;(s)]
and |D;(s)| (i # k) are so small that they can be ignored.
Therefore, the approximation in (22) is reasonable to simplify
the stability assessment

1— ele(sfjkwl)

Hi s)~ K, + Ri(s s -
( ) P k( ) ll(s—JkW])

D(s) = Dy(s) =

The complex exponential function in Dy (s) is not convenient
for analysis. So it is approximated to a rational function around
kws, as shown in (23). Then the active factor T, (s) can be
approximated to T}, asim () around kw+, as shown in (24). Zeros
and poles of (24) are given in (25)

o~Ta(sihen) _ 05T (s—jkwy) ~ 1—-0.5(Tys — j2kn)
e0-5Ta(s=ikwn) 1 4 0.5(Ths — j2k)
2(s — jkwi)

=1 — e Nlsmiken) o 23
w1+ (5 — jhon) @)
s~jkw
Toa(s) " R Tpasim(s)
L _ _
(14 w1 .f S zZ1 8 z92 (24)
WerJ(P(S) S—pP1S—DP2
jhwy — K/ (Kpel?)) ,
21 1 —|—OJ1Lf/(7TKp€‘]¢(S)) y A2 = JRW1
. Ky, . wi
p1 = jkwr — Wv p2 = jkw — o (25)

The factor (L¢s + Kye~7a%) is approximated to K,el#(*),
where (s) is a small phase deviation. Bode plot of (L¢s +
Kpe Ta%) is given in Fig. 19 to show this approximation is
reasonable. T, (s) and Tpasim ($) are compared in Fig. 20. So
the approximation is precise enough for stability assessment.

According to (25), when K, is large, p; and 2z are on the left
half plane and far from the imaginary axis. So T}, (s) mainly
depends on ps and z,. But when K5, decreases to a small value
that is compatible with K, kw1, p1 and z; will move to the right.
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p1 gets close to z to cause quasi pole-zero cancellation that
makes the kth ARV narrower. Meanwhile, the LHP damped
zero z; provides phase leading for T}, A (s), as shown in Fig. 20.
So reducing K, introduces phase leading that is good for the
kth harmonic stability.

With the approximation in (22), Y'(s) is simplified to (26)
around kw;. Away from kwy, Y (s) is almost resistive, so it can
operate as an active damper if K, is set small enough. As shown
in Fig. 21, compared with 72/9 * Zz(s)Ya (s — jw:1), Tpp(s) is
further away from +180° because of the damping effect of Y (s).
And the smaller K, is, the stronger the damping effect is

1

Y(s)=—
L¢s + KpeTas +

(26)

o Kx-k'ej‘prk e~ Tas '
s—jkwy

So reducing K, benefits the kth harmonic stability accord-
ing to its impacts on Tp,p(s) and T,a(s). However, negative
sequence loop gain Tg(s* + j2w ) also influences the stability.
As shown in Fig. 22(a), the APF system is still unstable when
only K13 is reduced.

So for effective improvement if the stability of the kth har-
monic, both K, and K, »_j, should be reduced to a small value.
Fig. 22(b) indicates that the APF system is stabilized by reducing
K, _11 and K13 together.

Although reducing K, benefits the stability, it may also lead
to unacceptable dynamic performance degradation. So K is
seldom set to a low value.
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V. REASSESSMENT OF APF’S STABILIZING METHODS

According to Section IV-A, grid-side impedance Z,(s) and
load admittance Y4 (s) determine harmonic resonance stability.
Unfortunately, Z,(s) and Yq(s) are usually unknown and vary-
ing, so harmonic oscillation is challenging to avoid in the APF
designing stage and stabilizing methods are in need for APF sys-
tems. Widely used stabilizing methods are harmonic suppressing
ratio reduction (SSR) [21], [22] and harmonic virtual admittance
(HVA) [20]. However, the frequency coupling effect introduced
by the nonlinear load is seldom considered when designing the
above two methods. The ignorance of frequency coupling may
lead to ineffective or over-damped (low suppression precision
or dynamic) harmonic stabilization. So in this section, SSR and
HVA are reassessed, considering the frequency coupling effect,
to provide a theoretical guidance for choosing and parameter
designing of them.

A. Suppression Ratio Reducing (SRR)

Suppressing ratio Kggy is the ratio of kth harmonic compo-
nent within ¢, to load current ¢1,, which is a configurable control
parameter. Ksry is modeled as a proportional gain in cascade
with HCD, often set to 1.0 for precise harmonic suppression.
Kgry, only influences T, (s) in the model, as shown in the
following:

TpA(S) =1- ZKSRka(S)Gi(3)~ (27)
k

Tpa(s) has a series of zeros around jkw; on the complex
plane, coinciding with ARVs. As shown in Fig. 23, when
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Fig. 23.  Nyquist plot of D(s)Gji(s) and open-loop zeros’ locations of the

active part when |D(jkw)G;(jkwi)| varies. (a) Nyquist plot of different
D(s)G;(s) around kw; . (b) Positions of the Nyquist routine and major zeros.
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Fig. 24.  Bode plots of Tj, A (s) when | D(jkw1)Gj(jkwy)| varies.

Kgry, = 1, Nyquist curve of T, (s) crosses 140, so, the corre-
sponding zero is on the imaginary axis according to the mapping
principle, making | T, (jkw1)| = 0. The zeroreflects the parallel
resonance mentioned in Section II. The corresponding bode plot
of T;,4(s) is shown in Fig. 24.

If Kgry > 1 (harmonic over suppression), the Nyquist curve
will expand and encircle the origin, as shown in Fig. 23(a). Then
the zero will move inside the Nyquist routine and become a
right-half plane (RHP) zero, introducing an antidamping effect
to the aforementioned parallel resonance as shown in Fig. 24.
The dramatic phase stepping at kw; makes T},(s) easy to cross
+180°. So Kgry is seldom set larger than 1.0.

Oppositely, if Kgry < 1, the Nyquist plot will shrink and
not encircle the origin. The zero of T,A(s) around kw; will
move outside the Nyquist routine and become a left-half-plane
(LHP) zero, which damps the parallel resonance and improves
the stability margin, as shown in Fig. 24.

According to the frequency coupling, this article finds out
that reducing Kgry damps APF system around both kw; and
(2 — k)w;. Bode plots of positive and negative sequence loop
gain (T},(s), T;;(s* + j2w)) around kw; is given in Fig. 25.
Reducing Kggy to 0.4 dampens T},(s) around kwq, whereas
T5(s* 4+ j2w1) is not dampened. Dampened |7},(s)| is much
larger than undampened |7} (s* + j2w )|. As aresult, dampened
|7, (s)| dominates the whole equivalent loop gain 7'(s).

A frequency w’ is chosen, and T}, (jw’), T;(—jw’ + j2w1)
are depicted as vectors as shown in Fig. 26. After reduc-
ing Kgriz, £T,(jw’) is no longer lower than —180° and
T}, (jw'")| is one time larger than |7} (—jw’ + j2w1)[. So T'(s)
is attracted toward |7}, (jw’)| and gets a certain phase stable
margin.
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Fig. 27. Basic idea of HVA.

In conclusion, thanks to the frequency coupling effect caused
by the nonlinear load, SRR can stabilize kth and (2 — k)th
harmonic oscillations simultaneously.

B. Harmonic Virtual Admittance (HVA) Control

Introducing resistive admittance Ryyva into the APF system
can reduce the phase deviation of ZT},p (s) so benefits the stabil-
ity, as shown in Fig. 27. But the real resistor causes unacceptable
power loss, so Ryva is usually realized by a virtual admittance
control strategy within the APF control system, as shown in
Fig. 28.

The transfer function of A(s) is given in (28), and a different
equation of A (s) is given in (29) to show the digital realization
of HVA. A (s) is a bandpass filter tuned to be aligned with kw; .
So, the suppressed harmonics in v cause in-phase harmonics in
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i¢, which means resistive admittance of APF
Kvarok

A@:;m@=;;maia

{ya (k] = Auvayalk — 1] — Bavays(k — 1] + Cavaua[k]
ya[k] = Buvayalk — 1] + Auvayslk — 1] + Cuvauglk]

(28)

Anva = e 7*scos(kwi T,), Bava = e 7*Lesin(kw T}),
(29)

With HVA applied, the admittance of APF is improved from
Y (s) to Yimp(s), as shown in (30). Within bandwidth of CIC
(several kHz), | H;(s)| is much larger than | L¢s|, so the Yirva ()
and Ylmp(s) are almost resistive around harmonics under sup-
pression

Yimp(s) = Y (s) + Yava(s)

B 1 A(s)H;(s)e Tas
-~ Lgs+ Hi(s)emTas — Les + Hi(s)e Tas’

HVA makes 7. no longer strictly follow 7..f when background
harmonics exist in vg. So HVA also stabilizes the APF system
in the price of harmonic suppressing precision.

Under the parameters in Table II, bode plots of T},p(s) when
Kva,—11 =0 and Kya13 = 0.5, 013 = 27 x 25 are shown in
Fig. 29(a). HVA makes £T,p (s) further from +£180°, improving
the phase margin of T}, (s) as shown in Fig. 29(b). However, after
applying HVA, | T, (s)| is still small around kw; . So the improved
T, (s) does not dominate T'(s). The oscillating characteristic
around —11th harmonic is introduced to 7'(s) through 75 (s* +
j2w1 ) and causes unstable modes, as shown in Fig. 30(a).

So both 13th and —11th HVAs should be applied. Seto_;; =
013 = 271 * 25, Kya,—11 = Kvya1z = 0.5 and bode plots are
given in Fig. 30(b). HVAs make both /T (s* + j2w:) and
ZTy(s) not cross —180° around 13w, so APF system is ef-
fectively stabilized.

Cuva = KvaroiTs.

(30)
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In conclusion, under the frequency coupling effect of the
nonlinear load, HVA should be applied to both kth and (2 — k)th
harmonics for effective stabilization.

Therefore, in a situation of low background voltage distortion,
HVA should be chosen to stabilize harmonic oscillation for
less suppressing precision loss. In the case of high background
voltage distortion, HVA causes much remanent harmonics with
nonzero Y (jkwi), so SRR should be chosen because SRR
introduces remanence to only one of the kth and (2 — k)th
harmonics.

VI. VERIFICATION OF SIMULATIONS AND EXPERIMENTS

The above analysis indicates the following conclusions.

1) In an APF system, when PRPs get close to the kth ARV,
phase deviation, gain bump introduced by PRPs, and phase
sharp step introduced by kth ARV will make loop gain
T(s) cross £180° where |T'(s)| > 1. Then kth harmonic
oscillation happens.

2) Nonlinear load in the APF system causes a frequency
coupling effect, making kth and (2 — k)th harmonics
share their resonance dynamics, converging or oscillating
together.

3) Frequency coupling promotes the stabilizing effect of SRR
method. Reducing Ksgy can stabilize both kth and (2 —
k)th harmonic oscillation.

4) Frequency coupling degrades the stabilizing effect of
the HVA method. HVA should be applied to both
kth and (2 — k)th harmonics to achieve effective
stabilization.

To verify these conclusions, simulations and experiments
are carried out. The experimental platform includes an APF,
a 6-pulse rectifier with resistive load, and a set of grid-side
passive components. Equivalent line inductance is realized by
three adjustable inductors (as shown at the bottom of Fig. 31),
where the inductance depends on an adjustable air gap. The
APF’s topology is a 3-ph 2-level converter and is controlled by
a DSP chip (TMS320F28377D).
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Fig.31.  Bode plots of T}, (s), T35 (s* + j2w1) and T'(s) with both —11th and
13th HVA control.
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A. Accuracy Verifying of the Proposed Models

Models of the APF, 6-pulse rectifier and grid-side impedance
Zy(s), are builtin this article to analyze the harmonic oscillation.
Passive grid-side impedance Z,(s) does not need verifying. So
models of the APF and 6-pulse rectifier are verified through
frequency-sweeping simulation. Theoretical parallel admittance
is easy to extract from Fig. 14, as shown in the following:

[l = o) Yonlo 2200 (0]

Yopn(s) = — Y(5) + [1 = D(s)Gi(s)] Ya(s — joor)
Yo

enp(8) = [1 — D(s)Gi(s)] Ya(s — jwn). 31

A single-frequency voltage perturbation is injected into
vg(fp). Then positive and negative sequence response gy, (fp)
and g, (2f1 — fp) are detected to calculate admittance Y, (s)
and Y., (). Theoretical and simulation results are plotted into
one bode plot, as shown in Fig. 32.
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Simulation verification under different passive resonance frequencies. (a) Low passive resonance frequency. (b) Medium passive resonance frequency.
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(c) High passive resonance frequency.

Frequency-sweeping results are almost on theoretical curves
around harmonic frequencies (—5wq, 7w, —11wy, 13wq). So
the proposed models are precise enough to describe the harmonic
resonance characteristic of APF system. Slight deviation on the
left of 250 Hz in Fig. 32 is negligible here because it has little
influence on the harmonic dynamics.

B. Verification of Conclusion 1)

Conclusion 1) shows that the positions of PRPs and ARVs
determine harmonic stability. Grid-side equivalent inductor L
and filtering inductor L4 of 6-pulse rectifier are tuned to make
PRPs close to or off from the —11th and 13th ARVs. Simulation
results are given in Fig. 33. The APF is turned on at ¢4, and
following waveforms show stable or unstable simulation results.
Only the positive-frequency half of T'(s) is shown because of
T'(s)’s symmetry,. i.e., T'(jw) = T*(—jw + j2w1).

Fig. 33(b) corresponds to parameters in Table II. Both the
frequency-domain theoretical analysis and simulation waveform
show unstable results. In Fig. 33(a), L and L4 are changed to 1.8
and 3.6 mH for lower PRP frequency. The gain margin appears
around 13wy, so the APF system gets stable. In Fig. 33(c), L and
Lq are changed to 600 and 800 pH for higher frequency. Phase
margin appears, and the APF system also gets stable.

(®) (c)

Experimental verification under different passive resonance frequencies. (a) Low passive resonance frequency. (b) Medium passive resonance frequency.
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Zooming in of the ac waveforms in black dashed box of Fig. 34(b).

Experimental results coincide with simulation as shown in
Fig. 34. Magnitudes of —11th/13th harmonics in 7. are calcu-
lated and output from D/A ports, clearly showing the harmonic
oscillation. Apparently, in stable conditions [see Fig. 34(a)
and (c)], harmonics in i, are effectively suppressed after APF
turned ON. Whereas in unstable condition in Fig. 34(b), harmon-
ics are amplified by harmonic oscillation. The zooming in the
black dashed box of Fig. 34(b) is shown in Fig. 35.

As shown in Fig. 33(b), frequencies of the oscillating com-
ponents are close to —11w; and 13w, which coincides with the
phase crossing point of T'(s). This further verifies the precision
of the models.
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C. Verification of Conclusion 2)

Influence of frequency coupling is reflected by adjusting
resonator gain K, just like analysis in IV-C. In simulation
and experiment, key parameters are set according to Table II.
Theoretical analysis and simulation waveform of i, are given in
Fig. 36. And experimental results are given in Fig. 37.

After the APF being turned ON, the —11th and 13th harmonics
oscillate. Then, at ¢{; moment, K13 is reduced from 1000 to
200, which is insufficient for stabilization because of frequency
coupling, so I 1 and I3 still oscillate. At o moment, K, 11
reduces from 1000 to 200, then both —11th and 13th harmonics
converge.

Obviously, reduction of K, _1; and K,i3 influences T'(s)
around both —11w; and 13w;. So frequency coupling effect
introduces strong coupling between the kth and (2 — k)th har-
monics, as conclusion 2) indicates.

D. Verification of Conclusion 3)

To verify the third conclusion, Kgsri13 (percentage of 13th
harmonic suppression) is reduced from 1.0 to 0.7 when the
APF system has —11th and 13th harmonic oscillations under
the parameters in Table II. Simulation waveforms, spectrums of
1z, and corresponding Bode plots are shown in Fig. 38.
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Fig. 38.  Simulation of suppression ratio reduction stabilizing method.
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Experimental waveforms of suppression ratio reduction stabilizing

Both the waveform and spectrums indicate the effective
stabilization introduced by reducing Kggris from 1.0 to 0.7.
Meanwhile, the remanent 13th harmonic appears after reducing
Ksris, as the price of stabilization.

Experimental results in Fig. 39 further verify the conclusion.
After reducing Kgri3 at the moment ¢, harmonic oscillation
stops immediately, and i, converges to closely sinusoidal. So
effective stabilization on both kth and (2 — k)th harmonics can
be achieved by reducing only Kgris.

E. Verification of Conclusion 4)

To verify conclusion 4), the 13th and —11th HVAs are applied
one after another under parameters in Table II. Simulation and
experimental results are given in Figs. 40 and 41.

At the moment ¢, 13th HVA is applied with Kya13 = 0.5
and 013 = 27 * 25 rad/s. Harmonic oscillations has not been
stabilized yet in both simulation and experiment, which coin-
cides with bode plot of T'(s) given in Fig. 40. Then, at t5, —11th
HVA joins in. Harmonic oscillations are immediately stabilized
in both simulation and experiment.

Therefore, the 13th HVA is not enough to stabilize the 13th
harmonic oscillation by itself because the —11th harmonic reso-
nance dynamic also impacts the harmonic stability. For effective
stabilization, both 13th and —11th HVA should be applied.
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admittance control applied one by one.

VII. CONCLUSION

This article models a load-current-detected APF system and
analyzes the harmonic oscillation issue. Obtained conclusions
are listed as follows.

1)

2)

3)

(1

The proposed concepts, parallel resonance (reflected by
ARVs) and passive resonance (reflected by PRPs) explain
harmonic oscillation theoretically. When a PRP gets close
to ARV at kw;, the APF system will tend to have kth
harmonic oscillation.

Frequency coupling of the nonlinear load makes the kth
and (2 — k)th harmonics share their resonance character-
istics and oscillate together when unstable. The sharing
phenomenon cannot be explained with existing theories
that ignore the frequency coupling effect.

Frequency coupling effect has different influences on
SRR and HVA. And the difference can be regarded as
guidance when choosing stabilizing strategies under high-
distorted or low-distorted grid situations, as explained in
Section V-B.
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