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Systematic Design of the Hybrid Damping Method
for Three-Phase Inverters With High-Order Filters

Jie Ye

Abstract—High-order filters (HO-filters) such as LCL-LC-filters
have recently drawn attention to their small size and better at-
tenuation to switching harmonics than LCL-filters for three-phase
inverter grid interfaces. Hybrid damping that combines passive
damping and active damping is an effective method to suppress
HO-filter resonances. However, due to the high-order character-
istic of the system, the tuning procedure for the parameters of
hybrid damping is complicated. Hence, an equivalent circuit anal-
ysis method is proposed in this paper to accurately simplify the
model of the HOfilter. Based on this, a systematic step-by-step de-
sign method for HO-filter-type grid-connected inverters with hy-
brid damping has been proposed. The passive losses, effects of
equivalent series resistances (ESRs) and robustness against grid
impedance variation have been studied. Compared with existing
design procedures, the proposed method makes the hybrid damp-
ing more reliable by locating appropriate position for closed-loop
resonant poles. Experimental results verify the proposed system-
atic design procedure.

Index Terms—Grid-connected inverter, hybrid damping, high-
order (HO) filter, parameter design, three phase.

I. INTRODUCTION

ECENTLY, due to the energy crisis, distributed generation

(DG) systems using clean renewable energy have become
an important topic in technical research. As an interface between
a DG system and a power grid, a grid-connected inverter plays
an important role in injecting high-quality power into the grid
[1]. A low-pass passive filter (typical LCL-filter) is often inserted
between the inverter and the grid to attenuate the pulse width
modulation (PWM) carrier and sideband harmonics injected
into the point of common coupling [2]. Due to the increasing
price of copper, inductors become more and more expensive,
particularly for the ones with large inductance and high current
capacity. Therefore, many high-order filters (HO-filters) based
on the LCL-filter were proposed to achieve better harmonic
rejection and reduce the total cost of the inductors [3], [4].
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However, more complex resonant problems cause more control
problems for the HO-filter-based grid-connected inverters.

An RC damper, which is in parallel with the capacitor branch
is often adopted due to its small additional power losses [S]—
[7]. It is found that the passive damping is not affected by the
controller parameters and processing delay. However, the ef-
fectiveness of this method depends on specific grid condition
[8]. Alternatively, multiloop- and single-loop filter-based active
damping techniques were developed to eliminate the resonant
peaks instead of adding any passive dampers. In the multiloop-
based damping, more system state variables are involved into
the control loop to guarantee the system stability, such as the
virtual resistor [9], the capacitor voltage feedback [10], [11],
and the capacitor current feedback [12]-[16]. It means that two
or even more control loops are required to damp the system
resonant peaks. This kind of damping method is sensitive to the
processing delay and may introduce right-half-plane open-loop
poles into the system [17]. Some sensorless estimation methods
have been proposed to obtain the information like the capacitor
current [15] and voltage [11]. These algorithms require accurate
sampling of the inverter-side current, and some adverse impacts
on the overall performance may be introduced when the system
model is not accurate [15]. In the single-loop filter-based damp-
ing methods, a higher order digital filter is used in the forward
path of the current control loop to regulate the low-frequency
dynamics and damp the potentially unstable high-frequency dy-
namics [18]-[21]. It acted like filtering the resonant peak in the
manner of the open-loop control. This kind of active damping
methods has the advantage of fewer sensors. In addition, the
study in [21] indicated that the effectiveness of the filter-based
damping method depends on the accuracy of the system model.

Hybrid damping addresses these limitations to enhance dy-
namic response, stability margin, and damping performance of
the system by rationally combining the advantages of both pas-
sive damping and active damping. This type of damping method
has been discussed in [8] and [22]. The proper design of the
hybrid damping parameters is essentially to achieve effective
resonance damping. However, few of literatures to date pre-
cisely analyzed the hybrid damping method used in HO-filter-
based inverters, particularly when the inverter current feedback
is adopted. In most of the existing design methods, the damp-
ing parameters need to be chosen according to specific open-
loop gain margin or phase margin. When open-loop unstable
poles exist, multiple stable margins must be investigated. There-
fore, the optimum performance of hybrid damping may not be
guaranteed by specific stability margin. Moreover, the resonant
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Fig. 1. Topologies of the line-side filter. (a) LCL-filter. (b) HO trap filter.
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Fig. 2. Different passive damping solutions. (a) RC-series passive damping.

(b) RC-parallel passive damping.

frequency varies with different damping parameters, so the de-
sign of the damping parameters becomes challenging.

This paper proposes a systematic design method for the HO-
filter-based inverter with hybrid damping to deal with these
problems. The rest of this paper is organized as follows. In
Section II, different HO-filter topologies are described, and the
mathematical model of the HO-filter-type grid-connected in-
verter using averaged switch model (ASM) is derived. Based
on these topologies and the ASM, the equivalent circuit analy-
sis method for the HO-filter and a step-by-step optimal design
method are given in Section III. In Section IV, a design example
is illustrated to make an intuitive understanding of the proposed
design method. Finally, in Section V, experiments on a 65-kW
prototype are performed to validate the theoretical analysis in
the previous sections, and concluded in Section VI.

II. FILTER TOPOLOGIES AND MODELING OF THE DIGITALLY
CONTROLLED INVERTER

A. Filter Topologies

The most commonly used line-side filter topology would
be the LCL-filter illustrated in Fig. 1(a). Fig. 1(b) shows the
topology of the HO-filter, which uses an LC series resonant
circuit working at the switching frequency or multiples of
switching frequencies. The line-side HO-filter is composed of
inverter-side inductor L, grid-side inductor L, filter capacitor
C'y, resonant capacitors C'y, Cy, . . ., C,,, and resonant inductors
Ly, Ly, ..., Lyy. u; is the inverter output voltage; u, is the
filter voltage; u, is the grid voltage, and 4, is the grid current.
The multiple Ly, — C,, trap filter branches compose multiple
series resonant circuits to achieve zero impedance at the se-
lected frequencies, and the single branch of the capacitor (C'y)
guarantees —60 dB/decade attenuation in the high-frequency
band.

An RC-parallel passive damping as shown in Fig. 2(b) was
proven to be efficient and effective over series damping [5]
[see Fig. 2(a)]. Compared with the series damping method, the

4945
Y A T 7 Grid
| — U —p
| i { Mective |
| - Damper | L,
| L c i
| J Uu; 7 Iupcc
|Vdc Passive !
C C | L
| 1 T "T Damper |,
! |
! |
| Damping P |
| Algorithm - |
L T =—=___ o
Fig. 3. Three-phase HO-filtered grid-connected inverter based on hybrid
damping.

. High-| .
"It G H{Guts) o VT, 1G9~ K % Order ™
Filter

ifs) |

Fig. 4. Mathematical model of the digitally controlled HO-filter-type inverter
with filter current feedback active damping.
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advantage of this method is that the damping branch does not
jeopardize the high harmonic suppression of the filter. This paper
uses RC-parallel damping topology as the passive part of the
hybrid solution. In order to facilitate the following description,
the transfer function w.(s)/u;(s) of the LCL-filter with RC-
parallel damping is presented as

CdeLtS + Lt

Growls) = (As? + Bs® 4+ Cs+ D)

ey

where the total grid inductance L; = Lo + L, and the parame-
ters in the denominator are as follows:

A=CyCrLi LRy
B=CyL1L; + CleLt
C=Cyl 1Ry + CyL; Ry
D=1+ L.

B. Modeling of the Digitally Controlled Inverter

Fig. 3 shows a generic structure of the HO-filter-based grid-
connected inverter with hybrid damping. For simplicity, the
equivalent series resistances (ESRs) of the inverter side inductor
L, (Ry) and grid side inductor Lo (Ry) are ignored in the design
procedure. In fact, any practical ESRs will only damp the reso-
nance, making the system more stable. The ESRs are neglected
here to emulate the worst operating conditions. Among the var-
ious active damping solutions, the filter current feedback active
damping has been widely used for its simpleness, flexibility, and
effectiveness, and it is chosen as the active part of the hybrid
solution.

As shown in Fig. 4, the inverter-side current ¢; is convention-
ally used as the feedback of a current controller to regulate the
current injected into the grid.

A PR regulator is employed and tuned considering the overall
system dynamics, which are mainly evaluated by the unity-gain
crossover frequency and the phase margin [13]. In s-domain,
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the PR regulator is expressed as

QK,«W{S

G; =K _—
() p+82+2wis+w8

2
where w; is the resonant cutoff frequency, and K, and K,
are the proportional and resonant gain, respectively. To deal
with a typical +1% variation of the grid fundamental angular
frequency wy [23], w; = 1% - wy rad/s is set.

A computation delay is introduced into the current loop. The
one-sample computation delay is

Ga(s) = e T A3)

where T is the sampling period.

Sampling is inherent in the z-domain analysis, but if the
purpose is to model a discrete system as a continuous system,
the sampler 1/7 has to be taken into account. The continuous
expression of the zero-order hold is expressed as

1— eI

Gn(s) = ——. “
s
In order to obtain rational transfer functions, delays are usu-
ally approximated by poles and zeros. One of the most popular
approximations for delays is the Padé approximation [24]. It at-
tains accurate approximation within the range of the crossover
frequency and the Nyquist frequency.

o1, . 1—=05-s-T

T 14055 T, )

Kpww is the transfer function of the PWM inverter, always
expressed as 1. Meanwhile, K, is the filter current feedback
coefficient.

III. SYSTEMATIC PARAMETERS DESIGN METHOD OF THE
HYBRID DAMPING STRATEGY

A. Equivalent Circuit Analysis Method

The purpose of the damping is to reduce the Q-factor at the
characteristic resonant frequency. One factor needs to be noted is
that there are multiple characteristic resonant frequencies for the
HO-filter and any practical ESRs will damp the higher frequency
resonances well. Thus, the higher frequency resonances do not
need to be considered here. For the HO-filter, to find out the
optimized Q-factor, the exact characteristic resonant frequency
should be obtained by calculating the complex conjugate so-
lutions of the high-order characteristic equation of the transfer
function w.(s)/u;(s). And it is difficult to get the solutions.

From the perspective of filter design, one basic limit on the
parameters was discussed in [2] and [25]. That is, the first char-
acteristic resonant frequency of the HO-filter should be in the
range between system crossover frequency and one half of the
switching frequency, in order to avoid resonant problems in
the lowest and highest parts of the harmonic spectrum. The
impedances Z.qi(s) (i = 1,...,n) of the trap branches at the
characteristic resonant frequency are calculated as

. HO 1_L.fi0’iwfm2
Zeai(Jor™) = — 0
1

T

(6)
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where w/¢

HO-filter.

The LC resonant frequencies of trap branches are derived as
Wirapri = 1/4/LyiC}, and the equivalent capacitance Ceq; of
the trap branches at the characteristic resonant frequency can be
deduced as

is the first characteristic resonant frequency of the

2
1 1-LpGuwf?
jceqiwﬁo Ciwﬁoj
Ci
Ceqi = . ©)

2
1— wlo
Wirapri

According to the aforementioned derivation, the HO-filter can
be simplified into an LCL-filter when working at the charac-
teristic resonant frequency or lower. The capacitance C' of the
equivalent LCL-filter should be set as the sum of the equivalent
capacitance of each trap branch and C/.

C' = Cj+ Ceqi + Ceqz + + + + + Ceqn- (®)

Ignore (7) temporarily, let
Cogi = C; ©)
then the resonant frequency of the equivalent LCL-filter, which

is simplified by (9) under the stiffest grid (L, = 0) can be
calculated as

WO Li+ Ly
0 LiLy(Cr+CL+Co+---+Cp)

(10)

It can be seen from (7) that C.q; is larger than C;. Therefore,
the resonant frequency of the HO-filter is slightly smaller than
that of the equivalent LCL-filter simplified by (9). Substituting
wECT into the transfer function w.(s)/u;(s) of the HO-filter
without damping, and progressively decreasing wx“%, we can
obtain the resonant frequency of the HO-filter w/1” under the
stiffest grid. The decrease length is selected as 10 Hz. w© is
detected by observing a reduction in the loop gain of the HO-
filter for decreasing w’'*. Finally, the equivalent capacitance
Ceqi can be calculated by substituting w” into (7).

The HO-filter and the equivalent LCL-filter have almost the
same resonant frequency and response curve at mid frequency
band or lower frequency band since the traps affect mainly
the high frequency range of the filter (well above the resonant
frequency of the filter) as shown in Fig. 5.

Both of the two filters have the same RC-parallel damping
branch. Therefore, the Q-factor of the HO-filter at the first char-
acteristic resonant frequency can be defined [6] and approxi-
mately obtained using

0= Gro(jw'?)| _ |Gror(jwk")) an
|Gro(50)] |G (50)]
LC

where w“" represents the first resonant angular frequency
of the LCL-filter and Gy (s) represents the transfer function
ue(8)/u;(s) of the HO-filter with RC-parallel damping.
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Fig. 5. Bode plots of u.(s)/u;(s) of HO-filter and its equivalent LCL-filter.

B. Analyzing the Effect of the Capacitance of Passive
Damping Branch on Power Loss and Damping

At present, the most commonly used PWM methods with
low harmonic distortion for the three-phase two-level inverter
are the sine-triangle symmetrical regular PWM (SSPWM)), the
sine-triangle asymmetrical regular PWM (ASSPWM)), the sym-
metrical regular sampled space vector modulation (SSVPWM),
and the asymmetrical regular sampled space vector modulation
(ASSVPWM). The significant switching harmonics of the in-
verter output voltage u; contain components at the frequencies
around fyy (fsw is the switching frequency) and 2f;,, for all
of these four PWM methods, and the main difference between
them lies in sideband harmonic components [26]. For example,
when the inverter is operated under the condition of ASSPWM,
the switching harmonics amplitude of the inverter output voltage
Uan (m,n) can be written as follows [26]:

UAl\'I(ma TL) m=1,2,...,00

n=+1,42,...,+00

- 8‘7/:“ J,, (qEM) -sin [(m +n) g} sin? (%n)
! (12)

where M is the modulation index, Vj. is the dc link volt-
age, m is the carrier index, n is the baseband index, ¢
represents [m + n(fo/fsw)], fo represents the grid funda-
mental frequency, and J,(z) is referred as the integrals
of the Bessel function, which is expressed as J,(x) =
(1/27) [7 cos(nt — wsinT)dr, showing the different side-
band harmonic magnitudes. The odd harmonic sideband compo-
nents around odd multiples of the carrier fundamental and even
harmonic sideband components around even multiples of the
carrier fundamental are completely eliminated. The significant
switching harmonics of the inverter output voltage occur at the
frequencies of fyy £ 2fy, 2fsw £ fo. Similarly, the analytical
solutions for Ua; (m, n) of other PWM methods can be found
in [26], and are not repeated here.

Expressions for the fundamental and the harmonics power
losses are given based on [6] and modified to improve accuracy.
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1) Fundamental Frequency Power Loss: The power loss of
the damping circuit for the fundamental frequency is

2,202
P,;(fun)— U(JWOCde

= < -4 13
1+ Wi CI R (13)

where U, is the rms value of filter voltage, and U, is equal to
the rms value of grid voltage.

2) Harmonics Power Loss: The grid is assumed to be an
ideal voltage source at the fundamental frequency, and it will
become a short circuit at higher frequency. From the transfer
function u.(s)/u;(s) of the HO-filter

Wsw Cd (wsw Cde + ]) '
1+ w2, CIR2

Pd(wmeJrnfo) = Real |:UC (UC

UKM (m, n) Ue (jwm Fow+nfo )
2 Uj (]w”’ fsw+nfo )

= Real . ‘ 9 9
) |: U (jwm Fow+nfo ) :| Yin fow 1o Cd Rq
ui(jwmfs“~+71f0) 1 +w7271f5»»,+7zf0 C(%R?i
(14)

where wy, 1., +n s, represents the radian frequency of switching
harmonics. The total power losses in the damping circuit with
different PWM methods can be derived as

SSPWM : P (total) = Py(fun) + Py(wy,, +7,)
+ Pi(wy,, +25,) + Palway,, +f,)
ASSPWM : Py(total) = Py(fun) + Py(wy,, <27,)
+ Py(waf,, <1, )
SSVPWM : P;(total) = Py(fun) + Py(wy,, =)
+ Py(wy,, +27,) + Piwy,, +45,)
+ Py(way,, <7, )
ASSVPWM : P (total) = Py (fun) + Py(wy., <25, )

+ Pd (wfb“ j:4flJ) + P(] (wzfsw j:f(J )
(15)

The selection of C; /Cy is a tradeoff between effective damping
and power losses in the shunt damping circuit. Let

Cq=ac-Cy. (16)

In order to analyze the effect of ac on the damping, we use
the Q-factor. The exact characteristic resonant frequency of the
equivalent LCL-filter can be obtained by solving the complex
conjugate roots of third-order characteristic equation in (1). It
can be derived as

6AC —2B*> B

r
LCL
Wr 3AF

= |rp| = (17)
where F = (—108A4%2D + 36 ABC + 124/3AG — 8B%)'/3,
G =+27A2D? — 18ABCD +4AC3 +4B3D — B2C?, and
7, represents one of the complex conjugate roots.

Equation (11) can be derived in terms of ac. Fig. 6 shows
the variation of Q-factor and power loss, w.r.t., ac for different
R, values. It should be noted from Fig. 6 that Q-factor cannot
be reduced indefinitely by selecting very high value of ac. All
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of the HOfilter.

the power loss curves show a clear upward trend, which clearly
indicates that a higher value of a¢ is not an efficient choice. The
damping performance does not show significant improvement
beyond a certain point on each of the curves.

C. Analyzing the Influence of Delay on Damping

The digital implementation of the capacitor current feedback
incorporates lagging phase shifts due to the computational and
PWM delays. A comprehensive investigation of the effect of
the computational delay has been done in [27]. However, for
the sake of the readability, a brief review is given in this paper.
The effect of the computational and PWM delays at the resonant
frequency can be represented by

ol —eiTswr

(%UwaX%Uwfo)zeqx%
T, JTs W{JO

HO

(18)

which can be factorized as

- HO - HO HO
Gd(]wr )Gh (Jwr ) _ efj%Tsw,HO SiIlC Tswr . (19)
T 9
Separating the real and imaginary components of (19) with K
. HO . HO T WHO
Kd Gd (] Wy ;—‘Gh (J Wy ) _ Kd sinc <9U;7)

[ (-55)
X | COoS —T

Tg HO
+ jsin (3‘;)] (20)

The only feedback component of (20) that produces active
damping is the real part, which is in phase with the capaci-
tor current at the resonance frequency. Therefore, the condition
to obtain active damping is

HO 3 HO
K sinc (w?,fs )cos( ;}s ) >0

where f; represents the sampling frequency. In order to
make (21) positive up to maximum ratio fi/f, =6 (f, =

21
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wHO /(27)), the gain K, should be negative. For higher f,/f,,
the gain K; must be positive to fulfill (21), and the delays can
be considered negligible.

D. Design Procedure

The systematic design method includes the following five
steps.

Step 1—Design the Passive Damper: First of all, we need
to determine the number of trap filter branches and the LC
resonant frequency of each branch. Based on the equivalent
circuit analysis method, the HO-filter is simplified as an LCL-
filter. The equivalent capacitance can be derived using (8).

With the equivalent LCL-filter parameters and different values
of R4, multiple diagrams that reflect the variation of Q-factor
and power loss, w.r.t., ac can be obtained. As shown in Fig. 6,
there is no improvement in the Q-factor if ac is increased be-
yond a certain value at,es. Therefore, we can set a¢ based on
atnhres and the complexity of actual capacitor configuration. The
similar selecting method is also discussed in [6].

According to [5], the resistance R, is limited within the range
of

1 - F G6AC-2B* B

R,Cy — 64 3AF 34

<Cd+C

—_—. 22
S RO,C (22)

The value of Ry is localized in [Ryyin , +00). The upper bound is
limited by the power loss. So, Ry = R,y is chosen for reducing
power consumption as much as possible.

According to Section III-C, the delay and active damping
have no prominent influence on the system stability under the
weakest grid (fs/f, > 6) unless a large positive value of K,
is adopted, which contradicts the case under the stiffest grid
condition (fs/f. < 6). Therefore, the sufficient stability can-
not be guaranteed by active damping under the weakest grid.
Therefore, the resistor of the passive damper is suggested to be
designed under the weakest grid condition.

Step 2—Determine the Parameters of the PR Regulator: The
system studied in this paper has a high-order transfer function,
and several phase margins at different frequencies can occur.
However, recognizing that the magnitude and phase contribution
of the resonance is going to be small at the lowest crossover
frequency w,, the plant response will always be dominated by
the series inductance. Hence, only the low-frequency component
of the plant is required, which makes the filter like a simple
inductor. Thus, the design method of the PR regulator described
in [28] is applicable in this case. Another point needs to be
noted from [25] is that control bandwidth cannot exceed or even
be close to the resonant frequency since it will create a 180°
phase lag, limiting the system crossover frequency w, to be
less than 0.3 times the resonant frequency. In order to keep the
whole system stable, the crossover frequency of the plantis set as
0.3 times the resonant frequency under the stiffest grid condition.
As described in [28], the maximum possible magnitude of K,
can now be found by setting the open loop gain at this value of
w, to unity, which gives

Kp ~ wc(Ll —+ LQ) (23)
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Bode plot of open-loop transfer function of the equivalent LCL-based

Then, K, can be approximately derived by
Kyw.

10
Step 3—Determine the Critical Grid Inductance: For the RC-
parallel damped system, the minimum stability margin occurs
at critical grid inductance. In order to obtain the critical grid
inductance, the work in [29] used the Hessian matrix of the
gain of the open-loop transfer function to derive the critical fre-
quency. However, the local gain around the resonant frequency
will continuously increase with the increased grid inductance
when inverter-side current is used as the feedback of a current
controller. The is because the conjugate zeros of the open-loop
transfer function of the inverter-current feedback introduce a
negative peak and cause less damping at w”“’ as they compen-
sate the effect of two resonant poles as shown in Fig. 7. GMr
represents the gain margin around the resonance.

Therefore, with the impact of conjugate zeros considered,
|Gopen (JWECL)Gopen (jwantir)| can be used to investigate the
stability margin along with the variation of grid impedance,
where w,,ti; represents the antiresonance frequency.

The expressions of the open-loop transfer function Gpen ()
of the RC-parallel damped system can be factored as

K,Gq(s)G(s)[1 — Grer(s)]
,-rsLlS
(0,18 + 1)(82 + 2§1wa‘11tir3 + wgntir)(s - %)
s(s+ )2 (2 + 26wk s + WECE) (bis + 1)
(25)

K, ~ (24)

Gopen (5) -

where & and &, represent the damping factor of the open-loop
zeros and poles, respectively, —1/a; represents the open-loop
zero on the real axis and —1/b; represents the open-loop pole
on the real axis. G; (s) is represented by a proportional gain K.
This is due to the fact that a PI and PR regulator can be reduced
to a proportional gain after crossover frequency w, [16]. &, can

be calculated as
& = |Real[r,]|/wECL. (26)

Then, b; can be easily determined by a certain open-loop trans-
fer function. The open-loop zero-pole map with increased grid
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impedance is depicted in Fig. 8. a; is approximately equal to
b, due to the existence of a pair of open-loop dipole. Thus, &;
and w,ntir can be obtained by solving the complex conjugate
roots of second-order characteristic equation. The derivative of
|Gopen (JWECL)Gopen (jwantir )| With respect to the grid induc-
tance results in the critical grid inductance as indicated by

d(st) |G0pcn (Jw;{‘c
The stability of the RC-parallel damped system is determined
by the gain margin GMr around the resonant frequency as shown
in Fig. 7 since there is no open-loop unstable pole. The variations
of |Gopen (jwkCr )Gopen (jwantir)| and GMr as function of L;
are illustrated in Fig. 9. It can be seen that the maximum value
of |Gopen (JWECE)G open (JWantir )| occurs at critical grid induc-
tance Ly,; (minimum gain margin). This phenomenon verifies
the correctness of the calculation method. In case the Lo is large
enough, (27) is not valid and the critical grid inductance Ly, is
equal to Lo.
Step 4—Determine the Filter-Current-Feedback Coefficient:

As mentioned before, the influence of active damping is lim-

L )Gopcn (jwantir)‘ =0. (27)
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ited under the weakest grid condition, and the stability is
mainly provided by the passive damping. Moreover, the sta-
bility margin is large enough under the stiffest grid condi-
tion. Therefore, K; should be designed under the critical grid
condition.
The denominator of the closed-loop transfer function of the
hybrid damped system can be written as
Den(s) = dy s% + dys® + d3s* + dys® + ds s> + dgs + 4K,
(28)
where the parameters are as follows:
dy = C4C; Ly Ly Ry T?
dy = 4C4Cy Ly Ly RyT, + Ly L T (Cy + Cf)
dy = —2C4C Li Ry T, (K + K,,) + 4C4C} Ly Ly Ry
+CaRyT2(Ly + Ly) + 4L Ly Ty (Cy + C)
dy = 4C4C L Ry(Kq + K,) +4L1 Ly (C + Cy)
+(Ts +4C3Rq)(Ly + Ly )T
—2L,T,(Cy + C})(Kp + Ky)
ds = —2C K, RyTs + 4L, (K, + Kd)(C’} +Cy)
+4Cq Ry (Ly + Ly) + 4L, T + 4L, T
d6 - 4CdeRd - 2KpT5 + 4L1 + 4Lt

In fact, the stability of the HO-filter-type inverter is depends
on the damping factor & of the closed-loop resonant pole pair
which are the closest poles to the imaginary axis of s-domain
(the pair of closed-loop poles introduced by the PR controller is
not considered here). The optimum results are presented in [7],
[10], [13], [18], and [19], and the value of &.; is near 0.1, which
means the system has good stability. To obtain the desired &,
we define

s =s+wlCle,. (29)
where w’ ¢L is used to approximate the closed-loop resonant

frequency w¢'. Substituting (29) into (28)
- w%CLgcl)G + do (5/ - waLfcl)E’)
+ds(s —wfOrE) +di(s —wkChE)?

r

+ds(s —wklen)? +do(s — wFCrEL) + dy.
(30)

Den(s) = dy (s

In order to maximize the damping of the closed-loop resonant
poles, a pole localization method is adopted in this paper as
shown in Fig. 10. Considering the error between w” " and the
closed-loop resonant frequency w¢', the algorithm starts from
&1 = 0.2. Applying the Routh’s method to (30), the algorithm
determines whether a range of K; exists; if not, the algorithm
progressively decreases the damping factor &.; until the range
of K, exists. The decrement step for the searching is selected
as 0.01. It only takes a few steps for the algorithm to obtain the
satisfactory range of K.

A narrow range of K; can be derived using this algorithm
and the optimal K; can be easily picked out. In case the pole on
real axis is closer to imaginary axis than the resonant poles due
to a large grid inductance, this method is still applicable. This
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Fig. 10. Damping-factor-based pole localization method.

is mainly because the position of the pole on real axis changes
little even if K, varies in a wide range under the weakest grid
condition.

Step 5—Checking the Stability of Hybrid Damped System:
The same with the equivalent LCL-based system, the minimum
damping factor of the closed-loop resonant poles of the inverter
with the HO-filter also occurs at critical inductance L. A
higher damping factor makes the satisfaction of the gain margin
requirements become much easier. Therefore, it is only neces-
sary to check the gain margins of the system under the critical
grid condition. If the requirements (3dB or — 3dB) of the gain
margins are not satisfied, then the designer should go back to
step 2 to reduce K, until the gain margins are met.

Fig. 11 shows the step-by-step procedure for the hybrid damp-
ing design of the HO-filter-based inverter.

E. Effect of ESRs on System

The ESRs of the filter are neglected in the aforementioned
analysis to emulate the worst operating conditions. But it
has a great effect on the stability of the system in real-
ity. For a better analysis on the efficiency of the proposed
design method in the following experiments, a brief analy-
sis on the effect of ESRs on system is necessary. Fig. 12
shows the Bode plots of open-loop transfer function of the un-
damped system with different ESRs values. R; = 0.011 €2 and
Ry = 0.015 Q are considered here. As shown in Fig. 12, there
are three characteristic resonant frequencies for the HO-filter-
based inverter, and the minimal ESRs damp the resonances well
and system becomes barely stable without additional damping
method.

IV. DESIGN EXAMPLE

Design examples are presented in this section to make an
intuitive understanding of the proposed method. Table I gives
the parameters of a 65-kW three-phase HO-filter-based grid-
connected inverter. The parameters are regularly designed with
the method proposed in [30]. To generalize guidelines for
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<
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A

Fig. 11. Design flow for the hybrid damping design of the HO-filter-based
inverter.
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Fig. 12.  Bode plots of open-loop transfer function of the HO-filter-based
inverter without damping under the stiffest grid condition.

selecting optimum damping parameters, per unit approach is
adopted, which could be extended to any power rating/voltage
rating.
1) Asshown in the Table I, there are two trap filter branches,
whose LC resonant frequencies are 16 and 32 kHz, respec-
tively. Based on the equivalent circuit analysis method,

TABLE I
PARAMETERS OF THE PROTOTYPE IN ABSOLUTE AND P.U. VALUES

System Parameters

Parameter Value Parameter Value

Grid voltage V, (RMS) 230 V Fundamental frequency fj 50 Hz
Rated power P, ,¢eq 65 kW Switching frequency fsw 16 kHz
Dc-link voltage Vi 800 V Sampling frequency f; 32 kHz

HO-filter Parameters

Inverter-side 120 pH Grid-side 20 uH
inductor L4 0.0154 inductor Lo 0.0026
Trap inductor 1 45 pH Trap inductor 2 11.3 uH
Ly 0.0058 Ly 0.0015
Trap capacitor 1 2.2 uF Trap capacitor 2 2.2 uF
Cq 0.0017 Cy 0.0017
Filter capacitor 17.6 uF

Cy 0.0135

2)

3)

4)

5)

Ceq1 can be derived as 0.00227 p.u., and C,3 is derived
as 0.0018 p.u. Using (8), the equivalent capacitance C’ can
be obtained as 0.01757 p.u. With the equivalent LCL-filter
parameters and different values of R,;, multiple diagrams
that reflect the variation of Q-factor and power loss, w.r.t.,
ac can be plotted according to (11) and (15). There is no
improvement in the Q-factor if ac is increased beyond
0.5 in this case. Here, we set ac = 0.5 as the best choice
(Cq = 0.0067 p.u.). The resistor of the passive damper
is chosen as 2.5 p.u. according to (22) (R; > 2.25 p.u.)
under the weakest grid condition. The maximum value of
0.5 p.u. (4 mH) is selected considering the line impedance
in a weak grid and the presence of many parallel inverters.
To yield satisfactory transient performance, a phase mar-
gin of PM = 45° at w, ~ 0.3w"“" is desired. With the
selected passive damping parameters, the w”“’ can be
calculated as 4 8444 rad/s according to (17) when L, = 0.
Applying (23) and (24) to the system gives controller gains
of K, =2.2and K, = 500.

The critical grid inductance is calculated from (27),
Li¢y; = 0.018 p.u. (140 pH). This is consistent with the
outcome from [31] that if L, > L; or L; =~ Ly, high-
frequency current oscillations increase through the inter-
nal loop, raising the ratings of the switches. Therefore, the
conclusion can be used as a constraint when designing the
filter.

The pole localization algorithm stops at &, = 0.15.
The satisfactory range of K, can be calculated as
(—0.76, —0.33). In order to obtain the best damping per-
formance, it is better to choose the intermediate value of
this range. Here, K; = —0.5 is chosen.

As shown in Fig. 13, the minimal damping factor of the
closed-loop resonant poles of the HO-filter-based inverter
also occurs at L; = 0.018 p.u.. This is consistent with
the previous analysis, and it proves the effectiveness of
the proposed equivalent circuit analysis method. The gain
margin around the resonance is 5.5 dB as shown in Fig. 14
(no open-loop unstable poles), which can meet the require-
ment of the design specification.
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V. EXPERIMENTAL VERIFICATION

The experimental system consists of a 65-kW three-phase
prototype inverter based on FPGA (EP4CE115F780), which is
connected to the grid through an HO-filter, and the configu-
ration is shown in Fig. 3. Fig. 15 shows the prototype con-
struction. The system operates as a reactive current generator
with dc bus voltage regulation. Note that the HO-filter-based
inverter is connected to the real grid through a locally iso-
lated transformer, whose leakage inductor of the transformer
(0.0013 p.u.) works as a part of L,, and another part of the
grid impedance is emulated by an external inductor. All the
parameters are the same as those of the theoretical analysis
in Section IV.

Fig. 16 shows the experimental results under a full-load con-
dition without damping when L, = 0.0013 p.u. As shown in
Fig. 16, the system is barely stable and the output oscillates
around 6 kHz. It is possible to run the system without damping
under the stiffest grid condition due to the ESRs and natural
passive resonance damping of the filter itself. This is consistent
with the previous analysis.

Fig. 17 shows the experimental results under a full-load
condition with hybrid damping. For L, = 0.0013 p.u. and
Ly = 0.5 p.u., the satisfactory stable operations are maintained
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Fig. 15. Photograph of the three-phase grid-connected inverter prototype.
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Fig. 16. Experimental results under a full-load condition without damping
in the stiffest grid (L, = 0.0013 p.u.). (a) Grid voltage and grid-side current.
(b) Fast Fourier transform (FFT) of the grid-side current.

for both passive damping and hybrid damping as shown in
Fig. 17(a) and (c¢). For L, = 0.0143 p.u. (L; = 0.018 p.u.),
as shown in Fig. 17(b), when active damping is disabled, dis-
astrous oscillation is triggered. This demonstrates that the de-
signed parameters perform with high robustness against the grid
impedance variation. Fig. 17(a) and (c) also show the mea-
sured rms value of the current of R; — C, branch. It can
be calculated that the power loss at the RC-parallel damper
is limited to 1.612 - Ry /Pratea = 0.00024 p.u., where P,,teq
is the power rating of the prototype system. This result is
consistent with the theoretical analysis, as shown in Fig. 6
(about 0.0005 p.u.).
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Fig. 17. Measured grid voltage and grid-side current under a full-load con-
dition with hybrid damping and the active damping is disabled at a certain
moment. (a) Under the stiffest grid condition (L, = 0.0013 p.u.). (b) Under the
critical grid condition (L, = 0.0143 p.u.). (c) Under the weakest grid condition
(Lyg =0.5p.u).

Fig. 18 shows the experimental results when varying the value
of the damping resistor. If the damping resistor is set to R; =
0.82 p.u., the resonant current is increased and the power loss is
limited to 1.742 - R, / Pratea = 0.000093 p.u. However, a larger
damping resistor 4 of 4.92 p.u. results in larger power loss
(1.582 “ Ry/Pratea = 0.00046 p.u.). Hence, a damping resistor
Ry of 2.5 p.u. achieves a good balance between the damping
effect and damping losses.

Fig. 19 shows the measured waveforms of inverter-side cur-
rent and its corresponding FFT analysis. The results demon-
strates that, compared with other alternative interfacing filters,
the HO-filter described in this paper can better attenuate the har-
monics around the multiples of switching frequencies and guar-
antee —60 dB/decade attenuation in the high-frequency band
with lower inductance.
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Fig. 18.  Measured FFT of the inverter-side current under a full-load condition
with hybrid damping. (a) Under the stiffest grid condition (L, = 0.0013 p.u.)
when R; = 0.82 p.u. (b) Under the stiffest grid condition (L, = 0.0013 p.u.)
when R; = 4.92 p.u. (c) Under the weakest grid condition (L, = 0.5 p.u.)
when R; = 0.82 p.u. (d) Under the weakest grid condition (L, = 0.5 p.u.)
when R; = 4.92 p.u.

Fig. 20 shows the transient experimental results when the
current reference steps from half- to full-load. It is seen that the
process is smooth with little overshoot.

In the experiments, when only active damping is adopted
under the critical grid, significant oscillation also arises in the
grid current. When K, is reduced in the critical grid condi-
tion with only passive damping or active damping, the output
current of inverter contains no oscillations as shown in Fig. 21
[see also Fig. 17(b)]. However, the transient responses become
slower, and the rejection of low-order harmonics is weakened
compared with Fig. 20(b). Therefore, in order to improve the
speed of the transient response, the damping factor of the closed-
loop resonant poles has to be selected as large as possible. The
sufficiently damped resonant poles assume a larger K,. Experi-
mental testing has proven the effectiveness of the design method
in ensuring smooth and fast transient response.

To enhance the disturbance rejection performance, propor-
tional harmonic resonant controllers are applied, to provide in-
ternal model dynamics at selected harmonic frequencies. When
the grid voltage is distorted by the 3rd (3.4% w.r.t. the grid funda-
mental voltage), Sth, 7th, 9th, and 11th harmonics, grid voltage
ug and grid-side current i, in the weakest grid are shown in
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(b) FFT of the inverter-side current.
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Fig. 21. Measured grid voltage and grid-side current under the critical grid
(Lgy = 0.0143 p.u.) with reduced K, when the current reference steps from
half- to full load. (a) With only passive damping (K, = 0.6). (b) With only
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Fig. 20. Measured grid voltage and grid-side current when the current ref-
erence steps from half- to full-load with hybrid damping. (a) Under the
stiffest grid condition (L, = 0.0013 p.u.). (b) Under the critical grid condi-
tion (L, = 0.0143 p.u.). (¢) Under the weakest grid condition (L, = 0.5 p.u.).

Fig. 22(a). Fig. 22(b) shows the FFTs of u, and i,. It can be
found that the system can be kept stable and can suppress up to
the 11th harmonic well. In the low frequency range, the most
challenging issue is to have enough bandwidth to plug in the
harmonic resonant controllers. Therefore, the experimental re-
sults confirm the effectiveness of the proposed design method
in achieving a desired control bandwidth.
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Fig.22. Experimental results under a full-load condition with hybrid damping
when the harmonics are injected into the grid voltage in the weakest grid (L, =
0.5 p.u.). (a) Grid voltage and grid-side current waveforms. (b) FFT of the grid
voltage. (c) FFT of the grid-side current.

We also have studied the prototype in stand-alone mode
(Ly = 0). For L, =0, as shown in Fig. 23, the grid voltage
does not contain harmonics, and satisfactory stable operations
are maintained.
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Fig. 23.  Measured grid voltage and grid-side current in the stand-alone mode
(Ly4 = 0) with hybrid damping.

With the weakest grid or stiffest grid, the system operates with
good stability margin by only using active damping or passive
damping. The experimental waveforms of active damping and
passive damping under the weakest grid or stiffest grid are highly
similar to those of hybrid damping and not repeated in this

paper.

VI. CONCLUSION

This paper presented a systematic design method for hybrid
damping in HO-filter based inverters. The design method has
been generalized and can be applied for any ratings of the HO-
filter and can stabilize the system with a wide variation range of
grid impedance values without sacrificing efficiency of the sys-
tem. A simple equivalent circuit analysis method is proposed
to simplify the model of the HO-filter. With this method, the
resonant frequency and the Q-factor of the RC-damped HO-
filter can be easily calculated. A practical method is proposed to
calculate the critical grid inductance of the RC-damped system
with inverter-current feedback. A simple iterative algorithm has
been proposed based on damping factor. This method can max-
imize the performance of the hybrid damping due to that it can
accurately locate the position of the resonant poles. Experimen-
tal results of a 65-kW prototype verify the effectiveness of the
proposed design method and validity of the analysis.
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