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Abstract: With the complication of the power system, features of the resonance interaction behave di-
versely and pose a threat to the effectiveness of the resonance suppression strategies.
Existing resonance suppression strategies are usually designed for specific scenarios which are
in close correlation with the impedance frequency-amplitude distribution, and their adaptability
under different scenarios is hard to evaluate. In this paper, the resonance suppression domain of a DC
distribution network is derived based on the node impedance variation before/after the resonance
is suppressed. The derived criterion takes the admittance change of the resonance suppression
strategies as variables, and the conservative/ideal suppression domain criteria are defined. On this
basis, a method for evaluating the effectiveness of resonance suppression strategies is proposed,
which simplifies the evaluation process and avoids a complicated matrix inverse process to each
resonance suppression strategy during the system impedance calculation. Furthermore, a DC active
damper control strategy based on the resonance suppression strategy evaluation is proposed, and the
proposed strategy could suppress resonances under different scenarios by a targeted design of the
reshaping admittance parameters. Time domain simulations with a 5-node distribution network are
carried out to verify the proposed method.

Keywords: DC distribution network; resonance suppression effectiveness evaluation; node impedance;
active damper; control parameter design

1. Introduction

The new power system is a comprehensive coordinated control system with source,
network, load and storage energy features for a high proportion of power electronic equip-
ment and renewable energies with networks as ties [1,2]. As an important part of the new
power system, the DC distribution network owns less AC/DC conversion equipment access,
lower line losses, and has good adaptability for a high proportion of renewable energies [3,4].
With continuous technological development, including distributed power generation, energy
storage and electric vehicles, the DC distribution network has become an organic structure
containing massive power electronic devices and diverse topological structures [5-7]. How-
ever, the abundance of types of equipment and system structures brought adverse effects on
system stability, and the resonance becomes more complicated [8,9]. When the resonance
frequency approaches that of the harmonic injection, obvious harmonic amplification would
be excited, posing risks to the safe operation of the system. Consequent problems such as
power quality deterioration, protection device misoperation and even malfunction attract
widespread attention [10-12].

The resonance problem in the above scenarios is no longer just about the energy
exchange between inductors and capacitors. Complicated and diverse resonance interaction
draws the interest to extensive exploration of resonance suppression strategies under
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different scenarios [13-16]. Coping with the resonance interaction of multi-inverter parallel
grid-connected systems, and between permanent magnet synchronous generators and
virtual synchronous machines [17-19], quantizes the influence of parameter variation on
resonance frequency and impedance, and the resonance is suppressed through parameter
optimization. Reference [20] explores the resonance interaction between multiple inverters
in the AC microgrid, the influence of control parameters on high-frequency resonance
is analyzed, and the robustness of the system is enhanced by optimizing the control
parameters and adding an active damping control. In order to suppress the resonance
between the LCL filter and the power grid, or between the LC filter and the energy storage
equipment, a fourth-order filter is connected to the source side converter control loop,
and a damping resistor is added to the LC filter in [21] and [22], respectively. For the
scenario of LCL-type grid connected distributed power sources injected into weak current
networks, reference [23] proposes an inverter current feedback control strategy to suppress
the resonance, which could reduce the resonance frequency shift and grid inductance effect
under a high-frequency bandwidth. In agreement with most of the existing research, the
above resonance suppression strategies are designed on the basis of specific scenarios,
and their effectiveness under different scenarios is hard to evaluate, which limits their
application. In order to form a better correspondence between the resonance suppression
strategy and the scenario, it is necessary to study the effectiveness evaluation method for
resonance suppression strategies under different scenarios.

After the resonance suppression effectiveness evaluation, enhancing the universal
adaptability of resonance suppression strategies under different scenarios is a further step
to address the above issues. The active damper is connected in parallel to the resonance
node, which has been widely applied to suppress resonance and enhance system stability
by reshaping system impedance [24-26]. Refs. [24,27] reshape the system impedance by
incorporating the active damper at the common coupling point (PCC) to reduce potential
oscillation and harmonic risks. By adding a resonant controller on the traditional resistive
active power filters(R-APFs), the connected active damper avoids the impact of other
harmonic components in the system and minimizes the power loss. Reference [28] presents
an adaptive active damper for single-phase AC systems whose virtual resistance values
can be adjusted based on harmonic emission levels, reducing the impact of grid impedance
changes on the system stability and achieving an effective response of the active damper
over a wide frequency range. The above equipment is also applied to three-phase AC
systems in [29,30], eliminating the influence of the virtual resistor coupling on stability.
In [25,26], the active damper improved the negative damping characteristics of the system,
whose responses to large disturbances were optimized. The mentioned studies equate
active dampers to virtual resistors and suppress resonance or enhance system stability by
increasing system damping, which is adaptive under different scenarios. However, the
suppression effects of the above strategies are hard to standardize under scenarios since the
existence of multi-dimension resonance features includes amplitude, frequency and phase
information, and an unappropriated strategy may lead to unexpected suppression effects.
In that case, it is necessary to design the resonance suppression strategies after considering
the resonance distribution characteristics.

To solve such issues, this paper conducts resonance suppression by evaluating the
effectiveness of resonance suppression and achieving a targeted control parameter design
of the DC active damper according to the resonance distribution characteristic. The main
contributions of this paper are as follows:

(1) A resonance suppression criterion is derived by taking the admittance change as vari-
ables before and after resonance suppression strategies connected to the system, and
a resonance suppression strategy evaluation method is proposed, offering guidance
for choosing a more suitable resonance suppression strategy and parameters.

(2) A DC active damper control strategy based on the resonance suppression domain is
proposed, achieving targeted admittance reshaping parameter design under different
resonance situations.
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In Section 2, a resonance suppression strategy evaluation method is proposed based
on deriving the resonance suppression criterion. Section 3 presents a DC active damper
control strategy based on the resonance suppression domain. Case studies are presented
in Section 4 to support the proposed methods and major findings of this study. Brief
conclusions are drawn in Section 5.

2. Resonance Suppression Strategy Evaluation Method
2.1. Resonance Suppression Domain of Admittance

The resonance suppression effect can be reflected by the node impedance before and
after the suppression. Let the node admittance and impedance matrices before and after
resonance suppression be Yy, Zy and Y55, Z;, respectively. When the resonance suppression
strategy is applied on node p, ¢ is the self-admittance change on node p, and the self-
impedance at frequency f is Zs s(p,p). When | Z;¢(p,p)| — 1Zps(p,p)! <O, resonance is
effectively suppressed, which is equivalent to

2 2
‘Zé,f(PrP)’ - \Zo,f(w)\ <0 (1)
According to Vdet(Ys r)&det(Y( ¢) # 0 and the matrix inverse process, Formula (1) is

equivalent to

2 2

Y51 (p,p) Yo, (p,p)
det(ve) | Jaer(o) | <" ?

where Y* is the adjoint matrix, det( ) represents the determinant of the matrix, and Zo,j(p,p)
is the self-impedance at frequency f before resonance suppression.

Due to J appearing only in the self-admittance of the admittance matrix, where
Y*5 Ap.p) = Yo (p,p), the above Equation can be organized as

‘Zé,f(PrP)r - ‘Zo,f(w)’z
2
- ‘Y*O'f(p”’)’ <|det()1(‘5/f)|2 - |det(11/0/f)|2) (3)

2
- det(1|/:()]/fz(|25t)(|l/o,f) 2 (’dEt(YOff ) ‘2 ~ |det(v ) ‘2>

‘Y*O,f(p,p)‘z/ (‘det(Y5/f> lz‘det(YOIO ’2) >0

In other words, Equation (3) is a necessary and sufficient condition for resonance to be
suppressed. Therefore, formula (2) is equivalent to

]det(yo,f) ‘2 - ’det(Y(g,f) ‘2 <0 @)

Then, the determinant of Y5 f is decomposed as

det(yé,f) = Yo s(p,p)o + det(yo,f) )

Substituting Equation (5) into Equation (4) yields

’det(YO,f)‘z— ‘Y*O,f(p,p)ﬂdet(yolf)‘z <0 )
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According to VY*s Ap,p) = Yo (pp) # 0, which is

det(YO,f) ? det(Yo,f) ?

o+ >
Y*o,r(p, p) Yo, (p,p)

(7)

Since Zodp,p) = Yo Ap,p)/det(Yo ) and Zy[p,p) # 0, the above Equation is simplified as

2
>

2
1

Zys(p,p)

1

o+
Zys(p,p)

(8)

Let § = 6, + jo;, where J, and J; are the real and imaginary parts of J, respectively.
Substituting them into Equation (8) yields

((57+Real(zo{%p,p)))2+ (§i+lmag(m))2 )

2o (pp)|*

From Equation (9), the boundary of the resonance suppression/amplification is a circle
centered with the real and imaginary parts of —1/Z¢(p,p) and the corresponding mode
value as the radius. The outer region of the circle is the resonance suppression region,
whose criterion is shown as Equation (9). The boundary of the resonance suppression
domain always passes through the origin.

2.2. Resonance Suppression Strategy Evaluation

With Equation (9), the resonance suppression domain under any frequency can be obtained:

Qgsp = {(5r/5i)|€f(5r/5i) > 0}
£4(00, 55) = (57+Real(m))2+ (10)

(6 +1mag(7=t577) ) — Tasion T

Taking the admittance change of the resonant suppression strategy as a variable, the
criterion can be used to evaluate the effectiveness of the resonant suppression strategy.
Moreover, since the impedance stays high around the resonance peak (not merely on the
resonant frequency), analysis of the resonance suppression domain around the range of
f should be carried out, and the range should be in conjunction with the resonance sup-
pression requirements. Let the impedance limitation be B, which can be flexibly designed
according to the application requirements, and the resonance suppression region for the
node impedance bigger than B is analyzed. In this paper, § is 30% of the resonant peak
impedance. Taking the 937.1 Hz resonance frequency of node 1 of the 5-node DC distribu-
tion network as an example, the structure, parameters, and resonance distribution of the
5-node DC distribution network are shown in Figure 1 and Tables 1 and 2. The resonant
frequency range corresponding to 5 is 929 Hz to 1010 Hz. The schematic diagram of the
resonant suppression domain within the given frequency range is shown in Figure 2.
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Figure 1. Structure diagram of a 5-node DC distribution network.

Table 1. Parameter settings.

Parameter Value Parameter Value
Lo 3mH P; (Distributed power source in node 1) 10 kW
C 500 uF P, (Load converter in node 3) 15 kW
Lys 0.5 mH P53 (Load converter in node 4) 15 kW
Cs 3000 uF Pe(ILC) 20 kW
Loy 0.6 mH P7 (The injected power of node 0) 18 kW
Cy 400 uF Uy et DC 725V
Base frequency 50 Hz

Table 2. Resonance distribution of the node impedance matrix.

ch-dc
Node Maximum Value
551.3 Hz Z(ij)ij=14 7(2,2) 16.69 O)
937.1 Hz ZQ,),23G1)i,j=14 Z(1,1)29.51 QO

Resonance Frequency

Conservative .
suppression domain ||
Ideal suppression
domain
—— Boundary center —
— Resonance

suppression region
boundary

2le
ase,

Figure 2. Resonance suppression domain.

According to the previous derivation, the intersection of the resonant suppression
domains within the frequency range is defined as the conservative suppression domain, i.e.,
the yellow area in Figure 2. The reshaped admittance is always located in the conservative
suppression domain within the frequency range, which is a sufficient condition for the
resonance to be suppressed.

Taking the tangent of the conservative suppression domain at the origin as the bound-
ary, the convex set region in the conservative suppression domain is defined as the ideal
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suppression domain; that is, the green region in Figure 2. Any reshaped admittance lo-
cated within this region can achieve a high resonance suppression efficiency since it could
suppress the resonance while minimizing the admittance change.

By calculating the center and radius change trajectory of the resonance suppression do-
main boundary within a certain frequency range, the distribution of the conservative/ideal
suppression domain is clarified and used to guide resonance suppression strategy’s design.

Although there are differences in the forms of resonance suppression strategies such
as described in [17,20,22], the proposed resonance suppression effectiveness evaluation
method determines the resonance suppression domain of all strategies from a numerical
perspective. In that case, the proposed method can be applied to any scenario where
the suppression strategy can be reflected by parallel equivalent impedance at the nodes.
The proposed method can be used to evaluate the effectiveness of resonance suppression
strategies and offer guidance for their optimization.

3. The DC Active Damper
3.1. Topology and Control Structure of the DC Active Damper

The DC active damper topology is similar to the bidirectional DC-DC converter, as
shown in Figure 3.

ig Lgn 7\ Ql

Uy Qﬂg} Cae T Udc

Figure 3. Circuit structure of the DC active damper.

In Figure 3, ig and ug are the injection current and voltage of the access node, Lgn is
the filtering inductance, the duty cycles of switch Q1 and Q, are d and 1 — d, respectively,
and Cq, represents the load side capacitance. The mathematical model of the DC active
damper is as follows:

di,
{ L g = tacd ~ g (11
Cac g = —dig
The mathematical model under small disturbances is
Lonls — Uyd + Ditge — 2
gn;TAt — Ydc A+ uch_ Ug (12)
Cacgke = —Dig — Iod

In the equation, D and d represent the steady-state and disturbance-state values of the duty
cycle, Iy and fg represent the steady-state and disturbance-state values of the injection current,
and I = 0. The superscript “*” represents the disturbance of a corresponding parameter.

On the basis of voltage and current dual-loop control and the active damper equivalent
admittance, the control section adds an admittance reshaping section to enhance the
admittance flexibility. Additionally, the active damper admittance except for the admittance
reshaping section is minimized, which is controlled by adding a filter on the controller
input side (Grpp; and Gippp), as shown in Figure 4. Gipp; and Gppp, are designed by
considering the resonant distribution in the frequency range, The control strategy mainly
responds to harmonic components outside the fundamental and low frequency, avoiding
their impact on the system operation state. The admittance reshape section mainly responds
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to harmonics which have a higher frequency than that of the resonance to reduce its impact
on the system’s operating state.

Ig

v

Gupri
+ g N —» 0
Ude 4’§_> Goontroll Goontrol2 PWM
- +
" —> 0,
Udcref
The admittance
reshape section +§
Uy » Gup Grs [
Figure 4. Control structure of the DC active damper.
The mathematical model of the control in Figure 4 is
d= Gcontr012 (Gcontrolludc + Grprr1 ig) + (1 - GLPFZ)Grs Ug (13)

where Geontroll and Geontrol2 are the dual control loop transfer functions, respectively, and
Gys is the reshape admittance transfer function. The output characteristics of the active
damper can be simplified as

iy = (Y1 + YaGys)lg (14)

Among them, both Y7 and Y> are the fixed admittance of the active damper, which needs
to be designed based on the operating characteristics of the active damper. The admittance
tuning range of Y7 and Y are limited, and their expression is as follows:

Y = =1
1 ngn =+ ( D+UgcGeontrol1 Geontrol2 ) ﬁ —UdcGeontrol2 GLPF1 15
Y, = Ugc(1-Grpp) (15)

D
SLgn+ (D+UgcGeontrol1 Geontrol2) Cqe UgeGeontrol2 GLPF1

The active damper mainly achieves a resonance suppression by reshaping the node
impedance. Equivalent admittance can be divided into the fixed admittance with a limited
adjustment range and the reshaped admittance with a high flexibility; the latter is mainly
achieved through the admittance reshape section in Figure 4. The reshaped admittance
transfer function G has high flexibility and can be designed based on the distribution of the
resonance suppression domain. By designing the reshaped admittance, the active damper
reshapes the resonant impedance in the system in a more targeted manner, achieving better
resonance suppression effects.

3.2. Reshape Admittance Design of DC Active Damper Based on a Resonance Suppression Strategy
Effectiveness Evaluation Method

The resonance suppression domain of G can be derived from Section 3.1. To make
sure the G, resonance suppression domain boundary still always passes through the origin,
let Y7 in Equation (14) serve as the self-admittance, which is located in the corresponding
position of the node admittance matrix. Then, 6, + jo; = Y2G;s in Equation (9). In that case,
the center of the G5 resonance suppression domain boundary is

(0,cos€+oisin9 0; cos 0 — orsin9>
hel ’ Y|

With a radius of 1/ 1Z, ,f(p,p) I /1Y, 1, 0r and o; are the real and imaginary parts of the
center of Equation (9), and 0 is the phase of fixed admittance Y5.



Energies 2024, 17, 480

8 of 17

In order to minimize the influence of the admittance reshape section on the system
operation state, Gy pg; in Figure 4 limits its influence frequency range. Through Gy ppy, the
admittance reshapes sections mainly in response to harmonics higher than the resonant
frequency. Furthermore, G5 adopts the form of a second-order transfer function in series
with a lead-lag link, and the transfer function is as follows:

Gowcs sT—1

16
82+ 20wes + w2 sT + 1 (16)

Grs -

where Gy is the gain coefficient, w. is the characteristic frequency, { is the damping ratio,
and T is the time constant.

The distribution characteristics of the second-order transfer function Bode diagram
are shown in Figure 5a, which mainly adjusts the frequency—-amplitude curve of Gys.
As shown in Figure 5a, the reshaped admittance has a relatively small impact on the
admittance outside the resonant frequency range, the characteristic frequency w is usually
the resonant frequency to a single resonant peak, and the admittance amplitude distribution
can be shaped by adjusting the gain Gy and damping coefficient . The lead-lag link
provides more phase flexibility for G;s, as shown in Figure 5b, whose amplitude variation
of the Bode diagram in Figure 5b is small, and the phase changes within the range of 0-180°.
Combined with the gain Gy, Grs can reshape the admittance within the range of 0-360°
by adjusting the time constant T based on the phase distribution characteristics of the
resonance suppression domain.

@ G
Z10( 15
E T -5 1
S 5f ‘ s
E |
< S\ e
98 " A1§9()
c4st 1 155135
2 0f 12 90
< =
E-45 } 1~ 45t
-9q 5 3 4 q 1 2 3 Z 5
0 0 10 0 10 10 10
Frequency (Hz) Frequency (Hz)

(a) (b)

Figure 5. Reshape admittance transfer function. (a) Second order transfer function. (b) Lead-lag

transfer function.

After the above design, Gy could achieve the targeted control parameters design since
it has high flexibility in the amplitude and phase based on the resonance suppression
domain distribution. When the active damper is used to suppress multiple resonant peaks
in the system, the required reshape admittance of each resonant should be considered
comprehensively according to the resonant suppression requirements.

4. Simulation Verification

In order to verify the proposed evaluation method and the DC active damper control
strategy based on the resonance suppression domain, a 5-node DC distribution network
was built through EMTDC/PSCAD v4.6, as shown in Figure 1, where ILC is the interlinking
converter, isq q is the AC-link current of ILC, i1—i4 are the currents of the DC side, L1_5, Ly_3
and L;_4 are series inductors connected between the respective nodes, and Cq, C3 and Cy4
are filter capacitors. The parameter settings are shown in Table 1.

By inverting the frequency domain node admittance matrix, the resonance distribution
of every node impedance is obtained, as shown in Table 2.
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According to Table 2, the model has two resonance frequencies: 551.3 Hz and 937.1 Hz,
whose maximum amplitudes occur at the self-impedance of node 2 and node 1, respectively.
The corresponding node impedance Bode diagram is shown in Figure 6.

[
=
w

—— Mathematical
mode!
551.3H7 ©  Simulation result

=
Amplitude( Q)
]

Amplitude( Q)

=)

o
]
=3

g0 s
g =
\‘ Mathematical Simulation
model result
10 600 800 1000 1200 “2007 600 800 1000 1200
Frequency(Hz) Frequency(Hz)
(a) (b)

Figure 6. The main resonance impedance distribution. (a) Z(2,2) and (b) Z(1,1).

4.1. Resonance Suppression Domain Analysis

To further illustrate the distribution characteristics of the resonance suppression do-
main, taking the 551.3 Hz resonance frequency of node 2 as an example, the real and
imaginary parts of admittance change 6 corresponding to the x and y axes, respectively,
and the resonance suppression degree of the self-impedance at 551.3 Hz under different &
is shown in Figure 7. The white area in the figure is the resonance amplification area.

0.1

(=)

0.05

W

£
2o, (p.D)|-1Zs, (,1)]

w

-0.05 [\

NS}

-0.15 -0.1 -0.05 0 0.05
S

r

Figure 7. Resonance suppression region boundary under a single frequency point.

As shown in Figure 7, the resonance suppression region boundary appears as a circle
that always passes through the origin. The resonance suppression degree is uniformly
distributed around the circle and gradually increases with the distance from the circle
center. The red curve is the derived resonance suppression domain criterion, which is
consistent with the resonance suppression boundary of the node impedance and verifies
the correctness of the derived results.

The obtained criterion can be used to analyze the effectiveness of the adopted reso-
nance suppression strategy and optimize it. Taking a virtual resistor in the ILC, which is
connected in parallel as an example, the admittance change of the virtual resistor control
strategy acts as 6 = y; — yo on the self-admittance of the corresponding node; vy and y; are
the equivalent admittances before and after connecting the virtual resistance.

Except the resonance peak impedance, the effectiveness analysis of the resonance
suppression strategies also needs to consider impedance changes in the surrounding fre-
quency range. Unsuitable resonance suppression strategies may cause resonance frequency
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transfer and amplify the resonance peak at the new resonance frequency, which is easily
reflected by the proposed resonance suppression strategy effectiveness evaluation method.
Taking a virtual resistor and a passive damping like a resistor in series with a capacitor
as examples, for the 551.3 Hz resonant frequency in this paper, the resonant frequency
range corresponds to f is 505-578 Hz. Figure 8 shows the admittance change of the virtual
resistance of 0.01-0.05 () and resistance of 0.01-0.05 () in series with capacitance 10-50 uF,
and the admittance change under the two conditions is compared with the resonance
suppression domain boundary under the frequency range. The yellow curve in the figure
shows the resonance suppression domain boundary of the resonance peak, which is the
same as Figure 7.

—— Resonance suppression 0.5
region boundry _— —
Resonance suppression
region boundry of
resonance peak

e Boundary center

e Virtual resistance

e  Passive damping

Figure 8. Resonance suppression domain distribution of existing resonance suppression strategies.

It can be seen that the admittance change of the virtual resistor always lies inside the
resonance suppression region of the resonant peak with the resistance value increase from
0.01 O t0 0.05 O, and it gradually increases with the distance between the virtual resistor
and the resonance amplification region; that is, the larger the virtual resistor, the better
the resonance suppression effect. However, the virtual resistor is also located within the
resonance amplification region of some frequencies, causing impedance amplification in
the corresponding frequency.

It can also be seen that the admittance change of passive damping is always within
the resonance amplification region of some frequencies. When the capacitance is small,
it is within the resonance amplification region of the resonance peak, which gradually
leaves the resonance amplification region of the resonance peak as the capacitance increases.
That is to say, the connection of passive damping will lead to resonance amplification of
some frequencies within the resonance frequency range, and when the parameters are
small, it may even lead to amplification of the resonance peak.

Taking a virtual resistance of 0.03 () and a passive damping with a resistance of 0.01 ()
and capacitance of 10 pF as examples, the node impedance before and after its connection
was shown in Figure 9. It can be seen that the connection of passive damping leads to
resonance frequency transfer and impedance amplification. The connection of virtual
resistance effectively reduced most of the impedance in the frequency range but still played
a resonance amplification role on some frequencies, which is consistent with the analysis
results in Figure 8.
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Figure 9. Node impedance before and after resonance suppression strategies connect.

To verify the above phenomenon, a 1A disturbance current is injected into node 2 at 0.4 s
through simulation, and a virtual resistance of 0.03 (2 and a passive damping with the resistance
of 0.01 () and capacitance of 10 pF are connected at 0.8 s, respectively. The response of the node
2 harmonic voltage is shown in Figure 10.

25 — - ; 30 — - ;
— Virtual resistance — Virtual resistance | |
— Passive damping —~ 25l Passive damping
S 207 : 1= :
2 | & 20f |
s S 1
o | | o 157 |
‘= | | = |
S 107 | | i S }
g | | E 107 :
< | | < |
T 5t | | | |
| | 5t |
0702 04 06 08 1 12 % 02 04 06 08 1 12
Time (s) Time (s)

(a) (b)

Figure 10. Simulation verification of resonance suppression effect. (a) Resonance suppression effect
of original resonance frequency. (b) Resonance amplification phenomenon.

Figure 10a shows the harmonic waveform of the node voltage at the original resonant
frequency (i.e., 551.3 Hz). It can be seen that the harmonic voltage significantly decreases
with the connection of virtual resistors while passive damping does not have the resonance
suppression effect. The disturbance injection frequency of the virtual resistor in Figure 10b
is 522.3 Hz, and the disturbance injection frequency of the passive damping is 547.3 Hz,
corresponding to the resonance amplification frequency in Figure 9. It can be seen from
the figure that the connection of passive damping significantly increases the impedance at
547.3 Hz, and the connection of the virtual resistor also causes a small impedance increase
of 522.3 Hz. The simulation results are consistent with the analysis in Figures 8 and 9.
Therefore, both passive damping and virtual resistance resonance suppression strategies
are not suitable for 551.3 Hz resonance suppression.

Passive damping and virtual resistance have been widely applied to suppress the res-
onance; however, both of them with the abovementioned parameters could not effectively
suppress the resonance at 551.3 Hz. Therefore, it is necessary to evaluate the effectiveness
of the resonance suppression strategies under different scenarios. The effectiveness analysis
can be reflected in both Figures 8 and 9, while the latter requires the mathematical model of
the resonance suppression strategy to be substituted into the admittance matrix and obtain
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its inverse for each strategy and value, which requires a large amount of computation.
The resonance suppression strategy effectiveness analysis in Figure 8 only starts from the
perspective of admittance changes. The adaptability of the resonance suppression strategy
can be directly judged and parameter tuning suggestions can be given by analyzing the
distribution of admittance changes in the resonance suppression domain, which is more
concise and efficient.

4.2. The DC Active Damper Resonance Suppression Effect Verification

Based on the distribution of the resonance suppression domain, this section makes
efforts to suppress the resonance on the 551.3 Hz of node 2 and the 937.1 Hz of node 1,
respectively, to verify the proposed DC active damper control strategy.

(1) Resonance suppression domain analysis of the fixed admittance: Taking 30% of the
impedance amplitude as 3, for resonance at 551.3 Hz and 937.1 Hz, the frequency ranges
that need attention are 505-578 Hz for node 2 and 909-970 Hz for node 1. To suppress the
resonances, a DC active damper is connected in parallel at nodes 2 and 1 with parameters
shown in Table 3. The fixed admittance Bode diagram is shown in Figure 11.

Table 3. The DC active damper parameters.

Parameter Value Parameter Value
Cqc 1500 uF fo 50 Hz
Uge 750 V kp1 20
P 2 kW ki1 333.33
Cf 50 MF kp2 1.5
Lf 3mH ki2 0.05
Switching frequency 20 kHz
0 T
- S € /
g ||l—n=
3
2 -50 T T
[="
g
<
100 , .
90 T r
4 \/

10' 10 10° 10*
Frequency (Hz)

Figure 11. Fixed admittance of the DC active damper.

It can be seen from Figure 11 that the fixed admittance values of the active damper are
relatively small in the two resonant frequency ranges. For 505-578 Hz, the range for Y7 is
[0.0053£22.9°,0.0067 £26.2°] and for Y7 is [0.0056£—142°, 0.0057 £—140°]. For 909-970 Hz, the
range for Y7 is [0.0153£40.5°, 0.0173£42.9°] and for Y is [0.00575£—130°, 0.00574/—128°].
The resonance suppression domain moving trajectory of the two resonances are shown
in Figure 12.
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Figure 12. Trajectory of the resonance suppression region boundary for (a) 551.3 Hz and (b) 937.1 Hz.

In Figure 12, the blue line represents the center of the resonance suppression domain
boundary within the frequency range. As the frequency increases, the centers of the circles within
the two frequency ranges gradually shift from the first or second quadrants to the third quadrant.
The grey curve in Figure 12 represents the boundary of the resonance suppression domain, and as
mentioned earlier, the boundaries all pass through the original points.

The red mark in the figure shows the distribution of the fixed admittance Y; of
the active damper. It can be seen that the value variation of Y7 in the frequency range
is not obvious enough, which overlaps with the resonance amplification area of some
frequencies and may cause impedance amplification. It should be considered to be offset
when reshaping the admittance.

(2) Reshape admittance design and application: According to the reshaped admittance
design method in Section 3.2, the reshaped admittance parameters corresponding to the
two resonant frequencies are shown in Table 4, and the Bode diagram is shown in Figure 13.

Table 4. Reshape admittance parameters of the DC active damper.

G() We g T
551.3 Hz 7 27t x 551.3 0.2 1.60 x 1074
937.1 Hz 3 27 x 937.1 0.11 8.00 x 107°
20 u
—— 551.3Hz
Resonance peak
—— 937.1Hz
Resonance peak| 4

Amplitude (Q)
=

270

180

o901

Phase (°)

or

-90 . . ;
10" 10? 10° 10* 10°
Frequency (Hz)

Figure 13. Reshaped admittance of the DC active damper.

As shown in Figure 13, the maximum amplitude of the reshaped admittance transfer
function lies within the frequency range where the resonant peak is located, and the
response amplitude to other frequency ranges is relatively small. The reshaped admittance
transfer function G5 and resonance suppression domain corresponding to Table 4 is shown
in Figure 14.
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Figure 14. Boundaries of the G;s resonance suppression region and reshaped admittance distribution
for (a) 551.3 Hz and (b) 937.1 Hz.

In Figure 14, Gy and Gy correspond to the real and imaginary parts of Gy, respec-
tively. The resonance suppression domain of Grs has changed compared with Figure 12,
but the boundary still always passes through the origin. In order to minimize the impact
of reshaping admittance on the system’s operating characteristics, the corresponding ad-
mittance change should be designed and located within the ideal suppression domain
near the origin. In order to verify the resonance suppression effect of the active damper,
node impedance Bode diagrams were drawn for the three stages: before connecting the
active damper, connecting the active damper without the admittance reshape section, and
connecting the complete active damper containing reshaped admittance, as shown in
Figure 15a,b.

()
S

Amplitude( Q)
Amplitude( Q)
153
=3

o

o
S

— Original node impedance
x —— Connect the fixed admittance

Connect the reshaped
e

100 . ! —— Original node impedance
—— Connect the fixed admittance
50 Connect the reshaped y
admittance admittanc
0 \ ¥

530 540 550 560 570 580 590 910 920 930 940 950 960 970
Frequency(Hz)

S
O

. Phase(®)
=1

I
O

o
=1

Frequency(Hz)
(a) (b)

Figure 15. Node impedance Bode diagram before and after resonance suppression for (a) 551.3 Hz
and (b) 937.1 Hz.

From Figure 15a,b, it can be seen that the node impedance undergoes a small ampli-
tude impedance amplification in some frequencies after the active damper without the
admittance reshape section is connected. The impedance within the frequency range is sig-
nificantly reduced compared to the previous two situations, and the resonance is effectively
suppressed, which is consistent with the analysis conclusions in Figures 13 and 14.

Further verification is conducted on the PSCAD/EMTDC simulation. A 1A disturbance
current corresponding to the resonant frequency is injected into node 2 and node 1 at 0.4 s,
respectively, the active damper is connected to the corresponding nodes at 0.6 s, and then
reshaping admittance sections are connected at 1.2 s. The harmonic voltage waveforms are
shown in Figure 16a,b.
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Figure 16. Harmonic voltage waveform before and after resonance suppression for (a) 551.3 Hz and
(b) 937.1 Hz.

In Figure 16, both the fixed and reshaped admittances of the active damper suppress
the harmonic voltage response at the resonant frequency. The connection of the reshaped
admittance significantly reduces the harmonic voltage, with the suppression amplitude
bigger than 50%, which is consistent with the analysis results of the Bode diagram and
verifies the effectiveness of the resonant suppression of the DC active damper.

Although the examples above did not cover every resonance frequency range during
application, the proposed resonance effectiveness evaluation method poses no limits on
the resonance frequency range while the proposed active damper control strategy is mainly
suitable for the frequency lower than half of the active damper switching frequency by
following the sampling theory.

The impact of the active damper on other nodes should also draw attention.
Figure 17 shows the response voltage of other nodes to the harmonic current disturbance in
Figure 16 before and after the active damper is connected. The active dampers effectively
suppress the resonance of the connected nodes while not introducing harmonic voltage
amplification responses to other nodes.

(=)
2

n

Harmonic voltage (V)
”
Harmonic voltage (V)

Time(s) Time(s)

(a) (b)

Figure 17. Harmonic voltage waveform of other nodes before and after resonance suppression for
(a) 551.3 Hz and (b) 937.1 Hz.

5. Conclusions and Discussion

Resonance presents diversity on both the frequency and the amplitude, which is
decided by the impedance distribution on the frequency range. In that case, it is not
enough to design the resonance suppression strategy merely considering responses on
the resonance frequency. New resonance risks have been introduced and should also be
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noticed. In that case, a resonance suppression effect evaluation method and a DC active
damper control strategy is proposed. The main conclusion and discussion are as follows:

(1) Based on the node impedance before and after the connection of resonance suppres-
sion strategies, the proposed resonance suppression effect evaluation method presents
the resonance suppression/amplification boundaries directly, avoiding a complicated
matrix inverse process. The proposed method is applicable to any type of resonance
suppression strategy connected to the system in parallel.

(2) The resonance suppression region boundary appears as a circle that always passes
through the origin. The resonance suppression degree is uniformly distributed around
the circle and gradually increases with the distance from the circle center. When the
node admittance is located within the resonance amplification region, resonance
amplification would unavoidably happen on the original or new resonance frequency.

(3) After analyzing the resonance suppression domain distribution and forming corre-
sponding resonance suppression strategy selection guidance, appropriate strategies
might also be tough to find considering limits such as the system operation state,
difficulty in parameter changes or component additions, etc. In that case, a DC ac-
tive damper control strategy is proposed, which behaves with strong adaptability
under different scenarios. The proposed strategy achieves the targeted design of
the active damper control parameters based on the resonance suppression domain
distribution, achieving good value in improving resonance suppression efficiency and
effectiveness.
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