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Abstract: In this paper, a grid-connected converter is investigated. Since the AC side of the grid-
connected converter is the LC filter, there is a second-order system resonance problem, and the
conventional passive damping control has an inherent limitation of excessive power loss. Based on
the mathematical model, a new damping control method is proposed in this paper. It is compared
with the traditional solution in terms of damping effect, power loss and system stability. The optimal
inductor split ratio is also discussed. The theoretical analysis demonstrates that the proposed method
can not only achieve almost the same damping effect as the conventional solution, but also reduce
the power loss of the damping resistor. The experimental tests are carried out and the experimental
results verify the effectiveness of the proposed method.

Keywords: current source converter; LC filter; passive damping control; split inductor

1. Introduction

The power converters have been widely used in the modern power system, as shown
in Figure 1. Typically, the voltage source converter is used [1,2]. Another solution is to use
the current source converter [3]. Since its AC side adopts the LC filter to achieve the high-
frequency harmonics of the AC current, the LC structure will cause the system resonance
phenomenon. It is necessary to take measures to increase the damping to suppress the
potential resonance and enhance stability [4,5]. The active and the passive damping control
scheme are two solutions to increase the system damping for stability improvement [6,7].
An active damping scheme based on the idea of “virtual resistance” introduces capacitive
voltage or current into the closed-loop control [8], thereby suppressing the resonance peak
of the system, and ensuring the system stability. In [9], the estimation method is used to
introduce the high-frequency component of the inductor voltage into the control, while
a complex high-pass filter is needed. In [10], the capacitive current feedback is used to
suppress system resonance, and additional current sensors are needed. In [11,12], the filter
capacitor voltage feedback method with series lead lag is proposed. However, the lead-lag
module parameters need to be adjusted. In [13], an active damping method is proposed
based on the genetic algorithm, which is complicated to implement.

On the other hand, the passive damping control achieves the resonance suppres-
sion by adding the resistance to inductors and capacitors, so as to enhance the system
stability [14,15]. In [16], the four passive damping schemes are evaluated from the view-
point of damping effect and power losses. The advantages and disadvantages of each
passive damping scheme are discussed. Since the passive damping scheme has high damp-
ing power losses, the passive damping scheme of the inductive shunt resistor is designed
for the current source converter in [17]. The active damping scheme does not introduce an
additional power loss, but requires additional current or voltage sensors, increasing the
complexity of the control algorithm and placing higher demands on the controller. The
passive damping scheme is simple to implement and does not require additional sensors
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and control algorithms. However, it has the disadvantage of power loss, which will reduce
the efficiency of the system.

In order to solve the abovementioned-problem, a novel damping control is proposed
based on the optimal split-inductor concept. The major contribution of this paper is that the
proposed method can not only achieve almost the same damping effect as the conventional
one, but also reduce the power loss of the damping resistor. The experimental results are
also provided and discussed.
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Figure 1. Power converters application.

2. Mathematical Model Analysis

The schematic diagram of the current source converter is shown in Figure 2, where
igc is a DC current source, ¢,, e, and ¢, are the instantaneous values of the three-phase
grid voltage, i,, i, and i; are the instantaneous values of the three-phase grid current, u,,
U, and g are the instantaneous values of the AC-side phase voltage, and isa, ig, and isc
are the instantaneous values of the three-phase current. Inductor L and capacitor C form
an LC filter to attenuate current high frequency harmonics. S1~56 are (Insulated Gate
Bipolar Transistor) IGBTs, where the additional diodes in series are used to provide reverse
blocking capability [18-20].

52, S4J5}Sﬁﬂ} TIT
N

Figure 2. Schematic diagram of current source converter.

The state equation is obtained using KCL and KVL laws, as shown in (1) and (2).

d Uca Isa la
Ca ugp | =1 i || 1)

Uce Isc Ic
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where uy and iy are the instantaneous value of the AC-side capacitor voltage and the
instantaneous value of the current, iy is the instantaneous value of the output bridge
arm current of the converter, u,y is the voltage between the midpoint of the grid and the
midpoint of the capacitor, and I**! is the unit matrix.

The following equation can be obtained by the KCL and KVL laws.

ia+ip+ic=0 3)

ea+ep+e.=0 4)
For the N point by KCL law, Equation (5) can be obtained.

duc, dug,

duce
Cdt +C T +C T =0 (5)

The three equations of Equation (2) are added to obtain that the midpoint n of the grid
is equal to the point N of the intermediate point of the alternating current capacitor in the
three-phase symmetrical system. Let the current source converter gain K be equal to the
DC current.

K =igc (6)

In summary, the system mathematical model in the three-phase abc coordinate system
can be obtained, as shown in (7).
Cok = ige— i
L% = Uk — €k (7)
K =igc

According to the mathematical model, the switching transient process of the three-
phase current source converter can be accurately described. Since the variables on the
AC side of the model are all AC quantities in this coordinate system, the system analysis
and the design of the controller are complex, and the mathematical model needs to be
appropriately simplified. If the low-frequency model of the three-phase current source
converter is established in the two-phase rotating dq coordinate system, the fundamental
component of the AC side of the three-phase current source converter will be transformed
into a DC component, so the analysis and design process of the system can be simplified.

The 3/2 transformation is used to transform the mathematical model from a three-
phase stationary coordinate system to a two-phase dq coordinate system, which simplifies
the analysis and design of the control system. Converting the AC variables in the stationary
coordinate system to the DC variables in the dq coordinate system can reduce the number of
system variables. In summary, the mathematical model of the system in the dq coordinate
system is shown in (8).

d . .
Cd = igq —iq + wClicq

d : .
C §;q = isq — iqg — wCllg
LG = ug — eq + wlig 8)
di .
L% = Ueq —eq — wLlig
K =igc

where all the values in this set of equations are refer to the dq-coordinate system.
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3. Proposed Solution
3.1. Split Inductor Passive Damping Control

Traditional passive damping control adopts the damping scheme by paralleling a
resistance to the inductor, as shown in Figure 3.

Figure 3. Traditional passive damping.

Ignoring the influence of the low-frequency grid, according to Figure 3, the trans-
fer function of the passive damping control scheme of the conventional solution can be
obtained as follows.

la/q(s) Ls +Rq
isa/q(s)  RqCLs>+ Ls+Rq

©)

For the above damping control scheme, when the different damping resistors are
selected, the system resonance phenomenon caused by the LC filter can be effectively
realized. The Bode diagram of the traditional passive damping system is shown in Figure 4.

40F- - - | Ra=0.Q. .
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Figure 4. Bode diagram of conventional solution.

According to the Bode diagram, when the system is in an undamped state, the gain
of the LC filter at the resonant frequency is as high as 40 dB. There is also a significant
resonance peak, which will seriously affect the normal operation of the system. As the
damping resistance increases, the system resonance peak decreases significantly. When Ry
is equal to 10 ), the filter gain is reduced to —2.5 dB; when Ry is equal to 30 (), the filter
gain is reduced by about 0 dB; when Ry is equal to 100 (), the filter gain is increased to
9 dB. Therefore, it can be concluded that as the damping resistor R4 increases continuously,
the gain of the filter at the resonant frequency rises remarkably, resulting in a significant
oscillation of the system. In addition, at high frequencies around the switching frequency,
the smaller the damping resistor Ry, the weaker the high-frequency harmonic attenuation
capability, resulting in an increase in the harmonic content of the alternating current, which
seriously affects the quality of the alternating current. Moreover, the traditional passive
damping scheme also has the disadvantage that the system damping power loss is large.

In order to solve the shortcomings of the damping scheme of the traditional inductive
shunt resistor, this paper proposes a new passive damping scheme for split inductors, as
shown in Figure 5.
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(b)

Figure 5. Proposed split-inductor passive damping topology. (a) Solution 1; (b) Solution 2.

According to Figure 5, the new passive damping filter transfer function of solution 1
and solution 2 can be separately calculated.

id/q(s) _ Lis+ Rq (10)
isd/q(s) 1 LyL41Cs3 + (Lz + L1)CRdSZ + Lis+ Ryq
iasq(s) (Ly+ L1)s + Rq a

isd/q(s)z a L,L1Cs3 4+ L1CRgs% + (Ly+ Lqy)s+ Rq

3.2. Analysis of Proposed Damping Scheme Based on Split Inductors

Under the condition that the filter parameters of the traditional damping scheme are
kept unchanged, the inductors are split and two new passive damping topologies can
be obtained, respectively, which is shown in Figure 5. The parameters of the traditional
passive damper filter are as follows: the filter capacitance is 9.4 uF, the filter inductor is
2 mH, and the damper resistance is equal to 50 (2. When the sum of the filter inductances
of the new split inductor scheme remains unchanged (L = L; + L), the split inductor ratio
isn =L1/Ly. According to (9)—(11), when different ratios n are taken, the Bode diagrams of
the three passive damping filter transfer functions are plotted, which is shown in Figure 6.

According to the gain comparison analysis, when the split inductor ratio 7 is less
than 1, the gain of the two split inductor damping schemes at the resonant frequency is
significantly greater than 0 dB. Compared with the traditional passive damping scheme,
this kind of situation can not achieve the purpose of effectively suppressing the resonance
phenomenon of the system. However, according to Figure 6, when the split inductor ratio
n is greater than 1, the attenuation capability of the high frequency harmonics of the split
inductor damping scheme is almost the same as that of the undamped scheme, which is far
superior to the conventional damping scheme. When the split inductor ratio n is greater
than or equal to 1, the system resonance gain spike is less than 0 dB as n increases, and
almost the same resonance suppression effect can be achieved compared to the conventional
passive damping scheme. Moreover, when the frequency is less than or equal to 100 kHz,
the attenuation capability of the system’s high-frequency harmonics is almost the same as
that of an undamped system.
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Figure 6. Comparison of system gains at different split inductor ratios. (a) n = 0.1, f/Hz; (b) n = 0.5,
f/Hz; (c)n=1,f/Hz;(d)n=2,{/Hz; (e)yn=3,{/Hz; (f) n =5, {/Hz; (g) n = 10, {/Hz; (h) n =50, {/Hz.

3.3. Power Loss Analysis of Proposed Scheme

For the system power loss of the traditional passive damping control scheme and the
proposed novel passive damping control scheme of the split inductor, the power losses of
the three main system frequencies are analyzed, including the fundamental frequency, the
system resonant frequency and the switching frequency.

According to Figure 3, when the system power, DC measurement input and AC-side
grid voltage are kept constant, and without considering the line resistance, the active power
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consumed by the system damping resistor of the conventional solution and the reactive
power absorbed by the filter inductor L can be obtained, which is shown in (12). Where the
magnitude of the series inductor-side voltage effective value is u = uc — ug.

uz
{ TR =7y (12)

QoL = 5T

Since the sum of the filter inductors of the two new split inductor schemes remains the
same (L = L; + L), the split inductor ratio is n = L1 /L,. According to Figure 5, the active
power consumed by the damping resistors of the two split inductor schemes is shown in (13).

o

1/[2 L2R2
Pl R4 Ry 272, 2172 21 d 2 12R2
— LiLsw*+LTRG+2L1 Lo R +L5RY

() 19

Pary = 77 22 +R2

The reactive power consumed by the inductors of the two split inductor schemes is
shown in (14).
Quitre="% 712 (ﬁzlf%;;zziiw?ég) Rz
) 1Rq 2L Lo RG+L5RG (14)

_u? uz*sz
Q112 = g + B2+ K

According to (12)—(14), the ratios of the two new split inductance damping schemes
and the conventional solutions on the sum of the active power and the inductor-consuming
reactive power of the damping resistor consumption system can be obtained, respectively,
which is shown in (15)-(17).

R2L;+LyL2w?+L,R2
N PR, + Q1112 _ wLRy4 . L%Rd-i- al1 z(;cu 2RG 5)
! Po_ry + QoL wL+Rq  L2L3w? + L3R3 +2L1 LR + L3R
P + wLR Rq+ wL 1
Ay = 2R Q21112 _ d 2d ! 22 N 16)
Pory + QoL wL+Ry \L3w?+R3  wl
AB/b_%M+@+umume qgw+qg+m¢ﬁ@¢%§(n)

= £ = *
M Ly (L3w? 4 R3) L3Low? 4 L2Rgw + (L1 + Lp)R3

According to the theoretical design, the three key frequencies under the LC filter
system are the fundamental frequency of 50 Hz, the resonant frequency of 7293 Hz and the
switching frequency of 10 kHz. In the case of considering only these three frequencies, the
MATLAB software can be used to plot the power dissipation ratio A of the split inductor
value n under different values, which is shown in Figure 7.

According to Figure 7a, when the split inductor ratio n > 3.27 and A4 > 1, the power
consumption of the proposed solution 1 is higher than that of the conventional solution at
the fundamental frequency (see black line).

When the split inductor ratio n > 5.18 and A; > 1, the power consumption of the
proposed solution 1 is higher than that of the conventional solution at the system resonant
frequency (see blue line).

When the split inductor ratio n > 7.91 and A > 1, the power consumption of the
proposed solution 1 is higher than that of the conventional solution at the switching
frequency (see red line).

In summary, at three critical frequencies, in order to ensure that the system damping
power of the split inductor solution 1 is smaller than that of the conventional solution, the
split inductor ratio is equal to 3.27.

According to Figure 7b, at three key frequencies, the split inductor ratio can be arbitrar-
ily determined to ensure that the system damping power of the split inductor solution 2 is
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smaller than the system damping power of the conventional damping scheme. According
to Figure 7c, at three critical frequencies, regardless of the split inductor ratio, the system
damping power of the split inductor damping solution 2 will always be smaller than the
system damping power of the split inductor damping solution 1.

L4r=rsomz
1.2} —/=7293Hz |
| 10Kz ]
0.8} 1
0.6} 1
0.4} 1
0.2 |
0 . 791
0 327 4 5.8 ¢ 10
2 n=L1/L2 8
(a)
1
0.8 —7=5011z
0.6 —/=7293Hz
: —£10kHz
)\’2
04 1
0.2} 1
0 2 4 6 8 10
0 n=L1/L2
(b)
1
0s 0.95 —/=50Hz
: —=7293Hz
— £~10kHz
0.6 £
}\'3
0.4
0.25
0.2
o L0012
0 2 4, a0 8 10
(0)

Figure 7. Power dissipation ratio analysis for different split inductor ratios. (a) Power consumption
ratio of split inductor solution 1 and conventional solution; (b) Power consumption ratio of split
inductor solution 2 and conventional solution; (c) Power consumption ratio of split inductor solution
2 and solution 1.

3.4. Stability Analysis of Proposed Scheme with Different Damping Resistances

According to the theoretical analysis of the previous section, when the new splitting
inductance value is 3, the damping effect and the power loss are small. This section mainly
studies the stability of the system when the damping resistance is equal to different values,
which is shown in Figures 8 and 9.
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Figure 8. System stability analysis of split-inductive damping solution 1. (a) AC current with
damping resistance of 100; (b) AC current with damping resistance of 100; (c) AC current with
damping resistance of 10,000.

According to Figures 7 and 8, when the split inductor ratio is 3 and the damping
resistance is 10 3, 100 (2 and 1000 ), respectively, the system transfer function poles are all
in the left half plane of the S plane, indicating that both new schemes can keep the system
stable. However, when the damping resistance is 10,000 (2, the system pole is located in the
right half plane of the S plane, indicating that the system is in an unstable state. Figure 8b,c
and Figure 9b,c are system simulation comparisons of the two split-inductance damping
schemes with damping resistance values of 100 (2 and 10,000 (), respectively. From the
comparison chart, it can be concluded that the system pole distribution and theoretical
analysis are consistent.

In summary, it can be concluded that when the split-inductance ratio is in the range of
1 < n < 3.27, the novel scheme proposed in this paper can not only ensure the damping
effect of the system but also reduce the power loss of the system.
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Figure 9. System stability analysis of split-inductive damping solution 2. (a) Zero-pole distribution
diagram under different damping resistances; (b) AC current with damping resistance of 100; (c) AC
current with damping resistance of 10,000.
4. Simulation and Experimental Results

In order to verify the correctness of the proposed new passive damping scheme, the
simulation and experimental verification of the new scheme are carried out. The proposed
new passive damping scheme is simulated and analyzed. The simulation parameters are
shown in Table 1.

Table 1. Simulation parameter.

Parameter Value Parameter Value
Direct current I, 8A Carrier frequency f. 10 kHz
Grid voltage E 94V Fundamental frequency fm 50 Hz
Filter inductor L 2mH Filter capacitor C 9.4 uF
Damping resistor Rq 50 O P parameter kp =0.046
Split inductor ratio n 3 I parameter k; =2.383

The comparison between the new passive damping scheme and the traditional passive
damping scheme with respect to the AC-side current FFT simulation waveform is shown
in Figures 10-12. According to the simulation comparison chart, there are many higher
harmonics in the AC-side current waveform of the conventional solution. According to the
FFT analysis, the THD of the grid-side current of the conventional solution is 3.14%. Compared
with the traditional passive damping scheme, the AC-side currents of the two new passive
damping schemes only have lower harmonics. According to the FFT analysis, the THD of the
AC-side current of the split inductor damping solution 1 is 1.43%; the THD of the AC-side
current of the split inductor damping solution 2 is 1.80%. According to the above analysis, the
current quality of the AC side of the proposed scheme is more advantageous.
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Figure 10. AC-side current waveform of traditional passive damping scheme. (a) AC-side current;
(b) Low-frequency harmonic FFT analysis; (¢) High-frequency harmonic FFT analysis.

5 [/
0
-5 / ) / J
0.16 0.17 0.18 0.19 0.2
(a)
. Fundpmental (50Hz) = 4.999 , THD= 1.43% Funflamental (50Hz) = 4.999 , THD= 1.43%
g 02 £ !
Q
§ g 0.8
0.15
g 506
[s 4]
o 0.1
S 20.4
X
210.05 o
& S0.2
= |
0 0 ) " R
20 40 60 80 100 2 3 4 304
Harmonic order Frequency (Hz) X
(b) (c)

Figure 11. AC-side current waveform of split inductor damping solution 1. (a) AC-side current;
(b) Low-frequency harmonic analysis; (c¢) High-frequency harmonic analysis.

Comparing the AC-side current low-frequency harmonic FFT analysis of the three
schemes, it can be concluded that the low-order harmonic content of the three schemes
meets the current harmonic content of the international grid. In addition, the three damp-
ing schemes have almost the same system gain at low-order frequencies and resonant
frequencies, which is consistent with theoretical analysis. Comparing the AC-side current
harmonic content of the two new damping schemes at the low-order frequency, the AC-side
current quality of the split-inductive damping solution 2 is better.

Comparing the AC-side current high frequency harmonic FFT analysis of the three
damping schemes, at the switching frequency and the integer multiple frequency, the
harmonic content of the proposed scheme is more than double that of the conventional
solution. Moreover, it is equal to the gain of the high-order frequency of the undamped
system, which is consistent with the theoretical analysis. Comparing the two-side damping
scheme with the grid-side current harmonic content at the system switching frequency
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and the integer multiple frequency, the split-side inductance damping solution 1 has better
grid-side current quality.

5 1

0

-5 / \ ’ )
0.16 0.17 0.18 0.19 0.2

(a)

Fungdamental (50Hz) = 5.001 , THD= 1.80% Fungamental (50Hz) = 5.001 , THD= 1.80%

—

I

¥}

N
S D B o 00—

=
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(=]
-

Mag (% of Fundamental)
(=]
&
Mag (% of Fundamental)
oS O o O

(=)

17

2 4
Harmonic order Frequency ?Hz) <1¢
(b) (©)

Figure 12. AC-side current waveform of split inductor damping solution 2. (a) AC-side current;
(b) Low-frequency harmonic FFT analysis; (¢) High-frequency harmonic FFT analysis.

In summary, in the case of selecting the appropriate split-inductance ratio, the pro-
posed damping scheme of the split inductor can not only achieve the same damping effect
as the traditional damping scheme, but also reduce the system damping power consump-
tion. Comparing the two new damping schemes, selecting the appropriate split-inductance
ratio can reduce the system damping power consumption. Moreover, in the FFT analysis of
AC current, the two schemes have complementary advantages in the harmonic content of
low-order frequencies and high-order frequencies.

In order to further verify the effectiveness of the proposed scheme, the experimental
platform was built in the laboratory. The experimental parameters are shown in Table 2.

Table 2. Experimental parameters.

Parameter Value Parameter Value
Direct current I 4. 6A Carrier frequency f. 10 kHz
Modulation frequency fm 50 Hz Filter inductor L 2mH
Filter capacitor C 9.4 uF Damping resistor Ryq 510
P parameter kp =0.046 Split inductor ratio n 3
I parameter ki =2.383 Grid voltage E 47V

Split inductor and the conventional passive damping scheme were compared with
the FFT analysis of the alternating current. The experimental waveform is shown in
Figures 13-15.

From Figure 13, it can be observed that the system AC current gains of the conventional
damping scheme are —16 dB, —27 dB and —42 dB, respectively, at integer frequencies such
as the switching frequency and the double switching frequency.

From Figure 14, it can be observed that, at the switching frequency and its integer
frequency, the system AC current gain of the split inductor solution 1 is —30 dB and —43 dB,
respectively.
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Figure 13. System AC current FFT analysis of traditional passive damping scheme.
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Figure 14. System AC current FFT analysis of the new split inductor solution 1.
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Figure 15. System AC current FFT analysis of the new split inductor solution 2.

From Figure 15, it can be observed that, at the switching frequency and its integer
frequency, the system AC current gain of the split inductor solution 2 is —28 dB and —42 dB,
respectively. It can be seen that in the case of the optimal split-inductance ratio, the new
split-inductor passive damping scheme has higher harmonic attenuation capability, which
is consistent with theoretical analysis.

On the other hand, from Figures 13-15, the low-order harmonic content of 3, 5 and
7 times the system alternating current of the new scheme and the conventional solution is
almost the same, which is consistent with the theoretical analysis.

In summary, the new split-inductor passive damping scheme has better AC current
quality, which has advantages.

5. Conclusions

This paper has presented a novel damping control for the grid-connected converter
based on the optimal split-inductor concept. The theoretical analysis and experimental results
reveal that the proposed method can not only achieve almost the same damping effect as
the conventional solution, but also reduce the power loss of the damping resistor. The
experimental tests have been provided to verify the effectiveness of the proposed method.
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