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In modular power converters, the dc-link capacitor has the highest failure rate due to
thermal stress, reducing system performance and reliability. Current harmonics are one of
the prominent causes of thermal stress on the dc-link capacitor that may get instigated by
the resonance between the dc-link capacitor and stray inductance of the busbar. The dc-
link capacitor current harmonics mitigation through busbar design optimization has not
been reported. The challenge lies in analyzing the profound resonance characteristics of
high order dc-link busbar impedance network as no insightful information can be obtained
from impedance analyzers. This paper features a new strategy for high power modular
converters that splits the high order dc-link busbar impedance network into corresponding
lower-order sub-units. Then, the required relationship between resonating components
and corresponding resonance frequencies is attained by exploiting the structural
symmetry of the standard modular power unit as well as the inheritance relationship
between sub-circuit units and the combined network. Finally, leveraging the derived
resonant frequencies expressions, busbar structure is optimized, and up to 23%
reduction in capacitor RMS current is achieved. Simulation and experimental results
are provided to validate the efficacy of the proposed analysis method. The in-depth
theoretical study featured in this paper can dictate not only the busbar design optimization
but also a key to improve capacitor lifetime and reliability of the system.

Keywords: resonance analysis, unit partition strategy, harmonics suppression, modular converters, back to back
converter, wind power, busbar optimization

INTRODUCTION

Modular design approach has been widely adopted in high capacity power converters as it
streamlines the assembly, processing, replacement and capacity expansion. In modular
converters, capacitors are used in dc-link and a busbar is an indispensable part of the system as
it interfaces different power modules (Liang et al., 2021; Wang et al., 2021; Zhao et al., 2021). The
performance and reliability of the converter is influenced by the failure rate of different system
components, with the dc-link capacitor having the highest failure rate of 30% due to heating issues
(Zhao et al.,, 2021). Among different stressors impacting the dc-link capacitor, current harmonics is a
leading cause (Jedtberg et al., 2017). The stray inductance of the busbar may resonate with the dc-link
capacitor, producing current harmonics and overheating issues in the capacitor (Zhang et al., 2015;
Alizadeh et al., 2018; Callegaro et al., 2018; Wang et al., 2020; Niu et al., 2021; Tahir et al., 2021; Zhao
etal., 2021). For dc-link of high power modular converters, non-laminated busbar is attractive owing
to its large current capacity, ease of manufacturing and low cost (Liang et al., 2021); however, the
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FIGURE 1 | (A) Three-dimensional structure of the DC link of two-level back to back converter (B) Back to back converter topology (C) Combined impedance
network of power module and busbar (D) Equivalent topology of busbar impedance network.
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FIGURE 2 | Network manifestation with cascaded units.

adverse effects may get even worse due to its large stray inductance
(Callegaro et al., 2018; Li et al., 2018; Alizadeh and Alan Mantooth,
2021). To achieve a reliable converter operation along with low cost
busbar solution, it is crucial to analyze the relationship between the
busbar stray inductance and the resonance that can dictate the busbar
optimization (Meng et al., 2020).

Busbar optimization is an active research area and most of the
researchers have investigated the busbar to reduce stray inductance
and achieve symmetrical commutation loops (Caponet et al.,, 2002;
Chen et al, 2014; Gui et al,, 2019, 2021). The above studies have
presented interesting results, concluding that special placement
methods enable symmetrical commutation loops and multilayer
busbar can minimize the stray inductance, albeit multilayers may
increase the cost. Apart from stray inductance reduction, the
ampacity of the busbar is explored in (Coneybeer et al, 1994),
thermal analysis of busbar is undertaken in (Smirnova et al,
2016) and researchers in (Xu et al, 2019) have presented the
insulation design and assessment. However, dc-link busbar
optimization to mitigate the resonance is still obscure as it
necessitates an explicit relationship between the busbar stray
inductance and the resonance. For a high-order multi-port
impedance network, as shown in Figure 1, it is challenging to

analyze the resonance characteristics and underlying circuit
parameters using impedance analyzers (Horibe, 2017) or
numerical calculation methods (Hasan et al, 2014; Tan et al,
2018). In multi-port network systems such as back-to-back
converters (Portillo et al, 2006), a more complex multi-port
impedance network is formed due to the double number of
power modules. Therefore, the capacitance of each power module
and parasitic inductance of each segment of the busbar may resonate.
The higher order of such busbar impedance network makes the
harmonic distribution ambiguous, and the harmonic current
transmission path gets more diverse. As a result, it becomes
challenging to get the direct coupling relationship of parameters
and no insightful information can be obtained to clearly locate the
specific components that instigate resonance. Consequently, busbar
structure optimization to suppress capacitor current harmonics and
consequential thermal stress reduction is limited. Therefore, it is
crucial to investigate an effective method to extract the resonant mode
set for a high-order bus impedance network to improve the
impedance characteristic analysis of multi-mode network system
as well as to obtain a relationship between main resonant modes
and corresponding resonant circuits. Resonance analysis of
impedance networks has been discussed in the literature where
stray inductance impact on resonance is investigated. For instance,
resonance analysis for the impedance network of wind power plants
has been discussed in (Hasan et al., 2014). Researchers in (Varricchio
et al, 2004) proposed a modal analysis-based solution for the
harmonic reduction in an industrial system. Similar studies have
also been presented in (Badrzadeh et al., 2012; Kocewiak, 2012; Bollen
and Yang, 2013). The above studies for system-level resonance
analysis can be useful to guide the optimal filter location in wind
power systems. However, for converter-level, the explicit and in-
depth resonance analysis using the unit partition method to guide
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FIGURE 3 | Analysis process for busbar impedance network resonance characteristics.
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busbar optimization for modular wind power converter has not been
reported to suppress capacitor current harmonics, which is the
unique contribution of this study.

To investigate the resonance characteristics of the high-order
impedance network, this paper proposes a new unit partition
strategy for modular power converters that exploits the structural
symmetry of the modular unit and leverages the inheritance
relationship between the resonant characteristics of the low-order
unit and the combined network. First, the correlation principle
between the sub-unit and the combined network’s resonant mode
is described, and a strategy for selecting a sub-unit is developed. Then,
resonant mode of the network is decomposed into a unit resonant
mode and a network resonant mode. Subsequently, a method of
extraction, peak damping coefficient, and other parameters of
resonant modes are deduced and analyzed exhaustively. Finally,
exploiting the derived resonant frequencies expressions, the stray
inductance is optimized to shift the peaks of resonance frequencies
away from harmonic frequencies and current harmonic suppression
is achieved.

BUSBAR IMPEDANCE NETWORK AND
UNIT ANALYSIS STRATEGY

Modular Converter and Busbar Impedance

Network

A back to back converter system with a standard power module
structure is depicted in Figures 1A,B. Unlike capacitor modules with
a centralized layout structure, capacitors are divided across each
module and combined with power semiconductor devices to form a
standardized modular power unit. The overall topology of the
converter is then established by connecting the power modules
using a dc-link busbar.

In a modular unit, capacitors and switching devices are connected
using a laminated busbar, and different modular units are interfaced
using a non-laminated dc-link busbar. The structure/volume of each
standardized power module and the distance between the two
connection ports is the same. Therefore, the busbar is divided
into five segments and the stray inductance Ly, between

adjacent segments is approximately the same as shown in
Figure 1C. The equivalent multi-port network is illustrated
in Figure 1D, where bus current and harmonics are regarded as
current sources. For phase X (X is A, B,.., N), Ipx and Ix
represent capacitor current and bridge current, respectively.
Besides, Z,.x is the equivalent input impedance of phase X and
Z.ap denotes the impedance of a capacitor module, including the
capacitance C,, and the total parasitic inductance of a modular
unit L., which is the sum of the stay inductance of capacitors in a
modular unit and that of its laminated busbar.

Ux = IxZyax = IcapXanp (X =AB, ..., N) (1)

As Ux is the capacitor voltage of the X-phase module,
accordingly, the proportional relationship (Gx) between the
capacitive current I,,x and the bridge arm current Ix is
shown in Eq. 2.

ZnetX

(X =A,B,...,N
anp( )

I capX _

Gy =
X Iy

2)
Eq. 2 depicts that resonance peaks in Gy will occur at specific
frequencies that stem from resonance between dc-link capacitors
and stray inductance, leading the equivalent input impedance (Z,ex)
to infinity (Xu et al, 2005; Hasan et al,, 2014). As a result, the
corresponding I.,,x of resonance frequency gets amplified, causing
insulation degradation and overheating problems in the capacitors.
There will be a multi-peak resonance mechanism owing to the
multi-port and high-order characteristics of the network. Infinite
port impedance can be utilized as a criterion for analyzing the
network resonance characteristics, as port impedance is infinite
and behaves as an open-source during the resonance event.
Therefore, the unit partition strategy can be adopted by
dividing the high-order network into lower-order ones.

Principle of Unit Analysis Method in Busbar
Impedance Network

The impedance network clarified in Figure 1D can be regarded as
a cascade combination of units with the same structure, as shown
in Figure 2.
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FIGURE 4 | (A) Dc-link busbar impedance network of back to back converter (B) Lower order resonant type Il unit (C) Lower order resonant type Il unit.

P31 Ly Py P33

Le
Ceap r
T T T
N3y VN3Z N33
% Ty B

In Figure 2, the unit transmission parameter matrix is defined
as T,, and each element in the matrix is a two-port transmission
parameter. From the two-port network characteristics, the port
impedance Zr, can be obtained, as shown in Eq. 4 (Hayt et al,,
2011; Sudhakar and Palli, 2015):

Tll T12
T, = 3
[Tn Tzz] ®)
Tll
T = ML 4
= @

Note that the transmission parameter matrix of the connecting
branch is T and the branch impedance of the connecting unit is
Zg. When two identical units are cascaded into a combined
network, as shown in Figure 2, the transmission parameter
matrix is regarded as T, and the port impedance is recorded
as Zper:

|1 2z,
Ty = [0 1 ] (5)
Tt = T.TW T, (6)

7 o Tﬁ + T (ZpTyy +T,)
e Ty (T + Ty + ZpTy)

@)

Eqs 4, 7 show that the resonance characteristics of high-order
impedance networks have two features. First, the high-order
impedance network Eq. 7 and the sub-unit impedance Eq. 4
contain the same denominator common factor term T,
indicating that the high-order network retains the sub-unit
resonance mode. This type of resonant frequency transfers
from the unit to the combined network called the self-
resonance frequency of the unit. Secondly, the remaining term
T11 + Tas + Zy T, in Eq. 7 represents the newly added resonance
mode after the sub-units are combined into a network, called the
network-associated resonance frequency. By removing the self-
resonance frequency of the unit in Eq. 4 and reducing the order of
Eq. 7, the corresponding resonant frequency of this part can be
obtained.

Eqs 4, 7 show that the reconstruction method of the network
structure formed by the cascading of lower order units can
associate the main resonant modes in the complex network.
Capacitors count influences the resonance modes and order of
the system (Cui and Xu, 2007). To ensure all lower order units are
symmetrical, the approach #n = km can be adopted while dividing

a network. The number of capacitors m in the lower order unit
should be a prime number (such as 2, 3 and 5), k is the number of
cascaded lower order units and # indicate the total number of
capacitors in the complete network. Taking a network of 6
capacitors as an example, select the lower order unit with 2
capacitors and 3 lower order units need to be cascaded to form a
complete network of 6 capacitors (m =2,k=3,n=2x3 =6).
Likewise, for a network of 9 capacitors, select the lower order unit
with 3 capacitors and 3 units need to be cascaded (im=3,k=3,n=
3 x 3 =9). Similarly, for a network of 10 capacitors, select the
lower order unit with 5 capacitors and 2 units need to be cascaded
(m=5k=2,n=5x2=10).

The step-by-step process of exploiting the unit partition
strategy for analyzing a busbar impedance network is
illustrated in Figure 3. Firstly, low-order units in a high-order
impedance network are selected and resonance modes of low-
order units are analyzed. Subsequently, the unit’s self-resonant
mode of the high-order network, corresponding resonance circuit
and frequency expressions are obtained. Afterwards, in the port
impedance expression of the high-order network, the existing
unit resonance mode is dissected, and the high-order impedance
network is reduced to obtain the network-associated resonance
mode. Once all the resonant frequencies expressions are attained,
the overlap of resonant frequencies of impedance network
with the harmonic frequencies of bridge current, which
deteriorates the capacitor current harmonics, is inspected.
Finally, busbar stray inductance is tuned to suppress the
current harmonics by avoiding the overlap. Based on this
process, a comprehensive characteristics analysis of the
busbar impedance network for a back to back converter is
presented below.

Application Example in 2-Level Converter
To analyze the network resonance characteristics, this section takes
phase A and phase B ports of the busbar impedance network of a wind
power back to back converter as an example to demonstrate the
application process of the unit analysis method as shown in Figure 4A.
Figure 4A is segmented into subunits through the unit
selection strategy, i.e, a type II unit with 2 bus capacitor
modules and a type III unit with 3 capacitor modules, as
shown in Figures 4B,C, where the unit type number is
expressed by the first digit in the subscript of the labels and
the second digit represents the port number. For instance, 2 and 1
in the label N,; stand for type II unit and port 1, respectively.
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The two ports P,;N,; and P,,N,, of type II unit are mirror- V2
symmetrical; therefore, Z,; is equal to Z,,. Expression for the fi= 2707/ (Lous + 2Le)Coap )
resonant frequency of the type II unit is shown in Eq. 8. At this
resonant frequency, the impedance of the cascade port as well as The type IIT unit is shown in Figure 4C. It encompasses 3 ports
the input impedances Z,; and Z,,, tend to infinity. where port P3;N3; is mirror-symmetrical to port P33N3; and Z, is
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TABLE 1 | Comparison between the theoretical and measured values of network resonance and impact of L, variation.

Frequency

Measured value
Calculated value
Calculated value
Calculated value

Unit Partition Resonance Analysis Strategy

fi/kHz fo/kHz fa/kHz fa/kHz fs/kHz
Value A Value A Value A Value A Value A
- 160 - 122 - 184 69 --- 202 ---
With actual Lps 161.18 0.74% 12117 0.68% 186.91 1.58% 65.95 4.62% 201.00 0.5%
5% variation in Lypys 168.16 1.16% 118.62 2.85% 183.77 0.13% 64.42 711% 197.86 2.09%
10% variation in Lpys 155.31 3.02% 116.23 4.96% 180.78 1.78% 62.99 9.54% 194.85 3.67%

Note: A of frequencies values with variation is calculated w.r.t. the measured value.
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FIGURE 7 | Impact of parameter variation on resonant frequencies.

equal to Zs;. Expressions for the resonant frequency for the type
III units are obtained as:

1
f2 B 2n \ (Lbus + Le)Ccap (9)
i (10)

f3 - 2n V (Lbus + 3Le)ccap

If the resonance frequency is f,, ie., branch P;,N3; and branch
P5,N33 have series resonance, branch Ps,N3, is short-circuited. For Zs;,
the short circuit instigates a new parallel resonance between branch
P;,P5, and branch P;; N3, Z3, tends to infinity, and the case of Z3 can
be obtained by using symmetry. It can be seen that in the type III unit,
the input impedance of left and right cascade ports is infinite at f,, and
Zs3, is equal to zero since the branch P;,N3, is short-circuited at the
middle port. After two type III units are cascaded, phase A at the left
and right cascade ports has a resonant peak at f,, while phase B at the
middle port has no corresponding resonant peak.

The type III unit also has another resonant mode and the
corresponding resonant frequency is shown in Eq. 10. At this
time, the parallel resonance formed by branch P;;N3; and other
element circuits on the right side of the unit causes Z3, to tend to
infinity. Similar conditions also apply to Z3; and Zs,. Thus, type
III unit self-resonant modes and their corresponding resonant
frequencies of the bus impedance network can be obtained.

The bus impedance network of a back to back converter is a
10th order system. In addition to the above three resonant modes,

there are other associated resonant modes. After obtaining the
self-resonance mode of the unit in the previous section, the input
impedance expression of the overall network can be further
reduced and simplified to obtain an expression of the
remaining associated resonant modes:

(2 + Ceap (2Lpys + Le)s%)
Typell — unit resonant mode

Deno (ZnetA) =

(3 + Ccap (3Lbus + Le)sz) (1 + Ccap (Lbus + Le)sz)
Typelll — unit resonant mode

(1 +2Ccp (Lpus + 2Le)s” + C2 (L, + 4LpusLe + L2)s*)
X - - (11)
Associated unit resonant mode

In Eq. 11, Dep (Zeta) represents the denominator term of the
input impedance of the phase A port derived from Eq. 7. After
extracting the common factor corresponding to the self-
resonance mode of the unit, it is reduced from the 10th order
to the 4th order, and analytical expressions of the network
associated resonance frequencies are obtained as:

f4 = (12)

2m[((2+ V3

Lbus + Le)ccap

(13)

~— || ™ ~|

s 273/ ((2 = V3 ) Liws + Le)Caap
Application Example in 3-Level Converter
This section is dedicated to demonstrating the impedance network
characteristic of a 3-level power converter, considering the wide range
of applications of 3-level converters. A 3-D dc-link structure of a 3-
level back to back converter is shown in Figure 5A, where a copper
busbar interfaces the phase modules and connects four supporting
capacitors in a phase module. Based on this structure, two
approximations can be made; first, the mutual inductance among
the positive, negative and middle busbar can be ignored compared
with the self-inductance since the copper busbar no longer overlap.
Second, the stray inductance of the middle busbar is half compared
with that of the positive/negative busbar. Thus, the impedance
network model is established, as shown in Figure 5B. In the
figure, Ly, is the stray inductance of the busbar employed
between capacitors, Ly, is the stray inductance of the busbar
from the capacitor module to the phase module, and Ly, is the
stray inductance of the busbar between the phase modules. The phase
module circuit for the A/U phase, B/V phase and C/W phase is
precisely the same, as shown in Figure 5B, and can be used as a low-
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order unit, as shown in Figure 5C. Based on the inheritance
relationship between the resonance characteristics of low-order
unit and cascade network as explained before for a 2-level
converter, a simplified phase module unit and its resonance mode
analysis is shown in Figure 6A. Since it is a 3-level converter, the unit
has two current injection ports: PN and PL. With the help of star-
delta transformation and port impedance equivalent, the port
impedance between ports PN and PL can be solved step by step,
as illustrated in Figures 6A-E.

Using star-delta transformation, Figure 6A can be simplified to
Figure 6B, where impedance Z;, = Z,;. The ports 1-2-3 can be
equivalent to the impedance Z; using circuit symmetry, as shown in
Figure 6B. The equivalent circuits Figures 6D,E are obtained by
exploiting the circuit symmetry and repeating star transformation. It
can be seen from the final equivalent circuit Figure 6E, the
impedance Zp; between port PL is twice the impedance Zpy
between the ports PN. Since the impedance expressions of the PN
and PL ports only differ by constant coefficients; hence, there is no
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difference in electrical parameters. Therefore, two ports have the same
parallel resonance characteristics, and the PL port is taken as an
example to analyze the resonance characteristics of the port.

The unit partition of the capacitor module is also conducted for
the single-phase modular unit, and the sub-units are selected, as
shown in Figures 6F,G. Based on unit symmetry, the voltage at both
ends of Ly, is equal, and the branch current is zero; hence, it can be
regarded as an open circuit. The resulting resonant unit is formed
similar to the type II unit discussed above for a 2-level converter.
Subsequently, considering equivalent series inductance L. of the
capacitor, the self-resonant frequency expression can be obtained
as shown in Eq. 14.

V2
fe=
27 (Lbus + 2Le)ccap

Using the unit partition method, the two network-associated
resonance frequency expressions of the single-phase module unit
in Figure 6A are further obtained, as shown in Eqs 15, 16.

1
2m[((2-v2)
1
)

22+ VZ)Lous + Le)Coap

(14)

(15)

fr=

Lbus + L ) cap

(16)

Hence, the whole network in Figure 5B includes the above three
resonant frequencies fs-fs based on the unit partition resonant
frequency inheritance concept. Therefore, the resonant mode of
the dc-link impedance network of a 3-level back to back converter
can be obtained by leveraging the proposed unit partition strategy.

Resonance Trend Prediction for Screening

Out Severe Modes

For a busbar network with multiple resonant modes, obtaining
the frequency of the resonant mode and further estimating the
peak value relationship of each mode is the key to evaluate the
dominant resonant mode for optimizing the design of busbar.
This section presents a method that indirectly predicts the relative
relationship between the corresponding peaks of each resonant
mode through the damping coefficient. Since each resonant mode
is orthogonal and independent, each resonant mode is the main
mode in the frequency band near the resonant frequency. Its
resonant peak M, can be used as the damping coefficient { of the
low-order system and expressed as:

M= (17)

2041 -0

According to Eq. 17, when the damping coefficient is less than
V2/2, the resonance peak of the current transfer function increases as
the damping coefficient decreases. The relationship between the
system damping (, the natural resonance frequency f,, and the real
part R(s) of the corresponding pole of resonance mode is as follows

2nf,

¢= Re(s) (18)

Unit Partition Resonance Analysis Strategy

Substituting f; to fs into Eq. 18, and combining Eq. 11 to
obtain the real part of each modal pole, the system damping
coefficient can be attained as shown in Eqs 19-23, where R, and
R, represent the stray resistance of the busbar and the equivalent
series internal resistance of the capacitor, respectively. Afterward,
the damping coefficient can estimate the relative relationship
between the corresponding trend of each resonance mode using
Eq. 17.

Ccap Rbus + 2Re
(=S (19)
2v2 Ly + 2L

\/ cap Rbus + R

C(n) = Lol (20)
\/ cap Rbus +3R (21)

() = 23 VI +3L

_ (a - \/gb) Ccap
()= 2(L3,, + 4LpysLe + L2) \/( @+ V3 )+ L) (22)

~ (a+3b)\[Cqp
C(r) = 2(L3,, + 4LpusLe + L2) \/( (2= V3)Lws+ L) (23)

Where, a = LyusRoust2LeRypust2LpusRe + LR and b = |L Ry,
LbusReI

The multi-peak resonance set of each phase is different. For
instant, phase A current transfer function contains five resonant
frequencies, as expressed in Eqs 8-10, 12, 13. While for Phase B at
fa> Zpners = 0; thus, there are only four resonant frequency points of
the current transfer function. Phase C and phase A are mirror-
symmetrical; likewise, the phases D, E, F and A, B, C are mirror-
symmetrical. Therefore, port resonance characteristics of the C,
D, and F phases are similar to those of the A phase. Likewise, the
port resonance characteristics of the E phase are similar to the
B phase.

To conclude, the damping coefficient can be exploited to estimate
the relative magnitude of the peaks of each resonance mode, as shown
in Eqs 19-23, to screen out the severe resonance modes, eventually
providing the critical insights for busbar design optimization.

SIMULATION AND EXPERIMENTAL
VALIDATION OF PROPOSED ANALYSIS

Validation of Resonant Frequency Set
Extraction Method

The 2 MW real power converter setup encompasses six modular
units, as depicted in Figure 8B. The left three modular units serve as a
machine-side rectifier, and the right three modular units function as a
grid-side inverter. In the 2 MW converter, there are two types of bus
bars that are separately illustrated in Figure 8A. Inside each modular
unit, laminated busbar is used, which interfaces the power
semiconductor devices and the capacitors, while a non-laminated
DC-link busbar is employed at the top of modular units that
interfaces modular units of different phases, as highlighted in the
top section of Figure 8B. The switching frequency of the 2 MW
converter is 2.5 kHz, while the bus voltage and grid side voltage are
1100 and 690V, respectively. The prototype busbar impedance
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network platform used to analyze the actual dc-link busbar of a
2 MW converter is depicted in Figure 8C, where the stray inductance
Liyys between each module port is 100 nH, and the stray resistance
Ryus is 1 mQ. The value of film capacitor C,, is 15 uF, and the
parasitic inductance is 15 nH. The value of parasitic resistance R, is
6 mQ. These parameters are measured by ANSYS Q3D software and
impedance analyzer (Keysight E4990A). Other practical and
innovative solutions discussed in (Wang et al, 2020; Hu et al,
2021; Niu et al,, 2021) can also be used for busbar and capacitor
parameter extraction. By substituting parameters into Eqs 8-10, 12,
13, frequencies are calculated that are very close to measured values,
as shown in Table 1.

The model’s accuracy is also calculated considering some
errors in the parameters obtained from simulation during the
design stage. The impact of parameter variation on resonant
frequencies is presented in Figure 7, showing a minor variation.
Summary of analysis in Table 1 illustrates that the parameter variation
affects the accuracy of different frequencies differently. The model
ensures good accuracy for all the resonant frequencies with peak
accuracy up to 99% for f; when the parameter variation is limited to
5%. Even for higher variation, the model offers a reasonable level of
accuracy, as shown in Table 1, endorsing that the proposed method
can be applied with experimental and simulation results.

Furthermore, using the impedance analyzer, frequency values are
measured and the impedance spectrum of phase A and phase B ports
is presented in Figure 8D, showing that there are three resonance
peaks corresponding to the unit’s self-resonance frequency points f,
f>, and f; at the A-phase port. Nonetheless, the phase B port has no
prominent resonance peak at f,, which is consistent with the
respective impedance characteristics of phase A and B ports in
Resonance Trend Prediction for Screening Out Severe Modes
Section. Meanwhile, at the A and B phase ports, there are two
network-associated resonance frequencies f; and fs. The resonant
peak of the port impedance at frequency f; is relatively weak owing to
the large damping coefficient.

To validate the analysis on a 2 MW real power converter, FFT
analysis for the phase B current waveforms is carried out. The black
waveform in Figure 8E represents the bridge current of phase B,
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TABLE 2 | Simulation circuit parameters.

Parameter Value
Bus voltage Uy 1100 V
Grid side voltage 690 V
Switching frequency at generator side 2.5 kHz
Total stray inductance of the modular unit Le 45 nH

Unit Partition Resonance Analysis Strategy

Parameter Value
Power 600 kW
Generator side voltage 690 V
Module capacitance 1,200 uF
Capacitive module’s resistance Re 2.6 mQ
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where the IGBT’s peak current and RMS current values are 400 and
180A, respectively. Likewise, the blue waveform represents the
capacitor current of phase B in Figure 8E, where the peak value
and the RMS value of the capacitor current are 1200 and 228A,
respectively. Overlapping of resonant and harmonic frequencies is
one of the prominent causes of the high capacitor current value. To
comprehend the overlap and validate the proposed analysis, FFT
analysis of bridge and capacitor current of phase B is conducted, as
shown in Figure 8F. Due to the difference in capacitor value of the
2 MW converter compared with the prototype busbar impedance
platform in Figure 8C, the obtained frequencies are different
compared with Table 1. The resonant frequencies fi-f5s are 12.1,
9.9, 14.5, 5.9 and 17 kHz, respectively, while the switching frequency
fs is 2.5 kHz. It can be seen in Figure 8F that the capacitor current
harmonics get increased around 2f, 5f, 6f, and 7f, as the
corresponding frequencies are close to the resonant frequencies.
Even though 4f, (10kHz) is close to the resonant frequency f,
(99kHz), no significant increase in the capacitor current
harmonics is observed as there is no resonant peak at f, in phase
B, which matches the analysis in Application Example in 2-Level

Converter Section and validates impedance network characteristics in
Figure 8D.

Comparison of Multiple Resonance Peaks

In this section, the frequency resonance mode and peak value
relationship investigated in this paper is verified by injecting
harmonic current with frequencies f; to fs into the busbar
impedance. Since the amplitude of injected current does not
affect the resonant mode (Carlson et al., 1986), the amplitude is
set to 2 A and injected through the port of phase A.

Figure 9 depicts the response of capacitor current I,
corresponding to the injected current I, of the same amplitude at
different frequencies. Compared to injected current I, capacitor
current I, shows a different amplification phenomenon, as shown in
Figure 9. Figure 10 illustrates the variation trend of capacitor current
gain and damping coefficient against frequency for phase A,
determined by Eqs 19-23. The variation trend of the damping
coefficient and current gain with increasing resonance frequency
is consistent with the analysis in Resonance Trend Prediction for
Screening Out Severe Modes Section, indicating that the damping
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coefficient can be leveraged to anticipate the relative relationship
between the peak values of each resonant mode.

Figure 11 shows the experimental results of capacitor current I,
for phases A, B and C after injecting current I, with f, (122 kHz) and
fi (160 kHz) from the phase A port. It can be seen in Figure 11A the
capacitive current gain of phase B is substantially lower than that of
other phases at frequency f,. In contrast, this phenomenon does not
exist for frequency f; in Figure 11B, which is in line with the
conclusion in Resonance Trend Prediction for Screening Out Severe
Modes Section that Phase B lacks resonant frequency f,.

Validation of Current Harmonic

Suppression Effect

This section presents the validation for current harmonic suppression.
Capacitor current harmonics get deteriorated when harmonic
frequencies of bridge current coincide with the peaks of resonant
frequencies of busbar impedance network, which can be suppressed by
changing the busbar stray inductance to avoid the overlap.

A simulation model of a 2-level back to back converter is built in
the Simulink to illustrate the harmonics suppression and reduction
of capacitor RMS current by leveraging the frequency expressions
derived in this study. Simulation parameters are outlined in Table 2.
The switching frequency f; is 2.5 KHz, while the busbar stray
inductance Ly, before and after optimization are 94 and
123.6 nH, respectively. The network resonance frequencies before
and after optimization are calculated from Eqs 8-10, 12, 13, and
comparison is presented in Figure 12A, which depicts the network
resonance frequency f; is near 3f;, and f, is close to 5f; before the
optimization. There will be a large capacitor current gain around
harmonic frequencies 3f; and 5f; due to their overlap with resonant
frequencies f; and f. Exploiting the theoretical analysis of this study,
optimal busbar stray inductance is selected based on the resonant
frequencies peaks that do not overlap with harmonic frequencies.
After optimization, the network resonant frequency f; gets shifted
from 3f; to 2.5 f; and f, moved from 5f; to 4.5f,. Consequently,
current harmonics near 3f; and 5f; get reduced significantly as these
no longer coincide with the network resonant frequencies.

Figure 12B shows the capacitor current spectrum of phase A
for optimized and unoptimized busbar structures. It can be noticed
that around 3f, and 5f, capacitor harmonic current amplitude
reduced from 105 to 73.2 A and from 83.2 to 25.3 A, respectively.
Comparison of capacitor RMS current is also presented in
Figure 12C, illustrating that capacitor RMS current has decreased
in all phases due to optimal busbar stray inductance selection and
maximum reduction of almost 23% has been achieved in phase A.

CONCLUSION

Busbar plays a critical role in high-power modular converters and an
optimized busbar design can suppress current harmonics, resulting in
improved performance and reliability. However, it is challenging to
analyze resonance characteristics of high order networks using
existing solutions. To guide busbar design, this paper proposes a
unit partition strategy that enables the extraction of multi-mode
resonance characteristics of a high-order impedance network. Using

Unit Partition Resonance Analysis Strategy

the proposed method, the analysis process for 2-level and 3-level back
to back converters is demonstrated and mathematical expressions of
network resonance frequencies are derived. A busbar of a2 MW back
to back wind power converter is used to analyze and verify the
proposed method. Through theoretical analysis and experimental
verification, the conclusions of this paper are as follows:

1) By leveraging the inheritance relationship between the resonance
characteristics of the low-order unit and the combined network,
the self-resonance mode of a unit for the high-order impedance
network and the network-associated resonance mode can be
located. As a result, the resonance formation principle can be
explained.

The damping coefficient can be exploited to estimate the
relative peak magnitude of each resonance mode and severe
resonance modes can be screened out. Then, corresponding
parameters can be adjusted based on the screening to suppress
current harmonics during busbar design optimization.
Exploiting the proposed analysis method, the optimized
busbar achieved a significant reduction in capacitor RMS
current of all phases, with a peak reduction of 23% in phase A.

2)

3)

The comprehensive theoretical study carried out in this paper
can dictate not only the busbar design optimization but also a key
to improve capacitor lifetime and reliability of the system. In
addition, it can serve as a reference to analyze resonance
characteristics of high order complex networks. Besides, the
presented analysis for 2-level and 3-level wind power converters
can be leveraged to guide the busbar design for other applications.
Moreover, this study of non-laminated busbar can also be extended
to laminated busbar to unleash its potential.
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