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Abstract: In the transient analysis of an engineering power electronics device, the order of its equivalent
circuit model is excessive large. To eliminate this issue, some model order reduction (MOR) methods are
proposed in the literature. Compared to other MOR methods, the structure-preserving reduced-order
interconnect macromodeling (SPRIM) based on Krylov subspaces will achieve a higher reduction radio
and precision for large multi-port Resistor-Capacitor-Inductor (RCL) circuits. However, for very wide
band frequency transients, the performance of a Krylov subspace-based MOR method is not satisfactory.
Moreover, the selection of the expansion point in this method has not been comprehensively studied
in the literature. From this point of view, a broadband enhanced structure-preserving reduced-order
interconnect macromodeling (SPRIM) method is proposed to reduce the order of equation sets of a
transient interconnect circuit model. In addition, a method is introduced to determine the optimal
expansion point at each frequency in the proposed method. The proposed method is validated by the
numerical results on a transient problem of an insulated-gate bipolar transistor (IGBT)-based inverter
busbar under different exciting conditions.

Keywords: interconnect circuit; transient response; large scale equation set; model order reduction;
wideband frequency

1. Introduction

In the transient analysis [1,2] of a distribute circuit model of a busbar [3–7], the order of equation sets
is extremely high. Meanwhile, model order reduction (MOR) techniques [8], such as the proper orthogonal
decomposition (POD)-based MOR approach [9–12], the data-driven MOR method [13], the nonlinear
MOR technique [14], and the dynamic mode decomposition (DMD)-based MOR approach [15], have
all been proven to be very effective in combating such a high complexity issue. Compared with these
reduction methods, the structure-preserving reduced-order interconnect macromodeling (SPRIM)
based on Krylov subspaces, built on the Arnoldi algorithm [16], can achieve a higher order reduction
radio and accuracy for large multi-port Resistor-Capacitor-Inductor (RCL) circuits [17–21]. The Krylov
subspace based MOR method is aimed at matching the moments [22] at a special point, s0, so that the
reduced-order system can effectively replicate the dynamic response of the original system’s transfer
function around the expansion point s0. Obviously, this type of MOR methods will replicate the
dynamic response of the original system in a small band of the selected frequency s0 with a very high
accuracy [8]. Consequently, the Krylov subspace-based MOR method is widely used as a standard
model order reduction technique by engineers and academicians. However, for a very wide frequency
transients, the performance of a Krylov subspace based MOR method is not satisfactory. Moreover,
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the selection of the expansion point s0 has not been comprehensively studied in the literature. As a
result, one needs to readjust the expansion point s0 according to a rule of thumb until the accuracy of
the results satisfies the predefined tolerance requirement.

As is well known, with the continuous advancement in power electronics technology and the
rapid implementation of power electronic devices, the switching frequency of a power electronic value,
such as an insulated-gate bipolar transistor (IGBT), increases tremendously. Therefore, the turn-on
and turn-off transients of an IGBT-based inverter cover a very wide band of frequencies. In this
regard, the existing SPRIM cannot guarantee the precision of the reduced-order model in a broadband
frequency range. To overcome these shortcomings of the existing SPRIM, a broadband enhanced
SPRIM method is proposed in this paper.

2. Broadband SPRIM Methodology

For a p-port RLC interconnect network, its circuit equations in a time-domain modified nodal
analysis (MNA) [17] are:
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and the corresponding compact form is:

C
.
x + Gx = Bu

y = BTx
(2)

where vn ∈ RN and iLS ∈ RM are the nth nodal voltage (n = 1, . . . , N) and the LSth branch current
(LS = 1, . . . , M including voltage sources and inductances), respectively; u ∈ Rp and y ∈ Rp are the
input voltage sources and output currents, respectively; IN ∈ Rp is an identity matrix; Cn ∈ RN×N,
Lex ∈ RM×M, and Gn ∈ RN×N are the submatrices of the capacitances, the inductances, and the resistances,
respectively; and E ∈ RN×M consists of 1 s, −1 s, and 0 s, representing the current variables in the
Kirchhoff Circuit Law (KCL) equations.

As explained previously, the SPRIM algorithm is a Krylov subspace-based moment matching MOR
technique. The moments are defined as the Taylor series coefficients of the system transfer function.
For an expansion point s0 (s0C+G is nonsingular), the transfer function of the proposed full-order model
for a liner subsystem is expanded into the Taylor series at s0 as:

H(s) = BT(sC + G)−1B = BT(sC + G + (s− s0)C)
−1B =

+∞∑
i=0

Mi(s− s0)
i (3)

where Mi = BT(−(s0C + G)−1C)
i
(s0C + G)−1B is the ith moment of the system at the expansion point s0.

In the SPRIM algorithm, n is defined as the dimension of the generated Krylov subspace and its
value is equal to the integral multiple of the number of input-output ports (n = r× p, r = 1, 2 . . . ). Using
the SPRIM algorithm, the order of the MOR model will be reduced from (N+M) to 2n. Meanwhile,
the full-order moment Mi and MOR moment M̃i satisfy Mi = M̃i (0 ≤ i ≤ 2r). Therefore, by choosing
an integer r and an expansion point s0, the first 2r terms of the moments of the full-order model are
exactly matched at the expansion point s0.

The expansion point s0 is usually chosen by a user according to their knowledge on the transient
characteristics of the system, and one s0 can only guarantee a relatively high precision of the reduced-order
model around a specified frequency range, i.e., it cannot guarantee the accuracy of the reduced-order
model in a broadband frequency range. To overcome this deficiency, an adaptive broadband SPRIM is
proposed in this article, and explained in details (Algorithm 1).
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To start, the following terminologies and formulations are introduced and used.
First, to avoid the deficiency in deciding the expansion point s0, i.e., to automatically find the best

s0 at each frequency, a single objective optimization problem, the minimization of the deviation of the
responses between the full-order system and the reduced order system, is formulated as:

minimize 1
P

P∑
p=1

∣∣∣yp − yp
′

∣∣∣
s.t. (s0C + G) non-singular
s0 ∈ R+

(4)

where P is the number of the total ports, and yp and yp
′ are the pth output variables of the full-order

system and the reduced order system, respectively. One then can utilize an intelligent computing
method such as the simulated annealing algorithm [23] and genetic algorithms [24] to solve the single
objective optimization problem. In this paper, the well-known genetic algorithm [24] is used.

Second, by applying fast fourier transform (FFT) to the exciting signal of the system, one obtains
its time domain expression as:

s(t) = m1 sin(2π f1 + σ1) + m2 sin(2π f2 + σ2) + · · ·mi sin(2π fi + σi) + · · · , (5)

where, the magnitudes mis satisfy m1 ≥ m2 ≥ m3 ≥ · · · ≥ mi ≥ · · · , i.e., each item is sorted according to
its magnitude. For each frequency component fi, one defines:

hi =

{
10[lg( fi)] , fi ∈ [10,+∞)

1 , fi ∈ [0, 10)
, (6)

where, ”[x]” means to take the largest integer which is smaller than the real number x, and subsequently
constructs array {hi}.

It should be noted that there will be cases where two or more his elements are equal in array {hi},
i.e., hi = hi−1 = hi+1 = · · · . Consequently, one will retain his with different magnitudes, forming a new
array {h j} ( h1 , h2 , h3 · · · , h j , · · · ).

To facilitate the explanation, one defines “individual” as the basis of a specific frequency by directly
solving (4); “element” as the projected basis of the “individual” using an orthogonal normalization
operation; and the excitation signal as the “test set”, i.e., use the reduced-order model to calculate the
response of “test set” to measure the current transformation matrices of a MOR.

Using these terminologies and formulations, the details of the proposed broadband enhanced
SPRIM method are explained as follows.

Initially, evaluate the frequency band (f min ~ f max, “~”means “to”) of the dynamic performances
according to the energy distribution of the excitation signal. Finding the optimal expansion points
smin and smax at the minimum frequency f min and the maximum frequency f max, respectively, from (4);
evaluate the projection basis Vmin and Vmax for f min and f max, respectively; perform an orthogonal
normalization operation on Vmin and Vmax to obtain a new transformation matrix V0; and the proposed
broadband SPRIM methodology will then move to the following MOR procedures. Since V0 is the
1st “element”, choose frequency h1 (h1 , fmin , fmax), i.e., choose the first element in {h j} (the largest
magnitude one in hi) and perform an orthogonal normalization operation on this “individual” and V0

to produce the 2nd “element” V1; calculate, respectively, the responses of the reduced-order models
constructed by V0 and V1 using the “test set”; if the relative error satisfies the predefined tolerance
criterion, stop the iterative procedure and output the transformation matrices and the coefficient matrices
of the reduced system; otherwise, chose another frequency h2 (h2 , h1 , fmin , fmax) (the second largest
element in {h j}) and calculate the corresponding “individual”, perform an orthogonal normalization
operation on this “individual”, and V1 to yield a new V2; calculate, respectively, the responses of the
reduced-order models constructed by V1 and V2 using the “test set”, and evaluate their relative error,
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if the relative error satisfies the predefined tolerance criterion, stop the iterative procedure and output
the reduced order model results; otherwise start a new cycle of frequency sampling and repeat the
above iterative procedure until the solution satisfies the error control rule. The following paragraphs
give a detailed explanations of the iterative procedures of the proposed methodology.

Algorithm 1: The proposed broadband enhanced SPRIM methodology

Input: The coefficient matrices of the full-order system (C, G, B) and the range of the broadband frequency and
the tolerance of the relative error ( fmin, fmax, tol).
Step 1: Calculate the optimal expansion point and construct the projection basis.

(1.1): Use genetic algorithm to solve Equation (4) to obtain the optimal expansion point:
smax = optimal( fmax), smin = optimal( fmin)

(1.2): Construct the projection basis by the block Arnoldi algorithm [16]:
Vmax =blockArnoldi(smax) , Vmin =blockArnoldi(smin)

(1.3): Perform an orthogonal normalization operation as V0 = orthnormalize(Vmax, Vmin)

Step 2: h j = [ fmin, h1, h2, . . . , h j, . . . , fmax] ( j = 1, 2, . . .
)

Step 3: j= 0
Step4: While error >tol

(4.1): V = V0,Q0 = SPRIM(V0) [21], Q = Q0

(4.2): For i = 1 : n
(a) s j(i) = optimal(h j(i))
(b) V j(i) = blockArnoldi(s j(i))

(4.3): end
(4.4) Compute the former reduced matrices C̃ = QTCQ, G̃ = QTGQ, B̃ = QTB
(4.5) V j = orthnormalize(V j(1), V j(2), . . .V j(n)), Q j = SPRIM(V j), Q1 = Q j
(4.6) Compute the current reduced matrices C̃1 = Q1

TCQ1, G̃1 = Q1
TGQ, B̃1 = Q1

TB
(4.7) u(t) = s(t) , compute the solutions

(a) Obtain the solution y0 by solving the Equation (1) under C̃, G̃, B̃
(b) Obtain the solution y1 by solving the Equation (1) under C̃1, G̃1, B̃1

(4.8) error = max(
∣∣∣y1 − y0

∣∣∣/∣∣∣y0
∣∣∣)

(4.9) j = j + 1, V0 = V j
Step5: End

Output: The coefficient matrices of reduced system C̃1, G̃1, B̃1.

Once the projection matrix Q is obtained, it will be used to yield a reduced model of:

C̃
.
x̃ + G̃x̃ = B̃u, y = B̃Tx̃, (7)

where C̃ = QTCQ, G̃ = QTGQ, B̃ = QTB.

3. Numerical Application and Discussion

The proposed broadband enhanced SPRIM method is used for the order reduction of the multi-port
RLC circuits of a prototype IGBT-based inverter busbar. The IGBT is a FZ2400R17KE3 (1700 V/2400
A). The single-phase double pulse test circuit (Figure 1a) of the IGBT based inverter is modeled by a
multi-sectional equivalent circuit model, as given in Figure 1b. The whole busbar (Figure 1) includes a
positive busbar (the segment between port 1 and port 3), a negative busbar (the segment between port 1
and port 2), and a phase output copper bar (the segment between port 2 and port 3). For each sectional
model, a T type circuit is used, and the circuit parameters, inductance, the resistance, self-capacitance
and mutual capacitance between any two conductors are calculated from the harmonic electromagnetic
field solution. The division and number of the multi-sections of the whole circuit model are decided
according to the busbar geometry and length.

To validate the proposed model and methodology, it is used to predict the transient current
response of a prototype IGBT-based inverter excited by a square wave (f = 107 Hz, duty cycle = 0.1,
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and duty cycle = 0.5, respectively) and a tested turn-off voltage signal excitation. Figure 1b shows
the full-order equivalent circuit of the current communication loop. In the model, the yellow, pink,
and purple area represent the DC bus stabilized capacitor, IGBT to be tested, and counterpart IGBT,
and are considered as port 1, port 3, and port 2, respectively. The rest of the equivalent circuit models
without any color enclose line are the macromodeling of the interconnect busbar for the fast turn-on
and turn-off transients. Consequently, the equations related to the circuit models without any color
enclose line will be order reduced. To compare the proposed broadband SPRIM (bbd-SPRIM) model
with the SPRIM model, the transient response of port 1–3 (y1–y3) is computed using SPRIM and the
proposed methodology, respectively.

Figure 1. The current communication loop of prototype insulated-gate bipolar transistor (IGBT)-based
inverter. (a) Schematic diagram of single-phase double pulse test circuit. (b) Full-order equivalent
circuit model.

According to the spectrum analysis of the excitation signal (Figure 2), choose fmin = 100, fmax = 107,
tol = 10−4. The finally used frequency samples are 100, 107, and 105 Hz. The full seize of the equivalent
circuit is 78, and its reduced seize using the proposed methodology is 18. However, as the seize of the
reduced model is an integer multiple of the number of the ports, we compare the two reduced models
with 12 and 18 sizes, respectively. Moreover, for performance comparisons, one uses the following
two metrics to measure the relative errors between the responses of the reduced model and full-order
model. The first one is expressed as:

relativeerrory(i) = (norm(outp_y(i)−out_y(i)))/norm(out_y(i)), (8)

where i (= 1, 2, 3) represents the ith input-output port, and outp_y(i) and out_y(i) represent the output
responses of the ith port from the reduced model and the full-order model, respectively.
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The second one is used to illustrate the transient characteristics of the relative errors with respect
to time, and is defined as:

fierror(%) =

∣∣∣ freduced−order( j) − f f ull−order( j)
∣∣∣∣∣∣ f f ull−order( j)

∣∣∣ × 100, (9)

where freduced−order( j) and f f ull−order( j) represent the responses of the reduced model and full-order
model on the jth sampling point.

For the SPRIM algorithm, the reduced-order system can effectively imitate the dynamic response of
the original system around the expansion point s0. If s0 = 0, the reduced-order system is able to reproduce
the dynamic response of the original system in the low-frequency range. If s0 =∞, the reduced-order
system is able to approximate the dynamic response of the original system in the high-frequency range.
Since the response in our case (Figure 2) is a wideband frequency one and is mostly in a high frequency
band, one selects s0 = 1 × 105 and s0 = 1 × 107, respectively for the SPRIM algorithm. Therefore,
for comparing the proposed bbd-SPRIM model with the SPRIM model comprehensively, one compares
the proposed SPRIM model with the SPRIM model under two different expand points, i.e., s0 = 1× 105

and s0 = 1× 107. It should be noted that all comparisons between the proposed SPRIM model and
SPRIM model are under the same model size.
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Figure 2. The energy distribution on the frequency of excitation. (a) Square wave (f = 107 Hz, duty
cycle = 0.1). (b) Square wave (f = 107 Hz, duty cycle = 0.5). (c) Experimental turn-off signal.

The transient relative errors of the proposed bbd-SPRIM model and original SPRIM under different
model sizes are given in Figures 3–5, respectively, while the relative errors of the proposed bbd-SPRIM
model and original SPRIM under different model sizes are tabulated in Tables 1 and 2, respectively.

The relative errors in the tables is arranged in (a, b, c): The first one (a) corresponds to the
result from SPRIM using s0 = 1× 105, the second one (b) corresponds to the result from SPRIM using
s0 = 1× 107, and the third one (c) corresponds to the result from the proposed bbd-SPRIM. From the
numerical results in Table 1, it is easy to observe that for a dynamic response to these three case studies,
i.e., a square wave (f = 107 Hz, duty cycle = 0.1), a square wave (f = 107 Hz, duty cycle = 0.5), and the
tested turn-off signal, the relative errors of port 1 and port 3 of the reduced model from the SPRIM
(s0 = 1× 107) are the largest ones when compared to those of the other two reduced models, while the
relative errors using the proposed bbd-SPRIM are the smallest ones. Moreover, for a dynamic response
to these three excitations, the transient relative errors of port 2 of the reduced model using the original
SPRIM (s0 = 1 × 105) is the largest ones when compared to those of the other two reduced models.
Roughly observing, the relative errors of the proposed bb-SPRIM are obviously smaller than the other
two reduced-order models except the relative error of port2 under a tested turn-off signal excitation.
In other words, the relative error of port2 using the proposed bbd-SPRIM model is higher than that of
the SPRIM model with s0 = 1× 107 but still smaller than that of the SPRIM model while s0 = 1× 105.
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Moreover, since the smallest relative error of the reduced model exceeds 1, it is necessary to increase
the size of the reduced model under a turn-off signal excitation.
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Energies 2020, 13, x FOR PEER REVIEW 8 of 12 

 

  

(a) (b) 

Figure 4. Relative errors of output response of the reduced model by using SPRIM and the proposed 

broadband SPRIM to those of the full-order circuit model under a square wave excitation of frequency 

f = 107 Hz, duty cycle = 0.5, reduced size = 12, and 
5

0 1 10s =   for SPRIM. (a) y2. (b) y3. 

  

(a) (b) 

Figure 5. The transient relative errors of the output response of the reduced model of SPRIM with 

different expansion point s0 and the proposed broadband SPRIM to those of the full-order circuit 

model under a square wave excitation of frequency f = 107 Hz, duty cycle = 0.1. (a) y1, reduced size = 

12. (b) y1, reduced size = 18. 

Table 1. Relative errors of the responses for structure-preserving reduced-order interconnect 

macromodeling (SPRIM) and the proposed broadband SPRIM (reduced size = 12) (SPRIM1 (
5

0 1 10s =  ), SPRIM2 ( 7

0 1 10s =  ), and bbd-SPRIM). 

Excitation 

Relative Error of the Output Responses 

Port 1 (SPRIM1, 

SPRIM2, bbd-SPRIM) 

Port 2 (SPRIM1, 

SPRIM2, bbd-SPRIM) 

Port3 (SPRIM1, 

SPRIM2, bbd-SPRIM) 

Square wave (duty 

cycle = 10%) 
(0.0985, 0.4937, 0.0817) (0.6641, 0.603, 0.137) (0.2593, 0.5639, 0.1372) 

Square wave (duty 

cycle = 50%) 
(0.1070, 0.5585, 0.092) (0.7846, 0.6497, 0.1976) (0.2718, 0.6142, 0.153) 

Figure 5. The transient relative errors of the output response of the reduced model of SPRIM with
different expansion point s0 and the proposed broadband SPRIM to those of the full-order circuit model
under a square wave excitation of frequency f = 107 Hz, duty cycle = 0.1. (a) y1, reduced size = 12.
(b) y1, reduced size = 18.

Table 1. Relative errors of the responses for structure-preserving reduced-order interconnect macromodeling
(SPRIM) and the proposed broadband SPRIM (reduced size = 12) (SPRIM1 (s0 = 1 × 105), SPRIM2
(s0 = 1× 107), and bbd-SPRIM).

Excitation
Relative Error of the Output Responses

Port 1 (SPRIM1,
SPRIM2, bbd-SPRIM)

Port 2 (SPRIM1,
SPRIM2, bbd-SPRIM)

Port3 (SPRIM1,
SPRIM2, bbd-SPRIM)

Square wave
(duty cycle = 10%) (0.0985, 0.4937, 0.0817) (0.6641, 0.603, 0.137) (0.2593, 0.5639, 0.1372)

Square wave
(duty cycle = 50%) (0.1070, 0.5585, 0.092) (0.7846, 0.6497, 0.1976) (0.2718, 0.6142, 0.153)

Actual turn-off signal (0.4464, 0.9991, 0.4878) (7.1217, 1.0023, 4.4437) (0.6091, 0.9993, 0.5864)
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Table 2. Relative errors of the responses for SPRIM and the proposed broadband SPRIM (reduced size
= 18) (SPRIM1 (s0 = 1× 105), SPRIM2 (s0 = 1× 107), and bbd-SPRIM).

Excitation
Relative Error of Output Response

Port 1 (SPRIM1, SPRIM2,
bbd-SPRIM)

Port 2 (SPRIM1, SPRIM2,
bbd-SPRIM)

Port3 (SPRIM1, SPRIM2,
bbd-SPRIM)

Square wave
(duty cycle = 10%) (6.21 × 10−8, 2.31 × 10−4, 5.32 × 10−8) (3.92 × 10−6, 0.0179, 3.55 × 10−6) (8.48 × 10−7, 0.0038, 8.19 × 10−7)

Square wave
(duty cycle = 50%) (1.99 × 10−7, 3.0510−4, 1.98 × 10−7) (4.58 × 10−6, 0.0264, 4.06 × 10−6) (8.92 × 10−7, 0.005, 8.63 × 10−7)

Actual turn-off signal (9.67 × 10−7, 0.0256, 9.12 × 10−7) (6.05 × 10−5, 1.9837, 5.52 × 10−5) (2.4 × 10−6, 0.0727, 2.22 × 10−6)

As the size of the reduced model is an integer multiple of the number of the input-output ports,
and normally, the size of the reduced model is higher, the relative error of the reduced model to the
original model is smaller. In this regard, one compares the relative errors in a 18 reduced order model
in Table 2. From the numerical results in Table 2, it is easy to observe that the relative errors of the three
reduced models are smaller than those of the corresponding 12 reduced order models. Meanwhile,
the relative errors of the reduced model using the proposed SPRIM methodology is the smallest one
when compared to the other two reduced models using SPRIM.

Figure 3a–c gives the transient relative errors between the computed response of the three ports
using the two reduced-order models and full-order equivalent circuit model under the tested turn-off

signal excitation, while (d) to (f) present the results under a square wave excitation of frequency f = 107

Hz, duty cycle = 0.1. It should be noted that the expansion point s0 is chosen randomly according to the
energy distribution of the excitation signal and the traditional selection rule in this paper if without any
specific description, and its values in different cases are explained in the corresponding paragraphs.

From the numerical results (Figure 3a–c), it is easy to observe that for a dynamic response to
the tested turn-off signal, the transient relative errors of the two reduced-order models have some
differences: For port 1, the relative errors of the two reduced-order models will increase with time,
but the relative error of the proposed bbd-SPRIM model is four orders of magnitude smaller than
that of the SPRIM model; for port 2, both of the curves have a peak, but the value of the peak of the
proposed bbd-SPRIM model is four orders of magnitude smaller than that of the SPRIM model; for port
3, the relative error of the proposed bbd-SPRIM model decreases with time while that of the SPRIM
model increases with time. The maximum relative error of the proposed bbd-SPRIM model does not
exceed 0.07%, while that of the SPRIM model reaches 7.5%. From the numerical results (Figure 3d–f), it
is easy to observe that for a dynamic response to a square wave (f = 107 Hz, duty cycle = 0.1) excitation,
the numerical results of the two reduced-order models have minor differences: For port 1, the relative
errors of the two reduced-order models are almost identical, but the error of the SPRIM model is still
higher than that of the proposed bbd-SPRIM model, as the maximum error of the SPRIM model can
reach 17% but the one of the proposed model does not exceed 11%; for port 2, roughly observing,
the relative error if the SPRIM model increases in the time span while that of the proposed bbd-SPRIM
model decreases with time as a whole. Thus, the maximum error of the proposed model exists in the
beginning of the time and excluding the beginning of the time, the error of the proposed model does
not exceed 20%, while that of the SPRIM model reaches 80%; for port 3, the shape and direction of the
curves of the two reduced-order models are almost identical, but the relative error of the proposed
model is always smaller than that of the SPRIM model. Besides, the error of the SPRIM model is always
more than 20% and the maximum error reaches 100%, while the maximum error of the proposed model
does not exceed 50% and except at the beginning, the relative error of the proposed model is smaller
than 20%.

Figure 4 presents the relative errors of the reduced models of SPRIM and proposed SPRIM to
those of the full-order circuit model under a square wave excitation of frequency f = 107 Hz, duty cycle
= 0.5. It is obvious that the numerical results of the two reduced-order models have some differences.
The relative errors of the SPRIM model is always higher than that of the proposed bbd-SPRIM model:
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For port 2, the maximum relative error of the bbd-SPRIM model is 95.1%, while that of the SPRIM
model reaches 300%; for port 3, the maximum relative error of the bbd-SPRIM model is 61%, while
that of the SPRIM model reaches 180%.

Figure 5 presents the relative errors of the reduced model of SPRIM using different expansion
point s0 and the proposed broadband SPRIM to those of the full-order circuit model under a square
wave excitation of frequency f = 107 Hz and duty cycle = 0.1. Figure 5a gives the comparison of the
relative errors of the 12 reduced order models while Figure 5b gives the comparison of the relative
errors of the 18 reduced order models. From the numerical results in Figure 5a, it is easy to observe that
the relative error of the SPRIM model depends on the value of the expansion point s0. Moreover, in one
time span, the relative error of the reduced model of SPRIM on one expansion point is smaller than
that of the other expansion point and in another time span, it will be higher. As is shown in Figure 5a,
in the time span (0–1.2 µs), the relative error of the reduced model on s0 = 1× 107 is smaller than that
of s0 = 1× 105, but in the time span (1.2–4 µs), the relative error of the reduced model on s0 = 1× 107 is
higher than that of s0 = 1× 105. However, the relative error of the proposed bb-SPRIM model is always
smaller than that of the SPRIM model irrespective of the expansion point selection (Figure 5a,b).

Moreover, for the full-order equivalent circuit model of the prototype IGBT-based inverter busbar,
the computing time for a transient process of the total 2000 turn-off wave cycles is about 2940 s, while
for the proposed bbd-SPRIM model it is less than 1300 s. Although the computational time required
to solve the optimization problem is about 100 s and the computational time for implementing the
rest of the proposed broadband SPRIM is about 25 s, the total CPU time (1425 s) of the proposed
reduced-order model is still much smaller when compared to 2940 s.

4. Conclusions

In order to increase the computational efficiency of the existing interconnect circuit model and
methods to solve the transient performances of an equivalent circuit model, a broadband enhanced
SPRIM methodology was developed and successfully applied for reducing the size of an IGBT-based
inverter busbar. To compare the proposed bbd-SPRIM model with the existing SPRIM model, one selects
three different case studies of three wideband frequency excitations as numerical examples, and the
performance comparison between the proposed methodology and existing SPRIM demonstrated:

(1) Irrespective of the size, the model reduced from the proposed methodology could achieve a
higher accuracy as compared to the model reduced from SPRIM in a wideband frequency: For
example, while the size was 18, the relative error of the proposed bbd-SPRIM model was four
orders of magnitude smaller than that of the SPRIM model; while the size was 12, the maximum
relative error of the bbd-SPRIM model for port 2wais 95.1%, compared to that of the SPRIM
model which reached 300%; and the maximum relative error of the bbd-SPRIM model for port 3
was 61%, while that of the SPRIM model reached 180%;

(2) The precision of the SPRIM model depended strongly on the selection of the expand point and
could only be guaranteed in a small band of the expansion point. For example, from the numerical
results as reported, the relative error of the SPRIM model for port 2 on s0 = 1 × 107 was four
orders of magnitude larger than that of s0 = 1× 105. The relative error of the SPRIM model for
port 1 under a turn-off excitation on s0 = 1× 107 was five orders of magnitude larger than that of
s0 = 1× 105;

(3) The proposed improved SPRIM model could always yield more precision results on the dynamic
performances of the original large-scale model in a wide frequency range than the SPRIM model,
while the computational time of the reduced-order model was smaller than 48% of the original one.

Author Contributions: Conceptualization, N.W. and S.Y.; methodology, N.W.; software, N.W.; validation,
N.W. and S.Y.; formal analysis, N.W., S.Y. and H.W.; investigation, S.Y.; resources, S.Y.; data curation, N.W.;
writing—original draft preparation, N.W. and S.Y.; writing—review and editing, S.Y., N.W. and H.W.; visualization,
N.W.; supervision, S.Y. and H.W.; project administration, S.Y.; funding acquisition, S.Y. and H.W. All authors have
read and agreed to the published version of the manuscript.



Energies 2020, 13, 5746 11 of 12

Funding: This work was supported by the National Natural Science Foundation of China (NSFC) under Grants
No. 51490682.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

bbd-SPRIM Broadband SPRIM
DC Direct current
DMD Dynamic mode decomposition
FFT Fast Fourier Transform
IGBT Insulted-gate bipolar transistor
MNA Modified nodal analysis
MOR Model order reduction
POD Proper orthogonal decomposition
SPRIM Structure-preserving reduced-order interconnect macromodeling

References

1. Zhao, Z.; Tan, D.; Li, K.; Yuan, L. Transient Behaviors of Multiscale Megawatt Power Electronics Systems—Part I:
Characteristics and Analysis. IEEE Trans. Emerg. Sel. Top. Power Electron. 2019, 7, 7–17. [CrossRef]

2. Zhao, Z.; Tan, D.; Li, K.; Yuan, L. Transient Behaviors of Multiscale Megawatt Power Electronics Systems—Part II:
Design Techniques and Practical Applications. IEEE Trans. Emerg. Sel. Top. Power Electron. 2019, 7, 18–29.
[CrossRef]

3. De Freitas Gutierres, L.F.; Cardoso, G. Analytical technique for evaluating stray capacitances in multi conductor
systems: Single-layer air-core inductors. IEEE Trans. Power Electron. 2018, 33, 6147–6158. [CrossRef]

4. Chen, C.; Pei, X.; Chen, Y.; Kang, Y. Investigation, Evaluation, and Optimization of Stray Inductance in
Laminated Busbar. IEEE Trans. Power Electron. 2014, 29, 3679–3693. [CrossRef]

5. Yu, H.; Zhao, Z.; Lu, T.; Yuan, L.; Ji, S. In Laminated Busbar Design and Stray Parameter Analysis of
Three-Level Converter Based on HVIGBT Series Connection. In Proceedings of the 2015 IEEE Applied Power
Electronics Conference and Exposition (APEC), Charlotte, NC, USA, 15–19 March 2015; pp. 3201–3207.

6. Li, Y.; Yan, S.; Xu, X.; Lyu, P.; Ren, Z. 3-D IC Interconnect Parasitic Capacitance Extraction with a Reformulated
PGD Algorithm. IEEE Trans. Magn. 2017, 53, 1–4. [CrossRef]

7. Callegaro, A.D.; Guo, J.; Eull, M.; Danen, B.; Gibson, J.; Preindl, M.; Bilgin, B.; Emadi, A. Bus Bar Design for
High-Power Inverters. IEEE Trans. Power Electron. 2018, 33, 2354–2367. [CrossRef]

8. Schilders, W.H.A.; van der Vorst, H.A.; Rommes, J. Model Order Reduction: Theory, Research Aspects and
Applications, 1st ed.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 60–70.

9. Montier, L.; Henneron, T.; Goursaud, B.; Clenet, S. Balanced Proper Orthogonal Decomposition Applied
to Magnetoquasi-Static Problems Through a Stabilization Methodology. IEEE Trans. Magn. 2017, 53, 1–10.
[CrossRef]

10. Sidhu, H.S.; Narasingam, A.; Kwon, J.S. In Model Order Reduction of Nonlinear Parabolic PDE Systems
with Moving Boundaries Using Sparse Proper Orthogonal Decomposition Methodology, Wisconsin Center.
In Proceedings of the 2018 Annual American Control Conference (ACC), Milwaukee, WI, USA, 27–29 June 2018;
pp. 6421–6426.

11. Li, K.; Huang, T.; Li, L.; Lanteri, S.; Xu, L.; Li, B. A Reduced-Order Discontinuous Galerkin Method Based on
POD for Electromagnetic Simulation. IEEE Trans. Antennas Propag. 2018, 66, 242–254. [CrossRef]

12. Farzam, F.M.; Martin, F.; Belahcen, A.; Montier, L.; Henneron, T. Orthogonal Interpolation Method for Order
Reduction of a Synchronous Machine Model. IEEE Trans. Magn. 2018, 54, 1–6. [CrossRef]

13. Pierquin, A.; Henneron, T.; Clenet, S. Data-Driven Model-Order Reduction for Magnetostatic Problem
Coupled With Circuit Equations. IEEE Trans. Magn. 2018, 54, 1–4. [CrossRef]

14. Codecasa, L.; Alotto, P.; Moro, F. Fast Solution of Induction Heating Problems by Structure-Preserving
Nonlinear Model Order Reduction. IEEE Trans. Magn. 2016, 52, 1–4. [CrossRef]

15. Paul, S.; Chang, J. Fast numerical analysis of electric motor using nonlinear model order reduction. IEEE Trans.
Magn. 2018, 54, 1–4. [CrossRef]

http://dx.doi.org/10.1109/JESTPE.2019.2894424
http://dx.doi.org/10.1109/JESTPE.2019.2894187
http://dx.doi.org/10.1109/TPEL.2017.2745213
http://dx.doi.org/10.1109/TPEL.2013.2282621
http://dx.doi.org/10.1109/TMAG.2017.2648852
http://dx.doi.org/10.1109/TPEL.2017.2691668
http://dx.doi.org/10.1109/TMAG.2017.2683448
http://dx.doi.org/10.1109/TAP.2017.2768562
http://dx.doi.org/10.1109/TMAG.2017.2768328
http://dx.doi.org/10.1109/TMAG.2017.2771358
http://dx.doi.org/10.1109/TMAG.2015.2491640
http://dx.doi.org/10.1109/TMAG.2017.2759196


Energies 2020, 13, 5746 12 of 12

16. Sadkane, M. Block-Arnoldi and Davidson methods for unsymmetric large eigenvalue problems. Numer.
Math. 1993, 64, 195–211. [CrossRef]

17. Odabasioglu, A.; Celik, M.; Pileggi, L.T. PRIMA: Passive reduced-order interconnect macromodeling
algorithm. IEEE Trans. Comput. Aided Design Integr. Circuits Syst. 1998, 17, 645–654. [CrossRef]

18. Freund, R.W. Krylov-subspace methods for reduced-order modeling in circuit simulation. Comput. Appl.
Math. 2000, 123, 395–421. [CrossRef]

19. Bonotto, M.; Bettini, P.; Cenedese, A. Model-Order Reduction of Large-Scale State-Space Models in Fusion
Machines via Krylov Methods. IEEE Trans. Magn. 2017, 53, 1–4. [CrossRef]

20. Yang, F.; Zeng, X.; Su, Y.; Zhou, D. RLC Equivalent Circuit Synthesis Method for Structure-Preserved
Reduced-Order Model of Interconnect in VLSI. Commun. Comput. Phys. 2008, 3, 376–396.

21. Freund, R.W. SPRIM: Structure-Preserving Reduced-Order Interconnect Macromodeling. In Proceedings of the
IEEE/ACM International Conference on Computer Aided Design, San Jose, CA, USA, 7–11 November 2004;
pp. 80–87.

22. Lal, M.; Mitra, R. Simplification of large system dynamics using a moment evaluation algorithm. IEEE Trans.
Autom. Control 1974, AC-19, 602–603. [CrossRef]

23. Selim, S.Z.; Alsultan, K. A simulated annealing algorithm for the clustering problem. Pattern Recognit. 1991,
24, 1003–1008. [CrossRef]

24. Holland, J.H. Adaptation in Natural and Artificial Systems; MIT Press: London, UK, 1992.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/BF01388687
http://dx.doi.org/10.1109/43.712097
http://dx.doi.org/10.1016/S0377-0427(00)00396-4
http://dx.doi.org/10.1109/TMAG.2017.2660760
http://dx.doi.org/10.1109/TAC.1974.1100671
http://dx.doi.org/10.1016/0031-3203(91)90097-O
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Broadband SPRIM Methodology 
	Numerical Application and Discussion 
	Conclusions 
	References

