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Abstract—Large-scale circuit simulation poses a chal-
lenge to most simulation tools because of its high
computational complexity. This paper presents an efficient
method, which decouples the circuit topology and compo-
nents’ characteristics in computation so as to make it suit-
able for large-scale circuit simulation. The proposed method
is based on a circuit lemma, which indicates the relation-
ship of branch voltages and currents. The proving process
of this lemma is provided in this paper. The working prin-
ciple of the proposed method is elaborated and its numer-
ical stability is also analyzed. This method achieves nearly
linear computational complexity and is very suitable for hi-
erarchical and zonal computation. The proposed method is
verified by real-time application on the more electric aircraft
microgrid. Hardware-in-the-loop testing of this study case
on Xilinx Virtex Ultrascale+ field programmable gate array
(FPGA) board is achieved and the results are compared with
PSCAD/EMTDC. The resulting waveforms from these two
simulation tools show very good agreement on both nor-
mal and fault operation test scenarios, which demonstrates
that the proposed method has very good performance on
computational accuracy and efficiency.

Index Terms—Aircraft power systems, circuit modeling,
circuit simulation, field programmable gate arrays, large-
scale circuits, microgrid, real-time systems.

I. INTRODUCTION

C IRCUIT simulation is essential in most of the electric sys-
tem’s design and validation process as it can serve as a

powerful tool to reflect the electric system’s behavior and prop-
erties [1], [2]. Up to now, there are basically two categories
of mature algorithms in modern circuit simulation area: the
nodal analysis method [3]–[6] (also known as resistive compan-
ion method, Dommel algorithm, etc.) and state-space method
[7]–[12] (also known as state-variable method). The simulation
program typically selects one algorithm and develops the system
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matrix according to the method’s corresponding modeling rule.
These two methods have been validated by various circuits and
both evolved mature software. Representative of nodal analysis
method is PSCAD/EMTDC [13] and the state-space method is
MATLAB/Simulink [14].

However, both these algorithms become computational in-
efficient when the circuit’s scale becomes large. The reason is
evident: the size of system matrix increases along with the cir-
cuit’s scale. This problem is, especially severe for the nodal
analysis method because it requires matrix division in every
time-step. The computational complexity of direct matrix in-
version is O(N 3); even when an advanced solver such as
Gaussian elimination method is used, the complexity can only
be reduced to O(N 3/3), still in order 3 of the matrix size. As
for the state-space method, the complexity depends on the dis-
cretization method. If the forward Euler method is adopted,
it requires only one matrix multiplication in every time-step
and the computational complexity is O(N 2). But forward Eu-
ler method behaves poorly with respect of numerical stability.
In most cases, some advanced algorithms, like Heun, or the
Runge–Kutta method, have to be adopted. However, as long
as the discretization method is in explicit form, the complexity
will still be in order 2 of the matrix size, and once an implicit
method, such as Backward Euler or Trapezoidal Rule, is chosen,
the complexity will increase to order 3.

There have been various attempts to reduce the computational
complexity of the circuit solution. The most natural guideline is
circuit decoupling. Two successful methods have been created
in the literature and implemented in many applications: latency
insertion method (LIM) [15]–[17] and transmission line model-
ing (TLM) method [18], [19]. The basic idea of these methods is
similar. They take advantage of the inductive and capacitive ele-
ments in the network to create latency between two subsystems
so as to decouple them. The difference is that LIM requires
inductive element along every branch and capacitive element
between every node with ground, while TLM only introduces
latency in several parts of the network. Thus, LIM realizes fully
decoupling of the circuit network and the computational com-
plexity reduces to linear, at the expense of modifying the circuit
model because there are seldom cases when the circuit meets
the requirement of LIM originally. TLM is usually used to de-
couple the system when solving nonlinearities or the two sub-
systems already have some decoupling nature such as parallel
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connection by a large capacitance. Therefore, TLM can be
deemed as partial decoupling of the network and traditional
methods are utilized within the decoupled subsystem.

Although these two decoupling methods are successful in
many applications, they still have limitations. One common
deficiency is the difficulty of selecting an appropriate value
of latency, especially when this latency is inserted virtually, i.e.,
it does not exist in the real system. If the latency is too small
(which means smaller time-step), it may lose the advantage of
computational efficiency. On the other hand, if the latency is
too large, it may suffer from numerical instability or may distort
the original circuit’s transients. There is no standard way or
formula for choosing the latency in literature and it is often
done manually, i.e., by trial and error iteration.

Considering the aforementioned insufficiency, simulation of
large-scale circuits still poses a challenge. Typically speaking,
the behavior of a circuit is determined by two factors—the cir-
cuit topology and the component’s characteristics. However, the
traditional modeling methods often mix these two factors into
one system matrix, i.e., whenever there is a change in the circuit
topology or the component’s characteristics, the system matrix
has to be reformed. This paper presents a method that decouples
these two factors and deals with them separately. This method
is the extension of Zhen’s work in [20], thus, it will be referred
to as Enhanced Zhen’s Method (EZM) henceforth. Under EZM,
matrix inversion is only required when analyzing the topology.
It is very easy to compute and suitable for computer program-
ming. In most cases, the circuit topology remains unaltered in
the simulation and the component’s characteristics are the main
stimulus of the transients. In addition, each circuit component
can be handled separately as well, which reduces the computa-
tional complexity to nearly linear and very suitable for parallel
computation. These features make EZM very suitable for large-
scale circuit simulation.

II. EZM MODELING METHODOLOGY

The EZM modeling methodology is based on a circuit lemma
that indicates the relationship of branch voltages and currents in
the circuit.

Lemma 1: Given a circuit that has n nodes and b branches,
there exist n − 1 individual branch voltages so that the other
b − n + 1 branch voltages can be expressed as simply addition
or subtraction of these n − 1 voltages and these n − 1 branch
currents can be expressed as simply addition or substraction
of the b − n + 1 branch currents. In addition, when written in
matrix form, this matrix is an antisymmetric matrix.

An example is given first to exemplify this lemma and then
prove it. The topology of Fig. 1 is taken from a commonly used
power electronic circuit named neutral point clamped (NPC)
topology and this is a half-bridge configuration. There are six
nodes denoted from n0 to n5 and nine branches denoted as b1
to b9 .

Fig. 1(a) shows one possible working mode of this circuit
where switches b2 and b3 are in ON-stage, while switches b1
and b4 are in OFF-stage. Meanwhile, the current of inductor b9
flows from n3 to n0 , which makes diode b5 in ON-stage and b6
in OFF-stage.

Fig. 1. NPC half-bridge topology. (a) Working mode. (b) Voltage/current
source equivalent configuration. (c) Resistor companion current source
equivalent configuration.

As is well-known that the circuit topology can be expressed as
node–branch incidence matrix or loop–branch incidence matrix.
However, the nodes in the circuit are unique, while loops are not
(in other words, there is only one node–branch incidence matrix,
while there are multiple loop–branch incidence matrices). This
is why most simulation programs favor nodal analysis and take
node voltages as computation variables, rather than Thévenin
analysis and solving loop currents. The core value of Lemma 1
is providing a way to find the relationship of branch currents by
simple manipulation of node–branch incidence matrix, so that
the program can get rid of some complex graph concepts like
trees. The following process shows how to obtain the current
relationship in Fig. 1 by use of Lemma 1.

Step 1: Write the node–branch incidence matrix A

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 −1 1 −1 1 −1

1 0 0 0 0 0 1 0 0

−1 1 0 0 1 0 0 0 0

0 −1 1 0 0 0 0 0 1

0 0 −1 1 0 −1 0 0 0

0 0 0 −1 0 0 0 −1 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(1)

The node–branch incidence matrix is formed in such a way
that the rows and columns of A correspond to the nodes and
branches in the topology, respectively. The entry of A(aij ) is
1 when node i connects to branch j’s positive end; and is −1
when they interconnect at branch j’s negative end. When they
have no connection in the topology, then A(aij ) is 0.

Step 2: Classify the b branches and select n − 1 branches as
voltage sources and others as current sources. In Fig. 1, b2 , b3 ,
b5 , b7 , and b8 are suitable to be taken as voltage sources, while
b1 , b4 , b6 , and b9 are suitable to be taken as current sources,
as shown in Fig. 1(b). Then, split matrix A into two sections
which correspond to the n − 1 voltage sources (A1 ) and b − n
+ 1 current sources (A2 ), respectively. Before doing this, delete
one row of matrix A since the rows of A are not independent.
The choice of deleted row is arbitrary. However, it is better to
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choose a node which has voltage source connected to it. In this
example, row 1 which corresponds to node n0 is deleted.

Step 3: Do matrix manipulation so as to find the voltage
relationships in Lemma 1, where A′

1 is the transpose of A1 ,
and is the same for other matrices.

A1 =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 0 0 1 0

1 0 1 0 0

−1 1 0 0 0

0 −1 0 0 0

0 0 0 0 −1

⎤
⎥⎥⎥⎥⎥⎥⎦

, A2 =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 0 0 0

−1 0 0 0

0 0 0 1

0 1 −1 0

0 −1 0 0

⎤
⎥⎥⎥⎥⎥⎥⎦

.

(2)

⎡
⎢⎢⎢⎢⎣

ub1

ub4

ub6

ub9

⎤
⎥⎥⎥⎥⎦

= A′
2(A

′
1)

−1

⎡
⎢⎢⎢⎢⎢⎢⎣

ub2

ub3

ub5

ub7

ub8

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

0 0 −1 1 0

−1 −1 1 0 1

1 1 −1 0 0

−1 0 1 0 0

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

ub2

ub3

ub5

ub7

ub8

⎤
⎥⎥⎥⎥⎥⎥⎦

. (3)

Step 4: Rewrite (3) into full b × b matrix form and using the
antisymmetry property in Lemma 1 to supplement the section
that indicates currents’ relationship.

(4)

In (4), the section in blue indicates the voltage relationship and
can be obtained directly from (3). The section in red indicates
the current relationship in the circuit and is obtained by anti-
symmetric supplement. There is no need to analyze loop–branch
incidence matrix anymore.

The proof of Lemma 1 can be conducted by the use of duality
principle. However, this will make the proving process compli-
cated. This paper provides a new approach of proof which is
easy to understand.

Proof: First, replace all voltage and current sources with a
uniform representation which has a constant resistor in parallel
with a companion current source, as shown in Fig. 1(c). Then,
every branch voltage can be written as a linear combination of

those companion current sources. Because the resistors in the
network are constants, the coefficients of those linear combina-
tions are also constants.

Second, set the value of all resistors to be 1 and write the
following matrix equation:

ub = M1Ib (5)

where ub is the branch voltage vector, Ib is the companion
current source vector, and M1 is a b × b constant symmetric
matrix. By analyzing the relationship of branch voltage and
current, the following equation can be written:

ibx = ubx/Rbx + Ibx (6)

where x is the index number of branch. Because the value of all
resistors in the network is 1, (6) can be written as

ibx = ubx + Ibx . (7)

Then, the branch current vector can be expressed as

ib = M2Ib . (8)

Matrix M1 and M2 have very similar form; their off-diagonal
elements are the same and their diagonal elements differ by 1,
or in matrix form

M2 = M1 + I (9)

where I is the identity matrix.
Third, reorder the index of branch number so that the first

n − 1 branches are voltage sources and the latter b − n + 1
branches are current sources. Then, the following matrix equa-
tion can be obtained:[

ub(n−1))

ib(b−n+1))

]
= MIb (10)

where the first n − 1 rows of M are the same with the first n − 1
rows of M1 and the last b − n + 1 rows of M are the same with
the last b − n + 1 rows of M2 . It is obvious that M is also
a symmetric matrix since it differs with M1 and M2 only on
diagonal elements.

Fourth, invert matrix M and (10) can be rewritten as

Ib =

[
M−1

11 M−1
12

M−1
21 M−1

22

][
ub(n−1))

ib(b−n+1))

]
= M−1

[
ub(n−1))

ib(b−n+1))

]
.

(11)

Equation (11) reveals that the companion current source vector
Ib can also be expressed by the selected n − 1 voltage sources
and b − n+ 1 current sources. More importantly, the companion
current source of every branch is simply the difference of branch
current and voltage, as shown in the following:

Ibx = ibx − ubx (12)

which means (11) has a similar form with (4). Let us denote
the matrix in (4) as T and the reordered form (where the
first n − 1 rows represent current relation and the last b − n
+ 1 rows represent voltage relation) as T̄. To convert from
T̄ to M−1 , let us consider in this way: for the n − 1 voltage
sources, their current value ibx can be obtained by T̄, when
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Fig. 2. EZM’s working principle. (a) Configuration in space. (b) Config-
uration in time.

placing one additional −1 on the diagonals of M−1
11 and placing

these T̄ elements in M−1
12 , their companion current sources Ibx

are obtained; for the b − n + 1 current sources, their voltage
value ubx can be obtained by T̄, when multiplying −1 with
these T̄ elements and placing them in M−1

21 and placing one
additional 1 on the diagonals of M−1

22 , their companion current
sources Ibx are obtained. As mentioned previously, matrix M
is a symmetric matrix and so does M−1 , then M−1

12 = (M−1
21 )′

and T̄ = −T̄′. That is where the antisymmetry of matrix T(T̄)
comes from.

It has to be mentioned that the reordering operation in step
3 is not necessary in the proving process and will not affect
the antisymmetry of T(T̄). The only reason for doing so is for
better understanding. This proving process can be applied to any
circuit topology, so Lemma 1 is a general rule.

Based on the above analysis, the EZM modeling method-
ology takes branch voltage/current as the computational vari-
ables. Given a circuit that has n nodes and b branches, EZM
always selects n − 1 branches and takes their voltages as sys-
tem variables, and takes the remaining b − n + 1 branches’s
currents as system variables. The updating of system variables
can be divided into two interleaved processes, which are as
follows:

1) advancing the system variables according to components’
characteristics;

2) taking into account the influence of the system network.
The working principle of EZM can be illustrated in Fig. 2.
For the n − 1 voltage source branches, they feed the network

with their voltages and the network solver feeds them back with
current values; for the b − n + 1 current source branches, they
feed the network with their currents and the network solver feeds
them back with voltage values. This work is accomplished by
using Lemma 1. As can be seen, once matrix T is developed,
the feedbacks of network is just simply addition/subtraction of
the input system variables. The components can then utilize the
response of network to update their values at next time-step.

There are a few things that have to be mentioned about EZM’s
working principle, which are as follows.

1) The most significant feature of EZM is the decoupling
of circuit topology and components’ characteristics. The

variations of components’ characteristics will not affect
the processing of circuit topology and the same is true
vice versa. In most cases, the circuit topology remains
unchanged during simulation and there is no need to in-
vert matrix repeatedly.

2) Even in cases when the circuit topology changes with
time (like circuit breakers and switches), the develop-
ment of matrix T is relatively easy and suitable for com-
puter programming. The only computational complexity
comes from the inversion of matrix A′

1 . Two features of
A′

1 make this task easy. First, the elements of A′
1 have

only three possible values: 0 or ±1 and there are at most
two nonzero values in each row; second, when the cor-
responding node of deleted row in A has at least one
voltage source connected to it, then there is at least one
row in A′

1 that has only one nonzero value.
3) The processing of individual components is also decou-

pled from each other. As can be seen in Fig. 2, the network
receives system variables at time tn−1 and feeds back to
components at time tn . The feedbacks are used by com-
ponents at time tn , which means the component is using
the previous time-step system variables to compute the
current time-step value. This kind of configuration will be
definitely detrimental to the numerical stability and accu-
racy of the model. But this phenomena can be alleviated
by better numerical algorithms and smaller time-steps,
which will be analyzed in the next section. However, it
does not mean this design is unreasonable. Actually, it
is believed that it is a more natural way to simulate the
behavior of circuits. From the point view of component
itself, it does not care what kind of topology or vicinity
components it connects to. It just behaves as its own way
and can be viewed as the consequence of constantly in-
teracting between component’s input/output voltage and
current. The only difference is that this interaction pro-
cess in reality happens simultaneously or at an infinite
small time-step.

4) The decoupling of circuit topology and every individual
component makes EZM extremely suitable for parallel
computation. If the computational cost of developing ma-
trix T is neglected, the overall computational complexity
of EZM becomes linear or O(N), and if fully parallel
computation is achieved, the computational complexity
even reduces to O(1) in respect of computation time, i.e.,
constant computational complexity, which makes real-
time simulation and smaller time-step possible.

5) High scalability is achieved in EZM as when adding or
removing one branch from the network, it is not neces-
sary to remodel the system from scratch. The matrix that
represents the remaining part of network is still useful
and can be scaled up/down.

6) Hierarchical design is inherently embedded in EZM. As
can be seen that every branch is represented by voltage
or current source; there is no restriction about the inner
structure of branch at all. In other words, the equivalent
voltage or current source in upper level may contain mul-
tiple lower level voltage and current sources as long as
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TABLE I
SOME CONVENTIONS OF CIRCUIT COMPONENTS

the interface with upper level remains the same. The inner
variation in lower level will not affect the computation
of upper level and they can even be solved using tradi-
tional nodal analysis or state-space method. This feature
provides great facility for system partitioning.

7) Multirate computation is convenient in EZM. Due to the
decoupling nature of each individual component, every
component can have its own simulation time-step and
will not affect each other. Each row of matrix T repre-
sents the computation in network solver corresponding
to one component. They can work along with individual
component’s rate and do not necessarily have the same
time-step. This feature is very useful in practice because
different components in the circuit have different inertia
and require different time-steps.

8) The choice of each component being viewed as voltage
or current source is a big issue. Although no standard
way for determining this is available, there are still some
empirical practices which can serve as guidelines. Ta-
ble I lists some common circuit components and their
conventions.
Based on the above classification, some treatments have
to be taken to avoid circuit contentions. For example,
when two capacitors connect in parallel, they should be
merged into one to avoid two voltage sources connected
in parallel. The same is true for series connected induc-
tors. Special attention should be given to resistors as they
can be viewed as either voltage source or current source.
It depends on the circuit configuration. When the resistor
connects in parallel with a voltage source, then it should
be viewed as a current source; when it connects in series
with a current source, then it should be viewed as a volt-
age source. In addition, EZM is not suitable for solving a
pure resistor network. The reason is that one cannot write
a formula about the gradient of resistor’s voltage or cur-
rent. In other words, the transient frequency of resistor can
be infinitely high which is beyond the computation abil-
ity of EZM. As a result, the transients of resistor should
be incorporated with other circuit components and all
the directly parallel and series connected resistors
should be merged. Fortunately, this task is not hard to
achieve.

9) Three-phase system is very important in modern power
systems and it is treated slightly different in EZM. It is
well known that a n ports network has only n − 1 in-
dependent output voltages or currents. The three-phase
voltage/current source should be treated as two indepen-
dent voltage/current sources in EZM unless the neutral
point also connects out, as shown in Fig. 3.

Fig. 3. Three-phase voltage/current equivalent configuration in EZM.
(a) Voltage source configuration. (b) Current source configuration.

Fig. 4. Numerical stability analysis example. (a) Circuit configuration.
(b) Equivalent circuit in EZM.

As a result, the commonly used abc/dq coordinate transfor-
mation in EZM is slightly different with traditional one

⎡
⎣
xd

xq

xo

⎤
⎦=

2
3
√

3

⎡
⎢⎢⎣

cos(θ + π
6 ) cos(θ − π

2 ) cos(θ + 5
6 π)

− sin(θ + π
6 ) − sin(θ − π

2 ) − sin(θ + 5
6 π)

1
2

1
2

1
2

⎤
⎥⎥⎦

×

⎡
⎢⎣

xab

xbc

xca

⎤
⎥⎦ (13)

where xca = − xab − xbc is not an independent source.

III. NUMERICAL STABILITY ANALYSIS AND RELATION

BETWEEN EZM AND NODAL ANALYSIS AND

STATE-SPACE METHOD

This section uses a simple RLC circuit [shown in Fig. 4(a)]
to analyze the numerical stability of EZM and its relation with
nodal analysis and state-space method.

First, using the state-space method routine to solve the system,
the following state-space equations can be obtained:

[
duC

dt

diL

dt

]
=

[− 1
R1 C

1
C

− 1
L −R2

L

][
uC

iL

]
+

[
0
1
L

]
usc (14)

where the voltage of capacitor uC and the current of inductor iL
are selected as state variables.

When discretized using the forward Euler method, (14) can
be rewritten as follows:[
uC (tn )

iL (tn )

]
=

[
1 − Δt

R1 C
Δt
C

−Δt
L 1 − R2 Δt

L

][
uC (tn−1)

iL (tn−1)

]
+

[
0
Δt
L

]
usc

(15)

where Δt = tn − tn−1 is the time-step.
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Second, solving the same system using EZM. The equivalent
circuit is shown in Fig. 4(b). There are five branches in total and
the corresponding matrix T can be obtained using Lemma 1,

⎡
⎢⎢⎢⎢⎢⎢⎣

ib1

ub2

ib3

ib4

ub5

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 −1

0 0 1 0 0

0 −1 0 0 1

0 0 0 0 1

1 0 −1 −1 0

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

ub1

ib2

ub3

ub4

ib5

⎤
⎥⎥⎥⎥⎥⎥⎦

. (16)

According to each component’s characteristics, the system vari-
ables should be renewed in the following way:

ub1(tn ) = usc

ib2(tn ) =
ub2(tn−1)

R1

ub3(tn ) = ub3(tn−1) +
Δt

C
ib3(tn−1)

ub4(tn ) = R2ib4(tn−1)

ib5(tn ) = ib5(tn−1) +
Δt

L
ub5(tn−1) (17)

where the capacitor voltage and inductor current are also dis-
cretized using the forward Euler method. When incorporating
with (16), ub3(tn ) and ib5(tn ) can also be written as follows:

ub3(tn ) =
(

1 − Δt

R1C

)
ub3(tn−1) +

Δt

C
ib5(tn−1),

ib5(tn ) =
(

1 − R2Δt

L

)
ib5(tn−1) − Δt

L
ub3(tn−1) +

Δt

L
usc

(18)

which is exactly the same with (15). In other words, the nu-
merical stability of solving the system using (16) and (17) is
exactly the same with (15). To find the eigenvalues of (15), the
following equation should be solved:
[
z −

(
1 − Δt

R1C

)] [
z −

(
1 − R2Δt

L

)]
+

Δt2

LC
= 0. (19)

To make the eigenvalues locate inside the unit circle, the
absolute term of (19) should be less than 1, i.e.,

(
1 − Δt

R1C

) (
1 − R2Δt

L

)
+

Δt2

LC
< 1. (20)

It can be observed that the first term in (20) is always less 1,
provided that the second term is small enough, then the whole
expression will be less than 1. In other words, as long as the
time-step Δt is small enough, the above solver is stable.

Actually, lowering the time-step is not the only way to en-
hance the numerical stability of EZM. Another way is using
better numerical algorithm. As mentioned before, the solver
uses previous time-step system variables to compute the current
time-step value. In numerical algorithm area, this means the em-
ployment of an explicit method. Explicit method means all the
system variables are totally determined from previous time-step
values and there is no influence between current time-step val-
ues. In this manner, the matrix inversion is saved. The implicit

method, however, takes into account the interaction effect of sys-
tem variables at each time-step and matrix inversion is required.
This is why the implicit method is always unconditionally nu-
merical stable, while explicit method is always conditionally
stable. For example, the Tustin method (or trapezoidal method)
always maps the left half-plane zone in continuous domain to the
inner unit circle zone in discrete domain and this is what nodal
analysis method’s computation approach. There are various ex-
plicit methods that can be found in literature and they are all
suitable to be employed in EZM. Among them, the Heun method
(also known as modified trapezoidal method or improved Euler
method) and the Runge–Kutta method are good choices. The
fourth-order Runge–Kutta method makes a good balance be-
tween numerical performance and computational load. It will
serve as the numerical discretization method in the following
test case.

IV. REAL-TIME APPLICATION OF EZM ON MORE ELECTRIC

AIRCRAFT MICROGRID

More electric aircraft (MEA) is deemed as next generation
aircraft to help simplify system structure, improve reliability,
and save fuel [21]–[27]. The Boeing-787 is equipped with a
large-scale electric power system to eliminate the traditional
pneumatic system and bleed manifold, which is called “No-
Bleed Systems” by the company [28]. This section apples the
EZM to build a real-time system of the Boeing-787 microgrid
(shown in Fig. 5) to testify the validity and computational effi-
ciency of EZM.

Real-time application of a large and complicated system like
MEA microgrid is difficult to achieve using conventional mod-
eling methods because of their high computational complexity.
However, by utilization of EZM modeling methodology, this
task becomes relatively easy because the whole system can be
dealt in a divide and conquer manner. The MEA microgrid is
constructed at component level first where the corresponding
characteristics can be found in literature. Then, these compo-
nents are treated as either voltage or current sources and assem-
bled into a network in hierarchical and zonal fashion. Thereby,
the EZM’s computation principle can be applied to solve the
network state. When combined with field programmable gate
array (FPGA) where highly parallel computation is available,
the real-time simulation of Boeing-787 MEA microgrid is real-
ized. The numerical stability analysis presented in the previous
section assures that by employment of proper numerical dis-
cretization method and small time step (the fourth-order Runge–
Kutta method at 1 μs time-step in this study case), the whole
simulation model is computational safe and accurate.

The hardware configuration of the real-time MEA em-
ulation system is shown in Fig. 6. The transient wave-
forms are calculated digitally in real-time on Xilinx Virtex
UltraScale+VCU118-ES1 FPGA evaluation platform and ex-
ported to oscilloscope through a digital-to-analog converter for
display. There are multiple communication interfaces between
the FPGA board and the external computer so that the hardware-
in-the-loop (HIL) emulation is available on this test set-up. The
microgrid model of MEA with exact the same structure in Fig. 5
is built on the FPGA hardware while some controllers can be
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Fig. 5. Structure of Boeing-787 microgrid.

Fig. 6. Hardware configuration of the real-time MEA emulation system.

put on the external computer for performance validation and pa-
rameter design because it is very convenient to tune controller
parameters on the computer. On the other hand, it is also con-
venient to modify the structure or component value of the MEA
microgrid model. The only effort is to resynthesize the model
and download it to the FPGA board.

In order to assess the accuracy and validity of the
above test set-up, the same study case is also developed in
PSCAD/EMTDC and the results are used for comparison.

A. Normal Operation Test Scenarios

Two test scenarios under normal working operation are pre-
sented in this subsection.

1) Abrupt Load Change of WIPS: Wind ice protection sys-
tem (WIPS) load is one of the major loads in the 230 V ac bus.
The WIPS is not always working under full load and when there
is an abrupt load change, it will have significant influence on ac
and dc bus. Fig. 7 presents the transient waveforms when the
ac bus1 load changes from 33.12 to 63.96 kW at t = 0.1 s and
changes back at t = 0.12 s because of WIPS load fluctuation.

Fig. 7. Transient waveforms under WIPS abrupt load change. (a) Gen-
erator line currents iSG from EZM, y-axis: 28 A/div, x-axis: 6 ms/div.
(b) Generator line-line voltages uSG from EZM, y-axis: 200 V/div, x-axis:
6 ms/div. (c) and (d) Magnified waveforms of (b), y-axis: 200 V/div, x-
axis: 150 μs/div. (e) DC bus voltage uDC from EZM. y-axis: 10 V/div,
i-offset: 550 V, x-axis: 6 ms/div. (f)–(j) Counterparts of (a)–(e) from
PSCAD/EMTDC with the same axis scale.

Both the ac and dc bus have sensed the load change and voltage
transients are induced.

2) PMSM Speed Regulation Transients: Permanent mag-
net synchronous machine (PMSM) is utilized mainly for envi-
ronment control, which helps to keep the temperature and air
pressure in the aircraft cabin within reasonable range. For a bet-
ter control precision and fuel saving purpose, closed-loop speed
regulation of PMSM is necessary. Fig. 8 presents the wave-
forms when the speed command ωref of PMSM jumps from 1.0
to 0.6 p.u. at t = 5.0 s and increases back to 1.0 p.u. at t =
6.5 s (the load torque applied to PMSM is 0.5 p.u.). It can be
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Fig. 8. Transient waveforms of PMSM speed regulation. (a) Speed
command ωref and motor speed ω from EZM, y-axis: 0.08 p.u./div, y-
offset: 0.84 p.u., x-axis: 400 ms/div. (b) Motor torque Te from EZM, y-axis:
0.4 p.u./div, y-offset: 0.5 p.u., x-axis: 400 ms/div. (c) Motor currents iM
from EZM, y-axis: 80 A/div, x-axis: 400 ms/div. (d) DC bus voltage uDC
from EZM. y-axis: 10 V/div, y-offset: 550 V, x-axis: 400 ms/div. (e)–(h)
Counterparts of (a)–(d) from PSCAD/EMTDC with the same axis scale.

noticed that the speed, torque as well as motor currents have
experienced obvious transients and stabilized in about 1.5 s.
The dc bus voltage is also affected by the motor transients but
within the reasonable range. Because of the power electronic dc–
ac converter, the dc bus voltage have abundant high-frequency
components. The results from EZM and PSCAD/EMTDC have
very high consistency.

B. Fault Operation Test Scenarios

The safety of aircraft can not be overemphasized in the avia-
tion industry. This requires the MEA microgrid to have very high
reliability. It should have the ability to get through or recover
from fault condition. Two test scenarios under fault conditions
are presented in this subsection.

1) Line-Line Fault of ac Bus: AC bus is crucial to the air-
craft power system as it is the link that connects the power
sources and loads. Fig. 9 presents the transient waveforms of ac
bus voltages and currents as well as dc bus voltage when there is
a phase A–B line–line fault at t = 0.2 s and cleared at t = 0.22 s.
The ac system comes to asymmetry operating condition and the
dc bus voltage drops during fault. When the fault is cleared, the
ac system comes back to normal mode and dc bus voltage also
recovers. This demonstrates that the MEA power system has the
ability to get through fault.

2) Loss of SG: The four load zones work independently
under normal condition because of variable frequency of in-
dividual ac bus (320–800 Hz). However, when one generator
encounters a failure and is disconnected from the ac bus, the
power management center should transfer the corresponding
load to another ac bus. Fig. 10 presents the transient waveforms

Fig. 9. Transient waveforms of ac bus line-line fault. (a) AC bus line-
line voltages uAC from EZM, y-axis: 150 V/div, x-axis: 8 ms/div. (b) AC
bus line currents iAC from EZM, y-axis: 1000 A/div, x-axis: 8 ms/div.
(c) DC bus voltage uDC from EZM. y-axis: 30 V/div, y-offset: 450 V, x-
axis: 8 ms/div. (d)–(f) Counterparts of (a)–(c) from PSCAD/EMTDC with
the same axis scale.

Fig. 10. Transient waveforms of SG loss fault. (a) AC bus 3 line–line
voltages uAC3 from EZM, y-axis: 150 V/div, x-axis: 6 ms/div. (b) DC
bus 3 voltage uDC3 from EZM, y-axis: 75 V/div, y-offset: 375 V, x-axis:
6 ms/div. (c) DC bus 4 voltage uDC4 from EZM, y-axis: 10 V/div, y-offset:
550 V, x-axis: 6 ms/div. (d) DC 28 V bus voltage uDC28V from EZM,
y-axis: 1 V/div, y-offset: 25 V, x-axis: 6 ms/div. (e) and (f) Counterparts
of (a)–(d) from PSCAD/EMTDC with the same axis scale.

when SG3 is disconnected from ac bus 3 at t = 0.25 s and
the power management center transfers load zone 3 to ac bus
4 at t = 0.28 s. As can be seen that dc bus 3 voltage drops to
zero during failure but backs to normal value after ac voltages
recover. In the meantime, dc bus 4 voltage is also affected by
the load transfer but stabilized shortly. As comparison, the dc
28 V bus is essential to the avionics and is equipped with en-
ergy storage compensation dc–dc converter. When faced with
the same ac power source loss condition, the dc 28 V bus voltage
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does not drop to zero and recovers very quickly because of the
compensating energy from battery.

The above simulation waveforms can be used to check the
validity of MEA microgrid. This real-time simulation model is
suitable for HIL testing to make sure all the transients meet some
specific industrial or military standards like MIL-STD-704F.
More detailed waveforms including device-level switching tran-
sients are also available but omitted due to page limitation.

V. CONCLUSION

This paper presented an efficient method which is very suit-
able for large-scale circuit simulation. The proposed method
was based on a circuit lemma, which indicated the relationship
of branch voltages and currents. By utilization of this lemma,
the circuit topology and components’ characteristics are decou-
pled and the computational complexity reduces to nearly linear.
The proposed method was verified by a study case that comes
from the MEA microgrid and HIL testing of normal and fault
operation scenarios were realized on FPGA board. Output wave-
forms from EZM were compared with PSCAD/EMTDC results
and showed very high consistency. The good performance on
computational accuracy and efficiency demonstrated that EZM
could be a good alternative for modeling large and complex sys-
tems. The implementation of EZM on MEA microgrid provided
great facility for system design and performance validation.
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