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Abstract—The modern power system is evolving with increas-
ing penetration of power electronics introducing complicated
electromagnetic phenomenon. Electromagnetic transient (EMT)
simulation is essential to understand power system behavior
under disturbance which however is one of the most sophisticated
and time-consuming applications in power system. To improve
the electromagnetic transient simulation efficiency while keeping
the simulation accuracy, this paper proposes to model and
simulate power system electromagnetic transients by very large-
scale integrated circuit (VLSI) as a preliminary exploration to
eventually represent power system by VLSI circuit chip avoiding
numerical calculation. To proof the concept, a simple 5 bus system
is modeled and simulated to verify the feasibility of the proposed
approach.

Index Terms—Electromagnetic transients, Very Large-scale
Integrated Circuit, Terminal Circuit

I. INTRODUCTION

Electromagnetic Transient (EMT) analysis plays important
roles in modern power systems [1, 2]. EMT studies consider
three-phase voltage and current during simulations and the
time-step is in microseconds or even less to simulate power
electronics switching. With the development of modern power
grids, power electronics are highly penetrated in both gen-
eration system and transmission system [3]. EMT simulators
model power system with details introducing long simulation
time.

Many attempts have been made to improve the computation
efficiency [4–13]. But it’s challenging in the fact of that
the conventional numerical method is adopted to solve the
differential algebraic equations representing power system
electromagnetic transient by time domain simulation which
consumes unaffordable time for large-scale systems. Physi-
cally, power system is a very large-scale circuit consisting
resistors, inductors, reactors, and other circuit elements. Using
integrated circuit chip to mimic power system with high
fidelity in real time could leverage the advanced technology of
integrated circuit industry in terms of modelling, simulation,
and manufacturing. In work [14], a very large-scale integration
(VLSI) architecture for exciters, governors, and power system
stabilizers is presented and a fixed time-step approach is used
for power system electromechanical transient simulation pur-
pose. Circuit simulation results demonstrate that power system
modeled by VLSI circuits can be simulated faster than real
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time without losing accuracy. It’s worth noting that the power
grid can be essentially simplified as a linear network composed
by resistors, inductors and capacitors when investigating the
node voltages with the node current injections. The authors of
[15] take the advantage of the linearity and propose a method
to simplify power flow calculation by utilizing terminal circuit
model and PMU measurements. This approach is further
extended in work [16], which proposed a new method to
model power systems as an integrated circuit and simulate
the system dynamics by integrated circuit simulator. In this
paper, the terminal circuit method is further investigated and
applied to transient simulation. The research goal of this
paper is to extend the terminal circuit based steady-state
and dynamic cases with appropriate power system equipment
electromagnetic models, to study electromagnetic transients
under normal or abnormal (i.e., faulty) system conditions.

In this paper, an approach to model power system com-
ponents is introduced which is capable of simulating electro-
magnetic transients using terminal circuit. The construction
of a 5 bus test case is provided to verify the proposed
approach. Adaptive time-stepping method is used to improve
computation efficiency of EMT simulation. Balanced three-
phase fault is applied to the system for further analysis and
the simulation results are compared with commercial software
to verify that the test case built with terminal circuit is able to
simulate electromagnetic transients accurately and efficiently.

The remainder of the paper is organized as follows: In
Section II, terminal circuits are introduced for power system
electromagnetic modeling. Section III provides details of mod-
eling a 5-bus system, and Section IV presents the conclusions.

II. ELECTROMAGNETIC MODELLING

Typically, power system is consisted of generators, trans-
mission lines, transformers, and series RLC component, non-
ideal voltage source in special cases. They can be further
represented by basic circuit elements of resistors, reactors, ca-
pacitors, voltage source, current source, and their combination
in very large-scale integrated circuit. In this section, power
system component electromagnetic models are constructed by
using terminal circuit in VLSI circuit simulator.

A. Park’s Transformation

In EMT studies, generator is modelled by an equivalent
current source on the fictitious direct (d) and quadrature (q)
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axes [17] and interfacing with the three-phase network model
by Park’s transformation. The Park’s transformation and its
reverse transformation are given by (1) (2), and (3). And the
transform block of Park’s Transformation is shown in Fig. 1.

Fig. 1. Park’s Transformation
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Vri = K × Vabc (2)
Iabc = K−1 × Idq11.1 (3)

B. Power System Components Modeling

In power system, the π-type transmission line is a typical
three phase RLC circuit. The single phase transmission line
representation is shown in Fig. 2.

Fig. 2. Transmission Line RLC Model

For Transformer, Fig. 3 (a) shows the equivalent circuit for
a single-phase two-winding transformer and the turns ratio of
winding 1 (Tk1) and winding 2 (Tk2) is given by (4).

Fig. 3. Two-winding Transformer

Tk1(Tk2) =
VRated
VBase

(4)

where VRated is the rated line voltage of winding 1 (2) and
VBase is the voltage base of winding 1 (2). In this work, the
authors utilize two sets of voltage controlled voltage source
to implement the turns ratio function and two sets of current
controlled current source to enforce the current through the
mutual impedance, as shown in Fig. 3 (b). Similarly, the
equivalent circuit for a single-phase three-winding transformer
is depicted in Fig. 4 (a) and three sets of voltage (current)
controlled voltage (current) source are used in this work to
implement the voltage and current relationship, as in Fig. 4 (b).
In addition, a three-phase delta-wye transformer connection is
constructed using three sets of single-phase transformers as
shown in Fig. 5. In this three-phase formulation, the left-hand-
side terminals of the transformer show a delta connection with
a positive sequence of a-b-c phase while the right-hand-side
terminals have a wye connection with all return terminals v2ao,
v2bo, and v2co attached to the ground.

Fig. 4. Three-Winding Transformer

Fig. 5. Delta-wye Transformer Connection Diagram

In typical power system electromagnetic simulation, three-
phase series RLC and the non-ideal voltage source are com-
monly used, their models are shown in Fig.6 (a) and (b).

Fig. 6. (a) Series RLC (b) Non-Ideal Voltage Source



In electromagnetic transient simulation, 6th order generator
model is applied. The associated governor model and exciter
model are illustrated as follow. The example transfer function
diagrams of a governor and an exciter are shown in Fig. 7 and
Fig. 8, respectively.

Fig. 7. IEEEG3 Governor

Fig. 8. DC1A type exciter

The transfer function diagrams are modeled by integrating
basic control blocks, such as low pass filter, high pass filter,
gain block, adder, integrator etc. Those basic control blocks
are modeled by circuit using integrated circuit simulator as
shown in Fig. 9.

Fig. 9. Basic Control Block Circuit Model

While dependent voltage and current source, as shown in
Fig. 9 (c) and Fig. 9 (d), are also known as B-source devices
and commonly used as analog behavioral modeling (ABM)
in integrated circuit [18]. They are adopted to accommodate
complicated nonlinear relations between the input and output
signal such as in the integrator model shown in Fig. 9 (g).
The integrator circuit is a nonlinear dependent current source
in parallel with an ideal capacitor.

dV0
dt

=
1

C
f(Vi) (5)

where, the nonlinear dependent current source provides a time
dependent current f(Vi) that simulates the time derivative of a
state variable labeled as Vo. The capacitance of the capacitor is
set as τ to make the state variable Vo representing the desired
integration.

The lead-lag filter in the IEEEG3 governor and the DC1A
type exciter can be modeled by adding the signals of a low
pass filter and a high pass filter. And the complicated saturation
function SE(EFD) can be modeled by a nonlinear dependent
voltage source.

III. CASE STUDY

To verify the effectiveness of the proposed method, a simple
5-bus system is modeled by SPICE-level analog circuit and
simulated by using an integrated circuit simulator, Xyce [18].

As shown in Fig. 10, the 5-bus system contains 1 syn-
chronous generator, 1 non-ideal voltage source, 1 series RLC,
3 π-type transmission lines and 1 circuit breaker. The funda-
mental frequency of the system is 50-Hz.

Fig. 10. 5 bus case

Fig. 11. Adaptive time-step size according to different activities: small time-
step during the initialization & fault period

To illustrate the electromagnetic transient behavior of the
studied system, a balanced three-phase fault is applied at bus
4 at 10.0s and is cleared at 10.06s. In the transient simulation,
adaptive time step is applied with a small initial time-step
value as 20us and the maximal time-step as 2ms to achieve



Fig. 12. Simulation results from the 5 bus case. The fault is applied at 10.00 s and cleared 10.06 s.

better simulation efficiency. When the simulation starts, the
step size is adapted to increase till the fault happened as shown
in Fig.11 (a) and (b). Upon the time of the fault start and clear,
the step sizes are reduced to keep acceptable truncation errors
during the large transient as shown in Fig.11 (c). After the
transient is settled down within seconds after a fault is cleared,
as shown in Fig.11 (d), the step size increases to the maximal
time-step to achieve high computation efficiency. The adaptive
time-step balances the computation accuracy and efficiency.
By using the adaptive time-step simulation, it takes 2.66s to
simulate 20 seconds transients. In contrast, by using fixed
time-step at 1ms, it takes 3.98s to complete the 20 seconds
transient simulation.

To verify the computation accuracy, the simulation results
provided in Fig. 12 are compared with the results simulated by
a commercial electromagnetic simulation software Advanced
Digital Power System Simulator (ADPSS) [19] developed by
China Electric Power Research Institute (CEPRI) as shown in
Fig. 13.

As shown in Fig. 12, after the fault is applied at 10.0s, the
three phase voltages decrease while the short-circuit current
at the faulted bus is increased. Upon the time of the fault
removal after three cycles, the voltage spikes caused by phase
jump at the clearing time are observed. The fast transients are
eliminated within 1 cycle and then rapidly settled down to an
equilibrium point. Note that the post-fault three-phase voltage

Fig. 13. Positive sequence voltages of 5 buses collected from the developed case using the Xyce circuit simulator and ADPSS



amplitudes are approaching to their pre-fault values.
In Fig. 13, the positive sequence voltages at each bus

simulated by the proposed method are compared with those
collected from ADPSS which demonstrates that the simulation
results by the two simulators are consistent.

IV. CONCLUSION

In this paper, a new approach is proposed to model power
system electromagnetic transients by integrated circuit using
SPICE-level analog circuit language. Preliminary studies are
carried out to give insights on modeling power system compo-
nents using terminal circuits. A Park’s transformation circuit
model is developed as an interface between the three-phase
network reference frame and the single-phase dq reference
frame. A 5-bus case is used as an example to model power
system electromagnetic transients by the proposed method. A
balanced three-phase fault is applied for the case study. To
improve the computation efficiency, adaptive time-step method
is used in the simulation. The accuracy of the simulation
results are validated by comparing with commercial software.

This paper proved the concept of using integrated circuit to
model power system for the purpose of transient simulation.
As enabling technology, the approach and the simulation
results verified the possibility and feasibility of using a large-
scale integrated circuit chip to model power system and
eventually replace the time consuming traditional numerical
methods for transient simulation. As demonstrated in the initial
practice, the method has a great potential to improve the large-
scale power system transient study accuracy and efficiency.
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