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Comparison and Selection of Grid-Tied Inverter
Models for Accurate and Efficient EMT Simulations
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Abstract—This article compares five modeling methods of grid-
tied inverters for the electromagnetic transient simulation of power
system, clarifies their differences, and discusses the suitable model
for each simulation purpose. The comparison was made under the
same conditions between the conventional switching model, and
four simplified models—voltage interpolation, average-value, con-
trolled current-injection, and simplified current-injection model.
The comparison of the simulated waveforms clarifies the behaviors
that can be simulated and cannot be simulated by each simplified
model. The comparison of the computing time reveals the signifi-
cant decrease of the computing time by selecting the proper sim-
plified modeling method. Based on these comparisons, this article
discusses the selection of the modeling methods for each simulation
purpose to perform simulations accurately and efficiently.

Index Terms—Average-value model, current-injection model,
electromagnetic transient (EMT) simulation, grid-tied inverter,
voltage interpolation (VI) model.

I. INTRODUCTION

W ITH the penetration of renewable energy sources,
inverter-based power sources are becoming dominant in

power system. To simulate the transient behavior of such power
system, the modeling of the grid-tied inverters is important.
The phasor domain simulation is a major tool for power system
analysis, where all components are modeled in the phasor do-
main and the symmetrical coordinates. It is suitable to deal with
the behavior of a large scale power system with synchronous
generators. On the other hand, general grid-tied inverters have a
control system based on the instantaneous values of the detected
three-phase voltage and current waveforms. Modeling of the
inverter in the symmetrical coordinates is not straightforward
because characteristics of the inverter cannot be decoupled
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between positive, negative, and zero sequence components. In
addition, it is not easy to adequately model the behavior of the
inverter including harmonics in the phasor domain simulation.
Therefore, the circuit simulation by three-phase instantaneous
waveforms such as EMTP or EMTDC is often applied to ac-
curately model and analyze the behavior of the inverters. The
circuit simulation is also referred to as an electromagnetic tran-
sient (EMT) simulation to distinguish it from the phasor domain
simulations. Because the EMT simulation deals with three-phase
instantaneous values, the control system of the inverter can be
modeled in the same way as the actual implementation. The EMT
simulation has been applied to various power system analyses as
follows [1]. Harmonic analyses of the system with inverters [2],
[3]. Stability analysis related to the inverter control [4]–[7].
Fault analyses influenced by the inverter’s transient behavior, the
protection method, and fault-ride-through (FRT) operation [8]–
[11]. Transient stability and voltage analyses of the system with
inverters implementing frequency and voltage support by active
and reactive power control, or grid-forming control [12]–[17].
The EMT simulation is used not only for offline simulations but
also for real-time simulations [18].

Switching (SW) model is the most straightforward modeling
method of the inverter for EMT simulations. It simulates the
switching operation of power devices. Because the SW model
emulates the detailed circuit operation, it can represent the
dynamic behavior in most of the applications. However, the
SW model requires to set the simulation time step to be small
enough to represent the switching transients. The major problem
is its large computing time, especially when it is applied to the
analysis of a large-scale power system.

Advanced simulation methods have been proposed to reduce
the computing burden. Dynamic phasor [19] enables to use a
larger simulation time step, whereas it can deal with dynamic
behavior of the inverter. The EMT simulations are combined
with the dynamic phasor or the phasor domain simulation [20]–
[23] to incorporate the advantages of the both methods. Field
programmable gate array (FPGA) [24] or graphics processing
units (GPU) [25], [26] is applied to accelerate the computation
of the EMT simulations. Multirate simulation [27] divides the
target system to multiple subsystems and calculates them with
different simulation time steps. Although these algorithms are
promising methods, they have to be supported by the solver
of the simulation programs. Thus, most of the users cannot
use them or have to wait for a while to be implemented
in their familiar or commercially available EMT simulation
programs.
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This article focuses on the modeling methods for existing
EMT simulation programs equipped with a conventional algo-
rithm based on the nodal analysis and fixed time-step simulation.
In the analysis of the grid-tied inverter, the simulated system is
often a large-scale network including multiple inverters. Even
if the network becomes large and complex, the nodal analysis
can simply formulate the network according to a prescribed
procedure, while the computational effort to generate state-space
equations becomes excessive in the state-space analysis [28]. In
addition, the variable time-step method [29]–[31] cannot effec-
tively reduce the computing burden in the analysis involving
many inverters. Even with the existing EMT simulation method
based on the nodal analysis and fixed time-step simulation, the
computing burden can be reduced by improving the modeling
methods of the inverters. A typical method used in the power sys-
tem analysis is an average-value (AV) modeling [32]–[36]. The
modeling method enables to simulate the system with a larger
simulation time step by neglecting the switching operation of
the inverter. The AV model is based on the state space averaging
method [37], [38] used for the analysis of power electronics
equipment. The method has been improved to a highly versatile
model being applicable during both the switching operation and
the gate-blocked state [39].

It is also a common practice in power system analyses that
the inverter is modeled by a simple current source to reduce
the computing time [40]. Although the simplified current in-
jection (SCI) model has limitations in simulating accuracy,
the recently proposed controlled current-injection model (CCI
model) has improved the accuracy while keeping almost the
same computing burden as the SCI model [41]. The voltage
interpolation model (VI model) can accurately represent the
harmonics caused by the inverters with lower computing burden
than the SW model [42]–[45], whereas the AV and CCI models
cannot represent them.

Because there are various modeling methods with different
characteristics, users have to select the appropriate model ac-
cording to the applications by understanding its characteristics.
However, it is not straightforward to understand the difference
between them and select the appropriate modeling method. This
is because the conventional studies verify the simplified (VI,
AV, CCI, and SCI) models one-to-one with the most detailed SW
model. In other words, there was no paper that directly compares
these simplified models with each other. The difference between
the SW and AV models was discussed in [32] and [46]; however,
the recent studies such as the CCI and VI models have not been
reflected yet. There is a similar study on modular multilevel
converters (MMCs) [47], but not on grid-tied three-phase bridge
inverters.

This article aims to clarify the differences between the grid-
tied inverter models for the EMT simulation. This article focuses
on the five grid-tied inverter models, including the up-to-date
CCI and VI models. All the models were built and simulated
under the same conditions to clarify the difference. Based on
this evidence, this article shows how to select the appropriate
model for each application. Sections II and III introduce mod-
eling methods and compares the range of components included
in each model. Then, the Section IV confirms the behaviors

Fig. 1. Circuit configuration of the grid-tied inverter.

TABLE I
COMPARISON OF THE INVERTER MODELS

(�: included, no mark: excluded)

which each model can or cannot represent by comparing the
simulated waveforms under various conditions. The computing
time is compared in the Section V. Based on the results, the
Section VI discusses the suitable model for each application.
Finally, Section VII concludes this article.

II. CONFIGURATION AND CONTROL OF THE

GRID-TIED INVERTER

Fig. 1 shows the circuit configuration of the grid-tied inverter
to be simulated. This article deals with a general three-phase
bridge inverter. The ac terminal is connected to the ac inductor
modeled by the inductance Lf and the equivalent series resis-
tance Rfl. The switching ripple filter consists of the capacitor Cf

and the series resistor Rfc.
Fig. 2 shows the control block diagram of the grid-tied in-

verter [48]. It is divided into three parts: (i) power controls;
(ii) current control; (iii) modulation. The power controls part
in (i) consists of the dc voltage controller, the reactive power
controller, and phase locked loop (PLL). This part generates
the ac current references i∗d, i∗q . The current control part in (ii)
generates the ac voltage references v∗a, v∗b , v∗c according to the ac
current references. The modulation part in (iii) generates the gate
signals of the inverter by the pulsewidth modulation (PWM).

III. MODELING METHODS OF THE INVERTER

Table I summarizes the five models compared in this article.
Each model contains different control parts and circuit compo-
nents. The SW and VI models include all the control parts. The
AV model excludes the modulation, and the CCI model further
excludes the current control. The SCI model excludes all parts of
the controller. The power stage of the inverter consists of voltage
sources for the VI and AV models, and current sources for the
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Fig. 2. Control block diagram of the grid-tied inverter.

Fig. 3. AC voltage and current waveforms obtained by the SW model, VI model, and AV model.

CCI and SCI models. The following sections explain the details
of these models.

A. Switching Model (SW Model)

The SW model consists of the inverter circuit shown in Fig. 1
and the controller in Fig. 2. Each power device simulates the
turn-ON and turn-OFF operations. There are several different
methods to represent the power device in EMT simulations:
ideal switch, ideal switch with passive components, and vari-
able resistor having an ON resistance and an OFF resistance.
Regardless of these modeling methods of the power device, this
article treats them as the SW model. The SW model mimics all
circuit components and control systems as they are in the actual
converter. Therefore, it is the most detailed and complex among
the five models, and it can simulate wide range of characteristics
of the inverter.

Fig. 3 shows the ac voltage and current waveforms of the
inverter obtained by each model. The solid line illustrates the
theoretical waveform considering the actual switching opera-
tion, and the plots show the simulated result by each model.
Fig. 3(a) depicts the result by the SW model. It simulates
two-level PWM voltage and switching ripple current in the ac
terminal. The simulation time step determines the resolution of
the switching time in the SW model. If the SW model is used with
a large simulation time step, the resolution of the switching time
degrades, resulting in the increase of the error of the ac current.

Therefore, the SW model needs to be used with the simulation
time step that is sufficiently smaller than the switching period.
This increases the computing burden.

B. Voltage Interpolation Model (VI Model)

The voltage interpolation model (VI model) was proposed
for accurately simulating the harmonics caused by the inverter
switching while using a larger simulation time step than the
SW model. The method was originally proposed as the time
average method [42], or subcycle average method [43], [44] for
real-time simulations. Then, it was generalized for the offline
EMT simulations [45]. Configuration of the control system is
the same as the SW model. The difference exists in the modeling
of the inverter circuit.

The VI model in Fig. 3(b) simulates two-level PWM voltage,
but it inserts the interpolated voltage at the calculation step
just before or after the switching transition tfall and trise. The
interpolated voltage is obtained by calculation as follows [45].
Fig. 4 shows the triangular carrier PWM with synchronous sam-
pling, which is commonly used in digital control. The voltage
reference v∗ is updated in synchronization with the triangular
carrier vcarrier. The slope of the carrier h is determined by the
amplitude and frequency of the carrier. The accurate switching
times tfall and trise are obtained at tn−1 and tn, respectively, by
algebraic calculation regardless of the simulation time step Ts.
The areas ST and SVI in Fig. 3(b) correspond to the integral
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Fig. 4. Triangular carrier PWM with synchronous sampling. v∗ is a sampled
voltage reference and vcarrier is a triangular carrier signal.

Fig. 5. Configuration of the VI model.

of the ac voltage by the theoretical value (tfall and trise) and by
the VI model, respectively. The interpolated voltage s̄ is given
to make SVI to be equal to ST in each calculation step. In the
trapezoidal method of integration, such s̄ is available by the
following:

s̄ =
1

2
+

v∗ − vcarrier
hTs

. (1)

The method can eliminate the error due to the resolution of the
switching time, which is the main reason to limit the simulation
time step in the SW model. As a result, the VI model accurately
simulates the ac current even with a larger simulation time step.

Fig. 5 shows the configuration of the VI model [43]. It consists
of a controlled current source idc, six controlled voltage sources,
and six ideal diodes. The idc operates to make the input power
on the dc side be equal to the output power on the ac side. The
voltage and currents are operated according to the switching
functions s̄ap, s̄bp, s̄cp, s̄an, s̄bn, s̄cn as follows:

vsap = s̄anvdc, vsbp = s̄bnvdc, vscp = s̄cnvdc

vsan = s̄apvdc, vsbn = s̄bpvdc, vscn = s̄cpvdc

idc = s̄anisap + s̄bnisbp + s̄cniscp

+ s̄apisan + s̄bpibn + s̄cpiscn. (2)

Fig. 6 shows the operation and current path in the VI model.
Each leg normally outputs the two-level voltage in the ac termi-
nal by keeping one of the two control voltage sources vap and van
to 0 and the other to vdc. Fig. 6(a) shows the case when the upper
arm is the OFF-state and the lower arm is the ON-state (s̄ap = 0,
s̄an = 1). In the actual circuit, the ac terminal current isa flows
to the terminal DC- refers to the terminal in Fig. 6(a). The VI
model changes the current path according to the polarity of isa.
When isa > 0, isa flows through the diode of the lower arm.
When isa < 0, isa flows through the diode of the upper arm, the
voltage source vsap, and the current source idc. Fig. 6(b) shows

Fig. 6. Current path of the VI model. The left side shows the actual inverter
leg, and the right side shows the VI model.

Fig. 7. Configuration of the AV model.

the case when the upper arm is ON-state and the lower arm is
OFF-state (s̄ap = 1, s̄an = 0). It is a symmetric operation as in
Fig. 6(a). At the calculation step before and after the switching
events, s̄ is given between 0 and 1 to insert the interpolated
voltage. The current path is the same as in Fig. 6(a) or (b);
however, the voltage and current sources output intermediate
values according to (2). Fig. 6(c) shows the case where both the
upper and lower arms are in the OFF-state (s̄ap = 0, s̄an = 0).
Because the current path changes according to the polarity of
isa, the model can simulate the operation during the blocking
state and dead time.

C. Average-Value Model (AV Model)

Average-value model (AV model) [32]–[36] has been used
for simulating the dynamic characteristics of an inverter with a
large simulation time step. The model does not deal with the
switching or PWM operation, and the voltage reference given
by the controller is directly output in the ac terminal.

Fig. 3(c) illustrates the simulated waveform by the AV
model. The AV model directly outputs the voltage reference by
controlled voltage source without PWM. This is equivalent to
the averaged value of the inverter’s modulated voltage waveform
over one carrier cycle. The ac current does not contain switching
ripple.
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Fig. 8. Configuration of the SCI model.

Fig. 7 shows the configuration of the AV model equipped with
the diode rectifier [39]. It consists of controlled voltage sources
vsa, vsb, vsc, a controlled current source idc, a diode rectifier,
and switches SSW. According to the voltage references v∗a, v∗b,
v∗c , the duty ratios da, db, dc are given in the range of 0 to 1.
Then, the circuit components are operated as follows:

vsa = davdc

vsb = dbvdc

vsc = dcvdc

idc = daisa + dbisb + dcisc

SSW =

{
close : Switching state
open : Blocking state

(3)

where isa, isb, and isc are the currents flowing the controlled
voltage sources vsa, vsb, and vsc. The controlled current source
idc operates to make the input power of the dc side be equal to the
output power on the ac side. SSW is closed during the switching
operation. Then, vsa, vsb, and vsc are applied to the ac side of
the diode bridge, whereas vdc is applied to the dc side. Because
da, db, and dc are given in the range from 0 to 1, vsa, vsb, and
vsc take the range from 0 to vdc. Therefore, all of the diodes are
reverse biased and kept OFF. The blocking state is simulated by
the diode rectifier after opening SSW.

D. Simplified Current-Injection Model (SCI Model)

It is a common practice to model the inverter by a simple
current source in the power system analysis. Although the sim-
plified current-injection model (SCI model) has limitations in
the simulation accuracy, it is included to the comparison.

Fig. 8 shows the configuration of the SCI model. The con-
trolled current sources isa and isc inject sinusoidal ac currents.
The current amplitude is calculated by dividing the output power
reference by the rated ac voltage. Active power reference forms
a current in phase with the grid voltage, whereas reactive power
reference forms a current being orthogonal to the grid voltage.
The phase angle of the grid voltage is calculated in advance by
the power flow analysis and given to the model as a fixed value.
This model includes no control components of the inverter. The
SCI model does not have any dc terminal and dc circuit.

E. Controlled Current-Injection Model (CCI Model)

The controlled current-injection model (CCI model) [41] con-
sists of current sources and power controls to generate the current
references for them. It can improve the accuracy while keeping

Fig. 9. Configuration of the CCI model.

almost the same computing burden as the SCI model. Comparing
to the AV model, the CCI model eliminates the current controller
and the switching ripple filter. The CCI model can operate with a
larger simulation time step than the AV model because the model
does not have the controls and circuit elements which respond
with short time constants.

Fig. 9 shows the configuration of the CCI model. The CCI
model consists of controlled current sources isa, isc, idc, and a
diode rectifier. They are operated as follows:

isa = SSW · i∗a
isc = SSW · i∗c
idc = (vabisa + vcbisc)/vdc

SSW =

{
1 : Switching state
0 : Blocking state.

(4)

The current sources isa, isc are controlled according to the
ac current references i∗a, i∗c, which are generated by dq-abc
transformation of the references i∗d, i∗q. Because the sum of the
three-phase currents is zero, the two current sources isa and
isc determines the remaining current isb. The controlled current
source idc operates to make the input power of the dc side be
equal to the output power on the ac side. The dc voltage of the
inverter is maintained to be higher than the peak value of the
ac grid voltage during the grid-tied operation. Thus, no current
flows through the diode bridge. This means that the power of
the ac side and that of the dc side are exchanged only by the
controlled current sources. Even if there is a reverse power
flow from the ac side to the dc side (e.g., PWM converter for
battery storage), the power does not flow the diode bridge but
it is transferred by way of the current sources. On the other
hand, when the inverter is blocked, the current sources supply
no current. Then, only the diode bridge remains in the circuit,
which is the same circuit as the actual inverter in the blocking
state.

IV. COMPARISON OF DYNAMIC BEHAVIOR

This section compares the dynamic behavior of the inverter
models. The comparison was conducted using the photovoltaic
(PV) generation system shown in Fig. 10. Table II summa-
rizes the circuit parameters. The PV array is connected to the
medium-voltage distribution line by a grid-tied inverter and a
grid-tied transformer. The distribution line is modeled by an
inductance Lline and a resistance Rline which are equivalent to
the overhead line, and a capacitance Cline which is equivalent
to the line-to-ground capacitance of a branched cable. The
simulation results were obtained by changing only the model
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Fig. 10. System configuration of the PV generation system.

TABLE II
CIRCUIT PARAMETERS OF THE PV GENERATION SYSTEM

Percentage values are on a rated voltage and capacity base

of the grid-tied inverter except the SCI model. Because the
SCI model does not have a dc terminal and PV array, it was
operated according to the power reference. The simulation time
step was set to 2 µs for the SW model, 10 µs for the VI model,
100 µs for the AV model, 600 µs for the CCI model, and the
SCI model. The modeling and simulation were carried out by
the XTAP, which is an EMT simulation program developed by
CRIEPI. XTAP is based on the nodal type analysis and fixed
time-step simulation like EMTP and EMTDC [49]. It applies the
sparse tableau method [50] for the formulation of the simulated
circuits, and the two-stage diagonally implicit Runge–Kutta
(2S-DIRK) method [51] for the numerical integration algorithm.
The accuracy and the numerical stability of 2S-DIRK are almost
the same as those of the trapezoidal method, while it can suppress
sustained numerical oscillations unlike the trapezoidal method.

A. Output Power Change

Fig. 11 shows the case when the generated output power was
increased from 0 to 1 p.u. Each plot shows the line-to-line rms
voltage Vab, the rms current Ia, the active power P , and the
reactive power Q. The waveforms of Vab, Ia, P , Q agreed well
among the SW, VI, AV, and CCI models. However, the SCI
model caused some amount of error in Vab and Q. When P

Fig. 11. Waveforms during output power increase. The voltage Vab and
current Ia are shown in the rms values.

increases, the phase angle of the voltage at the inverter advances
to the phase of the infinite bus. Because the SW, VI, AV, and CCI
models are equipped with a PLL, their ac currents are controlled
to follow the change of the voltage phase and keep Q to be
constant. On the other hand, the SCI model does not have a
PLL. Thus, it holds the phase angle of the ac current even if the
voltage phase changes. This makes the phase difference between
the voltage and current. Then, it causes the reactive powerQ and
increases the voltage Vab.

B. Stability of Current Control

Fig. 12 shows the inverter current ia when the proportional
gain of the current controller was changed. For the SW, VI, and
AV models, the gain was increased to 2, 3, and 5 p.u. from the
initial value of 1 p.u. to confirm the stability limit of the current
control. The CCI and SCI models used the same parameters
as the initial setting because they do not include the current
controller in the model.

When the gain was 5 p.u., the SW, VI, and AV models
simulated the instability of the current control with a highly
distorted current waveform. When the gain was 2 p.u., contin-
uous vibration was observed in the SW and VI models. The
same vibration was observed in the AV model when the gain
was 3 p.u. Although the AV model simulated the instability of
the current control, there was a slight difference in the stability
limit. The difference results from the exclusion of the modulation
in the AV model. The CCI and SCI models were not able to
simulate the unstable operation because they do not include the
current controller. The CCI and SCI models are designed by
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Fig. 12. Waveforms under different current control gains. (a) Gain 2 p.u. (b)
Gain 3 p.u. (c) Gain 5 p.u.

assuming the ideal current control. Thus, they cannot be used
for the stability assessment of the current control.

C. Resonance in High-Order Harmonics

Fig. 13 shows the case when a capacitance Cline is connected
to the line. Cline corresponds to the line-to-ground capacitance
of a branched cable. The Cline and the system impedance form
a harmonic resonance point at 4.5 kHz, which is the carrier
frequency of the inverter.

Fig. 13(a) indicates the simulated capacitor voltage vc and
capacitor current ic. Fig. 13(b) is the enlarged waveform. The
SW and VI models were able to represent the resonance of
switching frequency in vc and ic. However, the AV, CCI, and
SCI models did not simulate the high-order harmonic resonance
because they can not deal with the switching operation of the
inverter.

D. Low-Order Harmonics Caused by the Inverter

This section examines the low-order harmonics caused by the
inverter, especially resulting from the dead time of the inverter.
The harmonics caused by the system side is discussed separately
in the next section.

The SW and VI models can deal with a dead time in their
switching leg. The dead time Td was set to 25 µs which is five

Fig. 13. Waveforms with the resonance in high order harmonics. (a) Wave-
forms of 1.5 cycle. (b) Enlarged waveforms.

Fig. 14. Waveforms with low-order harmonics caused by the inverter.

times larger than the default value to clarify the difference in the
comparison. The current control gain was also decreased by a
factor of ten to reduce the effect of the current controller to the
low-order harmonics. The AV, CCI, and SCI models were used
with the default setting because they cannot deal with the dead
time and switching operation.

Fig. 14 shows the case when the inverter causes low order
harmonics. The SW and VI models simulated the distortion
in both vab and ia at the timing of reversing the polarity of
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Fig. 15. Waveforms when interacting with the low-order harmonics in power
system.

the current ia. The AV, CCI, and SCI models did not simulate
the low-order harmonics because they did not deal with the
switching operation.

E. Interaction With the Low-Order Harmonics in System Side

The simulation was performed under the condition that a fifth
harmonic voltage with an amplitude of 10 % was superimposed
on the fundamental voltage source VS. For the SW, VI, and AV
models, the current control gain was decreased by a factor of ten
to reduce the effect of the current controller on the harmonics.

Fig. 15 shows the case when the low order harmonics were
superimposed on the system voltage. The SW, VI, and AV
models simulate the distortion of ia due to the influence of
the system voltage distortion. In general, a current-controlled
inverter flows some amount of harmonic current when the system
voltage contains low-order harmonics [52]. On the other hand,
the CCI and SCI models were not influenced by the voltage
distortion. This is because these models implement the current
controller by ideal current sources.

F. Voltage Sags at AC Terminal

Fig. 16 shows the case when a three-phase balanced voltage
sag (100% decrease) occurred at the ac terminal. p and q denote
the instantaneous active and reactive power. The voltage sag
occurred at 20 ms and the voltage recovered at 90 ms. The
inverter was in a blocking state (all gate inputs are zero) from
30 to 130 ms. The SW, VI, AV, and CCI models simulated the
blocking operation and the restart after the voltage recovery. SW,
VI, and AV models, in particular, represented the spike current
and the resonance during the voltage sag, whereas the CCI model
did not represent them. The SCI model did not simulate the
blocking operation, and the model flowed a constant current
during the voltage sag.

Fig. 17 shows the case when a voltage sag (100% decrease)
occurred only at the a-phase. The unbalanced voltage sag oc-
curred from 20 to 90 ms. In this case, the inverter continued its
operation without blocking the gate. The SW, VI, AV, and CCI
models simulated the increase of ia during the voltage sag. The
increase occurred because the active power control increased the
ac current to maintain the output power. They also simulated the

Fig. 16. Waveforms with a balanced voltage sag at ac terminal.

Fig. 17. Waveforms with an unbalanced voltage sag at ac terminal.

vibration of p resulting from the voltage unbalance. The CCI
model represented these behaviors well except the spike current
and the resonance, whereas the SCI model did not simulate them.

G. Short Circuit at DC Terminal

Assuming a dc circuit fault, the dc terminal of the inverter
was shorted. The SCI model was excluded from the comparison
because it does not have a dc terminal.
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TABLE III
COMPUTING TIME OF EACH MODEL

Fig. 18. Waveforms with a short circuit in the dc terminal.

Fig. 18 shows the case when the dc terminal of the inverter
was shorted at 20 ms. The inverter blocked its gate signals at
30 ms. Then, the inverter was disconnected by opening the ac
circuit breaker at 130 ms. The SW, VI, and AV models simulated
the diode rectifier operation of the inverter during the fault. The
fault current flowed from the ac terminal through the inverter
until opening the circuit breaker. The CCI model caused error
in the current ia, the active power p, and the reactive power
q. The error results from the difference of the converter circuit
modeling. The CCI model excludes the ac inductor. It reduces the
impedance and affects the magnitude of the short-circuit current.

V. COMPARISON OF COMPUTING TIME

Table III summarizes the computing time required to perform
a simulation using each model. To measure the computing time
Tmes accurately, simulation period Tsim (length of the event
to be simulated) was adjusted according to the difference of
the simulation time step. The comparison is carried out by the
computing time per simulation period Tmes/Tsim.

Comparing to the SW model, the VI, AV, and CCI models were
able to reduce the Tmes/Tsim to 19%, 1.5%, and 0.20%, respec-
tively. The reduction is mainly caused by their large simulation
time step. Tmes/Tsim decreases almost inversely proportional to

the simulation time step. The CCI model requires 60% longer
computing time than the SCI model whereas it uses the same
simulation time step. The difference results from the power
controls included in the CCI model.

VI. SELECTION OF MODELING METHOD

This section discusses which inverter model can be applied
for each simulation purpose based on the results in the previous
sections.

A. Harmonic Analyses

EMT simulations are applied to investigate a high-order har-
monic resonance caused by the switching ripple and low-order
harmonics caused by the inverter [2], [3]. The SW and VI models
can properly simulate both the low-order and the high-order
harmonics caused by the inverters as confirmed in the Sec-
tions IV-C, IV-D, and IV-E. The VI model is suitable because the
computing time is smaller than the SW model. The AV model
is also applicable if the focus is not on the harmonics caused by
the inverter but on the effect of the power system harmonics to
the inverter.

B. Evaluation of the Inverter Control Stability

EMT simulations are used to evaluate the stability regarding
inverter control [4], and to design the controller for system
stabilization [5]. It is also applied to evaluate the harmonic
stability caused by the interaction between the power system and
the inverter [6], [7]. An important factor for these analyses is the
dynamics of the current controller in the inverter. The SW, VI,
and AV models meet the requirement because they are equipped
with the current controller and reflect the dynamics. However,
the stability limit deviates slightly in the AV model as discussed
in Section IV-B. Thus, it is recommended to select the VI and AV
models properly according to the analysis requirements. The VI
model is suitable if high accuracy is required, and the AV model
is suitable if computing time is more important.

C. Interaction With System Fault

The EMT simulations are applied to investigate the transient
characteristics under the system fault [8], [9], to design the
protection method [10], and to assess the compliance with the
grid code such as FRT [11]. These analyses at least require to
simulate the dynamics of voltage and current under a voltage
sag or three-phase imbalance caused by the faults. The SW,
VI, AV, and CCI models meet the requirement as confirmed
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in Section IV-F. However, the CCI model cannot accurately
deal with the spike current and overvoltage caused by the fast
voltage changes. If the analysis focuses on these high frequency
behaviors, it is preferable to use the SW, VI, and AV models
which include the current controller and the ac filter. In addition,
SW, VI, and AV models can also simulate the fault in the dc
circuit as confirmed in Section IV-G. The AV model is suitable
because the computing time is the smallest among them.

D. Transient Stability and Voltage Analyses

Recent studies adopt EMT simulations for the grid-scale
transient stability and voltage analyses although phasor domain
simulations have been a major method for such analyses. In-
verters are recently expected to support the grid voltage and
frequency by the active and reactive power control [12], [13], or
grid-forming control [14]–[16]. EMT simulations are suitable
for modeling and simulating these inverter controls in detail.
There is a report that over-optimistic stability results are obtained
by the phasor domain simulation depending on the control char-
acteristics of the grid forming inverter [17]. For such analyses, it
is necessary to simulate the dynamics of the active and reactive
power output of the inverter. The SW, VI, AV, and CCI models
meet the requirement as confirmed in Section IV-A. The CCI
model is suitable because the computing time is the smallest
among them. Although the EMT simulation requires higher
computing burden than the phasor domain simulation, the CCI
model reduces the computing time by a factor of 500 from the
SW model. Therefore, the proper selection of the modeling
method enables to perform the grid-scale simulation within a
practical time.

E. Verification of Circuit Topology and Control Method

This article investigated the simple three-phase inverter circuit
shown in Fig. 1. However, the actual grid-tied inverters may have
a different circuit configuration such as a multilevel converter.
It is necessary to use the SW model in examining the circuit
topology itself and the control method for the peculiar circuit.
Because the SW model includes all elements in the converter, it
can simulate the operation of the actual equipment regardless of
the circuit topology.

VII. CONCLUSION

This article has compared various modeling methods of the
grid-tied inverters for power system analyses and clarified the
suitable model for each application. We focused on five mod-
eling methods: SW, VI, AV, CCI, and SCI models. First, the
article introduced the configuration and operating principle of
these models. Then, we have carried out the simulations by these
models under various conditions. The simulation results clarified
the events that can be simulated and the events that cannot be
simulated by each model. We also compared the computing
times of the models. It revealed that the computing time varies
significantly among the models. Based on these results, we
discussed which model is suitable for each simulation purpose
to reduce the computing burden while maintaining sufficient
accuracy. Moreover, all modeling methods compared in this

article are applicable to the existing EMT simulation algorithm.
Thus, the users can improve the accuracy and efficiency of the
simulations with their familiar EMT simulation tools.
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