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Abstract—Use of inverter-based resources facilitating 

renewable energy resources such as photovoltaic (PV) generation 

is increasing rapidly with decreasing costs and reduced emissions 

associated. To accommodate such rapid growth of inverter-based 

resources like PV systems, electromagnetic transient (EMT) 

simulation models of both PV systems and grids are required to 

analyze the interaction of PVs in the grid (like the post-event 

analysis). In addition, the EMT simulation would help with the 

planning of future power grid with a large number of PVs as well 

as other inverter-based distributed generation systems. In this 

paper, the EMT simulation models of PV systems and grids are 

developed based on the differential algebraic equations (DAEs) 

representing their EMT dynamics. Furthermore, advanced 

simulation algorithms including numerical stiffness-based hybrid 

discretization, DAE clustering and aggregation, multi-order 

integration, and matrix splitting approaches are applied to 

accelerate the EMT simulation. The proposed algorithm was 

applied to 125 PV inverters within 52-bus medium-voltage (MV) 

distribution grid. 

Keywords—Electromagnetic transient, Distribution grids, 

Distributed generation, Photovoltaic, inverter-based resources 

I. INTRODUCTION 

Inverter-based generation systems such as photovoltaic (PV) 
systems, wind power plant, and energy storage systems are 
rapidly deploying due to reduced costs and environmental 
benefits associated. The U.S. Energy Information 
Administration (EIA) forecasts that the share of renewable 
energy in U.S. electricity generation will increase up to 42% by 

2050 [1]. In addition, EIA highlights that wind and solar 
generation will be responsible for most of the share in the 
growth. Higher growth than the aforementioned estimate may 
happen based on policy changes. Such growth will rapidly 
increase the penetration of inverter-based resources in a grid. 

With the high penetration of inverter-based resources in 
grids, EMT simulation is necessary to analyze the interaction of 
inverters with the rest of the system in the grid. The analysis may 
include studies to understand control interaction, instability, 
impact of unbalanced fault, post fault analysis, etc. Many reports 
have pointed out the fact that such EMT simulation requirement 
is critical to analyze accurate dynamics of inverters and grids. 
Reliability guideline from NERC recommends using EMT 
modeling to study certain reliability issues when inverters-based 
resources are connected in short electrical distance, in low short-
circuit strength grid, in proximity to series capacitor among 
others [2]. Some challenges have been reported that inverter 
control instability may not be detectable without EMT 
simulation model because the instability was introduced by fast 
inner loop controllers in inverters [3]. Other issues that 
requirement an EMT simulation model include the recent events 
of unbalanced fault in California that resulted in a disconnection 
of large-scale PV power plants and distributed energy resources 
from the power grid [4]–[6]. To analyze the impact of such 
events on inverter-based resources, high-fidelity switching 
models of the inverters and EMT models of power grids are 
required. However, simulations of these high-fidelity EMT 
models can get time consuming and impose heavy 
computational burden. 

To overcome the computational challenges in EMT 
simulations, there have been several researches conducted in the 
past. Some of the researches applied numerical stiffness-based 
hybrid discretization method to power electronics components 
and small electrical power grid studies in EMT simulations. 
Based on the stiffness properties, hybrid backward Euler and 
forward Euler discretization was applied in the studies to speed 
up EMT simulation  [7]–[9]. Kron’s reduction for linear system 
equations and its variants have also been applied to electrical 
power grid networks for simulation speed up and node 
reductions [10]–[13]. 

In this paper, differential algebraic equations (DAEs) 
clustering and aggregation, multi-order integration approach, 
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and, matrix splitting along with numerical stiffness-based hybrid 
discretization has been applied to EMT simulation models. The 
models include that of a dc-dc boost converter, a dc-ac inverter, 
LCL filter, distribution transformer, and distribution feeder 
lines, to represent and evaluate EMT dynamics of large PV plant 
of multiple distributed PV in a grid. 

II. SYSTEM DESCRIPTION AND EMT MODELING 

The system configuration of a PV inverter module, a 

distribution transformer collecting multiple PV inverter 

modules, and a distribution grid including multiple distribution 

transformers is described. In addition, the EMT models 

associated with the individual components and the systems are 

derived based on states to form differential algebraic equations 

(DAEs) in this section. 

A. PV Distributed Generation System 

The PV inverter module considered in this paper consists of 

a 5-point PV array representing PV characteristics, a dc-dc 

boost converter, an ac-dc three-phase voltage source inverter, 

and a LCL filter. The PV inverter module is illustrated in Fig. 

1. 
The EMT model of the PV inverter module can be expressed 

by the DAEs provided below: 

𝐶pv
𝑑𝑣𝑐,pv

𝑑𝑡
= −(𝑣𝑐,pv

𝑅𝐶,dc
) − 𝑖𝐿pv + 𝑖pv                  (1) 

𝐿pv
𝑑𝑖𝐿pv

𝑑𝑡
= −𝑅𝐿,dc𝑖𝐿pv + 𝑣𝑐,pv − 𝑣dc {𝑆2,dc(1 − 𝑆1,dc) +

(1 − 𝑆2,dc)(1 − 𝑆1,dc) sgn (𝑖𝐿pv)
}                                       (2) 

𝐶𝑑𝑐
𝑑𝑣𝑑𝑐

𝑑𝑡
= −

𝑣𝑑𝑐

𝑅𝑑𝑐
+ 𝑖𝐿,𝑝𝑣{𝑆2,𝑑𝑐(1 − 𝑆1,𝑑𝑐) + (1 − 𝑆2,𝑑𝑐)(1 −

𝑆1,𝑑𝑐) sgn(𝑖𝐿,𝑝𝑣)} − 𝑖𝑗,𝑎𝑐{𝑆1,𝑗,𝑎𝑐(1 − 𝑆2,𝑗,𝑎𝑐) + (1 −

𝑆2,𝑗,𝑎𝑐)(1 − 𝑆1,𝑗,𝑎𝑐) sgn(−𝑖𝑗,𝑎𝑐)}
                          (3) 

𝐿1,𝑎𝑐
𝑑𝑖𝑗,𝑎𝑐

𝑑𝑡
= −𝑅1,𝑎𝑐𝑖𝑗,𝑎𝑐 +

𝑣𝑑𝑐

2
{𝑆1,𝑗,𝑎𝑐(1 − 𝑆2,𝑗,𝑎𝑐) −

𝑆2,𝑗,𝑎𝑐(1 − 𝑆1,𝑗,𝑎𝑐) − (1 − 𝑆2,𝑗,𝑎𝑐)(1 − 𝑆1,𝑗,𝑎𝑐)(2 sgn(𝑖𝑗,𝑎𝑐) −

1)} − 𝑣𝑗,𝑎𝑐,𝑓𝑖𝑙                                                                         (4) 

𝐶ac
𝑑𝑣𝑗,ac,fil

𝑑𝑡
= −

𝑣𝑗,ac,fil

𝑅𝑐,ac
+ 𝑖𝑗,ac − 𝑖𝑗,ac,fil              (5) 

𝐿2,ac
𝑑𝑖𝑗,ac,fil

𝑑𝑡
= −𝑅2,ac𝑖𝑗,ac,fil + 𝑣𝑗,ac,fil − 𝑣𝑗,grid

𝑠        (6) 

B. Multiple PV Inverter Modules Connected through a Single 

Distribution Transformer  

Multiple PV inverter modules can be connected to a single 

distribution transformer between the medium voltage (34.5kV) 

and low-voltage (480V) distribution grids. The number of the 

connected PV inverter modules can be up to five in this paper. 

The single distribution transformer with multiple PV inverter 

modules is illustrated in Fig. 2-(a). 
The EMT model of the multiple PV inverter modules in Fig. 

2 is modeled by using the DAEs provided below: 

𝑣𝑗,grid
𝑝(𝑠) =

𝑛𝑠

𝑛𝑝
𝑣𝑗,grid
𝑝                               (7) 

𝐿1𝑠
𝑑 ∑ 𝑖𝑗,ac,fil

𝑘
𝑘

𝑑𝑡
+ 𝐿1𝑝

(𝑠) 𝑑𝑖𝑗,grid
𝑃(𝑠)

𝑑𝑡
= −𝑅1𝑠 ∑ 𝑖𝑗,ac,fil

𝑘
𝑘 − 𝑅1𝑝

(𝑠)𝑖𝑗,grid
𝑝(𝑠) +

𝑣𝑗,grid
(𝑠) −

𝑛𝑠

𝑛𝑝
𝑣𝑗,grid
𝑝                              (8) 
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Fig. 1. PV inverter module consisting of PV array, dc-dc converter, dc-ac inverter, LCL filter. 
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Fig. 2: Distribution transformer with multiple PV inverter modules: (a) 
configuration of a single distribution transformer collecting five PV inverter 

modules, (b) transformer model by classical approach. 



𝐿𝑚
𝑠

𝑑∑ 𝑖𝑗,ac,fil
𝑘

𝑘

𝑑𝑡
+ (𝐿1𝑝

𝑠 + 𝐿𝑚
𝑠 )

𝑑𝑖𝑗,grid
𝑃(𝑠)

𝑑𝑡
= 𝑅1𝑝

(𝑠)𝑖𝑗,grid
𝑝(𝑠) +

𝑛𝑠

𝑛𝑝
𝑣𝑗,grid
𝑝  

(9) 

C. Medium Voltage (MV) Distriution Grid with Multiple 

Distribution Transformers including Multiple PV Inverter 

Modules 

Large number of PV inverter modules can be deployed 

widely in a MV distribution grid with distribution lines and 

distribution transformers. The overall layout of the MV 

distribution grid with PV inverter modules is illustrated in Fig. 

3. The MV distribution grid considered in this paper includes 

up to 25 distribution transformers containing a total of 125 PV 

inverter modules. This system may represent a large solar farm 

as well as a distribution grid with a great number of inverter-

based distributed generation systems. 

The MV distribution feeder is modeled by three phase PI 

section model to represent mutual coupling effects between the 

lines. The three phase PI section model between node n and m 

is illustrated in Fig. 4. The EMT model of the PI section line in 

Fig. 4 is described by using the DAEs provided below (phase A 

only): 

𝐿𝑎𝑎
𝑑𝑖𝑎,𝑙𝑖𝑛𝑒

𝑑𝑡
+ 𝑅𝑎𝑎𝑖𝑎,𝑙𝑖𝑛𝑒 + 𝐿𝑎𝑏

𝑑𝑖𝑎,𝑙𝑖𝑛𝑒

𝑑𝑡
+ 𝑅𝑎𝑏𝑖𝑎,𝑙𝑖𝑛𝑒 +

𝐿𝑎𝑐
𝑑𝑖𝑎,𝑙𝑖𝑛𝑒

𝑑𝑡
+ 𝑅𝑎𝑐𝑖𝑎,𝑙𝑖𝑛𝑒 = 𝑣𝑎,𝑛 − 𝑣𝑎,𝑚                             (10) 

𝐶𝑎𝑎
𝑑𝑣𝑎,𝑛

𝑑𝑡
+ 𝐶𝑎𝑏

𝑑𝑣𝑎,𝑛

𝑑𝑡
+ 𝐶𝑎𝑐

𝑑𝑣𝑎,𝑛

𝑑𝑡
= 𝑖𝑎,𝑛 − 𝑖𝑎,𝑙𝑖𝑛𝑒      (11) 

The distribution feeder lines considered in this paper are of 

two types: main feeder line and lateral feeder line as shown in 

Fig. 3. The line lengths of main feeder and lateral feeder are 

considered as 60 meters and 30 meters in this paper, 

respectively. 

III. ADVANCED EMT SIMULATION ALGORITHM FOR 

SIMULATION SPEED ACCELERATION 

Advanced simulation algorithms including DAEs’ 

numerical stiffness-based hybrid discretization, DAEs 

clustering and aggregation, multi-order integration, and matrix 

splitting method are applied on the individual components and 

the systems described in Section II to accelerate the speed of 

EMT simulation. 
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Fig. 3: 52-bus medium voltage (MV) distribution grid with 25 distribution transformers and 125 PV inverter modules. 
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Fig. 4: Three phase PI section line model for distribution main and lateral 

feeders. 



The DAEs representing the dynamics of the individual PV 

inverter module in Fig. 1 can be segregated based on numerical 

stiffness property of DAEs [5]. In the PV inverter module, the 

DAEs representing the dynamics of the inductor current of the 

dc-dc converter (𝑖𝐿,pv), the dc-ac inverter current (𝑖𝑗,ac), the 

filter voltage (𝑣𝑗,ac,fil), and the filter current (𝑖𝑗,ac,fil) present 

numerical stiffness characteristic. The DAEs with the 

numerical stiffness are discretized by backward Euler method. 

On the other hand, the DAEs representing the dynamics of 

capacitor voltages of the dc-dc boost converter (𝑣c,pv and 𝑣dc) 

have numerical non-stiffness characteristic. The DAEs with 

non-stiffness are discretized by forward Euler method. By this 

segregation based on the numerical stiffness, simulation time 

taken for the EMT model is greatly reduced while maintaining 

high accuracy and stability. 

The DAEs representing the dynamics of the multiple PV 

inverter modules with the single transformer in Fig. 2 can be 

aggregated by clustering the similar dynamics across the 

multiple PV inverter modules. By grouping the DAEs, a large 

matrix required to be inverted in computation can be reduced 

into a smaller one. This method mitigates the computational 

burden of the large matrix inversion to speed up the EMT 

simulation. 

A multi-order integration approach such as the trapezoidal 

integration method is applied to the DAEs representing the 

dynamics of distribution feeders and lines to enable use of 

higher simulation timestep in the simulation as compared to 

smaller one for switching dynamics in the PV inverter module. 

With the multi-order discretization, the DAEs representing the 

MV distribution grid can be formed in large linear system 

equations, Ax=b. The size of the A matrix is essentially 

dependent on the number of nodes in the MV distribution grid, 

and the large A matrix increases to run simulations. 

EMT simulation time for a large distribution grid increases 

as the number of nodes in the grid increases. Since the size of 

A matrix can create a bottleneck in the computation, a matrix 

splitting method is applied to decrease the size of A matrix by 

dividing the MV distribution grid into multiple subsystems that 

have similar dynamics. For example, the MV distribution grid 

in Fig. 3 can be divided into six subsystems consisting of five 

radial feeders and a collector bus. When dividing the MV grid 

into subsystems to split the A matrix, a single time step delay is 

introduced in the transferred states between the subsystems. To 

prevent numerical instability from the single delayed states, 

small capacitors are added to the terminal nodes of each 

subsystems to reduce a rapid change in the delayed states.  
An overview of the application of these algorithms is shown 

in Fig. 5. 

IV. SIMULATION RESULTS 

The grid with PV inverter modules in Fig. 3 is simulated 

using two different approaches: single A matrix and multiple A 

matrices for the MV distribution grid with 52 nodes, 25 

distribution transformers, and 125 PV systems. By using the 

single A matrix approach, the MV distribution grid can be 

modeled in a single A matrix that is a general approach. In the 

case of multiple A matrices approach, the MV distribution grid 

is separated into six subsystems (five radial feeders with one 

collector bus). Use case of steady-state operation case is 

considered to evaluate the accuracy and speed acceleration of 

the proposed simulation algorithms as compared to the baseline 

EMT simulation. All simulation were carried out in PSCAD by 

library components for the baseline case and by using Fortran 

script for the proposed algorithms. The EMT simulation was 

carried out for 0.25s, and the time between 0 and 0.05 is set for 

the simulation initialization. The simulation time step for all 

cases was 1𝜇𝑠. 
With the application of the proposed algorithms, the results 

have shown up to 22.4x and 326.4x in simulation time 
acceleration as listed in Table I. The comparison is with respect 
to the baseline EMT simulation model that was developed by 
using standard library components in PSCAD. The case of 
multiple A matrices shows higher speed-up due to smaller size 
of A matrices compared to the one in a single A matrix. 
However, the use of multiple A matrices may cause stability 
issue that is shown by relatively large high frequency oscillation 
in filter voltage during the initialization in Fig. 8-(a). The 
stability issues will arise only when the dynamics in the system 
interact with the time-step delay and/or the non-linearities 
present in the system. This is because there is the introduction 
of a single time step delay between the subsystems as discussed 
in Section III. In the simulation, 5nF of capacitors are added to 
each subsystem to reduce the initial high frequency oscillation. 
After 0.05s, the initialization is completed and, the oscillations 
are not observed thereafter. 

TABLE I.  COMPARISON OF MEASURED TIME FOR EMT SIMULATION 

 Baseline 
Single A 

matrix 

Multiple A 

matrices 

Time measured for 

0.25s EMT simulation 
58 hours 2.58 hours 0.18 hours 

Speed-up 1x 22.4x 326.4x 
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Fig. 5: Overview of the advanced simulation algorithm for the large number 
of PV systems in MV distribution grid. 



Some of the states from the simulation results are illustrated 
to compare and evaluate the accuracy of the proposed 
algorithms. The inductor current of the dc-dc boost converter 
( 𝑖𝐿,pv ) in the PV inverter module and the associated errors 

between cases are compared between the cases of baseline, 
single A matrix, and multiple A matrices in Fig. 6. The results 
in Fig. 6-(a) present the similarity of the inductor currents 
between cases. The observed errors in Fig. 6-(b) indicate less 
than 2% during the simulation except for the initialization. The 
comparison of the dc link voltage (𝑣dc ) in the PV inverter 
module and the associated errors between cases are shown in 
Fig. 7. The simulation results in Fig. 7 shows that all three cases 
of baseline, single A matrix, and multiple A matrices present 
similar trajectories of the states with less than 2% errors. The 
filter voltage (𝑣𝑎,ac,fil) and the inverter output current (𝑖𝑎,ac,fil) 
are illustrated in Fig. 8. The comparison of the voltages and 
currents in Fig. 8 shows the similarity between the simulation 
results. However, using multiple A matrices might cause 
numerical stability issue that is displayed in relatively high 
frequency oscillation in filter voltage during the initialization in 
Fig. 8-(a). This is because the multiple A matrices approach 
introduces a single time step delay between the subsystems as 
discussed in Section III. In the simulation, 5nF of capacitors are 
added to subsystem’s terminals to reduce the initial high 

 
(a) 

 
(b) 

Fig. 7: Comparison of the simulation of MV distribution grid with large 
number of PV inverter modules based on the proposed simulation 

algorithms: (a) dc link voltage (𝑣dc), (b) error of the dc link voltage (𝑣dc). 

 
(a) 

 
(b) 

Fig. 8: Comparison of the simulation of MV distribution grid with large 

number of PV inverter modules based on the proposed simulation 

algorithms: (a) filter capacitor voltage (𝑣𝑎,ac,fil) phase A in one PV inverter 

modules, (b) dc-ac inverter output current (𝑖𝑎,ac,fil) phase A in one PV 

inverter modules. 

 
(a) 

 
(b) 

Fig. 6: Comparison of the simulation of MV distribution grid with large 
number of PV inverter modules based on the proposed simulation 

algorithms: (a) dc-dc boost converter inductor current (𝑖𝐿,pv) in one PV 

modules, (b) errors of the inductor current (𝑖𝐿,pv). 



frequency oscillation. After 0.05s, the initialization is finished, 
the oscillation is not observed any longer. The grid voltage 
(𝑣𝑎,grid) and the grid current (𝑖𝑎,grid) at the primary side of one 

distribution transformer in the MV grid are illustrated in Fig. 9. 
The comparison of the voltages and currents in Fig. 9 shows the 
similarity between the simulation results.  

V. CONCLUSION 

In this paper, advanced numerical simulation approaches 
based on numerical stiffness-based hybrid discretization, DAEs 
clustering and aggregation, multi-order discretization, and 
matrix splitting algorithm have been developed to speed up the 
EMT simulation of a distribution grid with a large number of PV 
systems. The proposed algorithm has been applied to a 52-bus 
MV distribution grid consisting of 25 distribution transformers 
with 125 PV inverter modules. With the application of the 

proposed algorithms, the observed simulation speed has been 
increased by nearly up to 326x. The accuracy of the proposed 
EMT simulation algorithm has been evaluated by comparing 
states such as inductor current, dc-link voltage, inverter output 
current, filter voltage, grid current, and grid voltage at 
distribution transformer to the corresponding states of the 
baseline EMT model that is generally developed by using 
standard library components in PSCAD. The observed errors 
from the proposed algorithms-based simulation are less than 2%. 
This simulation algorithm can be applied to a large solar farm as 
well as a distribution grid with a great number of inverter-based 
distributed generation systems. 
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Fig. 9: Comparison of the simulation of MV distribution grid with large 

number of PV inverter modules based on the proposed simulation 
algorithms: (a) grid voltage (𝑣𝑎,grid ) phase A at the primary side of 

distribution transformer, (b) grid current (𝑖𝑎,grid) phase A at the primary 

side of distribution transformer. 


