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Abstract 
With the development of distributed generations, the related real-time simulation technology has drawn extensive attention. In 
the distributed generation units, the power electronics are critical parts. In order to better deal with challenges of the large 
number of power electronic devices connected to the distribution network, this paper presents an embedded real-time simulation 
model based on associated discrete circuit (ADC) for a three-phase voltage source inverter. This model can be implemented in a 
field-programmable gate array (FPGA). And the FPGA can reduce the computational burden of power electronics simulation, 
because of its powerful parallel computing performance. First of all, a grid-connected power electronic inverter with a three phase 
RL filter model is built based on the ADC modeling approach, which can enhance the small step simulation performance. Secondly, 
the phase-locked loop technology has been introduced into the system to track the information of the phase angle. Finally, a 
FPGA based voltage and current double loop control method is presented to ensure the stable operation. The circuit simulation 
results verify the effectiveness of the scheme. 

Keywords: Distributed generation units, Voltage source inverter (VSI), Real-time simulation, Associated discrete circuit (ADC), 
Field-programmable gate array (FPGA), Hardware-in-loop (HIL) 
 
 

1. Introduction 

Nowadays, Hardware in the loop (HIL) real-time 
simulation has been widely applied in in many 
engineering fields to reduce operation costs. The 
development power electronic technology promotes 
the development of distributed generation units and 
modern smart grid technology. As power electronics 
technology matures, power electronics devices will be 
widely connected to the grid to improve its flexibility. 
Meanwhile, HIL real-time simulation of power 

electronics devices on field-programmable gate array 
(FPGA) has gained more attractiveness (Mu et al., 2014; 
Guo et al., 2018). So far, the commercial off-line power 
system electromagnetic simulation programs include 
EMTP-RV, ATP-EMTP, PSCAD-EMTDC, etc. Compared 
with them, FPGA has powerful parallel computing 
performance, which can ensure the simulation system 
run in nature time to meet the challenges of small step 
simulation and fast calculation (Dagbagi et al., 2016). 

There are two commonly used methods to simulate 
the behavior of the high frequency switching device 
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(Hadizadeh et al., 2019; Huang and Dinavahi, 2019): 1) 
the piecewise linear approach, which divides the 
switching state into two working sections. The switch 
is modeled as a very small resistance when the switch 
state is ON, and large when the switch state is OFF. 2) 
associate discrete circuit (ADC), which represents the 
switching state into an inductor and a capacitor in 
series with a resistor when switch is ON and OFF, 
respectively. ADC method integrates the current flow at 
t-Δt as a current source in the circuit to calculate the 
current flow at t, and the equivalent modes of the ON 
and OFF state of the switch are shown in Fig.1. The first 
approach needs to solve a system of equations with 
varying node admittance matrix, which caused by the 
change of parameters. As a result, this method requires 
heavier computations. In the second ADC method, the 
parameters of the circuit can be chosen to keep 
constant the extracted conductance matrix whatever 
the state of the power switches (Matar and  Iravani, 
2010). In this way, the computational complexity can be 
greatly reduced.  

Dagbagi et al. (2016) presents a converter model for 
real-time simulation based on ADC method, but the 
real-time measurement of phase angles of the grid is 
neglected. Hadizadeh et al. (2018) describes an online 
matrix-inversion technique based on Sherman–
Morrison–Woodbury formulas. Liu et al. (2018) 
describes a hybrid modeling approach for real-time 
simulation of power electronic devices. However, in the 
process of simulation, the inverse function block needs 
to be called at each step to solve the inverse of the node 
admittance matrix in Hadizadeh et al. (2018) and Liu et 
al. (2018). Therefore, the further reduction of 
simulation step size is limited. a FPGA-based real-time 
digital simulator for a realistic power electronic 
apparatus is presented in Myaing and Dinavahi (2010). 
But its versatility is limited by the diversity of power 
electronic equipment in practice. An off-grid DC-DC 
converter with non-isolated coupled inductor in solar 
system is presented in Umadevi and Nagarajan (2019), 
which neglects the behavior of the grid. And FPGA is 
mainly used to complete the control loop of the system, 
which provides an idea for the further development of 
FPGA. 

Moreover, digital controllers also can be embedded 
into the FPGA to ensure the operation of the system, 
such as model predictive control (Bayhan, Abu-Rub and 
Balog, 2016), deadbeat control (Daisuke et al., 2006), PI 
control (Harahap, 2015; Juarez-Abad et al., 2014), etc. 
The computing time of the controller can be greatly 
reduced by using FPGA. In addition, the functions such 
as observation, estimation, or diagnostic can be 
ensured. 

 

 

 

 

Nomenclature 

FPGA    Field-programmable gate array  

HIL       Hardware-in-loop 

VSI       Voltage source inverter 

DGUs    Distributed generation units 

PLL       Phase-locked loop 

Θ           Phase angle 

𝐶𝑠        Equivalent capacitance of the switch model 

𝐿𝑠        Equivalent inductance of the switch model 

𝑅𝑠        Equivalent resistance of the switch model 

𝛥𝑡       Sample interval 

𝑉dc      DC side voltage 

𝑉La      AC side A phase output voltage of inverter 

𝑉Lb      AC side B phase output voltage of inverter 

𝑉Lc      AC side C phase output voltage of inverter 

𝑖La       A phase current of inverter 

𝑖Lb       B phase current of inverter 

𝑖Lc       C phase current of inverter 

𝐿𝑎       A phase inductance 

𝐿𝑏       B phase inductance 

𝐿𝑐       C phase inductance 

𝑅La     A phase current 

𝑅Lb     B phase current 

𝑅Lc     C phase current 

𝐽𝑆       Historical current value of the switch 

𝐽𝐷      Historical current value of the diode 

In this paper, a real time simulation on FPGA method 
of grid-connected PWM inverter based on ADC is 
proposed. Besides, a voltage current double closed loop 
digital controller is also embedded into the real time 
simulation system. In order to capture line phase angle 
information, the phase-locked loop (PLL) technique as 
the state-of-the-art method introduced into the real 
time simulation system. 

The remainder of this paper is organized as follows. 
The power electronic inverter real time simulation 
model is presented in section 2. Section 3 gives the 
implementation of the voltage source inverter model. 
Section 4 concludes this paper. 
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2. Power electronic inverter real time 
simulation model based on FPGA  

In this section, the digital time-domain simulation 
model of a grid-connected power electronic inverter 
unit based on ADC method is carried out. Moreover, 
different real-time models of other elements are also 
built to support the operation of the system. 

2.1. ADC based switch model 

As shown in Figure 1, different behaviors of the switch 
can be represented by different component. And the 
difference equation of different states of the switch 
using trapezoidal difference method can be 
represented as:  

 

{
 
 

 
 𝑖ON(𝑡) =

𝛥𝑡

2𝐿𝑠
𝑢(𝑡) + 𝐴1ON𝑢(𝑡 − 𝛥𝑡) + 𝐴2ON𝑖(𝑡 − 𝛥𝑡)

𝑖OFF(𝑡) =
2𝐶𝑠

2𝐶𝑠𝑅𝑠 + 𝛥𝑡
𝑢(𝑡) − 𝐴1OFF𝑢(𝑡 − 𝛥𝑡)

+𝐴2OFF𝑖(𝑡 − 𝛥𝑡)

 (1) 

 
where 𝐴1ON =

𝛥𝑡

2𝐿𝑠
, 𝐴2ON=1,𝐴1OFF =

2𝐶𝑠

2𝐶𝑠𝑅𝑠+𝛥𝑡
, 

𝐴2OFF =
2𝐶𝑠𝑅𝑠−𝛥𝑡

2𝐶𝑠𝑅𝑠+𝛥𝑡
, and Δt is the sampling interval. 

In order to keep the extracted conductance matrix 
constant during different states of the power switches, 
the value of the parameters can be chosen as: 

 

𝛥𝑡

2𝐿𝑠
=

2𝐶𝑠
2𝐶𝑠𝑅𝑠 + 𝛥𝑡

 (2) 

After setting the appropriate parameters, the 
computational burden associated with the admittance 

matrix inversion can be avoided to enhance the 
computational efficiency of the solver. 
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Figure 1 Switch and ADC equivalent switch model 
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Figure 2 Example application: Power electronic inverter and the 
corresponding discretized model 

Switchs states

S 1ON S 2ON S

D 1ON D 2ON D

( ) ( 1) ( 1)

( ) ( 1) ( 1)

i i i

i i i

J k A u k A i k

J k A u k A i k

= − + −

= − + −

S 1OFF S 2OFF S

D 1OFF D 2OFF D

( ) ( 1) ( 1)

( ) ( 1) ( 1)

i i i

i i i

J k A u k A i k

J k A u k A i k

= − + −

= − + −

ON

OFF

Refresh S D( ) / ( )i iJ k J k

S ( )iJ k

D ( )iJ k

Module

1ONA 1OFFA
2ONA 2OFFA

Crtl&&ROM Modules

dc ( )V k

La ( )i k

Lb ( )i k

Lc ( )i k

1

eqV G I−=

dc ( )i k

La ( )v k

Lb ( )v k

Lc ( )v k

0 ( )v k

S ( ) 1,2 6iV k i =， D ( ) 1,2 6iV k i =，

ON

S S S

D D D

( ) 1/ ( / 2 ) ( ) ( )

( ) 1/ ( / 2 ) ( ) ( )

i i i

i i i

i k t C R V k J k

i k t C R V k J k

=  + +

=  + +
OFF

ON/OFF ON/OFF

S ( )iv k

Crtl&&RAM Modules

S ( )ii k D ( )iv k
D ( )ii k

CLK

1z−

Crtl Crtl Crtl CrtlCrtl Crtl Crtl Crtl

S ( )iJ k

D ( )iJ k

S S S

D D D

( ) / (2 ) ( ) ( )

( ) / (2 ) ( ) ( )

i i i

i i i

i k t L V k J k

i k t L V k J k

=  +

=  +

 
Figure 3. Calculation flow diagram of the ADC-based model 
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2.2. Power electronic inverter unit model 

The ADC based real time simulation model of a three-
phase two-level power electronic inverter unit is 
shown in Figure 2. A nodal analysis is made to extract 
the relations between voltages and currents of the 
whole power inverter. The relations can be 
mathematically represented by: 

 
𝐺eq𝑉[𝑘] = 𝐼[𝑘] (3) 

Where 𝐺eqis the node admittance matrix, 𝑉[𝑘] 
represents the voltage of node k and 𝐼[𝑘] is the current 
of branch k. For the three phase two level power 
electronic inverter, where the expressions of them are: 

𝐺eq

=

[
 
 
 
 
3(𝐺𝑆 + 𝐺𝐷) −(𝐺𝑆 + 𝐺𝐷) −(𝐺𝑆 + 𝐺𝐷) −(𝐺𝑆 + 𝐺𝐷) −1

−(𝐺𝑆 + 𝐺𝐷) 2(𝐺𝑆 + 𝐺𝐷) 0 0 0
−(𝐺𝑆 + 𝐺𝐷) 0 2(𝐺𝑆 + 𝐺𝐷) 0 0
−(𝐺𝑆 + 𝐺𝐷) 0 0 2(𝐺𝑆 + 𝐺𝐷) 0

1 0 0 0 0 ]
 
 
 
 

 

𝑉[𝑘] = [𝑣0(𝑘) 𝑣La(𝑘) 𝑣Lb(𝑘) 𝑣Lc(𝑘) 𝑖dc(𝑘)]
𝑇 

 
𝐼[𝑘] = 

[
 
 
 
 
𝐽D1(𝑘) − 𝐽S1(𝑘) + 𝐽D3(𝑘) − 𝐽S5(𝑘) + 𝐽D5(𝑘) − 𝐽S5(𝑘)

𝐽S1(𝑘) − 𝐽D1(𝑘) + 𝐽D4(𝑘) − 𝐽S4(𝑘) − 𝑖La(𝑘)

𝐽S3(𝑘) − 𝐽D3(𝑘) + 𝐽D6(𝑘) − 𝐽S6(𝑘) − 𝑖Lb(𝑘)
𝐽S5(𝑘) − 𝐽D5(𝑘) + 𝐽D2(𝑘) − 𝐽S2(𝑘) − 𝑖Lc(𝑘)

𝑉dc(𝑘) ]
 
 
 
 

 

 

Where 𝐺𝑠 and 𝐺𝐷are the corresponding admittance of 
switches and diodes, 𝐽𝑠 and 𝐽𝐷represent the equivalent 
historical current sources. As a consequence, the nodal 
voltages can be calculated as: 

𝑉[𝑘] = 𝐺𝑒𝑞
−1𝐼[𝑘] (4) 

The calculation flow diagram of the ADC-based model 
is shown in Figure 3. As shown in Figure 3, the current 
instant nodal voltages are used to calculate the current 
values at this instant, and they are stored into the on-
chip ROMs as the historical current values, and the 
calculation flow is represented in Figure 4. Moreover, 
in order to reduce the computational burden, the 
corresponding 𝐴1ON, 𝐴2ON,

𝐴1OFF,
𝐴2OFF are precomputed 

by principal computer and stored into the On-chip 
RAMs.
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Figure 4. Calculation flow diagram of the current 

 

2.3. Three-phase RL filter model 

As shown in Figure 2, after a backward Euler 
approximation, the discrete-time current equations of 
the three-phase RL filter can be calculated as  (Dagbagi 
et al., 2016): 

 
𝑖La(𝑘) = 𝑎1[𝑣La(𝑘) − 𝑣ga(𝑘)] + 𝑎2𝑖La(𝑘 − 1) 

𝑖Lb(𝑘) = 𝑎1[𝑣Lb(𝑘) − 𝑣gb(𝑘)] + 𝑎2𝑖Lb(𝑘 − 1) 

𝑖Lc(𝑘) = 𝑎1[(𝑣Lc(𝑘) − 𝑣gc(𝑘)] + 𝑎2𝑖Lc(𝑘 − 1) 
(5) 

where 𝑎1 =
𝛥𝑡

𝑅𝛥𝑡+𝐿, 
𝑎2 =

𝐿

𝑅𝛥𝑡+𝐿
, which also can be prestored 

into the on-chip ROMs for reading and calculation.  

2.4. PLL model 

The PLL technique is one of the state-of-the-art 
methodes to extract the phase angle of the grid voltages 
(Blaabjerg, et al., 2006 and Blaabjerg, Chen and Kjaer, 
2004), which is a basic information for grid-connected 
power conditioning devices. 

The PLL circuit consists of three components: phase 
detector (PD), loop filter (LPF) and voltage-controlled 
oscillator (VCO). The structure of PLL is presented in 
Figure 5. 
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Figure 5 Structure of PLL 

As shown in Figure 5, the coordinate transformation 
forms 𝑎𝑏𝑐 → 𝛼𝛽 → 𝑑𝑞 are needed for the realization of 
PLL. The output of PLL is the phase angle, which will be 
fed back to the 𝛼𝛽 → 𝑑𝑞module of PD to compute  𝑈𝑑. The 
error between the measured 𝑈𝑑  and 𝑈𝑑∗  is regulated by 
the PI controller, and its output is the grid frequency. 
And the information of phase angle can be obtained by 
integration with respect to the grid frequency. 

2.5. PI controller model 

There are many control elements to guarantee the 
stable operation of the devices, and the most 
commonly used for power electronics devices is PI 
control. The general expression of PI controller 
transfer function is: 

𝑢(𝑠) = (𝐾𝑝 +
𝐾𝑖
𝑠
)𝑥(𝑠) (6) 

where 𝐾𝑝 and 𝐾𝑖 are the coefficients of proportional 
control and integral control, respectively. In order to 
embed the digital controller in the FPGA, the PI control 
transfer function should be discretized by difference 
equations. After a trapezoidal difference 
approximation, the corresponding discrete-time 
equations are expressed as: 

𝑢(𝑡) = 𝐴1𝑥(𝑡) + 𝐴2𝑥(𝑡 − 𝛥𝑡) + 𝐴3𝑢(𝑡 − 𝛥𝑡) (7) 

where 𝐴1 =
𝛥𝑡

2
𝐾𝑖 + 𝐾𝑝, 

𝐴2 =
𝛥𝑡

2
𝐾𝑖 − 𝐾𝑝, 

𝐴3 = 1. As a result, 

the structure of PI controller module can be presented 
as in Figure 6. 
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Figure 6 Structure of PI controller 

 

3. Implementation of the voltage source 

inverter model 
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Figure. 7 Structure of the overall system 

The overall system is shown in Figure 7. The values 
of PI controller coefficients are: 𝐾𝑝 = 2.85, 𝐾𝑖 = 1268.35, 
𝑉dc = 380𝑉, 𝜔𝑛 = 628rad/s and the sample interval is 
10us(with a 50-MHz system clock).  The outputs of the 
sinusoidal pulse width modulation (SPWM) signal and 
the three-phase output voltages are presented in 
Figure 8 and Figure 9, respectively. They are both 
obtained on the platform of Modelsim 10.7 software. The 
inverter model is built on the chip of Altera Stratix V 
5SGXEB6R1F43C2. As presented in Figure 8, three pairs 
of complementary pulse signals are generated by the 
SPWM element to drive the actions of switches. 
Moreover, as shown in Figure 9, the three-phase 
output voltages have the same amplitude (250V) and 
the phase difference is 2π/3. The results show that the 
output voltages of the system can track the grid voltage. 

 

 

Figure 8. Three phase complementary PWM signal 
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Figure 9. Three phase voltage of the inverter 

4. Conclusion 

In this paper, an embedded real-time simulation 
approach has been presented for a three-phase voltage 
source inverter with a three phase RL filter based on 
ADC modeling approach. The real time simulator can be 
implemented in a FPGA. The FPGA can reduce the 
computational burden of power electronics simulation, 
because of its powerful parallel computing 
performance. In order to track the voltage phase angle, 
a PLL technology is also introduced into the system. 
Finally, A FPGA based voltage and current double loop 
digital controller is presented for the simulation 
system to ensure the service continuity. Effectiveness 
and accuracy of the proposed scheme has been verified 
by circuit simulation.  
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