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1 INTRODUCTION
The single-phase PV is a model of a few kW household single-phase inverter. The model is built for
120/240V split phase and possesses 2 connection ports: L1(+120VRMS) and L2(-120VRMS). It is
possible to plug it to a 208VRMSLL network by connecting L1 to a phase and L2 to another.

1.1 General

1.2 PV module

1.2.1 Parameters
This report presents the modeling of PV arrays in EMTP® just by using the manufacturer’s datasheet.
The model is an equivalent electrical circuit with one nonlinear diode as illustrated in Figure 1:

Figure 1  Equivalent circuit of a PV array
The electrical parameters of the components in the equivalent circuit are not readily available in
datasheets. This report explains how to obtain the parameters using the datasheet information only and
without performing any physical experiments.
First, the available information in datasheets, useful for the computation of parameters, is defined:

maxP : Maximum power

maxPV : Voltage at maximum power

maxPI : Current at maximum power

ocV : Open circuit voltage

scI : Short circuit current

iK : Temperature coefficient of short circuit current

vK : Temperature coefficient of open circuit voltage

sN : Number of cells per module (in series)
All these data are given for standard test conditions, obtained at a temperature of 25°C and for an
irradiance of 1000 W/m².

225     1000 /ref refT C G W m  

One last data which is defined indirectly by the datasheet is the ideal factor a . This factor depends on
the PV cell technology. A table in [1] gives the value of ideal factor for different PV technologies. This
factor also varies with the irradiance [2], but the variation is low and it is considered constant in our
model.
Finally, the actual atmospheric conditions are required: temperatureT and irradianceG . Temperature
is considered constant during time domain simulations given the time frame of typical EMT-type studies.
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The irradiance, however, can be constant or variable as defined by the user. More details are given at
the end this document.
The relation between PVI  and PVV  in Figure 1  is given by:

s
ph diode

PV PV
PV

p

V I RI I I
R


   (1)

where diodeI is the current flowing through the diode, sR is the series resistance and pR is the parallel

resistance.
The next part explains how to obtain these electrical parameters.

1.2.2 Diode parameters
First, diode parameters need to be calculated using the standard conditions data (usually an irradiance
of 1000 W/m2 and a temperature of 25°C).

0 exp 1diode
diode

th

VI I
aV

  
   

   
(2)

where
PV PV s

diode
s

V I R
V

N


 (3)

The division by sN is because we consider the diode for only one cell. As there are sN cells in series,
the voltage is equally divided on the sN diodes.
The threshold voltage is:

ref
th

kT
V

q
 (4)

where k is the Boltzmann’s constant, q the charge of an electron and refT the reference temperature in

Kelvin.
And the reversed saturation current is:

0

exp 1

sc

oc

s th

II
V

aN V


 

 
 

(5)

From this, equation (1) becomes:

0 exp 1PV PV s PV PV s
PV ph

p s th

V I R V I RI I I
R aN V

   
     

   
(6)

In this equation there are still three unknown variables: phI , sR and pR .

To obtain these values the equations described in [3] are used.  The equations are, however, solved
here in a different way.
The goal here is to express phI  and pR in function of sR . In such a case only one unknown variable

remains, and the non-linear equation obtained can be solved with a numerical method.
Equation (6) is taken in maximum power conditions (voltage and current are given in datasheet) and
from it a function f in function of sR is defined:

0( )  exp 1maxP maxP s maxP maxP s
s ph maxP

p s th

V I R V I Rf R I I I
R aN V

   
      

   
(7)

The objective here is to find such an sR  that the function f becomes zero.
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1.2.3 Definition of 𝑹𝒑
To obtain this resistance another equation is required. The derivative of power with respect to voltage
is used here. In maximal power condition, this derivative is zero.

( )0 PV PV PV PV
maxP maxP

PV PV PVmax max max

dP d V I dII V
dV dV dV

 
     

 
(8)

From (6) the derivative is calculated and taken in maximal power condition:

0

0

exp

exp

maxP maxP s
s th p

s thPV

PV maxP maxP smax
p s th s s th p s

s th

V I RaN V R I
aN VdI

dV V I RR aN V R aN V R R I
aN V

 
       

      
 

(9)

Equation (9) is inserted into (8) and pR is isolated:

0

1

exp
p

maxP maxP maxP s

maxP s maxP s th s th

R
I I V I R

V R I aN V aN V


 

    

(10)

1.2.4 Definition of 𝑰𝒑𝒉
As under short circuit conditions the voltage is low, the current flowing through the diode is negligible.
In this case, there are only two resistances to be considered. As the short-circuit current is the one
flowing in sR we have:

p
sc ph

s p

R
I I

R R



(11)

1s p s
ph sc sc

p p

R R RI I I
R R

 
    

 
(12)

By replacing pR with (10):

011 exp maxP maxP s
ph sc s

maxP s th s th
s

maxP

I V I RI I R V aN V aN VR
I

  
                

(13)

After simplification:

0 expmaxP s maxP maxP s
ph sc

maxP s maxP s th s th

V I R V I RI I
V R I aN V aN V
  

      
(14)

1.2.5 Final Solution

The parallel resistance and the current source are now defined as a function of the series resistance.
Equations (10) and (14) are inserted into (7):
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 
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 (15)

This expression is simplified to:

   

 

0 0

0

2

 exp

maxP sc maxP maxP s
s

maxP s maxP

s maxP sc maxP s thmaxP maxP s

s th s th
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
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    

   

(16)

The goal is to find the value of sR such that f equals to zero. To solve this non-linear equation, Newton
method is used. As this function crosses zero several times, a specific interval has to be chosen. Newton
method can be used because f  and f  are both strictly positive on the studied interval: max0; ][ sR  .

maxsR   is defined as:

0
expoc maxP s th oc

s max
maxP s th

V V aN V VR
I I aN V

  
   

 
(17)

Here is an example of the behaviour of )( sf R on max0; ][ sR  for a specific photovoltaic module
(KC200GT Kyosera).

Figure 2 Behaviour of f(Rs) on studied interval

To use Newton method the derivative of the function is required:
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 
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aN V aN V


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 (18)

As f  is positive, initialization is done with the maximum value:
0
s s maxR R  (19)
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The iterative procedure is:

1
'
( )
( )

i
i i s
s s i

s

f RR R
f R

   (20)

And it is stopped when the variation is below the tolerance :
1i i

s sR R   (21)

Once the iterative procedure yields the final value of i
sR , it is possible to compute pR and phI  using

equations (10) and (14).
As previous calculations were done under standard conditions, the current of the current source is
abbreviated with 0phI .

Parameters are now calculated for the actual atmospheric conditions:

th
kTV
q

 (22)

0
( )
( )

exp 1

sc i ref

oc v ref

s th

I K T T
I

V K T T
aN V

 


  
 

 

(23)

 _ 0ph T ph i refI I K T T   (24)

_ph ph T
ref

GI I
G

 (25)

Here we have the parameters for the given conditions but for only one photovoltaic module. The total
number of modules is calculated using the nominal DC voltage and the given output power of the plant.

                plantDC
mod s mod p

maxP DC maxP

PV
N N

V V I   (26)

where mod pN  is the number of module in parallel and mod sN  the number of module in series in the

plant.
Parameters are updated for the last time:

_  ph tot ph mod pI I N  (27)

_ _                         mod s mod s
s tot s p tot p

mod p mod p

N NR R R R
N N

 

 
  (28)

0_ 0 _                             tot mod p s tot s mod sI N I N N N   (29)

0 _
_

exp diodes
diodes tot

s tot th

VI I
aN V

 
   

 
(30)

Subscript “tot” is used to indicate that it is the final value that will be used in the model.
All electrical parameters are sent into the circuit.
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2 Electrical circuit
The EMTP® circuit is presented in Figure 3.
As the diode is a non-linear device, it is moved inside the control block. So the current source showed
in Figure 3 represents the photoelectric current source in parallel with the diode.

Figure 3 Equivalent electrical circuit of a PV array
The control block calculates the current from photoelectric cells and the current flowing through the
diode. Then the diode current is subtracted from photoelectric current, and the resulting current drives
the controlled current source in Figure 3.
Figure 4 presents the subcircuit which calculates photovoltaic current as a function of irradiance with
respect to (25). Two modes are available: one with a constant irradiance and one with a variable
irradiance. For variable mode, irradiance behaviour has to be entered in block “Ftb2” (on the down left
corner). The temperature is considered constant during the simulation.
Figure 5 presents the subcircuit which calculates the diode current as a function of the diode voltage
using (30).

Figure 4 Current source subcircuit
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Figure 5 Diode subcircuit

2.1 Reactive Power Control in Solar panels
The active power at the point of interconnection depends on the weather conditions. However,

according to customary grid code requirements, the Solar panel controls the reactive power at POI. 3
types of control are available:

- Q-control: where the reactive power reference is a user-defined parameter named Initial
reactive power.

- V-control: where the reactive power reference is a function of the voltage. The function Q=f(V)
is defined in a table device named Q_function_of_V and can be modified by users.

- PF-control: where the power-factor is controlled.

The reactive power control function is located in Ctrl/Grid_Ctrl/GDC_outer_loop_Q. The scheme
is presented in Figure 6.
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Figure 6 Reactive power control function

2.2 PV inverter control and protection systems
The considered topology is shown in Figure 7. It uses a dc-ac converter system consisting of a

voltage source converter (VSC) on the grid side (GSC: Grid Side Converter). The dc resistive chopper
is used for the dc bus overvoltage protection. A line inductor (choke filter) and an ac harmonic filter are
used at the GSC to improve the power quality.

Figure 7  Solar panel configuration

The simplified diagram of PV inverter control and protection system is shown in Figure 8. The
sampled signals are converted to per unit and filtered at “Measurements & Filters” block. The input
measuring filters are low-pass (LP) type.

- “Compute Variables” block computes the variables used by the PV inverter control and
protection system.
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- “Protection System” block contains low voltage and overvoltage relays, GSC overcurrent
protections and dc resistive chopper control.

The control of the PV inverter is achieved by controlling the GSC utilizing vector control techniques.
Vector control allows decoupled control of real and reactive powers. The currents are projected on a
rotating reference frame based on either ac flux or voltage. Those projections are referred to d- and q-
components of their respective currents. In flux-based rotating frame, the q-component corresponds to
real power and the d-component to reactive power. In voltage-based rotating frame (900 ahead of flux-
based frame), the d and q components represent the opposite.

The control scheme is illustrated in Figure 9. In this figure, qgi  and dgi  are the q- and d-axis

currents of the GSC, dcV  is the dc bus voltage, and wtV   is the positive sequence voltage at Solar
panel transformer MV terminal.

In the control scheme presented in Figure 9, the GSC operates in the stator voltage reference

(SVR) frame. dgi  is used to maintain dcV  and qgi  is used to control wtV  .

The GSC is controlled by a two-level controller. The slow outer control calculates the reference dq-
frame currents ( dgi  and qgi ) and the fast inner control allows controlling the converter ac voltage

reference that will be used to generate the modulated switching pattern.

Figure 8  Simplified diagram of inverter control and protection system
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Figure 9  Schematic diagram of inverter control
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3 EMTP® IMPLEMENTATION
The developed Solar panel model setup in EMTP is encapsulated using a subcircuit with a

programmed mask as illustrated in Figure 10.

The first tab of the Solar panel mask enables the user to modify the general Solar panel parameters
(array rated power, voltage and frequency, filter characteristics and Dc voltage.) and Solar panel
operating conditions (operating mode and reactive power at POI).

The third tab is used to modify the parameters of converter control system given below:

- Sampling rate and PWM frequency at PV converters

- PV inverter input measuring filter parameters,

- GSC control parameters,

Figure 10  Solar panel device.

3.1 Detailed and Average Value Models
The EMTP® diagram of the PV dc-ac converter system detailed model (DM) is shown in Figure

11. A detailed two-level topology (Figure 12.a) is used for the VSCs in which the valve is composed by
one IGBT switch, two non-ideal (series and anti-parallel) diodes and a snubber circuit as shown in
Figure 12.b. The non-ideal diodes are modeled as non-linear resistances. The DC resistive chopper
limits the DC bus voltage and is controlled by protection system block.

The PWM block in dc-ac converter system EMTP® diagram receives the reference voltage from
converter control and generates the pulse pattern for the four IGBT switches by comparing the voltage
reference with a triangular carrier wave. In a two-level converter, if the reference voltage is higher than
the carrier wave then the phase terminal is connected to the positive DC terminal, and if it is lower, the
phase terminal is connected to the negative DC terminal. The EMTP diagram of the PWM block is
presented in Figure 13.
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Figure 11  dc-ac converter system block in PV models (detailed model version)

Figure 12  (a) Two-level Converter, (b) IGBT valve

Figure 13  PWM control block

The DM mimics the converter behavior accurately. However, simulation of such switching circuits
with variable topology requires many time consuming mathematical operations and the high frequency
PWM signals force small simulation time step usage. These computational inefficiencies can be
eliminated by using average value model (AVM) which replicates the average response of switching
devices, converters and controls through simplified functions and controlled sources [11]. AVMs have
been successfully developed for wind and solar generation technologies [12], [13]. AVM obtained by
replacing DM of converters with voltage-controlled sources on the ac side and current-controlled
sources on the dc side as shown in Figure 14.

The converter control tab of the Solar panel device mask enables used AVM-DM selection.

Figure 14  dc-ac converter system block in PV models (average value model version)
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3.2 Solar panel Model in EMTP®
The EMTP® diagram of the Solar panel is shown in Figure 15. It is composed of

- “PV hardware” block which contains the PV panel and the inverter,

- “PV Control System” block,

- “Solar panel Control System” block,

- Initialization Source with load flow (LF) constraint.

The initialization source contains the load flow constraints. It also prevents large transients at
external network during initialization of PV electrical and control systems.

Figure 15  EMTP® diagram of the Solar panel

3.2.1 Solar panel Control System Block
The function adjusts the PV inverter controller voltage reference to achieve desired reactive power

at POI. The reactive power control block consists in an outer voltage (or power factor) control and a
slow inner proportional-integral reactive power control as shown in Figure 16. The reactive power
reference for the inner proportional-integral reactive power control is produced either by the outer
proportional voltage control (V-control) or by the outer power factor control (pf-control) unless Q-control
is selected.
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Figure 16  EMTP® diagram of the Q-control block

3.2.2 PV Electrical System
The EMTP® diagram of the electrical system is composed of the PV panel, the dc-ac converter

system, the choke filter and the shunt ac harmonic filters as shown in Figure 17.

The measurement blocks are used for monitoring and control purposes. The monitored variables
are GSC and total PV unit currents, and converter terminal voltages. The dc voltage is also monitored
(in dc-ac converter system block). All variables are monitored as instantaneous values and meter
locations and directions are shown in Figure 17.

The dc-ac converter system block details have been presented in Section 3.1.
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Figure 17  EMTP® diagram of the Solar panel

The “shunt ac harmonic filters” block includes two band-pass filters as shown in Figure 18. These
filters are tuned at switching frequencies harmonics n1 and n2. The filter parameters are computed as
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filter

f
Q

C
U f

 (31)

1 2
1 1

1
(2 )f

f
L

C f n
 (32)
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2 2 2(2 )f fR f n L Q (36)

where U  is the rated LV grid voltage, filterQ  is the reactive power of the filter and Q  is the quality

factor.

The switching frequencies harmonics n1 and n2 are as follows

1 PWM gsc sn f f (37)

2 12n n (38)

where PWM gscf   is the PWM frequency at GSC and sf  is the nominal frequency.

In case another type of filter or other parameters should be used, the filter can be modified by the user
inside the Solar panel subcircuit. If several Solar panels are found in the network, the filter subcircuit
and its parents must be made unique to avoid modifying all Solar panel instances.
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Figure 18  “shunt ac harmonic filter” block

3.2.3 PV inverter Control System Block
The EMTP® diagram of the PV inverter control system block is shown in Figure 19. The sampled

signals are converted to pu and filtered. The sampling frequency are set to 12.5 kHz from device mask
and can be modified by the user. The “sampling” blocks are deactivated in AVM due to large simulation
time step usage. In generic model, 2nd order Bessel type low pass filters are used. The cut-off
frequencies of the filters are set to 2.5 kHz and can be modified by the user. The order (up to 8th order),
the type (Bessel and Butterworth) and the cut-off frequencies of the low pass filters can be modified
from device mask. The “GSC Compute Variables” block does the dq transformation required for the
vector control. The GSC (“Grid Control” block) operates in the stator voltage reference frame. The
protection block includes the over/under voltage relay, the deep voltage sag detector, the dc chopper
control and overcurrent detector.

Figure 19  EMTP® diagram of the PV inverter control block
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allowing the synchronization of the control parameters with the system voltage. In matrix T, the direct
axis d is aligned with the stator voltage.
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cos( ) cos( 2 / 3) cos( 2 / 3 )
2 sin( ) sin( 2 / 3) sin( 2 / 3)
3

1/ 2 1/ 2 1/ 2

t t t t
T t t t
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    
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       
  

(39)

Figure 20  EMTP diagram of the PLL

3.2.3.1 PV inverter Grid Side Converter Control

The function of GSC is maintaining the dc bus voltage dcV at its nominal value and controlling the
reactive power on the grid side. The EMTP® diagram of the “Grid Control” block is shown in Figure 21.

Figure 21  EMTP® diagram of PV inverter “Grid Control” block

3.2.3.1.1 PV inverter GSC Coupled Control
The q-axis reference current is calculated by the reactive power control block (see 2.1).

The d-axis reference current is calculated by the proportional outer dc voltage control. It is a PI
controller tuned based on inertia emulation.
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 02 2
i Cdck H (41)

where 0 is the natural frequency of the closed loop system and   is the damping factor.

 Cdc Cdc wtH E S  is the static moment of inertia, CdcE is the stored energy in dc bus capacitor (in

Joules) and wtS  is the Solar panel rated power (in VA).

The schematic of the GSC connected to the power system is shown in Figure 22. Z R j L 
represents the grid impedance including the transformers as well as the choke filter of the GSC. The
voltage equation is given by

 i i i igrid d dt  ac ac acv R i L i v (42)

Figure 22  GSC arrangement

The link between GSC output current and voltage can be described by the transfer function

 ( ) 1gscG s R sL  (43)

Using [15], the PI controller parameters of the inner current control loop are found as

p ck L (44)

i ck R (45)

.

The feed-forward compensating terms choke qg d chokeL i v   and  choke dg q chokeL i v    are

added to the d- and q-axis voltages calculated by the PI regulators, respectively. The converter
reference voltages are as follows

   dg p i dg dg choke qg d chokev k k s i i L i v        (46)

  qg p i qg qg choke dg q chokev k k s i i L i v        (47)

During normal operation, the controller gives the priority to the active currents, i.e.

   

lim

2 2lim lim

dg dg

qg qg g dg

i I

i I I i

 

   
(48)

where
lim
dgI ,

lim
qgI  and

lim
gI  are the limits for d-axis, q-axis and total GSC currents, respectively.



EMTP®-EMTPWorks, 4/12/2021 4:51:00 PM Page 22 of 30

The PV inverters are equipped with an FRT function to fulfill the grid code requirement regarding
voltage support shown in Figure 23. The FRT function is activated when

1 wt FRT ONV V
  (49)

and deactivated when

1 wt FRT OFFV V
  (50)

after a pre-specified release time FRTt .

When FRT function is active, the GSC controller gives the priority to the reactive current by
reversing the d- and q-axis current limits given in (48), i.e.

   

lim

2 2lim lim

qg qg

dg dg g qg

i I

i I I i

 

   
(51)

The EMTP® diagram of “Idq reference limiter” and “FRT decision logic” blocks are given in Figure
24 and Figure 25, respectively. The limits for d-axis, q-axis and total GSC currents and FRT function
thresholds can be modified from the device mask as shown in Figure 12.

Figure 23  PV inverter reactive output current during voltage disturbances [16].

Figure 24  EMTP® diagram of “Idq reference limiter” block
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Figure 25  EMTP® diagram of “FRT decision logic” block

3.2.4 PV inverter Protection System Block
Figure 26 shows the “protection system” block. It includes overvoltage and undervoltage protection

relays, a dc overvoltage protection (chopper protection) and an overcurrent detector for each converter
to protect IGBT devices when the system is subjected to overcurrent. For initialization, all protection
systems, except for DC chopper protection, are activated after 100ms of simulation (i.e. init_Prot_delay
= 0.1s). The protection system parameters can be modified from the device mask as shown in Figure
27.

Figure 26  EMTP® diagram of protection system block
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Figure 27  Protection system parameters

3.2.4.1 Overvoltage and Undervoltage protections
Figure 28 shows overvoltage and undervoltage protections. It includes rms-based over/under

voltage relays, cumulative instantaneous overvoltage relays, deep voltage sag detectors.
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Figure 28  EMTP® diagram of overvoltage and undervoltage protections

The instantaneous over voltage protection suggested by IEEE Std 1547-2018 is developed and
added to the protection schemes. This protection works based on a cumulative instantaneous
overvoltage. Figure 29 shows the threshold values of the voltage (per unit of nominal instantaneous
peak base) and cumulative duration of the transient overvoltage protection, and they can be modified
in the device mask. The cumulative duration is the sum of durations when the instantaneous voltage
exceeds the protection threshold over a one-minute time window.

Figure 29  Transient overvoltage limits
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function of time are presented in Figure 30 and can be modified in the PV device mask. The voltages
below the red line reference and above the black line reference correspond to the ride-through region
where the PV park is supposed to remain connected to the grid. This block measures the rms voltages
on each phase and sends a trip signal to the PV inverter circuit breaker when any of the phase rms
voltage violates the limits.

Figure 30  LVRT and HVRT requirements [19]

The “Deep Voltage Sag Detector” block temporary blocks the GSC in order to prevent potential
overcurrents and restrict the FRT operation to the faults that occur outside the PV park.

3.2.4.2 dc Overvoltage Protection Block
 The function of dc chopper is to limit the dc bus voltage. It is activated when the dc bus voltage

exceeds chopper ONU   and deactivated when dc bus reduces below chopper OFFU  . EMTP diagram of

the “dc overvoltage protection” is shown in Figure 31.

Figure 31  EMTP® diagram of dc overvoltage protection block
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3.2.4.3 Overcurrent Protection Block
 The overcurrent protection shown in Figure 32 blocks the converter temporarily when the

converter current exceeds the pre-specified limit.

Figure 32  EMTP® diagram of overcurrent protection block
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