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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). 1t 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:

R_series | _pv
VaYAY, >
+ <
D ¥ <
l_ph< .g gl V_pv
a4

Figure1  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:
Pax: Maximum power
Vihaxp : Voltage at maximum power
| axp © Current at maximum power
V.. : Open circuit voltage
I, : Short circuit current
K;: Temperature coefficient of short circuit current
K, : Temperature coefficient of open circuit voltage
N, : 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,
Tt =25°C G,y =1000W / 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: temperature T and irradiance G . Temperature

is considered constant during time domain simulations given the time frame of typical EMT-type studies.

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



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 I, and Vpy, in Figure 1 is given by:

Vey +1py Ry

- ®

Ipy =|ph — lgiode —
p

where .4 is the current flowing through the diode, R, is the series resistance and Rp 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).

V.
lgioge = lo {exp [%} —1} (2)
th

Vey + ey Rs

- ®

The division by N, is because we consider the diode for only one cell. As there are N, cells in series,

where

Vdiode =
s

the voltage is equally divided on the N diodes.

The threshold voltage is:

KT,

where k is the Boltzmann’s constant, q the charge of an electron and T, the reference temperature in

Kelvin.

And the reversed saturation current is:
|

lo = 2 (5)
exp| —=—|-1
aNthh
From this, equation (1) becomes:
Vpy + Ipy R Vpy + Ipy R
lo, =1, ——PV " PV's | lexp| 2PV PV'5s |_1 6
pv =Iph R, o| EXp aN Vg, (6)

In this equation there are still three unknown variables: | ph» Rgand Rp .

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 | ph and Rp in function of R, . 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 R, is defined:

V +1 R \ +1 R
f (R ) =1 b= I b - maxP maxP"'s |0 exp[ maxP maxP " *s J_l (7)
P R, aN Vi,

The objective here is to find such an R, that the function f becomes zero.
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1.2.3 Definition of R,

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.

dP d | dl
0=—F | = (VPV - )| = lnaxp +VmaxP[ - J (8)
dVpy | dVpy dVpy

max |ma>< max

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

—aNVy, — Rp|oexp(vm>d=+|maxPF\)s

dl aN.Vv
(vaVJ - i/th + e R ®)
PV Amax R aNVy, + Ra@aNVy, + R, Rl exp| ~max@ = ma®Zs
aNthh
Equation (9) is inserted into (8) and Rp is isolated:
R, = ! (10)
ImaxP _ I0 ex (VmaxP + ImaxP RSJ
VmaxP - Rs I maxP aN thh aN thh

1.2.4 Definition of I,

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 R, we have:

| R (11)
= Iph
* PR{+R,
R.+R R
|ph=|SC%=|SC{R—S+1J (12)
p p
By replacing R, with (10):
Loy = I 14 R [ o~ 10 gp Ymwe * Imare s (13)
Vinaxp _ R, aNsVin aN Vi,
ImaxP
After simplification:
\Y, IH,R V + 1 R
Iph — Isc maxP __0"s exp[ maxP maxP ' s J:l (14)
VmaxP - Rs I maxP aN thh aN thh

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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V IR V +1 R
f(Rs)z_ImaxP+|sc{ mexP -0 eXp( et maxP SI|

VmaxP - Rs I maxP aN thh aN thh
| | V +1 R
—(V +1 R maxP _ 0 exp( maxP maxP " s J (15)
( e e ){VmaXP - Rs I maxP aN thh aN thh
_|0 exp VmaxP + ImaxPRs -1
aN thh
This expression is simplified to:
f (R )zvmaxP(Isc + I0 _ZImaxP)_ IOlmaxPRs
) VmaxP - Rs I maxP (16)
i exp VmaxP + ImaxP Rs Rs (ImaxP - Isc)"'vmaxP - a'Nthh
° aN thh aN thh

The goal is to find the value of R, 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: [0;R;_,ax]-

R is defined as:

S—max

V.. -V aN.V, -V
R _ ‘oc maxP sVth ex oc 17
S—max | p aNthh ( )

Here is an example of the behaviour of f(R;)on [O;R, . ]for a specific photovoltaic module

(KC200GT Kyosera).

maxP I0

f(Rs)

_10 [ [ [ 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Rs

Figure 2  Behaviour of f(Rs) on studied interval

To use Newton method the derivative of the function is required:

df _ ImaxPVmaxP ( Isc - 2ImaxP)

- 2
dRS (VmaxP - Rs I maxP) (18)

+|0 exp (Vmaxp + Imaxp Rs J|:_I scaN thh + Rs I maxP (ImaxP - Isc ) + ImaxPVmaxP

aNsVi (aNyVn)?
As f'is positive, initialization is done with the maximum value:
0
Rs = Rs—max (19)
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The iterative procedure is:

Ri+1:Ri _ f(Rsl) (20)
T f(RY
And it is stopped when the variation is below the tolerance ¢ :
RI-R"<¢ (21)

Once the iterative procedure yields the final value ofR,;, it is possible to compute Rp and | ph using

equations (10) and (14).
As previous calculations were done under standard conditions, the current of the current source is
abbreviated with | 5.

Parameters are now calculated for the actual atmospheric conditions:

KT
Vin =— (22)

q

| Ki(T -T,
|O= Vsci};((_r—_lr_ef)) (23)
exp[ oc % ref j_l
aNthh
o 7 =1pho +Ki (T —Tret ) (24)
G

I ph = I ph_T G_ (25)

ref

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.

V Potant
Niod—s = v DCP Ninod— p= VDCpIan R (26)
max max

where Nmod_pis the number of module in parallel and N,,4_ the number of module in series in the

plant.
Parameters are updated for the last time:
Iph_tot = Iph I\Imod—p (27)
N N
Rs_tot = _Tnod-s R, Rp_tot szp (28)
mod —p mod —p
IO_tot = I\Imod—pIO Ns_tot =Ng Nipog—s (29)
V.,
lgioges = lo 1o EXP| ——0icdes 30
diodes 0_tot p[ aNs_totVth J ( )

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.

Rserie

V. X{Vplus

AN

1K
f(u)
V_diode - 2 ¥

—
|_current_source DQ)

Iph_minus_ldiode_calculator

4
Rparallel

AN

K{Vminus

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).

’ Iph

1

2 f(u) >—|Z>I_Current_source

3

L W P> /\\ — » u[L]u[2)/uf3]

0 600

0.2 625
0.4 650
0.6 700
0.8 700
1750

1.2750
1.4 700
1.6 650
1.8 625
2 600

P
1 select

Irradiance_profil

N}
\VAAVAAV/

Figure 4  Current source subcircuit
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’ | diode

V_diode DX> N

—>
g

I> u[]*(EXP(u[2)/(u[3]*u[4]*u[3)]) - 1)
c
P
c

Figure 5 Diode subcircuit

f(u) 4@ > |_diode

g b W N P

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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Q_pu|_Page
- J

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.

filter

L —
capacitance | choper

. JK% =
PV modules choke .
+ 1R +Split voltage
- T )

Vminus ——
L IATT -Split voltage

J JK& choke I
\ 2 X

fiter

inverter

\ [+
Al
1

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.

EMTP®-EMTPWorks, 4/12/2021 4:51:00 PM Page 11 of 30



- “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 g-
components of their respective currents. In flux-based rotating frame, the g-component corresponds to
real power and the d-component to reactive power. In voltage-based rotating frame (90° ahead of flux-
based frame), the d and g components represent the opposite.

The control scheme is illustrated in Figure 9. In this figure, iqg and idg are the g- and d-axis
currents of the GSC, Vdc is the dc bus voltage, and V\,\J,rt 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. idg is used to maintain Vdc and iqg is used to control V\,\J,rt .

The GSC is controlled by a two-level controller. The slow outer control calculates the reference dg-
frame currents (iég and i(;g ) and the fast inner control allows controlling the converter ac voltage

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

Park Measurements CO*T'F’Ute GSC
Measurements & Filters Variables Command
Protection
Ch ON/OFF

Inverter Breaker Open/Close

Figure 8  Simplified diagram of inverter control and protection system
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Figure9  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
- PVinverter input measuring filter parameters,

- GSC control parameters,

PVmodell

acC

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.

EMTP®-EMTPWorks, 4/12/2021 4:51:00 PM Page 14 of 30



PVcells

inverter_DM

Vminus

|

|

vde X

fud
—~ Cdc

LWV‘—
Rchopper

AR

‘—(Z[chu er
IGBT_chopper o

VvSsSC
2-Level

neg

$ AC_GSC

PWM

Vrefmm=f] Viei GSC

Conv_Activel

PWML

Figure 11 dc-ac converter system block in PV models (detailed model version)
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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.

PVcells

|

PVcells

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.

M\chrFS\ch 6oz SW_ON
T 29 initalization_1
ol o o/
g2 g5
Q Q
RL1
PV_Hardware péLl(t) PQ paTi(t)
N .
& > ] vLin
+
Vi Page |vgrid
v
L ZWLZ”

g iilizaton 2

filterGridSide2

vdc| _page
chopper| Page
vref|_Page

grid_conv_block| page4‘

Cul

Control System

Vorid|page————Vgrid Vref, Page |Vref

vsc | Page Igrid chopper Page |chopper
lgrid | page Ivsc SW_ON Page |SW_ON
Vde|_Pag Vde grid_conv_block Page |grid_conv_block

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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u
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Qref_RF| Page-
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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

initialization_2

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

~ Qfitter

S U22xt)

B 1
CC(2rfn)?
Rip =@z f)n Ly Q
Ci,=Cqy

B 1
 Cpo(2zfny)
Rip =27 f)n, Ls, Q

f1

I-fl

I-f2

(31)

(32)

(33)
(34)

(35)

(36)

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

factor.

The switching frequencies harmonics ni1 and nz are as follows

n = fPWM—gsc/fs

where prM —gsc Is the PWM frequency at GSC and fs is the nominal frequency.

(37)
(38)

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.

EMTP®-EMTPWorks, 4/12/2021 4:51:00 PM

Page 18 of 30



| [+
| [+

Figure 18 “shunt ac harmonic filter” block

3.2.3 PVinverter 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, 2" 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 8™ 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.

Grid_Ctrl

computingVariables
Computing Variables Grid Ctrl
Vgrid_m Vgrid_m
Sampler Sl_to_PU LPF_filter P pu P pu
Sampler Sl_to_pu LPF_filter Q pu Q_pu
- - - Vdc Vdc
Vgrid Varid Vgrid_sampled —Vgrid Vgrid_pu —Vgrid_pu Varid Vgrid Vgrid_d Vagrid_d Vref @ Vref
Igrid Igrid Igrid_sampled —Igrid Igrid_pu — Igrid_pu Igrid Igrid Vgrid_q Vgrid_q
Ivsc vsc vsc_sampled vsc vsc_pu——Ivsc_pu vsc vsc vsc_d vsc_d
vdc Vdc Vdc_sampled ——Vdc Vdc_pu ——Vdc_pu Vdc Vdc_meas vsc_q vsc_q
Igrid_d — w
Igrid_q— wt
w_pu

wt

Protection_system

Protection System
—Vvdc chopper_active chopper
—— vgrid switch_on SW_ON
vsc grid_conv_block grid_conv_block

Figure 19 EMTP® diagram of the PV inverter control block

The transformation matrix T in (39) transforms the phase variables into two quadrature axis (d and
g reference frame) components rotating at synchronous speed @ = dé/dt . The phase angle 0 of the
rotating reference frame is derived by a PLL (see Figure 20) from the PV inverter terminal voltages
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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3.2.3.1 PV inverter Grid Side Converter Control

The function of GSC is maintaining the dc bus voltage Vdc 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.
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FRT decision logic
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dVref_dq to Vref
GSC Vde _Page—Vdc
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Vdel_Page vic Outer Ctrl LOOP Idref Iref_dq to_dvref dq  Vgrid_q_page tvgrid_q
(VdC) vsc_d_page—ilvsc_d Vref P Vref
Idq_ref_limiter Isc_d|_Page’ id Ivsc_q_page—tVsc_q
= Isc_q_page’ Tl dvref_d dvref_d
GDC_outer_loop_Q dvref g dvref_q
Id_ref_in | \,. Id_ref_out Idref w_Page—————W
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Varid_m|_Page TVgrid_m Outer Ctrl Loop
P_pu|_Page tP_pu Q Io_ref ! DEV6
Q-pul_Page——Q_pu Idq reference limiter
FRT[ page FRT

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

3.2.3.1.1 PV inverter GSC Coupled Control
The g-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 Pl
controller tuned based on inertia emulation.

Ko = o (2Hcq,) (40)
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k. =2&wy(2Hcy) (41)

where @4 is the natural frequency of the closed loop system and & is the damping factor.
Hecae =(ECdc/SWt) is the static moment of inertia, Ecgc is the stored energy in dc bus capacitor (in

Joules) and Swt 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+ joL

represents the grid impedance including the transformers as well as the choke filter of the GSC. The
voltage equation is given by

Vgria; = Rlag; - L(d lag /dt)+vaci (42)
Vdc L dc ; Power
|;l>— ac VGCZ R + ](UL q—laczvgr,‘dz System
— (T

J

Figure 22 GSC arrangement

The link between GSC output current and voltage can be described by the transfer function
Gyso (8) =1/(R+5L) (43)
Using [15], the PI controller parameters of the inner current control loop are found as
kp =L (44)
ki =acR (45)

The feed-forward compensating terms Cr)Lchokeiqg +Vy_choke and (—a)Lchokeidg +Vq_choke) are

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

Vég = _(kp + ki /S)(iég - idg )+ a)Lchokeiqg + Vd—choke (46)
Vag =—(Kp +ki/3)(idg ~iag ) ~ @Lenkelag + Vo-choe (47)
During normal operation, the controller gives the priority to the active currents, i.e.
iy < ldg"

_ . 48
g < 10 :\/(|gm)2 (it )2 (48)
lim

lim lim . . . .
where Idg , |qg and |g are the limits for d-axis, g-axis and total GSC currents, respectively.
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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 ~Vir ‘ >VEerT 0N (49)
and deactivated when
‘1_\/\;&‘ <VErrT—0FF (50)

after a pre-specified release time tFRT .
When FRT function is active, the GSC controller gives the priority to the reactive current by

reversing the d- and g-axis current limits given in (48), i.e.

’

ag
A ] -

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, g-axis and total GSC currents and FRT function
thresholds can be modified from the device mask as shown in Figure 12.

H lim
I, < qu

A
i dead-band
0.9
10.5
>

-1.0

Figure 23 PV inverter reactive output current during voltage disturbances [16].
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Figure 24 EMTP® diagram of “ldq reference limiter” block
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Figure 25 EMTP® diagram of “FRT decision logic” block

3.2.4 PV inverter Protection System Block

FRT__ S FrT

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.

chopper_protection —b active_chopper_flag

i #SCOPE_chopper#,
Chopper Protection

vde KO————Vdc chopper_active P> chopper_active

OVRT_LVRT

Overvoltage and Undervoltage
Protections

vgrid X: lv switch_on —‘X> switch_on

Deep_Voltage_Sag Page |active_Deep_Voltage_Sag

active_Deep_Voltage_Sag_flag
#SCOPE_DVS#,
overcurrent_protection

Overcurrent_Prot

Ivsc @— Ivsc OC_vsc Page |OC_grid_conv_active

overcurrent_grid_flag
#SCOPE_Ovwercurrent#,

OC_grid_conv_active | Page’

release delay
K’ grid_conv_block

active_Deep_Voltage_Sag| Page i release_delay o

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.

I 3

<
=

Non-Acceptable Region
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Voltage
(Per unit of nominal instantaneous peak base)
<
[\%]

<
w

Acceptable Region

<
=

A J

o

tl t2 t3 t4

Cumulative duration (s)
Figure 29 Transient overvoltage limits

The RMS-based over/under voltage protections are designed based on the technical requirements
set by Hydro Quebec for the integration of renewable generation. The over/under voltage limits as a
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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.

Canada
Hydro Quebec - LV & HV RT
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1,2 4
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Ride Through Region
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0,0 0,1 1,0 Time(s) 10,0 100,0 1000,0

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 Uchopper_ON ‘ and deactivated when dc bus reduces below Uchopper_o,:F . EMTP diagram of

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

activate_Protectl

#activate_ChopperProt#+1

Vdc_meas
| I (u[A>uEBD+((u[1]>=u[2])*(u[1]<=u[3]))*u[4] 1}
Vch} {1 o—1 select
- 2 >—X>chopper7active
Chopper_Low_limit |C s 2
> Chopper_activation_selector

Chopper_High_Limit '

Chopper_in_Delay

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.

lgsc X

Figure 32
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b p
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initialization_Delay
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EMTP® diagram of overcurrent protection block
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