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1 INTRODUCTION

This document presents generic EMTP models for Photovoltaic (PV) Park that can be used for
stability analysis and interconnection studies.

Interconnecting a large-scale PV into the bulk power system has become a more important issue
due to its significant impact on power system transient behavior. Failure to perform proper
interconnection studies could lead to not only non-optimal designs and operations of PVs, but also
severe power system operation and even stability problems. Manufacturer-specific models of PVs are
typically favored for the interconnection studies due to their accuracy. However, these PV models have
been typically delivered as black box model and their usage is limited to the terms of nondisclosure
agreement. Utilities and project developers require accurate generic PV models to perform the
preliminary grid integration studies before the actual design of the PV park is decided. Accurate generic
PV park models will also enable the researchers to identify the potential PV grid integration issues and
propose necessary countermeasures properly.

This PV park model is aggregated, the collector grid and the PV inverters are represented with
their aggregated models. However, the model includes the park controller to preserve the overall control
structure in the PV park. The inverters and the park control systems include the necessary
nonlinearities, transient and protection functions to simulate the accurate transient behavior of the park
to the external power system disturbances.
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2 Model description

The EMT model presented in this document do not include the park transformer OLTC and any
reactive power compensation device (such as Static VAR Compensator).

2.1 General
2.2 PV module

2.2.1 Parameters

This report presents the modeling of PV arrays in EMTPj ust by using the manufact
The model is an equivalent electrical circuit with one nonlinear diode as illustrated in Figure 1:

R_series | pv
VAVaY, >

V_pv

-

=
TN
D
\_/
iode
v\

R_parallel

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:
Pl ax: Maximum power
Viaxp: Voltage at maximum power
| maxp: Current at maximum power
V. : Open circuit voltage
I s.: 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.
T =25C Gy OOV /ni

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.

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 |, and Vp, in Figure 1 is given by:
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Vpy + 1
oy =1on 4 diode PV R e 1)
P

where | 44eis the current flowing through the diode, Ryis the series resistance and R; is the parallel

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

2.2.2 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).

Y

e av, o)
| giode = | 0 é€XPae e &1 (2)
& c¢avn =
where
Voy + | oyR
Vdiode:—PV N PV s (3)

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

the voltage is equally divided on the Ng diodes.

The threshold voltage is:
kTref

(4)

whereki s t he Bol t z mgthenchasge af anreledtrenrand T, the reference temperature in

th =

Kelvin.

And the reversed saturation current is:
|

lo = == 5
° expé VOC 61 ( )
e ., 0O
QaNs\/th -
From this, equation (1) becomes:
+ e a + o)
IPV = oh VPV IPVRS I_O éexp VPV I PVRS 6 1- (6)
Rp e ¢ alNs iy +

In this equation there are still three unknown variables: | ,,, Ryand Ry .

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:

e a 0
f (Rs) =1 oh -1 maxP Vinaxp + | maxFR s Idéexpcev maxe H_ mal? s6 1 (7)
Ry e ¢ aNMy +

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

2.2.3 Definition of 4 _

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.
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dR _Ad(Vpy | ad 0
0= dVPVI (dF;\// PV)I I:maxF' VT‘FlaxF%dVPV 0 (8)
PV PV max G PV ﬁax

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

+
'aNSVth pre p maxP |maX£s 6

adlp, |6 _ aNgVin +
=L 9)
c PV hax R aNthh+ & aNg,\{h RJ @0|8Xp maxP maxlR s
¢ aNgVy
Equation (9) is inserted into (8) and Rp is isolated:
R, = CH (10)
ImaxP - I0 expgel/ maxP+I ma)B 5 :

Vinaxp~ Rslmaxe @N ¥ c aN ¥,

2.2.4 Definition of k|

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
| =1 P 11
sc thS+ Rp ( )
R+ :
ln =l s RR” T A N (12)
P ¢
By replacing R, with (10)
e a ¢
e > ) ~C
p a + (0)w
I oh = scgl' R Sep 1 IO expa\_:/maxP I maxFR S OC (13)
e "&maxp_ R ANV ¢ ANy €
e & C
e ¢ 'maxP x
After simplification:
e Vv I,R AV, .ot | ¢
| oh =1 < Z maxP 0" ‘s ex maxP maxB S ¢ (14)

gvmaxP' Rel maxe aN ¥V g: aN V4,
2.2.5 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):

e LR c\y 0o
f(Rs)= -ImaxP+ [ s : maxP 0"*s eXPae maxP maXR 5 :
8VmaxP~ R I maxP aN yth c aN é/th 0
| | & et maR s €
_ (V b 4 le maxP 0 XPae maxP m S ¢ (15)
e e eVmaxP s maxP aN é/th aN é/th -
_ |O§e pS:_\:/maxP maxlR S 8_1 3
@ 9 aN \/th = g
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This expression is simplified to:
VmaxP(Isc+|O -2 maxl) I'(J ma!(:&‘ s

()= Yoaell s
av, axP"'ImaxlR a:\)s( maxP "~

+1y expge™
¢ aNsW &

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 jand f i are both strictly positive on the studied interval: [O;R; ax -

axP "~ Rsl maxP (16)
I sc) v maxP aN ¥ th

aNs Vi,

R max is defined as:
aN Svthexpa “Voe (17)

(o]
lo caN Vi,
] for a specific photovoltaic module

Voc - VmaxP

Rs— max — |
maxP

behaviour of f(R,)on [O;R, 1 ax

Here is an example of the
(KC200GT Kyosera).

f(Rs)

r r

r r

0.4 0.5 0.6 0.7

_10 r r
0 0.1 0.2 0.3
Rs

Behaviour of f(Rs) on studied interval

Figure 2
To use Newton method the derivative of the function is required
A ImaxlymaxF(I sc 2l max)J
2
dRs (VmaxP' Rsl maxa (18)
+] eXPae VmaxP+ I maxFR 6’ IscaN Vth S maxl‘-( I maxP b gc I +mayP max|
0 ©
¢ aN Vth e (aNthh)
As f jis positive, initialization is done with the maximum value
0 _
R=R ma (19)
The iterative procedure is:
i f
(R)
And it is stopped when the variation is below the tolerance e
R-RY (21)

Once the iterative procedure yields the final value of R's it is possible to compute R, and | ph using

equations (10) and (14).
Page 9 of 46

EMTP®-EMTPWorks, 6/10/2021 11:59:00 AM



As previous calculations were done under standard conditions, the current of the current source is
abbreviated with | g .

Parameters are now calculated for the actual atmospheric conditions:

kT
Vin = ) (22)

Isc+Ki(T 'Tref)

I = 23
° ex évoc + KV(T 'Tref) C')l ( )
pée aNthh t—)
Iph_T =1 pho K i(T -Fref) (24)
G
I ph =1 ph_TG_ (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 Polant
Nmod— s:V DCP N mod- p _VDzlan o (26)
max max

where Npyoq pis the number of module in parallel and Npp,o4 sthe number of module in series in the

plant.
Parameters are updated for the last time:
Iph_tot =1 th mod [ (27)
Niod- N od-
Rs ot :% R Rp_ tot ZNLS Rp (28)
mod- p mod- p
IO_tot =Nmod- ;JO N s tot N SN mod (29)
a v,
| diodes= 0 tof€XPgg— diodes 30
diodes — ' 0__ tot pm ( )
Subscript fAtotodo is used to indicate that it is

All electrical parameters are sent into the circuit.

3 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.
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Figure 3 Equivalent electrical circuit of PV park

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 the photovoltaic current as a function of irradiance
with respect to (25) and the diode current as a function of the diode voltage using (30). The irradiance
can be varied from outside of the PV park device. The temperature is considered constant during the
simulation.

An option to force the DC link voltage to a nominal value is available. In this case, the PV cell device is
an ideal voltage source.

Iph

1
2 () D@ P I_current_source
3

u[1]*u[2]/u[3]

o]
\4

o]
A4

’ |_diode

1

2

3 fu)
4

5

ijde@

I> u[1*(EXP(u[2)/(u[3]*u[4]*u[5])) - 1)
C

Figure 4  Current source subcircuit

3.1 Reactive Power Control in PV Parks

The active power at the point of interconnection depends on the weather conditions. However,
according to customary grid code requirements, the PV park should have a central PV park controller
(PVPC) to control the reactive power at POI.

The PV park reactive power control is based on the secondary voltage control concept [9]. At
primary level, the inverter controller monitors and controls its own positive sequence terminal voltage (

o . . .
th) with a proportional voltage regulator. At secondary level, the PVPC monitors the reactive power
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at POI (on|) and control it by modifying the PV inverters reference voltage values (Vi) via a

proportional-integral (PI) reactive power regulator as shown in Figure 5. In Figure 5 and hereatfter, all
variables are in pu (unless opposite is stated) and the apostrophe sign is used to indicate the reference
values coming from the controllers.

A Q(V) mode is available where the Q-reference is function of the voltage.

Although not shown in Figure 5, the PVPC may also contain voltage control (V-control) and power
factor control (PF-control) functions. When PVPC is working under V-control function, the reactive

power reference in Figure 5 (Q.i)o| ) is calculated by an outer proportional voltage control, i.e.
— . +
Qror = Kypoi (Vﬂ>0| 'VPOI) (31)
where VFTO| is the positive sequence voltage at POI and K\/poi is the PVPC voltage regulator gain.

When PVPC is working under PF-control function, Qg is calculated using the active power at

POI ( Ppo| ) and the desired power factor at POI ( pfpo| ).

When a severe voltage sag occurs at POI (due to a fault), the PI regulator output ( DU i) is kept
constant by blocking the input (Q;i>o| - on| ) to avoid overvoltage following the fault removal.

AV i communication ! rTTTTT - - —:
44— p-sTcom AU POI

e < <« | fistribution o «— «—!

I wind turbines |, I I

: - | : |

________________________ 1 | .

Transfer voltage reference ! '

by ! QPOI !

from WPC to WTC LI Bl !

Figure 5  Reactive power control at POl (Q -control function)

3.2 PV inverter control and protection systems

The considered topology is shown in Figure 6. 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.
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Figure 6 PV park configuration

The simplified diagram of PV inverter control and protection system is shown in Figure 7. The
sampl ed signals are converted to per uni t and filter
measuring filters are low-pass (LP) type.

- ACompute Variablesodo block c¢ompRMievertertcéneol andhr i abl e ¢
protection system.

- AProtection Sy s tselawovoltdgeé and lovereolbaget ralaysy 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 8. In this figure, lqg and Idg are the g- and d-axis
. + .

currents of the GSC, V. is the dc bus voltage, and V,,; is the positive sequence voltage at PV park
transformer MV terminal.

In the control scheme presented in Figure 8, the GSC operates in the stator voltage reference

H . . . 1 . +

(SVR) frame. lqg is used to maintain Ve and lqg is used to control Vi,

The GSC is controlled by a two-level controller. The slow outer control calculates the reference dg-
frame currents (ldg and ldg) and the fast inner control allows controlling the converter ac voltage
reference that will be used to generate the modulated switching pattern.

The reference for the positive sequence voltage at FSC transformer MV terminal (Vi) is calculated
by the PVPC (see Figure 5).
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Figure 7 Simplified diagram of inverter control and protection system
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Figure 8 Schematic diagram of inverter control
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4 EMTP IMPLEMENTATION

The developed PV park model setup in EMTP is encapsulated using a subcircuit with a
programmed mask as illustrated in Figure 9 and Figure 10. The model consists of a solar panel, a
LV/MV PV array transformer, equivalent Pl circuit of the collector grid and a MV/HV PV park transformer
(see Figure 6).

The first tab of the PV park mask allows the user to modify the general PV park parameters
(number of PV arrays inthe PV park, POl and collector grid voltage levels , collector grid equivalent
and zig-zag transformer parameters (if it exists)), the general PV array parameters (PV array rated
power , voltage and frequency ), the PV park operating conditions (number of PV arrays in service ,
PVPC operating mode and reactive power at POI) and the atmospheric conditions.

In the Atmospheric conditions section, the maximum capacity of the park is calculated. If Power-
control is selected, the PV park operates at a reference power. The power is limited by the maximum
PV park capacity. If MPPT-control is selected, the PV park operates at maximum capacity for the
conditions specified in the Atmospheric conditions section. Warning: The MPPT controller is not
modelled in the version so if the irradiance is varied during the simulation, the power reference does
not change.

The second and the third tab is used for MV/HV PV park transformer and LV/IMV PV array
transformer parameters, respectively.

The forth 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

- Coupled / Decoupled sequence control option for GSC

The fifth tab is used to modify the parameters of voltage sag, chopper and overcurrent protections.
The sixth tab is used to modify the PVPC parameters.

PVParkl
-@M@ —_

Figure 9 PV park device, mask parameters shown in  Figure 10

EMTP®-EMTPWorks, 6/10/2021 11:59:00 AM Page 15 of 46



® | Properties for PV park PVPark1 .
General |P"-" module | Park Transformer | Inverter Transformer | Converter control | Protections | Photovoltaic Park Controller | Harmenics | Help
Photovoltaic park parameters =
Number of PV arrays 45
Frequency|60 Hz
Collector grid nominal voltage |34.5 KVRMSLL
Transmission grid nominal voltage|120 KVRMSLL
+/Include zig-zag transformer on collector grid
R,/0.1265
L,|0.3831e-3 H
PV park: Rated power = 75.015MVA
Single photovoltaic array parameters
PV array rated power|1.667 [mva -]
Inverter nominal voltage|0.575 KVRMSLL
DC voltage |1.264 KV
Filter reactive power 75 kVAR v/
Equivalent collector grid parameters
lInclude equivalent collector grid
Equivalent resistance |0.1265
Equivalent inductance|0.3831e-3 H
Equivalent capacitance|7e-6 F
Operating conditions
Number of PV arrays in service |45
Q control mode|Q-control v
Reactive power reference |0 pu
P control mode |Power-control +
Active power reference 0.8 pu
P\ park operating conditions:P = 60.01MVA. Q = OMVA
Atmospheric conditions
Temperature 25 °c
Irradiance |1000 Wim?2
Maximum capacity of the PV park panels : 75.012MW W
’17“5—'| Display Scale . oK Cancel

Figure 10 PV park device mask

4.1 Detailed (DM) and Average Value (AVM) Converter 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 ac-dc-ac converter system EMTP diagram receives the three-phase reference
voltages from converter control and generates the pulse pattern for the six 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
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is lower, the phase terminal is connected to the negative DC terminal. The EMTP diagram of the PWM
block is presented in Figure 13.

inverter_DM

_ pos acﬁg AC_GSC
ZL% g VsC
% 2
g

2-Level

PWM
ZE #L gate_signal VAVAVAVA Vrefr=f)] vref_GsC
Chopper cgmiAcﬁve—o<]—<Z block_GSC

neg

PVcells

Vminu

IGBT

4
== Cdc AN
chopper

PWML

Figure 11 EMTP® diagram of dc-ac converter system block in PV models (detailed model
version)

G
VZIZ— Vdc 9

Vel
A G S
€Y (b)

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

PWMsource Triang
[ 1w P ’ Conv_Active X >———
(2*pi*(#CarrierSignal_Freq#)*t)  (2/pi)*ASIN(SIN(U[1])) g gate_signal
Vref IZ

1
PROD P>
R .
D1 A
PROD >
Di2

1
PROD >
BEEE  B .
>
«l>‘— PROD >
>

1
2
1
PROD P>
S .
>11
PROD P>
>12

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 and Figure 15.
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The forth (converter control) tab of the PV park device mask (see Figure 10) enables used AVM-

DM selection.

inverter AVM

AC

PVcells

Vplus— +

Vminus—

VSC-AVM

A
Rchopper

\

Figure 14 dc-ac converter system block in PV models (average value model version)
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T
VH—Page |vdc

Figure 15 EMTP® diagram of AVM Representation of the VSC

4.2 PV park Model in EMTP

The EMTP diagram of the PV park is shown in Figure 16. It is composed of
- PV hardwared b Iwbiah kontains the PV panel and the inverter,

- PVControl Systemd bl ock

- PV park Controllerdo bl oc k,

- Pl circuit that represents equivalent collector grid,

- PV converter transformer (converter_transformer),

- PV park transformer,

- Initialization Sources with load flow (LF) constraint.

- A Norton harmonic source for harmonic analysis.

The initialization source contains the load flow constraint. Depending if the park operating mode,
the bus is changed from PV (for V-mode) to PQ (for the other modes). It also prevents large transients

at external network during initialization of PV electrical and control systems.

A capacitor bank device is present in the circuit but excluded. Users can include is and modify the
parameters. If the name is not modified, the capacitor will be considered for power flow initialization.

EMTP®-EMTPWorks, 6/10/2021 11:59:00 AM Page 18 of 46



Do not change the device names

Inverter Model for harmonic studies
and frequency-scan simulations

Convert forme Park_transformer

XN EqCollectorGridl T PVpark_SW >A-A
P —es B -
. I I | yiabe_PO
N

Aggregated

Model for Load-Flow solutions
and initialization

Vgrid_V fre— ()
=

o
4
o

Figure 16 EMTP® diagram of the PV park

4.2.1 PV park Control System Block

The function of PVPC is to adjust the PV inverter controller voltage reference in order to achieve
desired reactive power at POI (see Figure 5). The iPVPC0 b Icansisks in measuring block, an outer
voltage (or power factor) control and a slow inner proportional-integral reactive power control as shown
in Figure 17. The measuring block receives the voltages and the currents at POI (i.e. HV terminal of PV
farm transformer) and calculates voltage magnitude, active power and reactive power. 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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S_meas| Page Spoi Qref Page |Qref
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S
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BLOCK_INPUT

Figure 17 EMTP® diagramof APVPCO0 ( PV park controller) block

4.2.2 PV Electrical System

The EMTP diagram of the electrical system is composed of the PV panel, the dc-ac converter
system, the choke filter, the shunt ac harmonic filters, the PV array transformer and the PV park
transformer as shown in Figure 18.

The measurement blocks are used for monitoring and control purposes. The monitored variables
are GSC and total PV unit currents, and FC 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 18.

The dc-ac converter system block details have been presented in Section 4.1.
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Do not change the device names
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and frequency-scan simulations
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dVref] Page |dUref name

Figure 18 EMTP® diagram of the PV park

Thefishunt ac har madncliudes twoibdnd-pass ltérs ds shovenlin Figure 19. These
filters are tuned at switching frequencies harmonics ni and nz. The filter parameters are computed as

c :inlter Nyt
f1 U2(2pf) (32)
N
L,, =D —wt
" Ch@o )y (33)
R. = (20f)y Ls; Q
f1 —Nwt (34)
Ci2=Csy (35)
—_ NW'[
e @ Ty (36)
R _(2pf)n, Lt Q
f2 = (37)

Nyt

where U s the rated LV grid voltage, anter is the reactive power of the filter and Q isthe quality
factor .
The switching frequencies harmonics n1 and nz are as follows
n = fPWM- gsc/ f S (38)
N, =2n (39)

where prM- gsc is the PWM frequency at GSC and fs 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 PV park subcircuit. If several PV parks are found in the network, the filter subcircuit and its
parents must be made unique to avoid modifying all PV park instances.
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Figure 19 fishunt ac harmonicfilter 6 bl oc k

4.2.3 PV inverter Control System Block

The EMTP diagram of the PV inverter control system block is shown in Figure 20. The sampled
signals are converted to pu and filtered. The sampling frequency are set to 12.5 kHz from device mask
as shown in Figure 10 and can be modified bytheuser. The HfAsamplingodo bl ocks are
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 as shown in Figure 100 The AGSC Compute e¥ariabl e
the dq transformation required for the vector control. The GSC ( AGri d Control 06 bl ock)
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.

CompVar_GSC

GSC P ¢
Computing Variables ~ Pc2 Page | Pc2
Ps2 Page  Ps2
GSC_sampler GSC conv_to pu LPF_GSC leg Page ?Jmn\ Grid_Ctrl
ge | Qtotz
lgsc_A llabc_gsc
e GsC C flabe_grid avref [l———————]dvref
grid_V i .
o sampler Si=>pu [ = e b5 Gid Contol
- Vmv_pos_pred Vmv
Vmv_neg_pred — L- Vmv_pos_pred
Viv_pos|—<G@lgll VIv_pos
VIv_neg—
theta_grid_rad theta
w_grid Vabc_ref =] Vref_grid
Idg_g dg
Vdq_gri dq
Idg_pos_gsc T | Idqg_pos
Idg_neg_gsc ‘ ‘ Idg_neg
Vdq_pos_grid I ‘\/dq_pos
Vdg_neg_grid | Vdq_neg
Protection_Sys
Protection System
switch_on —X> switch_on

Vdc_meas

[Vabe_grid chopper_active|—X> chopper
labc_line grid_conv_block block_grid

Figure 20 EMTP® diagram of the PV inverter control block

The transformation matrix T in (40) transforms the phase variables into two quadrature axis (d and
g reference frame) components rotating at synchronous speed W= d C/ dt. The phase angle @ of the
rotating reference frame is derived by the double synchronous reference frame (DSRF) PLL [14] (see
Figure 21) 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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Figure 21 EMTP® diagram of DSRF PLL

4.2.3.1 PV inverter Grid Side Converter Control

The function of GSC is maintaining the dc bus voltage Vdc at its nominal value and controlling the

positive sequence voltage at MV side of PV array transformer (V\,\J;t).The EMTPdi agram of t

Control o

he

b | oFigkre 22sGS€ ¢tontwl mfferis both coupled and decoupled sequence control

options. User can select the GSC control option from the device mask as shown in Figure 12.
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Figure 22 EMTP® diagram of PVinverter A Gr i d Contr ol 6 bl ock

4.2.3.1.1 PV inverter GSC Coupled Control

The g-axis reference current is calculated by the proportional outer voltage control.
H — RWAS
o =Ky (V Vi) (41)

where KV is the voltage regulator gain. The reference for MV side of PV array transformer positive
sequence voltage (V i) is calculated by the PVPC (see Figure 5).

The positive sequence voltage at MV side of PV array transformer is not directly measured by the
PV inverter controller and it is approximated by

Vi = (Vi) V) (42)

where
Vaut = Vawr R Tame xtr~|qvv: (43)
Vaw = Vawe R lgwe Ko lawe (44)

+ + . . - .

In (42) - (44), det and qut are the d-axis and g-axis positive sequence voltage at MV side of PV array
v T+

transformer, th,\,t and qut are the d-axis and g-axis positive sequence voltage at PV inverter terminals

. . . " . [+ +
(i.e. the d-axis and g-axis positive sequence voltage at LV side of PV array transformer), |4t and lqwt

are the d-axis and g-axis positive sequence currents of PV inverter (i.e. the d-axis and g-axis positive
sequence currents at LV side of PV array transformer), R, and X; are the resistance and reactance

values of the PV array transformer.

The d-axis reference current is calculated by the proportional outer dc voltage control. It is a Pl
controller tuned based on inertia emulation.

kp = 16 (2Hcqc) (45)
k =2x #(2Hcqc) (46)
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where Wq is the natural frequency of the closed loop system and X is the damping factor.
Hege = (ECdo/ SWL) is the static moment of inertia, Ecyc is the stored energy in dc bus capacitor (in
Joules) and S, is the PV park rated power (in VA).

The schematic of the GSC connected to the power system is shown in Figure 23. Z =R +jwL

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

Vabe = R igabc 1 (di gab(/dt) V+gab( (47)
. Vag :lm M iy
v | dc Vog o lng Vv, | Power
dc T I . System
I ’ a.C Veg - leg Ve
—
J

Figure 23 GSC arrangement

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

Gyse(9 =Y/(R +sl) (48)

Using [15], the PI controller parameters of the inner current control loop are found as
k, =a.L (49)
k =a.R (50)

The feed-forward compensating terms WLchoké qg"‘V d chok and (' WLchokJ dg v q chokl are

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

Vg = '(kp WS)( bigi id'g) Whthord qg V' d Tehol (51)
Vg = '(kp k/ 3)( b iq'g) Wlehord dg Vv g hol (52)
During normal operation, the controller gives the priority to the active currents, i.e.

g <15

w15 b >

lim lim lim - . . .
where ldg \ lqg and lg are the limits for d-axis, g-axis and total GSC currents, respectively.

The PV inverters are equipped with an FRT function to fulfill the grid code requirement regarding
voltage support shown in Figure 24. The FRT function is activated when
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- Vi

MNERT ON (54)
and deactivated when

- Vi

VERT- OFF (55)

after a pre-specified release time lgrT.

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 (53), i.e.

. lim
lhg <1 g
, 12 2 (56)
. lim /[y im .
<t 1) o
The EMTPdi agram of Al dg reference | imiter o Figuned5 AFRT

and Figure 26, 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.

A
1.1 /
1 dead-band
0.9
10.5
: >
-1.0
Figure 24 PV inverter reactive output current during voltage disturbances [16].
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Figure 25 EMTP® diagramof il dgq r ef erence | imiterd bl ock
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4.2.3.1.2 PV inverter Grid Side Converter Decoupled Sequence Control

Ideally, the GSC control presented in the previous section is not expected to inject any negative
sequence currents to the grid during unbalanced loading conditions or faults. However, the terminal
voltage of PV inverter contains negative sequence components during unbalanced loading conditions
or faults. This causes second harmonic power oscillations in GSC power output. The instantaneous
active and reactive powers such unbalanced grid conditions can be also written as [17]

p=R +R,cos(wt) R, cos(t )
4=Q +Q,cos(m) &, cos(2n ®7)

where Po and QO are the average values of the instantaneous active and reactive powers respectively,
whereas Pcz, Ps, ch and Qsz represent the magnitude of the second harmonic oscillating terms

in these instantaneous powers.

With decoupled sequence control usage, four of the six power magnitudes in (57) can be controlled

for a given grid voltage conditions. As the oscillating terms in active power PCZ , P52 cause oscillations
. + . - + . . . - - .

in dc bus voltage V , the GSC current references (lqg!, lqg! , lag! , lqg! ) are calculated to cancel out

these terms (i.e. Ry = Ps, 9).

i i lim lim
The outer control and Idq limiter shown in Figure 8 calculates ldg, ldg, Idg and lqg . These

B 4 . P P—
values are used to calculate tne current reterences 'dq', , 'dg' an or the aecoupie
| d to calculate the GSC t ref lag!, lqg!, ldg! and lgg! for the d led

sequence current controller. As the positive sequence reactive current injection during faults is defined
by the grid code (see Figure 24), the GSC current reference calculation in [17] is modified as below:

by

Al

IR -1

W %el 0 0 0 G,

? ge + + ugdlg

+ - z - - 3

Sdgl 5 €Yas Vdg Vag Vag USP

e Ué ue 0

6. 06y y- vt oyt 58
ool L%y Vg Vag Vag U SR (58)
> Jé us

& . ULy - oy s B8R

digh g€ Vo Yoo Vag  “Vag 0o

where B is approximated by
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Ry = Vit lig (59)
lim

. . . S - lim
The calculated reference values in (58) is revised considering the converter limits Idg and lqg :

. - . lim
For example when ('qg' *lag )' * qg , the g-axis reference current references are revised as below

5 e §0 /e o) |
lag! 1 g g'b”&/(' qJ iFqd") f (50)

+ n - n . . . .
where qu and qu are the revised reference values for g-axis positive and negative currents,

respectively.
+ n - n
The revised d-axis positive and negative current references Idg and Idg can be obtained with
lim
the same approach using ldg . It should be emphasized here that, during faults the priority is providing

|Jg specified by the grid code. The remaining reserve in GSC is used for eliminating F-» and Ps, .

Hence, its performance reduces with the decrease in electrical distance between the PV park and the
unbalanced fault location.

. + . + . - -
As lqg, lgg, ldg and lqg are controlled, the decoupled sequence control contains four Pl regulator
and requires sequence extraction for GSC currents and voltages. The sequence decoupling method
[18] shown in Figure 27 is used in EMTP implementation. In this method, a combination of a low-pass

filter (LPF) and double line frequency Park transform ( P'2 and P+2) is used to produce the oscillating
signal, which is then subtracted. The blocks C and P represent the Clarke and Park transformation
matrices, and the superscripts +1 and %2 correspond to direct and inverse transformation at line
frequency and double line frequency, respectively.

In EMTP implementation, the feed-forward compensating terms (chhokg atV d Chok} and

(-mchokgdgﬂqchok}are kept in coupled form and added ¢
frame.
P
labc ] g =il e
—| C
> LPF—>
P-1

Figure 27 Sequence extraction using decoupling method.

4.2.4 PV inverter Protection System Block

Figure 28showsth e fApr ot ect i o hincluges dvervoltagelard anddcvoltage protection
relays, a dc overvoltage protection (chopper protection) and an overcurrent detector for each converter
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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
29.

Overvoltage and Undervoltage

Protections
vabe_grid [ \Vabe_grid switch_on ——————P< switch_on
Deep_Voltage_Sag Page |active_Deep_Voltage_Sag
active_Deep_Voltage_Sag_flag
#SCOPE_DVS#,
N active_chopper_flag
chopper_1 #SCOPE_chopper#,
Chopper Protection fage |chopper_active
Vde_meas XO>———Vdc chopper_active P> chopper_active

Overcurrent_protl

Overcurrent protection

overcurrent_grid_flag
#SCOPE_Overcurrent,
labc_line E_"QSC OC_gsc . Page |OC_grid_conv_active

OC_grid_conv_active[ Page

release_delay

4 o
active_Deep_Voltage_Sag[ Page’ DX grid_conv_block

i release_delay o

Figure 28 EMTP® diagram of protection system block
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Figure 29 Protection system parameters

4.2.4.1 Overvoltage and Undervoltage protections

Figure 30 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 30 EMTP® diagram of overvoltage and undervoltage protection s

The instantaneous overvoltage 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 31 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.
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Figure 31 Transient overvoltage limits
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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
function of time are presented in Figure 32 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 in Figure 32.
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Figure 32 LVRT and HVRT requirements [19]

The fADeep Voltage eampraPdEdaks thé @ICaon ofwédr to pievent potential
overcurrents and restrict the FRT operation to the faults that occur outside the PV park.
4.2.4.2 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 UchoppEF or\] and deactivated when dc bus reduces below Uchoppep OFFI' EMTP diagram of

the Adc overvoltageF Figue®d3l ecti ondo i s shown in

activate_Protectl

#activate_ChopperProt#+1

Vdc_meas
(U[A>uED+((u[r]>=u2])*(u[1]<=u[3]))*u[4] il
e Di o seect >—|Z>cho er_active
Chopper_Low_limit |C ’ 2 PPer_
> Chopper_activation_selector

Chopper_High_Limit '

Chopper_in_Delay

Figure 33 EMTP® diagram of dc overvoltage protection block
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4.2.4.3 Overcurrent Protection Block

The overcurrent protection shown in Figure 34 blocks the converter temporarily when the
converter current exceeds the pre-specified limit.

Imax_GSC

—
I
gse E Igsc_MAX
1 Overcurrent_limit release_delay3
) = initialization_Delay
N “J—Dg 1 i release_delay o——X>oc gsc

(U[1]>0)*( t > #init_Prot_delay #)

|_GridSideConv_max_pu

Figure 34 EMTP® diagram of overcurrent protection block

4.2.5 PV harmonic model

For harmonic analysis, the PV park is modeled with a harmonic Norton source. The harmonic study can
be done in time domain, in which case Use harmonic model for steady -state and time -domain
simulations must be checked or in the frequency domain with the frequency-scan simulation option, in
which case Use harmonic model for frequency -scan simulations

The harmonic currents are provided in percentage of the fundamental, for one inverter. The total park
current is rescaled according to the number of inverters in service.

It is possible to automatically adjust the fundamental frequency current generated by each inverter and
the harmonic current angles to match the load-flow results by checking Adjust fundamental frequency
current to match Load -Flow results . When this box is checked, the | Angle input of the first line,
which corresponds to the fundamental frequency current is adjusted to match the inverter current angle
during the load-flow. The Fundamental frequency current magnitude is also adjusted to match the
load-flow results. The fundamental frequency angle value is also added to the | Angle values of the
other harmonics. Therefore, when this option is checked, the phase difference between the harmonic
currents and the fundamental frequency current should be entered in the | Angle column.
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5 PV PARK RESPONSE TO UNBALANCED FAULTS

This section provides a comparison between the PV park responses with coupled and decoupled
sequence controls. Although the comparison is conducted for various type unbalanced faults in the 120
kV, 60 Hz test system shown in Figure 35 [28]-[30], only the 250 ms double line to ground (DLG) fault
simulation scenarios are presented. The simulation scenarios are presented in Table I. The PV
converters are represented with their AVMs. The simulation time step is 10 us.

In the test system, the loads are represented by equivalent impedances connected from bus to
ground on each phase. The transmission lines are represented by constant parameter models and
transformers with saturation. The equivalent parameters for the 34.5 kV equivalent feeders are
calculated on the basis of active and reactive power losses in the feeder for the rated current flow from
each of the PVs [31]. In all simulations, the PV is operating at full load with unity power factor (i.e. Qpg,

= 0).

V1:1.01/_4.2 Sues OLF
BUS1 100 km LF1
_ _— T2
s0km R 75 km vzt
+ CP + CP
TLM_13 TLM_23
50 km B 50 km
+ CP - e |
TLM_34 TLM_24
F i
G
BUSS5 @ :C_’"
ok
w30 MW
¥ 15MVAR
- L. 30 MW
¥ 15MVAR
Figure 35 120 kV, 60 Hz test system
Table | Simulation Scenarios
Scenario Fault Location GSC Control Scheme
M1 BUS4 Coupled Control
M2 BUS4 Decoupled Sequence Control
N1 BUS6 Coupled Control
N2 BUS6 Decoupled Sequence Control
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5.1 PV park Response to Unbalanced Faults

5.1.1 Simulation Scenarios M1 and M2 with PV park

As shown in Figure 36, the simulated unbalanced fault results in second harmonic pulsations in
the active power output of the PV park in scenario M1. These second harmonic pulsations are
eliminated in scenario M2 with decoupled sequence control scheme in GSC at the expense of a
reduction in the active power output of PV park as shown in Figure 37. On the other hand, the reactive
power output of the PV park is similar in scenarios M1 and M2. This is due to the strict FRT requirement
on positive sequence reactive currents.

The performance of GSC decoupled sequence control is limited to GSC rating as well as the FRT
requirement specified by the grid code. The complete elimination of second harmonic pulsations cannot
be achieved when the required GSC current output exceeds its rating. It should be noted that, when the
electrical distance between the PV park and unbalanced fault decreases, larger GSC currents are
required to achieve both FRT requirement and the elimination of second harmonic pulsations.

The negative and positive sequence fault currents ( |n and | p) of the PV park in scenarios M1

and M2 are also quite different as illustrated in Figure 38. This difference strongly depends on the
unbalanced fault type, its electrical distance to the PV park, GSC rating and the FRT requirement
specified by the grid code. It becomes less noticeable especially for the electrical distant faults such as
an unbalanced fault at BUS6 as presented in Section 5.1.2.
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Figure 36 Pc; and Ps; of aggregated PV park in scenarios M1 and M2
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Figure 37 Pgand Py of aggregated PV park in scenarios M1 and M2
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Figure 38 I, and I, of the PV park in scenarios M1 and M2

5.1.2 Simulation Scenarios N1 and N2 with the PV park

As the electrical distance between the PV park and the unbalanced fault is much larger in scenario
N1 compared to scenario M1, both the voltage sag and the second harmonic pulsations in the active
power output are much smaller in scenario N1 compared to the scenario M1 (see Figure 39 and Figure
36). As a result, the decupled sequence control of GSC achieves elimination of these pulsations in
scenario N2 without any reduction in the active power output of the PV park (see Figure 40 and Figure
37). As seen from Figure 41 and Figure 38, the PV park fault current contribution difference between
the scenarios N1 and N2 also becomes less noticeable especially for positive sequence fault currents

compared to the difference between scenarios M1 and M2.

v "f-f'i:.lﬂ'?l"“ul{ AR
l' L] *

Figure 39 Pc; and Ps, of aggregated

0.4

t(s)

0.6

0.8

PV park in scenarios N1 and N2

EMTP®-EMTPWorks, 6/10/2021 11:59:00 AM

Page 36 of 46



1 w,_ — e i
= ——N1, F’0
o
- ---N1, Qo
o - 4
@] 0.5 ---N2, F’0
ol
- N N2, Qo
o / ey
0 o=t tg,,w_.. T e e -
0 0.2 04 t(s) 0.6 0.8 1
Figure 40 Poand Qo of aggregated PV park in scenarios N1 and N2
— 0.5 B r . .
E: 0.4 N Ip ]
= 03F CooN1 L -
|.|6 n
_=0.2f ---N2, 1} -
S« T T PO N2, |
_a0.1f n
0 B o L I
0 0.2 0.4 t (s) 0.6 0.8 1

Figure 41 I, and I, of the PV park in scenarios N1 and N2

EMTP®-EMTPWorks, 6/10/2021 11:59:00 AM Page 37 of 46



6 AVERAGE VALUE MODEL PRECISION AND EFFICIENY
6.1 120 kV Test System Simulations

This section provides a comparison between average value model (AVM) and detailed model (DM)
of the presented PV park models. The simulation scenario M2 in Table | is repeated for 50 ps simulation
time step (M3) and for DM with 10 ps simulation time step (M4).

6.1.1 Simulation Scenarios M2 - M4 with the PV park

As shown in Figure 42-Figure 44, AVM usage instead of DM provides very accurate results even
for 50 us time step usage.

_. 0.1
2
£ 0.05
o
w)
a0
o
&-0.05
o
-0.1
_0-15 1 | | |
0 0.2 04 t(s) 06 0.8 1

Figure 42 Pc2 and Ps; of aggregated PV park in scenarios M2 - M4
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Figure 43 Pgand Qo of aggregated PV park in scenarios M2 - M4
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7/ DETAILED PV PARK MODELS AND AGGREGATED MODEL
PRECISION

The example is done with wind-turbines. The same conclusions can be drawn for PV park.

Certain grid integration studies, such as analysing collector grid faults and collector grid
overcurrent protection system performance, LVRT and HVRT capability studies [4], ferroresonance
study [32], require EMT type simulations with detailed Wind Park (WP) model. These studies do not
only require detailed MW collector grid model, but also detailed model of HV/MV WP substation
including overvoltage protection, overcurrent and differential current protections, measuring current and
voltage transformers as shown in Figure 45 -Figure 47.
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Figure 45 EMTP diagram of the 45 x 1.5 MW WP detailed model givenin Figure 32.
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Figure 46 EMTP diagram of the HV/MV WP Substation
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Figure 47 EMTP diagram of MV Feeder-1

The WT model in Figure 47 is obtained from the WP model presented in Chapter 4 by excluding
the Wind Park Controller (WPC), WP transformer and collector grid equivalent. The associated device
mask is shown in Figure 48. It does not include the tabs used for MV/HV WP transformer and WPC
parameters. On the other hand, the first tab of the aggregated wind turbine mask includes certain WP
parameters (total number of WTs in the WP, POI and collector grid voltage levels, collector grid
equivalent and the MV/HV WP transformer impedances) in addition to the general wind turbine
parameters (WT rated power, voltage and frequency) and wind speed. It should be noted that, the
MV/HV WP transformer and the collector grid equivalent impedances are used GSC parameter
calculation (see section 4.2.3.1).

Scenario M2 in Table | (DLG fault at BUS4 for GSC decoupled sequence control scheme) is
simulated using the detailed WP model to conclude on accuracy of the aggregated model. As shown
in Figure 49 - Figure 52, the aggregated models of WP provide accurate results.
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Figure 48 Aggregated FSC based wind turbine device mask

Figure 49 Active and reactive power at POI, PV park with FSC WTs
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