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Abstract: The integration of variable and unpredictable renewable energy sources into the current power networks introduces
considerable changes in system operations. This poses enormous threats to the stability of the power system. Hence, it is
essential to analyse the necessary adjustments in operation strategies in preparation for increased amounts of variable
generation in existing power systems. The present study describes the dynamic modelling and integration of solar photovoltaic
and wind power generation systems into a transient stability analysis toolbox. In view of the inherent connection of renewable
energy generators to the electrical network through converter systems, the main contribution in the present study is the
development of high-level control functions to model converter interfaces with reference to standard grid operation codes. The
dynamic models and corresponding control functions are tested using a network representing the transmission grid of the
Baden-Wirttemberg state in Germany as part of the assessment process to analyse the capability of the control functions for
grid stability support. The simulation results show that the proposed converter control functions can equip renewable energy

generators with equivalent features from a functional point of view to those of synchronous generators.

1 Introduction

Alternative energy from variable renewable energy sources,
especially solar photovoltaic (PV) and wind energy, is widely
considered to have great potential towards future low-carbon
energy generation systems [1]. The actual trend also indicates a
large growth in the global installed capacity of such sources over
the past few years. For instance, the trend in the installed capacity
in Germany from 2010 to 2018 shows a 149% increase in solar PV
capacity from 17.94 to 44.59 GW and a 116% increase in wind
power capacity from 27.18 to 58.73 GW, considering both onshore
and offshore wind power [2]. A similar trend in the installed
generation capacity is observed on the global scale as reported in
[3, 4].

The integration of variable renewable energy sources, however,
poses considerable challenges in the operation of the existing
networks. From the power generation point of view, the primary
energy sources are weather dependent and therefore, variable and
highly unpredictable [5], which transforms into the continuous
fluctuation of the generated power. In terms of grid
interconnection, variable renewable energy generators are
connected to the grid through converter interfaces rather than using
synchronous machines applied in conventional generators.
Synchronous machines are the main source of inertia, which
contributes to system damping and thus determines the rate of
change of system frequency following a disturbance. This
capability is not inherently provided by the power electronic
converters adapted for renewable energy sources [6]. Therefore,
replacing conventional generators with more variable generators
results in a decrease in system inertia and may leave the power
system vulnerable to abrupt disturbances. Furthermore, the
connection of variable renewable energy generators are mainly on
the distribution level [7], which causes regulation challenges for
system operators in maintaining the respective voltage profile
within standard acceptable operating limits.

The challenges introduced in system operation, as highlighted
above, introduce additional requirements in the power system
analysis process. This has led to a greater need for dynamic
modelling of renewable energy sources and the corresponding
control systems in order to include such sources in the overall
system stability analysis. As a result, numerous efforts have been
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undertaken in research and industry to address the need for
representing renewable energy resources as inverter-based sources
in system stability studies. References [8—11] present the general
guidelines that have been defined to establish best practices for the
generic modelling of renewable energy sources for dynamic
simulations at various time scales. The survey in [12] on the
prevailing international best practices on modelling inverter-based
generation for power system dynamic studies shows that renewable
energy sources can be represented by the following models:
negative load (NL) models, root mean square (RMS) models, and
electromagnetic transient (EMT)-based models. The choice of the
model type is governed by the transient behaviour and time frame
of interest during the analysis. It is reported that a number of
system operators mainly use the NL type model, which neglects the
dynamic behaviour of renewable energy sources during stability
studies. RMS type models are applied for the electro-mechanical
transient phenomenon for analysis of frequency, voltage and rotor
angle stability. Due to the significance of the power electronic
converters in the operation of inverter-connected generators,
further research efforts have focused on including the power
electronic converters in the dynamic model representation as
presented in [13—15]. In the electro-mechanical phenomena, the
time scale of interest shows that modelling the fast-switching
transients of converters is not necessary. In this case, converters are
represented by average models in RMS type models. In order to
account for the switching transients of the power electronics and
converter controls, detailed models of inverter-based generators are
represented using EMT type models as described in [13, 14].

In addition to the general dynamic models of the renewable
energy sources, recent grid specifications increasingly necessitate
inverter-based generators to be equipped with network support
capabilities such as voltage support, frequency support, and fault
ride-through (FRT) in the event of network disturbances. Such
requirements are defined by national and international standards
for the interconnection of distributed generation sources, which
include EN 50438, IEC 61727, IEC 62116, VDE V 0126-2, VDE-
AR-N 4105, BDEW, and IEEE 1547 [13]. However, the generic
models defined in the available specifications as part of the best
practices for dynamic models of inverter-based generators do not
include the functionality specified by grid codes as part of the
interfacing converter models.
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Fig. 2 Schematic representation of wind power generation system
consisting of a wind turbine, synchronous machine (SG), and fully rated
converter system

The main contribution of the present paper is the derivation of
high-level converter functions based on standard grid operation
codes as part of the converter control to achieve the necessary grid
support functions, in addition to generic dynamic modelling of
inverter-based generators. Furthermore, the derived models and
control functions are implemented in a transient stability analysis
tool based on an open-source toolbox Matdyn [16]. The goal of the
implementation is to analyse the impact of the large-scale
integration of renewable energy sources in the power system. In
addition, the implemented functions are used to evaluate the
required measures to maintain the network frequency within the
normal operational limits in the presence of the continuous
fluctuations in renewable energy generation.

The rest of the present paper is organised as follows: Section 2,
describes the generic models of solar PV and Wind generation
systems. The high-level control functions of the inverter are
described in Section 3. An overview of the implementation aspects
of the derived models in a transient stability analysis toolbox is
given in Section 4. Section 5 presents the assessment results to
analyse the functionality of the developed models and control
functions. The conclusion of the paper is given in Section 6,
including an outlook for future work.

2 Generic dynamic models

The current section describes the generic dynamic models of solar
PV and wind power generation systems for transient stability
simulations. The assumptions considered to simplify the models
are also described.

2.1 Solar PV generation system

The PV generation system presented in this paper is based on a
single-stage conversion system as shown in Fig. 1. In view of the
differences in response times, PV components can be conveniently
divided into steady-state and dynamic models. Steady-state models
account for long-term effects and consider component variables,
such as PV array power production and maximum power point
tracking (MPPT), that are affected by variations in solar radiations
and cell temperatures. Since the main focus in the present paper is
on the short-term transient behaviour, the long-term steady-state
PV components models are not considered. Dynamic models study
short-term behaviour of power converters and converter controllers
on a time scale of a few seconds. In deriving the dynamic models,
the longer-term variables, such as solar radiation and the maximum
power point, are assumed to be constant for the study period of the
system dynamics following the time-scale separation principle
based on the singular perturbation theory [17]. This simplifies the
model of the PV array to a constant power source, for which the
power value is determined at the initialisation stage from steady-
state calculations.

2.1.1 PV system DC-link model: The DC-link is the interface
between the PV-array and the inverter. In the present paper, the
DC-Link is modelled under the assumption that the stationary
maximum power point does not change during dynamics analysis.
Thereby, the input power (Py.) to the inverter is equal to the PV
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array output power (Pp,), which is equal to the maximum power
point (Pppp). The general condition for the steady-state initialsation
of the PV model is given by

Pac=PinV=Pdc=Pmpp=va (N

where P, is the inverter active output power and Py, is the inverter
input power.

The PV array power Py, is directly dependent on the array
voltage. In the single-stage conversion system considered here, the
array voltage is directly connected to the inverter. The dynamics of
the DC link voltage are described from the relationship between
the input power Py and the output power Py, of the DC link given

by

dUdc _ Py — Piny
dr CacUqge (2)

In (2), Uy is the DC-link voltage and Cy. is DC-link
capacitance. The dynamic behaviour of the inverter DC side
depends on the control of the inverter active current.

2.1.2 PV system grid-side converter (GSC): The PV DC-link
voltage is converted to AC-grid voltage at a fixed frequency of the
power grid using the GSC (inverter). The response of the PV
generation system during network transients is defined by control
functions of the inverter. The inverter model developed in this
paper is based on standard grid operation codes which require
inverter-connected generation sources to actively contribute to grid
stability. The control functions developed for the GSC model are
described in Section 3.

2.2 Wind power generation system

The commonly used configurations in wind power systems are
fixed speed wind turbine with a squirrel cage induction generator,
variable speed wind turbine with a doubly fed induction generator,
and variable speed wind turbine with direct drive synchronous
generator. Details of the components and operation of the generator
systems are given in [18]. In the present paper, a variable speed
wind turbine with a direct drive synchronous machine system is
considered. Fig. 2 shows a generic representation of the generator
system interfaced with the AC network.

In deriving the model, the mechanical power and rotational
speed of the turbine are defined as inputs to the generator from the
steady-state calculations. The input mechanical power is assumed
to remain constant for the duration of the dynamic simulations
following the time-scale separation principle. This is due to the fact
that the wind speed, which defines the extracted power from the
wind, does not change drastically in a few seconds. On the
electrical side of the system, the synchronous generator is
connected to the power grid through a full-scale frequency
converter. As shown in Fig. 2, the converter system is made up of
the generator-side converter (rectifier), a DC-link, and a GSC
(inverter). The models of the individual short-term dynamic
components of the wind power generation system are described in
the following subsections.

2.2.1 Synchronous generator model: The synchronous
generator considered in this paper is a permanent magnet
synchronous generator (PMSG), which has the characteristic
advantage of eliminating the need for a DC excitation system and
slip rings, resulting in reduced losses and less maintenance
requirements [19]. The dynamic model of the PMSG is described

by 3.

. dygg
Ugs = — Rglgs — WY s + Tb
3)
_ . dyys (
Ugs = — Rslqs + oy + dr
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Was = — Lasias + Ypm
Wes = — quiqs

4)

The stator voltage equations are given by (3) defined in the
rotor flux reference frame, where uy, and u,, are components of the
stator terminal voltage, and iy, and i, the components of the stator
current in the d- and g-axis. R is the stator resistance and w; is the
generator electrical angular speed. The d and ¢ stator flux linkages
wgs and ., are given by (4) [20], where Ly and L, are
corresponding d and ¢ stator leakage inductances, and yp, is the
permanent magnet flux leakage.

Equation (5) shows the calculation of the active power and
reactive output power from the generators.

3, . .
Pg = i(udslds + uqs’qs)

5 )
Qg = z(uqsids - udsiqs)
do, 1
T m(Tm =T (6)
_3 .1
T.= Ep[ll/pm + (Lq - Ld)lds] lys @)

The mechanical shaft of the generator is modelled using the
equation of motion in (6). In the direct-drive system, the full-scale
frequency converter is assumed to filter out the shaft dynamics.
Thereby, all rotating masses are represented by an equivalent single
shaft in the model. Equation (6) gives the resulting generator
mechanical equation, where wy, is the mechanical angular speed,
H,, is the rotor inertia constant, and T, is the mechanical torque.
The electrical torque 7 in (6) is calculated according to (7).

2.2.2 Generator-side converter control: The generator-side
converter is modelled as a fully controllable active pulse width
modulated (PWM) insulated-gate bipolar transistor (IGBT)
converter. However, the analysis in the present paper in based on
the fundamental frequency assumptions; thereby, the high-
switching frequency of the IGBTs are neglected following the
time-scale separation principle. With this assumption, the
generator-side converter is modelled using an average model.

The controller strategy applied in the converter is the full torque
control strategy [19, 21], in which the total stator current is induced
in the g-axis of the stator and the d-axis current is set to zero.
Applying this to the expression in (7) results in maximum torque
generation from the generator. Fig. 3 shows the separation of
converter control in d- and g-axis current loops. The reference
torque in the g-axis control loop is determined from MPPT. The
generator-side converter controls the active power and voltage at
the generator terminals.

From Fig. 3, the model of the g-axis control loop is given by
(8). In reference to the full torque strategy, the d-axis control loop
is modelled to regulate the value of the d-axis current to a reference
current iy ¢ = 0. This results in the controller equations given in

9).

. 2T ref dx, . .
I ref = 3 P’ d_tq = Ki g(ig rer — lgs) )
iqr =Xy + Kp,q(iq,ref - lq:) — wCruys
dxy ) .
“ar = Kialia rer = ias)
)

lgr = Xg + Kp,d(id, ref = ids)
+;Crltys

The parameters K; and K, are the integral and proportional

gains of the proportional—integral controller corresponding control
loops, while x; and x, are state variables within the control loops.
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Fig. 3 Generator-side converter control scheme
(a) g-axis current control with MPPT, (b) d-axis current control with zero direct-axis

current control (Zy_ref)

The output signals i, and iy of the g- and d-axis control loops are
used to control the PWM IGBTs of the rectifier.

In Fig. 3, the terms w,Ciutys and w,Ciuys are referred to as feed
forward terms. These compensate for the cross coupling between
the d- and g-control loops resulting from the transformation of the
currents from the network reference frame to the rotating reference
frame. Parameter C, in (8) and (9) is the value of the shunt
capacitor connected across the generator terminals.

2.2.3 Wind system DC-link model: The wind system storage
element of the DC-link is similar to that in the PV system DC Link
model described earlier. Assuming a lossless DC-link, the input DC
power is equal to the generator-side active power P,. Thereby, the
DC-link model in this case is given by

dUdc _ Pg — Py
dr CacUqge (10)

In addition to the energy storage element, the wind system DC-
link is modelled to include a braking chopper for protecting the
DC-link from excess power. In case the wind energy system cannot
inject all the active power into the grid, the DC-link discharges
through the chopper circuit to keep the link voltage below a critical
value and enable FRT capability. The change in power AP, of the
chopper is approximated by a first-order transfer function given by

APy, = (Py = Py )(1 — ™27 (11)

where At is the time step, and 7 is the chopper regulation time
constant.

2.2.4 Wind system GSC: The GSC of the wind system is similar
to that of the PV system since both are interfaced to the grid via an
inverter. For this reason, the GSC functions described in Section 3
are applied for both systems. As mentioned before, the developed
inverter functions for grid support are based on standard grid codes
for control of the grid-side injected power and voltage.

3 Inverter high-level functions

The present section describes the developed control functions to
model the dynamic response of the inverter. The inverter described
in the following is a current source inverter. Low-level functions
for controlling the switching devices are neglected in this model
since the RMS type model is considered. The following high-level
inverter control functions are developed for regulating the voltage
at the generator terminal and the power into the grid as specified by
standard grid codes: Active power reduction; Reactive power
support; and FRT. The developed functions for each of the control
modes are described in the following subsections.
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Fig. 4 Frequency-dependent active power reduction profile [22]

3.1 Active power reduction function

This control function is developed to represent the short-term
frequency response of an inverter-connected system by reducing
the active power injection if the frequency deviation is greater than
a specified threshold, according to the grid code [22]. An example
profile for active power injection is shown in Fig. 4, showing that
the injected active power is reduced by 40% per frequency
deviation greater than 0.2 Hz.

The active power reduction control function described in the
present paper is based on a first-order transfer function
simplification. The dynamic frequency f,, at each bus is
approximated by the expression in (12)

Qs
fous = fot 0 (12)

Finvr = Finv- ar + (Fous = Finv.e-a)(1 = €27) (13)

where f, is the synchronous system frequency and dé,¢/dt is the
time derivative of the bus voltage angle. Using f},, from (12), the
frequency at the inverter terminal fi,,, at time ¢ is calculated as
shown in (13), whereby fin;_a, i the inverter terminal frequency
at the previous time step, Az is the time step, and 7 is time constant
for frequency measurement.

The change in the injected inverter current Al, , (d- for active
current and g¢- for reactive current) is calculated assuming a first
order transfer function approximation as shown in (14)

AId.q = (qu,ref - ]dq,t—At)(l - e_A”T) (14)
Pdc
Ly rer = ] (15)
_ Py — AP
Id,ref - W (16)

where 14, . is the nominal current of the respective controller,
Lag.(- s 1s the current at a previous time step, and 7 is the controller
time constant. The value of the nominal active current I r
depends on the frequency deviation. If the frequency deviation is
below the threshold value, the active current I . is calculated
from the specified power Py, and the inverter bus voltage Uy,
according to (15). For frequency deviations greater than the set
threshold, 1, ¢ is calculated from the power P, at the frequency
threshold, the power deviation AP, and the voltage magnitude as
shown in (16). The deviation AP is obtained from a power
reduction profile according to standards set by network operators
[23]. As shown in Fig. 4, operation standards require the generation
system to be disconnected from the grid for frequency deviations <
47.5Hz or >51.5 Hz [22], thus I; (o = 0.

3.2 Reactive power support function

The reactive power support control function is developed as a static
grid support measure for voltage regulation. Grid operators specify
the required reactive power according to either a set value (a
constant reactive power in MVar or a constant power factor) or a
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characteristic curve (reactive power—voltage, reactive power—active
power, and power factor—active power characteristics [22, 24])
depending on the plant operating point. In the presented inverter
model, the reactive power value computed from the initial steady-
state computations is directly applied for short-term dynamic
simulations. For dynamic grid support measures, the nominal
reactive current value is varied between constant current, given by
the initial reactive current I, as shown in (17), and constant power
depending on the initial reactive power Q, according to (18).

Ly rer = Igo 17
0)
Lt = — W (18)

3.3 FRT function

The FRT control function is developed to support the grid during
voltage sags caused by a fault condition according to a voltage
support activation profile defined by the grid code as described in
[23, 25]. In the developed FRT control function, the additional
reactive current is injected into the grid to achieve voltage support.
Equation (19) gives the expression for the calculation of the
injected reactive current, where Ai, is a normalised additional
reactive current and Au is the normalised voltage deviation.

Ai, = kAu (19)
. Al
A= (20)
AU
Aqum,AUz U—U(] (21)

The normalised value of the current is defined by the expression
in (20), whereby Al is the required additional reactive current and
I, is the nominal reactive current. The normalised voltage deviation
is given by (21), where AU is the absolute voltage deviation, U is
the actual voltage value during the fault, U, is the voltage before
the fault, and U, is the nominal voltage. The parameter & is the
reactive current—voltage gain, which represents the percentage
increase of reactive current per percentage of the voltage drop [24].
As specified by the grid codes, the constant k£ can be set in the
range 0-10 depending on the requirements defined by the network
operator [26].

3.4 Inverter current limits

Different control functions contribute to the total active and
reactive current outputs of the inverter as shown in the derived
model. Equation (22) shows the contribution of each function,
where Al p is due to active power reduction, Aly, prr due to FRT
and Al, . due to static reactive power control. The total inverter
current is calculated from the active and reactive current
components according to (23).

Linew = Laola + Alyp + Alyprr
Iq,new =lgodt AIq,stat + AIq, FRT

Iinv =y Ié,new + I;new (23)

The inverter power output is maintained within the inverter
rating by using specified current limits. In the presented model,
three cases are developed in order to maintain the injected current
within the inverter rating conditions. In the first case (Case 1), the
inverter reduces the injected active current as the reactive power
requirement increases. The second case (Case 2) activates
reduction of the injected reactive current to limit the total output.
The third case (Case 3) reduces both active and reactive currents.
However, in case of activated FRT operation, Case 1 is always

22)

4013

This is an open access article published by the IET under the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/3.0/)



7] H L
_..m...,. = =
T s ®
| Lomm |
= Bl e ua-.v:-).'.m.
R | - - - 3 o
- r—— =l e
‘‘‘‘‘‘ =t e ‘
— = = Al s ERRT
g Y | P Tt “H
e g § T = =
l ' - &ﬁ ********* ”—j —
o TN A : =
e - B B
Gen11®®Gen4 K
| B izt -
: : —— i%n (e T ttenciserbrsen
— ‘.TE}TT i L= ah_ 2 . .
O | e —i__l
T T 1| 4—-rm‘-—“1m“?"‘”“"T'
e B e e
+—- - ==
. Sy— A——
I
e AT
[ ol eASIM@V
@,:'w p—
Gen9

Fig. 5 Structural representation of the Baden-Wiirttemberg transmission network with modified generation to include renewable energy generators for testing
purposes. Network model includes the Karlsruhe 110 kV and KIT Campus North 20 kV subnetworks

applied to reduce the active current depending on the required
reactive current.

4

The models described in the previous sections are implemented in
a Matlab-based transient stability analysis toolbox in order to
analyse the dynamic response of the renewable energy sources. The
extended toolbox is based on MatDyn [16], an open-source
toolbox, which was developed to extend the use of MATPOWER
[27] to transient stability analysis and time-domain simulation of
power systems. MatDyn uses the MATPOWER power flow
program for the steady-state calculations required at the
initialisation stage of the dynamic simulations. The models are
implemented in form of ‘Matlab.m’ files according to the MatDyn
format. Implementation of the models in the extended simulation
toolbox is similar to the MatDyn implemented components
described in [16].

Parameters of each component are defined in the dynamic file,
which are loaded at the beginning of the simulation along with the
other dynamic parameters of the network. At the initialisation
stage, power flow calculations are used to define the steady-state
point of the system. For the new inverter-based components, an
initialisation .m file is defined for each model to set the initial
values of the corresponding dynamic states before the differential

Implementation in MatDyn

4014

and algebraic equations are solved. The respective main blocks of
the models are inverter and the DC-link file. In addition, the wind
power system includes .m files for the PMSG generator and the
generator-side converter. Details about the additional component
models, solution methodology, and simulation workflow in the
extended transient stability analysis toolbox are given in [28, 29].

5 Assessment of model integration

In the current section, simulation results are presented to illustrate
the dynamic response and grid support capability of the proposed
models. A network representing the transmission grid of the
Baden-Wiirttemberg state (see Fig. 5, network parameters from the
online information published by the transmission grid operator
https://www.transnetbw.com/en) is wused for the presented
simulation results. The original network consists of 17 generators,
149 buses, 225 branches and 49 loads. In the first test case, the
performance of the control functions is analysed for grid support.
The network is modified by replacing two synchronous generators
with PV and wind power generators. A PV generator is connected
to bus 5 and a wind power generator to bus 9. The second test case
involves assessment of changes in system robustness, where four
synchronous generators are replaced by renewable energy
generators in the modified network. Since the purpose of the
presented simulations is to analyse the interaction of renewable
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energy generators with the network, the connected generators are
assumed to be equivalent representations of the aggregated
generators in a PV solar park and wind-farm.

5.1 Analysis of grid support functions

Initially, PV and wind power generators are connected without
network support function during the fault period. In this mode, the
renewable energy generators are set to disconnect from the network
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Fig. 10 Response DC-side voltage during fault for zero-current mode

during a fault condition. A three-phase short circuit fault is
simulated on bus 95 at time # = 1.2 s and cleared after 150 ms. Fig.
6 shows the voltage response of selected generator buses following
the fault. Important to observe is the voltage response on bus 5 and
bus 9 connected to the PV and wind generators, respectively. The
corresponding voltage magnitudes at buses 5 and 9 with respect to
the nominal voltage are 79.6 and 91.4% at the beginning of the
fault, and 79.3 and 91.2% after fault clearing, respectively.

In order to assess the grid support functions, the renewable
energy generators are set to remain connected to the grid during the
fault period. The inverters of the individual generator are set with
FRT capability and voltage support with the k =4 from (19). A
similar fault is simulated as in the previous case. Fig. 7 shows the
bus voltage response at selected network buses. As observed in the
previous simulation case, there is a drop in voltage at all buses
following the fault. The voltage magnitudes at the beginning of the
fault are 79.6 and 91.4% of the nominal voltage, respectively, on
bus 5 and bus 9. However, at the end of the fault, the respective
voltage magnitudes lie at 82 and 92% of the nominal value.
Therefore, there is an increase in bus voltage due to the injection of
reactive power compared to the case without network support
functionality. Fig. 8 shows the injected reactive current during the
fault duration. The value of the current depends on the voltage drop
and the gain constant k. Since the inverters are set with an equal
gain constant (k = 4), the difference in the injected reactive current
at bus 5 and bus 9 is due to the difference in the voltage drop at the
buses according to the definition in (19). It is important to note that
the effect of the voltage increase is also seen on other buses but
depends on the distance from the respective inverter-connected
bus.

Next, the response of the DC side of the inverter following the
fault is investigated. For illustration purposes, the inverter control
is such that the active power of the generators is set to zero during
the fault. Fig. 9 shows the calculated power at the DC- and AC-
side of the generators. The corresponding response in the DC-side
voltage is shown in Fig. 10. Since the wind generator consists of a
protection element in the DC-link, the level of the DC-side voltage
is regulated within the limits of the link capacitor by dissipating the
excess power through the braking chopper. This, in turn, regulates
the generated power and angular rotational speed of the wind
generator as shown in Figs. 11 and 12, respectively, in comparison
to a case without the braking chopper in the DC-link. The power
dissipated in the braking chopper is shown in Fig. 9. The responses
in Figs. 11 and 12 show that the braking chopper enables the wind
power generator to remain within the nominal operating conditions
following a fault, which is important for FRT. At the end of the
fault, the DC power is regulated to the MPP value, whereas the AC
power is regulated so that the DC-side voltage returns to the
nominal value as shown in Fig. 10.

In a further test, the active power reduction functionality is
tested by simulating a load change of 10.5% of the total active
power at t = 1.2s. Fig. 13 shows the resulting frequency response
in the system, where an increase in system frequency to a steady
value of 50.44Hz is observed resulting from a reduction in
electrical power. The resulting reduction in the active power of the
inverter-connected generators is shown in Fig. 14. As stated in the
developed control function, the power reduction is triggered when
the system frequency exceeds a threshold value (in this case, 50.2
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Hz). In this case, both generators reduce their active power
injection by 10% of the value at 50.2 Hz. For comparison, the
frequency response without power reduction is also plotted in Fig.
13 and shows a steady frequency value of 50.47 Hz. This shows
that the active power reduction function of the inverter contributes
to the regulation of system frequency.
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5.2 Assessment of system robustness

In this section, the change in system robustness resulting from
replacing synchronous machines with inverter-based renewable
energy generation systems is analysed. Four synchronous machines
in the original network are replaced with inverter-based generators
as follows: PV generator on buses 4 and 22, and wind generator on
buses 11 and 25. The number of inverter-based generators with grid
support capability is varied and the system robustness is compared
to the original network consisting of only synchronous machines.
A three-phase fault is simulated on buses 85 and 89 in each case
and the critical clearing time (CCT) is used as a measure of the
system's robustness. The modified systems are summarised as
follows:

* System I: Original network with 17 synchronous generators.
* System II: Modified network without FRT for all generators.
* System III: Modified with FRT for 1 generator (on bus 4) .

* System IV: Modified with FRT for 2 generators (4, 22) .

* System V: Modified with FRT for 3 generators (4, 11, 22) .

* System VI: Modified with FRT for all generators.

The CCT is obtained by varying the fault duration until the
point where the system first attains unstable operation. Considering
the original network in System I with the fault on bus 85, Fig. 15
depicts the rotor angle response of the selected generators at the
CCT and beyond the CCT. The CCT is determined to be 681 ms. In
reference to Fig. 5, the network instability, in this case, is due to the
generator connected to bus 8 (represented by the red plot in Fig.
15) running out of synchronism with other generators. A similar
analysis is carried out for the other test cases.

A summary of the CCTs for the different test systems is given
in Table 1. The results in Table 1 show that the original network
with only conventional synchronous generators has the highest
CCT. This implies that the network is able to withstand a
disturbance for a longer duration than the modified networks with
integrated renewable energy generators. This behaviour can be
attributed to the high system inertia provided by the synchronous
machines, thereby reducing the rate of change of frequency
following a disturbance. Fig. 16 further illustrates the above
behaviour using the rate of angular separation of the critical
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Table 1 Measure of system robustness using fault CCT
Test system Critical clearing time, ms

Fault bus 85 Fault bus 89
System | 681 773
System I 622 698
System llI 630 698
System IV 648 719
System V 655 720
System VI 676 744
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Fig. 16 Change in rate of angular separation of the critical generator
from the rest of the system with a varying number of inverter-connected
generators providing FRT and voltage support

generator from the rest of the generators following the fault in the
different test systems. This represents the rate at which the
corresponding system runs to instability. The critical generator is
observed to experience a lower rate of angular separation in the
original network (System I) compared to the modified networks.

The trend in the modified networks shows that the CCT
increases with the number of inverter-based generators connected
to the system with grid support functions as shown in Table 1. In
addition, the rate at which the system runs to instability (i.e. the
rate of angular separation of the critical generator) also decreases
with an increasing number of generators providing FRT and grid
support during the fault as shown in Fig. 16. Table 1 further shows
that a similar trend is observed for the additional fault case on bus
89 but with different CCTs, as expected, due to a change in fault
location. This ,therefore, implies that there is the potential
improvement in system robustness if renewable energy generators
are controlled to provide network support during disturbances.

5.3 Discussion

Considering the electrical response and neglecting the effects of the
energy source at the grid interconnection point, the dynamic
behaviour of inverter-interfaced generators is determined by the
settings of the converter system. For the electromechanical
phenomena considered in the present paper, the response of the
inverter-connected generators during the transient period is
determined by the high-level functions of the inverters as specified
by the grid codes. The presented results show that the developed
functions correctly represent the required functionality to support
the network through active power injection for regulating the
network frequency, reactive power injection for regulating the
voltage, and FRT for network support during system disturbances.

Furthermore, the level of system robustness in the modified
network with integrated renewable energy sources is shown to
improve as the number of renewable energy generators connected
with network support functionality increases. Therefore, correct
settings of the interfacing converter functions in compliance with
standard grid codes and network operator requirements provide the
renewable energy generators with characteristics that can replicate
the behaviour of synchronous generators from a functionality point
of view as seen from the grid interconnection point.

IET Renew. Power Gener., 2020, Vol. 14 Iss. 19, pp. 4010-4018

6 Conclusion

The present paper describes the dynamic modelling and integration
of solar PV and wind power generation systems in the time-domain
simulation of power systems. The developed models are based on
the notion that the dynamics of the converter perform the main role
in the interaction of the renewable generators with the rest of the
power system. The main contribution in the present paper is the
development of the converter high-level functions based on grid
standards for network support capability in the generic models used
for transient stability analysis. The models are implemented and
tested in a transient stability analysis toolbox. Simulation results
show that renewable energy sources complying with network
operator requirements contribute to grid stability support. The
control functions of the interfacing converters provide renewable
energy generation systems with features comparable to
synchronous generators from a functional point of view. Future
work will consider the comparison of the model performance to
existing models in commercial software packages and validation of
the control functions based on measured data from real plants. In
addition, the full wind power system will be considered in future
models in order to analyse the response and influence of tower
dynamics on the overall system.
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