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1 Introduction 

Planners of RPPs shall perform studies to: 

• to ensure that the planned RPP will comply with the South African Grid Code for RPPs [1] and 

• to demonstrate grid code compliance to the relevant system operator. 

Grid code compliance studies shall be executed 

• in the planning phase of an RPP project for ensuring that grid code compliance will be 

achieved. 

• prior to commissioning of an RPP using “as built” data for demonstrating grid code compliance 

to the system operator. 

The purpose of this guideline is to support planners of RPPs with the execution of grid code 

compliance studies and the interpretation of relevant grid code clauses. 

In additional, it shall support engineers of system operators, who are in charge of verifying grid code 

studies, in the review and evaluation of grid code compliance studies submitted by planners. 

This guideline shall further specify data requirements for the execution of grid code compliance 

studies and provide guidance about the generation of these data, which will be generated by the NSP 

and handed over to the planner of an RPP. 

This guideline focusses on those aspects of the grid code for RPPs [1], which require the execution of 

power system studies for their verification. The main aspects are: 

• Low voltage and high voltage ride through requirements (section 5.2 of [1]) 

• Reactive power capability requirements (section 7 of [1]) 

• Power quality aspects (section 9 of [1]) 

Many of these aspects make reference to other sections of the grid code for RPP [1], which have to be 

considered as well. 

Other grid code requirements, which can be validated using data sheets or unit tests only, are not 

subject to this document. Compliance with these requirements must also be demonstrated by RPP 

planners. 

Some of the studies described in this report do not apply to plants with directly-connected 

synchronous generators. For such generators it is essential to investigate the rotor angle stability 

under small and large disturbances (transient stability and oscillatory stability), as for conventional 

power plants. For synchronous machines driven by turbines it is not required to evaluate flicker. 

Flicker may be important if the synchronous machine is driven by an internal combustion engine. 
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2 Modelling aspects 

2.1 Modelling – General 

To perform grid code compliance studies for wind or PV farms a model of the wind or PV farm has to 

be implemented, which is suitable for analysing relevant aspects of grid code compliance, essentially: 

• Reactive power capability  

• Low voltage/High voltage ride through capability 

• Power quality aspects (Flicker, Harmonics) 

The requirements with regard to the level of detail of models for grid code compliance studies may 

deviate from the requirements according to section 16 of [1] (Provision of Data and Electrical Dynamic 

Simulation Models), which specifies the level of detail of models that shall be handed over to the NSP 

for the purpose of grid impact studies. 

While grid impact studies require aggregated, reduced order models to study the impact of many 

power plants on a power grid, grid code compliance studies require all wind-/PV farm internal details 

to be modelled with sufficient accuracy so that currents and voltages within a wind-/PV farm can be 

evaluated and constraint violations within the wind-/PV farm can be identified. Therefore, for the 

execution of grid code compliance studies, a wind farm or PV farm must be modelled at unit-level, 

whereas a unit can be an individual wind turbine generator or a PV-inverter (central inverter). 

As a minimum, the model must explicitly contain the following elements (see also Figure 2-1): 

• Models of the units (inverter or WTG) 

• Step-up transformers of all unit 

• Park-internal cable collector network (MV) 

• Main MV bus bars. 

• Main transformers stepping up the voltage to HV (in case of wind/PV farms with POC at HV) 

• Additional reactive power compensation devices (fixed or variable shunts, dynamic reactive 

power compensation devices). 

For most studies, the grid of the NSP can be modelled by an equivalent source considering the 

equivalent impedance (short circuit level) at POC. For some studies, more detailed representations of 

the NSP grid are required, especially when the short circuit level at POC is relatively low compared to 

the installed wind farm/PV farm capacity (see section 3.3.4). 
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Figure 2-1: Wind farm model for grid code compliance studies (example) 

In case of PV farms with string-inverters it is appropriate to aggregate several string inverters, which 

are connected to the same LV-MV-step-up transformer, at LV-level (including the corresponding 

cables) and represent them by one equivalent inverter at the LV side of the step up transformer. 

However, for reactive power capability studies, it is required to demonstrate that the impact of LV-

cables can either be neglected or represented in a simplified form by an equivalent reactance and an 

equivalent capacitance. 

2.2 Type testing 

To verify that an RPP is capable of riding through low voltage and high voltage events (LVRT and 

HVRT capability), it is essential that prior to the execution of studies for demonstrating the compliance 

of a complete park (wind farm or PV park), the individual units (wind turbine generators/WTG or PV 

inverters) will be tested in the field using so-called “Fault Ride Through Container”. 

The test procedure shall be in-line with section 7.5 of IEC61400-21:2008, but shall consider voltage 

dips according to the South African grid connection code for RPPs [1]. 

The results of these tests have to be evaluated with regard to: 

1. LVRT or HVRT capability (is the unit able to remain connected during a LVRT or HVRT 

event?) 
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2. Reactive current support at the grid connection point during a LVRT or HVRT condition 

3. Active power recovery during the period subsequent to the LVRT or HVRT event 

4. Reactive power recovery during the period subsequent to the LVRT or HVRT event. 

Compliance with the requirements 1.) and 3.) is mandatory for each generation unit that shall be 

connected to South African transmission or distribution grids. 

Compliance with the requirements 2.) and 4.) can also be achieved with the support of additional 

dynamic reactive power compensation devices (STATCOMs). Therefore, tests shall demonstrate the 

actual capability of generating units with these requirements, but compliance with corresponding 

clauses of [1] is not required at unit level. 

In the case that LVRT test results demonstrating the LVRT capability according to the South African 

grid connection code are not available, the NSP shall require the submission of LVRT test results 

according to other international standards, so that the general ability of a unit to ride through low 

voltage conditions can be demonstrated by tests. 

The use of a test facility based on real-time digital simulation is presently under discussion. It would 

enable the System Operator to verify whether the inverters are grid code compliant, and to validate the 

models. A short description with reference to Figure 2-2 follows: 

A manufacturer would provide an inverter control system, as well as a model of the inverter hardware. 

The System Operator would connect a real-time digital simulator to the controller. The simulator would 

model a portion of the power system as well as the inverter hardware. The System Operator would 

then simulate disturbances in the power system. These would be fed into the actual controller, and the 

controller outputs would be fed back into the simulator, as shown in the diagram below: 

 

Figure 2-2: Concept of testing controllers using real-time digital simulation 

2.3 Model validation 

For the execution of grid code compliance studies, validated, manufacturer-specific models of all 

relevant dynamic components shall be used. This includes: 

• Generating units (e.g. WTG or PV inverter) 

• Dynamic reactive compensation devices (STATCOMs) 

All models shall be validated against LVRT and HVRT tests as described in section 2.1. For 

demonstrating sufficient accuracy of the used models, RPP planners shall submit to the NSP results of 
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tests and corresponding simulations in a format that allows the NSP to evaluate the accuracy of the 

used models. 

Models that have been validated according to the German standard FGW-TR4 shall generally be 

accepted as being sufficiently accurate but other validation methods shall generally be accepted too. 

In the case of generating units with directly connected synchronous machines (typically CSP and 

hydro-plants) the machine parameters shall have been measured according to IEC and/ or IEEE 

standards [8],[9] and the excitation system shall have been tested and modelled according to IEEE 

standards [10],[11]. 

For the execution of grid code compliances studies, so-called RMS-models1 are recommended, as 

they are commonly used for power system stability studies and are sufficient2.  

2.4 Model hand-over to the NSP 

In order to be able to reproduce the results shown in reports of grid code compliance studies, the NSP 

can require the developer of an IPP plant to hand over all models used for the execution of these 

studies, even if these models include wind/PV farm internal details. This is a requirement in addition to 

section 16 of [1]. 

This includes all data relating to: 

• Units 

• Step-up transformers 

• Wind farm internal collector system 

• MV-HV transformers 

and extends to all data and information, which is required for reproducing grid code compliance 

studies. 

In the case that models contain confidential information, IPPs and WTG/inverter manufacturers can 

require the NSP to sign an NDA for protecting confidential information and IPR. 

 

  

 
1 Models, which apply steady state equations to electrical network components, like branch impedances or shunt capacitances 

and model machine dynamics and control circuits with differential equations 
2 This is not in conflict with section 16 of Error! Reference source not found.], which defines requirements of models that shall 
be handed over to the system operator for the purpose of system impact studies, not grid code compliance studies. 
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3 Fault ride-through studies for category B and higher RPPs 

3.1 Summary of LVRT and HVRT requirements 

RPPs of cat. B and C. shall be capable of remaining connected during voltage dips at the POC as long 

as the voltage is above the lower limit curve of Figure 4 of [1] (area B). 

In case of temporary voltage rise, RPPs of cat. B and C shall remain connected if the voltage is below 

the upper limit curve of Figure 4 of [1]. Particularly the RPPs of Cat C, have a higher high voltage 

capability as shown in area D (area D). 

Besides staying connected, RPPs of Category B and C must stabilise the voltage at the POC by 

injecting an additional reactive current into the grid (in addition to pre-fault reactive current), as 

specified by Figure 5 of [1]. While operating on area B (LVRT conditions), reactive current is 

prioritized, and active current can be reduced so that full reactive current capability is available3. 

Besides these general LVRT and HVRT definitions, the grid connection code for RPPs specifies the 

following details: 

• The requirement to remain connected during LVRT or HVRT events applies to symmetrical 

and asymmetrical fault conditions. In the case of asymmetrical fault conditions, the limit curve 

according to Figure 4 of [1] applies to the lowest of the three line to line or line to earth 

voltages. 

• Requirements with regard to the injection or absorption of reactive current during LVRT or 

HVRT events (see Figure 5 of [1]) only apply to symmetrical events. 

• Reactive current can be limited to the rated current of the generating unit. 

• Reactive current injection must settle within 60ms after the inception of a LVRT conditions, 

meaning that after 60ms, reactive current at the POC must remain within a tolerance band of 

±20%. 

• In the case that the retained voltage drops below 20% (of rated voltage), maximum possible 

reactive current (just limited by design constraints) must be injected into the grid. 

• For inverter driven RPPs (WTGs using DFIGs or generators with fully rated converters or PV-

inverters) it shall be possible to disable the reactive current support function on request of the 

SO. 

• After fault clearance, active power output must be restored to a minimum of 90 % of the pre-

fault level within 1 second. 

3.2 Clarifications 

3.2.1 Definition of IQ and In in figure 5 of the RPP-code 

Issue: 

Figure 3-1 shows the requirement for additional reactive current during voltage disturbances, as per 
the grid code Figure 5. It includes a correction to Figure 5, which is presently being processed, namely 

that Iq should be replaced by ΔIq. 

 
3Category A3 generators are generally small and do not require detailed simulations studies. 
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Figure 3-1: Requirement for voltage support during faults as per RPP code, including amendment that 
is presently being processed 

Clarification: 

The variable In is defined by the nominal current of the RPP, based on nominal active power Pmax-op. 

Nominal active power Pinstop is defined by the sum of the installed capacity of all units of the RPP, 

which are in operation (connected to the grid), limited to the plant’s MCR. 

Un

Pinst
In

op

3
=  

Please consider that Pinstop is different from Pmax. While Pmax considers all units, which are installed 

(i.e., not on maintenance), Pinstop considers only those units, which are actually running and 

connected to the grid. Typically, Pinstop differs from Pmax by the number of units that are installed, but 

not running, e.g. because of low wind speeds. These units must be considered by Pmax but not by 

Pinstop. 

With regard to the definition of IQ, two aspects have to be specified in addition to the definitions of [1]: 

• The sign of IQ is in-line with the sign of reactive power/Q: IQ with positive sign is voltage 

supporting, IQ with negative sign is voltage reducing. 

• IQ is defined as being the positive sequence component of the fundamental frequency 

current, e.g. measured on basis of half-cycle values or according to IEC guidelines. 

• IQ is the difference between actual reactive current and pre-fault reactive current. 



P13906 – Recommended practice for grid code compliance studies    

 

Page 12 

 

The definition of IQ as being a positive sequence value is in-line with international practice and 

relevant for achieving the required voltage support, also in the case of asymmetrical fault conditions. 

3.2.2 Definition of U at POC in figure 4 of [1] 

In the case of asymmetrical fault conditions, the measured phase of must be specified in the 

compliance study report. In general, it is preferred that the additional reactive current is calculated 

based on the positive sequence component of voltage. However, in the absence of any reactive 

current requirement in the case of asymmetrical events, this can only be a recommendation and not a 

requirement. 

3.2.3 Definition of tolerance band of reactive current control logic 

For reactive current support, a tolerance band of ±20% is given in clause (9) of section 5.2.1 of [1]. 

However, it is not specified whether these 20% are based on the actual reactive current or on nominal 

current. 

Therefore, for avoidance of doubt, this guideline specifies that: 

Control shall follow Figure 5 of [1] so that the reactive current follows the control characteristic with a 

tolerance of ±20% of In after 60 ms. 

The studies shall consider the accuracy of the models. For example, if the reactive current calculated 

by the model is within +/-5% of the reactive current measured during the type test, then it is not 

allowed for the simulated reactive current to reach the limits within the specified +/-20% tolerance. 

Instead, a margin of 5% must be allowed so that in practice, the required reactive current is reached 

within the specified tolerance. 

3.2.4 Reactive current support according to Figure 5 of [1] 

The injection of reactive current during LVRT and HVRT conditions [1] is specified only graphically. 

For avoidance of doubt, Figure 5 of [1] is translated into formulas and depicted in Table 1. 

Table 1: Reactive current requirements according to Figure 5 of [1] 

𝑼 𝑰𝒒 

U-Uini > 10% Iq=-3.0*(U-Uini) 

│U-Uini │< 10% Iq=0 (Iq according to normal control) 

U-Uini < -10% Iq=-2.5(U-90%) 

U <= 50% Iq=100% 

U is the voltage in percent of nominal 

Iq is the additional reactive current (additional to the pre-fault reactive current) in percent of 

the nominal current 

Uini is the initial voltage, i.e., the voltage before the fault 

The required reactive current is the initial reactive current plus the additional reactive current, 

Iq = Iqini + Iq 
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3.2.5 Reactive Current Limit 

According to Figure 5 of [1] the additional reactive current Iq can be limited to 100%. The total 

reactive current is the sum of the pre-fault reactive current and the additional reactive current. The 

total reactive current should also be limited to the nominal current, i.e., 100%. In other words, Figure 5 

of [1] represents an example for the case that the pre-fault reactive current is equal to 0. 

3.2.6 Voltage U>=120% 

At U=120%, Figure 5 of [1] shows a horizontal line regarding the delivery of reactive current. This 

horizontal line could be interpreted in several ways (voltage control, absorb max. reactive current etc.). 

It is herewith explicitly stated that in the case that an RPP continues operating at voltages above 

120% (e.g. during very short period of time before tripping) the reactive current specification for 

voltages below 120% continues. 

The horizontal line in Figure 5 of [1] only shows the maximum voltage limit of operation and shall not 

be interpreted as reactive current requirement for high voltages. 

3.2.7 Tolerance band 

Clause (9) of section 5.2.1 defines a tolerance band of +/-20% regarding the injection of reactive 

current. Our interpretation is that the tolerance band of +/-20% should read +/-20% of In, and that it is 

the resulting reactive current (pre-fault plus additional reactive current), which should be assessed 

against this tolerance. 

3.2.8 Implementation of reactive current injection logic 

For a precise injection of reactive current at the POC according to Figure 5 of [1], a closed loop 

controller with voltage measurement at the POC would be necessary. This means that the 

corresponding control logic would have to be implemented inside a park-controller. 

However, park-controllers typically operate in different time scales than local controllers of WTGs or 

PV inverters and usually do not provide this type of fast control functionality (with settling times of 

around 60ms). Including such fast control functionality in park controllers is not advisable because it 

could deteriorate the dynamic de-coupling between (slower) park control functionality and (fast) local 

control functionality and could destabilise the overall park control. 

Therefore, it is recommended to implement reactive current support functionality as part of the local 

unit-controllers and to tune the control parameters in a way that the required reactive current control 

characteristic is achieved at the POC, at least within the tolerance band of ±20% (of In). 

The characteristic of the Unit’s control system could be as shown in Figure 3-2. During a voltage 

disturbance, the reactive current is the sum of the initial reactive current Iqo and the additional reactive 

current, ∆Iq. The additional reactive current depends on the voltage during the disturbance and the 

pre-disturbance voltage. The dependence is defined by the K-factor. There may be separate K-factors 

for voltage dips and voltage swells. 
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Figure 3-2: Example of reactive current support of a wind turbine generator/PV inverter  

In order to achieve the required reactive current response of the RPP at the POC, the factor K of the 

individual unit controllers has to be tuned appropriately, so that the actual reactive current of the RPP 

will be within the required tolerance band of +/-20% of In at the POC for various operating conditions 

and LVRT conditions. 

It is of course possible to achieve compliance with the reactive current support requirement at the 

POC with alternative solutions. The only criterion of compliance is that actual reactive current is within 

the tolerance band of +/-20% around the required reactive current at the POC. 

3.2.9 Additional comments related to hybrid power plants 

It is possible that the sum of the rated powers of the individual units exceeds the plant’s MCR 

considerably. For example, a plant connected to a 132kV network and having a contracted capacity 

(and hence a plant-MCR) of 80MW could have PV units totalling 100MW and BESS-units totalling 

40MW. Therefore, the available capacity of all units would be 140MW, which exceeds the MCR of 

80MW considerably. In such a case, the main transformer could be designed for the plant’s MCR of 
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80MW. Under fault conditions, the units would typically reduce their active power outputs. However, 

since the total active power might still be a considerable portion of the MCR, increasing the risk of a 

voltage instability across the main transformer. An example of a voltage instability is shown in Figure 

3-3. Such instabilities can typically be avoided by modifying the way in which the active current is 

limited during fault conditions (e.g. using the characteristic “ipmax2” instead of “ipmax1” in Figure 3-3). 

To ensure that the plant remains stable during low voltage conditions, a transformer with a relatively 

low impedance could be installed, or a transformer with a normal impedance (in percent) and a 

relatively high rating could be installed. It may also suffice to tune the control systems of the inverters 

so as to reduce the active power output during network fault conditions more than in a normal plant. 

Considering the above, it is recommended to particular attention to voltage stability in the case of 

hybrid plants, where the sum of the units’ ratings may exceed the rating of the connecting transformer 

significantly. It is strongly recommended to perform the LVRT-studies not only with the network 

modelled as Thevenin equivalent, but also considering the surrounding network, as explained in 

section 3.3.4. 

The guidance notes [12] provide further information about the performance requirements for hybrid 

power plants. For example, the amount of additional reactive current to be provided in response to 

voltage disturbances, as specified in the RPP-code, must be met in the operating mode in which the 

sum of connected units’ rated power values is at a maximum (140MVA in the above example). The 

reactive current is assessed on the basis of the plant’s MCR (80MW, 132kV in the above example). In 

other operating modes, the amount of additional reactive current may deviate from that, provided that 

the plant provides a positive support to the network. The plant must ride through all disturbances and 

return to pre-fault conditions, as specified in the RPP-code, regardless of its operating mode. 
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Figure 3-3: Example of a plant showing voltage instability in case of a network fault 

 

Figure 3-4: Two different voltage-dependent active current limits 
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3.3 Studies for demonstrating LVRT capability 

3.3.1 Introduction 

In order to demonstrate the LVRT capability of a planned RPP, the planner has to carry out dynamic 

simulation studies using validated, manufacturer-specific models of all dynamic components (see also 

section 2.1).  

The results of these simulation studies shall demonstrate: 

• that the planned RPP is capable of staying connected as long as voltage is above the lower 

limit curve (and below the upper limit curve) according to Figure 4 of [1] (area A, B and D) 

• that the planned RPP injects reactive current as specified in section 5.2.1 (and especially 

Figure 5) of [1] (see also section 3.2 of this document). 

Please note also the introductory comments in section 1 about plants having directly-connected 

synchronous machines. 

In the case of hybrid power plants, it is important to consider all applicable operating modes. For 

example, a power plant that has both PV-units and BESS-units could be operated with all units in 

operation, only the PV-units in operation, only the BESS-units in operation etc. Guidelines about the 

application of the grid code to hybrid power plants are provided in  

3.3.2 Pre-fault Operating Conditions for LVRT Studies 

LVRT compliance shall be demonstrated for worst case operating scenarios. These typically include: 

• Operation at maximum active power output (P=Pn) 

• Operation at max. continuous voltage leading to maximum voltage dips 

• Operation at max. or min. reactive power (Q=Qmin, Q=Qmax) 

• Operation without one RPP’s component (N-1) 

The operating points are selected based on the reactive power capability requirements in chapter 7 of 

the code, see Figure 3-5. 

In addition, the case with P=Pn and Q=0 (cosphi=1) should be included because it represents typical 

operating conditions. 

Table 2: Pre-fault Operating Conditions for LVRT Studies (see also blue symbols in Figure 3-5) 

 

 

Operating Condition Active Power P Reactive Power Q Voltage at POC

a P=Pn Q=0 U=Unom

b P=Pn Q=Qmin U=Umax

c P=Pn Q=0 U=Umax

d P=Pn Q=Qmax U=Unom
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Figure 3-5: Operating points for LVRT and HVRT studies. Blue: worst case operation for LVRT, red: 
worst case operation for HVRT 

3.3.3 Fault events for LVRT studies 

For all RPPs, LVRT capability shall be demonstrated by simulating fault events with different 

equivalent fault impedances and different duration, leading to voltage dips of different depth and 

duration. 

For these simulations, the transmission or distribution grid to which the RPP is connected can be 

modelled by an “External Network” with equivalent short circuit level and X/R ratio, as it is shown in 

Figure 3-6 (also named “Infinite Bus” model). 

 

Figure 3-6: Simulation of Voltage Dips at POC 
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The internal configuration of the RPP shall be modelled in full detail, considering all relevant AC-

components, including HV/MV transformers, RPP-internal cables, unit transformers and type-tested, 

manufacturer-specific models of the generating units (see also section 2.1). 

DC cable networks, as they exist in PV-parks with central inverters, do not have to be modelled in 

detail. Here, it is sufficient to model the AC response of the inverters appropriately. 

The simulated cases shall include: 

• Operating conditions a, b, c and d according to section 3.3.2 

• Representative and worst case LVRT events. 

The studied LVRT events shall at least include: 

• Single-, two- and three-phase events with a retained voltage of Urt=0 

• Three-phase event with longest possible fault duration (retained voltage of Urt=0.85p.u.) 

• Additional three-phase events with different depth and duration according to the LVRT curve 

of Figure 4 of [1]. 

Table 3 summarises the proposed LVRT events for demonstrating LVRT capability of a class B or 

class C RPP. 

Table 3: Simulation events for demonstrating LVRT compliance of RPPs of cat. B and C 

 

To simulate fault events as specified by Table 3, a fault impedance has to be calculated that leads to 

the intended retained voltage. 

However, because of the reactive current injection of an RPP of class B or class C, the retained 

voltage is not constant during the event. For this reason, the term retained voltage has to be specified 

more precisely: 

Retained voltage Uret is defined by the initial post-fault voltage, without considering voltage support 

from the RPP. 

 

Retained Voltage in p.u. Fault Type Fault Duration in s

0,00 1 phase to ground 0,15

0,00 2 phase 0,15

0,00 3 phase 0,15

0,20 3 phase 0,59

0,50 3 phase 1,24

0,70 3 phase 1,67

0,85 3 phase 20,00
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Figure 3-7 Voltage at the POC during LVRT event 

Based on this definition, the required fault impedance can be approximated based on the equivalent 

impedance of the external grid at the POC (short circuit level at POC): 

N
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with: 

• ZN: Equivalent impedance of the external grid 
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N

N
S

cU
Z =  

• UN: Nominal voltage(in kV) at POC 

• Sk’’: Equivalent short circuit level (in MVA) at POC (without contribution from RPP) 

• Upf: Pre-fault voltage at PCC 

• Urt: Retained voltage at PCC (initial value, without contribution from RPP) 

• c: Factor of equivalent source voltage according to IEC60909 (c=1.1) 

In the absence of any information about the X/R ratio at the grid connection point, a small R/X ratio 

shall be considered, e.g.: 

R/X=0.1 

Because of the small R/X ratio, Xf and Rf of the fault impedance can be approximated as follows: 

XF=ZF 

RF=R/X ZF 



P13906 – Recommended practice for grid code compliance studies    

 

Page 21 

 

For each event and operating condition, a table of fault impedances (like Table 4 but with the actual 

values of Rfxy and Xfxy) shall be calculated and included in the report so that each simulated event 

sequence is fully reproducible. 

Table 4: Table of Events, Operating Conditions and Fault Impedances for LVRT studies 

 

Finally, each simulation run of an LVRT-study shall be executed according to the following steps: 

1. Execute a load flow calculation for the operating condition a, b or c. 

2. Define the required event sequence according to Table 4. 

3. Start the simulation run at t= -1 s.  

4. The event should start at t= 0 s. 

5. The fault is cleared within the fault clearing time according to Table 3 and Table 4. 

6. The simulation shall run until at least 5 second after fault clearance. 

3.3.4 Stability impact studies for weak connection points (stability impact studies) 

In the case of POCs with relatively low fault levels, higher interactions between RPP and the 

surrounding system have to be expected. Therefore, it is recommended to carry out additional LVRT 

studies for RPPs having a SCR (short circuit ratio4) <5 at the POC using a complete model of the 

surrounding grid. 

In the case of SCR<5 stability impact studies analysing the response of the wind farm and the 

surrounding system to various faults at various locations, considering all credible contingencies, shall 

be studied. 

The “surrounding grid” is defined by the grid with the same voltage level as at the POC, including 

transformers to the next higher voltage level (MTS transformers). The grid sourcing the “surrounding 

grid” can be reduced to a network equivalent at the boundary nodes between the “sourcing grid” and 

the “surrounding grid” (see also Figure 3-8). 

More precisely, the following parameters of the following components shall be modelled in detail: 

• All lines (or cables) of the surrounding network  

 
4 SCR is the ratio of short circuit apparent power of the external grid and the installed capacity of the RPP 

Rf 

in Ohm
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#1 0,00 1phg 0,15 Rf1a Xf1a Rf1b Xf1b Rf1c Xf1c Rf1d Xf1d

#2 0,00 2ph 0,15 Rf2a Xf2a Rf2b Xf2b Rf2c Xf2c Rf2d Xf2d

#3 0,00 3ph 0,15 Rf3a Xf3a Rf3b Xf3b Rf3c Xf3c Rf3d Xf3d

#4 0,20 3ph 0,59 Rf4a Xf4a Rf4b Xf4b Rf4c Xf4c Rf4d Xf4d

#5 0,50 3ph 1,24 Rf5a Xf5a Rf5b Xf5b Rf5c Xf5c Rf5d Xf5d

#6 0,70 3ph 1,67 Rf6a Xf6a Rf6b Xf6b Rf6c Xf6c Rf6d Xf6d

#7 0,85 3ph 20,00 Rf7a Xf7a Rf7b Xf7b Rf7c Xf7c Rf7d Xf7d
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• All synchronous generators feeding into the surrounding network, including dynamic generator 

data, AVR, PSS and (optionally governor) models5. 

• All other non-synchronous generators (e.g. wind farms, PV-inverters) using an aggregated, 

generic model (e.g. IEC-type model, PowerFactory standard models) at the POC of each of 

the farms. 

• Loads shall be aggregated and modelled by one equivalent load connected to the surrounding 

network. 

• Feeders having load and generation shall be reduced and represented by one aggregated 

load and one equivalent generator connected to the surrounding network. 

• Transformer(s) connecting to MTS (main transmission substation) of the surrounding network, 

e.g. 400kV/132kV, 275kV/132kV, 132kV/33kV 

• Reduced network equivalent (short circuit equivalent) of the network sourcing the “surrounding 

network” (e.g. 400kV/275kV grid in case of POC at 132kV, 132kV grid in case of POC at 33kV 

etc.). The reduced network shall reflect an operating condition with minimum short circuit level 

at the boundary nodes between the “sourcing grid” and the “surrounding grid”. 

 

Figure 3-8: "Surrounding Grid" and "Sourcing Grid" for stability impact studies 

 
5 Confidential information relating to models could be safeguarded, for example, through non-disclosure agreements 
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Events and operating conditions that will be analysed by these stability impact studies shall be agreed 

between the RPP planner and the SO prior to study execution. 

As a general rule, worst case operating scenarios shall be considered, including: 

• Maximum power transfers over lines 

• Minimum fault level at MTS 

• Consideration of planned outages (e.g. one line not available, one transformer in MTS not 

available etc.) 

Simulation events shall generally analyse short circuits in the surrounding grid assuming typical fault 

clearing times for the respective voltage level.  

The fault impedance shall generally be set equal to zero (solid faults) 

Faults shall be placed at various locations in the grid, including: 

• Near to POC 

• At high voltage side of a transformer in the MTS 

• Ends of lines in the surrounding grid 

Each fault shall be cleared by a credibly action (e.g. disconnection of faulted line or transformer). 

Whether the system shall be designed for withstanding bus bar faults with subsequent disconnection 

of all connected elements or not must be agreed between the planner and the SO. 

3.4 Studies for demonstrating HVRT capability 

3.4.1 Introduction 

A High Voltage Ride Through (HVRT) situation is defined by a voltage that is above the maximum 

voltage limit for normal operating conditions and below the upper limit curve according to Figure 4 of 

[1] (area D). 

To demonstrate the HVRT capability of a planned RPP, the planner has to carry out dynamic 

simulation studies using validated, manufacturer-specific models of all dynamic components (see also 

section 2.1).  

The results of these simulation studies shall demonstrate 

• that the planned RPP will stay connected if the voltage does not exceed upper limit curve (and 

above the lower limit curve) according to Figure 4 of [1] (area A, B and D) 

• that the planned RPP absorbs reactive current as specified in section 5.2.1 (and especially 

Figure 5) of [1] (see also section 3.2 of this document). 

The studies shall consider the accuracy of the models. For example, if the reactive current calculated 

by the model is within +/-5% of the reactive current measured during the type test, then it is not 

allowed for the simulated reactive current to reach the limits within the specified +/-20% tolerance. 

Instead, a margin of 5% must be allowed so that in practice, the required reactive current is reached 

within the specified tolerance. 
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3.4.2 Pre-fault Operating Conditions for HVRT Studies 

HVRT compliance shall be demonstrated for worst case operating conditions (e, f and g) as per the 

reactive power capability requirements in chapter 7 of [1], as well as operating condition (a). Worst 

case operating conditions of RPPs can include: 

• Operation at maximum active power output (P=Pn) 

• Operation at min. voltage leading to maximum voltage rise (Umax) 

• Operation at max. or min. reactive power (Q=Qmin, Q=Qmax) 

Table 5: Pre-fault operating conditions for HVRT studies 

 

3.4.3 Definition of study cases for HVRT studies 

The simulation setup for HVRT-studies is depicted in Figure 3-9. The concept is for simulating HVRT 

situations is based on a shunt reactor, which is connected in parallel to an external grid at the POC for 

keeping the voltage low. 

 

Figure 3-9 Simulation Setup for HVRT Studies 

By disconnecting the shunt reactor, the voltage will rise immediately. The HVRT situation can be 

terminated by reconnecting the shunt reactor. 

The required shunt impedance can be calculated using the following formula: 
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For HVRT simulations, the shunt impedance can be entered as a reactance. 

Table 6: Table of events, operating conditions, and shunt impedances for HVRT studies 

Operating Condition Active Power P Reactive Power Q Voltage at POC

a P=Pn Q=0 U=Unom

e P=Pn Q=Qmin U=Unom

f P=Pn Q=0 U=Umin

g P=Pn Q=Qmax U=Umin
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HVRT simulations can be carried out according to the following sequence: 

1. Execute a load flow calculation for the operating condition a, e, f or g. 

2. Define the required event sequence according to Table 6. 

3. Start the simulation run at t= -1 s.  

4. Disconnect the shunt at t= 0 s. 

5. Reconnect the shunt at t=2s. 

6. The simulation shall run until at least 5 seconds after the shunt has been reconnected. 

  

a e f g

Xsh in Ohm Xsh in Ohm Xsh in Ohm Xsh in Ohm

#8 1,20 disconnect shunt 2,00 Xsha Xshd Xshe Xshf

Event

ID
Uhigh in 

p.u.
Event type

Duration of 

Event in s

Operating Condition
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3.5 Success criteria and presentation of results 

3.5.1 LVRT and HVRT studies at POC 

For demonstrating LVRT and HVRT capability of RPPs, results must confirm that: 

1. The RPP and its units stay connected in all simulated cases. Also, the RPP and its units are 

not on the verge of any voltage instability. 

2. In case of symmetrical events only: 

Reactive current must remain within the tolerance range around the reactive current target 

from 60ms after the LVRT or HVRT event has been initiated until voltage is back in the normal 

range of operation.  

3. In case of asymmetrical events: 

The response of the plant may not adversely affect the healthy phases (such as excessive 

over-voltages, which may cause trips of other equipment). 

4. Active power must be restored up to 90 % of its pre-fault level within one second after fault 

clearance. 

Figure 3-10 provides an example for demonstrating LVRT compliance with the relevant clauses of the 

grid connection code for RPP [1]. The variables depicted in the diagrams are: 

• Top diagram: Voltage at POC in p.u. 

• Centre diagram: Active and reactive current of the RPP in p.u. at the POC. 

• Lower diagram: Active and reactive power of the RPP in p.u. at the POC. 

For evaluating whether all units of an RPP remain connected during a LVRT or HVRT situation, there 

are two possible approaches: 

• Models that integrate protection: Verify that the protection relay model has not initiated a trip 

signal. 

• Models without built-in protection models: Monitor the voltage at the LV terminals of a 

generating unit and verify that it is within the unit-specific voltage range at LV, for which the 

manufacturer guarantees that no disconnection will occur. 

The second approach has the advantage that there is not just a binary answer (tripped/not tripped) but 

that the results can also indicate increased risks of unit disconnection, e.g. when the actual voltage 

gets very close to the local limit curves. 

With regard to the results according to Figure 3-10 and Figure 3-11, compliance with the relevant grid 

code clauses is demonstrated as follows: 

• Actual voltage at LV terminal of the depicted WTG (red) is between the local limit curves 

(orange and dark red). Hence there will not be any disconnection 

• Actual reactive current at POC remains within the required tolerance band (between the 

green, dashed lines). Hence it complies with reactive current requirements. 

• Active power has recovered to 90% of pre-fault level at t=1.667s, which corresponds to an 

active power recovery time of tr=0.427s, which is less than the required 1s. 
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Hence, the results according to Figure 3-10 and Figure 3-11 demonstrate compliance with all clauses 

of the grid connection code for RPP, which are relevant to LVRT. 

The LVRT simulation results should be summarised in a chart or table, together with maximum and 

minimum limits of reactive current. An example is shown in Table 7. In this table the first two columns 

correspond to the unbalanced shortcuts. The remaining columns show the values for three-phase faults. 

Notice that in operating conditions “b” and “c” the resulting limits are not higher than those in cases “a” 

and “d” even though the voltage difference is higher. This is due to the offset caused by the initial values 

of reactive current.  

In order to report compliance with active power recovery times, a table should be included in the 

report. An example is show in Table 8. 
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Figure 3-10: Presentation of simulation results at POC for demonstrating LVRT capability 
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Figure 3-11: Presentation of Results at LV terminal of a generating unit for demonstrating LVRT 
capability 
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Table 7: Reactive current summary chart for LVRT studies 

Table 8: Summary of active power recovery times (tPr, example) 

 

3.5.2 Stability impact studies 

In the case of stability impact studies (see section 3.3.4), which are only required in the case of weak 

connection points (SCR<5), only solid three-phase faults with a fault clearing time of tf=150ms will be 

simulated. 

Success criteria is here predominantly that transient stability and short-term voltage stability is 

maintained in all simulated cases.  

Results must be evaluated with reasonable engineering judgement.  



P13906 – Recommended practice for grid code compliance studies    

 

Page 31 

 

4 Reactive power capability studies  

4.1 Summary of reactive power capability requirements 

Figure 9 of [1] defines the required reactive power capability of RPPs of Cat. B as a function of the 

voltage at the POC during full load operation (P=Pn). Figure 11 of [1] represents the analogous figure 

for Cat. C generators. 

The required reactive power capabilities are shown in figure 8 to 9 in the RPP-code. 

The meaning of these capability diagrams is the following: 

• Within the specified ranges, it must be possible to operate the RPP at any point in the P, Q 

diagram (under the condition that there is enough primary energy, e.g. wind or solar radiation). 

• At any point means that the reactive power concept of the RPP must ensure that the specified 

range can be covered continuously, without any “holes”.  

• The specified reactive power capability range applies to steady state situations. The capability 

may be restricted in the short-term, i.e., before transformer tap positions have had time to 

adjust automatically or before mechanically switched devices have had time to switch 

automatically (see section 8 of [1] about the calculation of the short-term capability). 

For low active power levels (P<5% of Pn), there is no reactive power capability requirement specified 

in [1]. In this range, the grid connection code for RPPs only specifies a tolerance range and reactive 

power must be somewhere in the specified area (blue dashed area in Figure 4-1 of this document). 

Reactive power capability is generally voltage dependent: 

• The higher the voltage the more the required reactive power range extends into the under-

excited area. 

• The lower the voltage the more it extends into the overexcited area. 

The full reactive power range of cosphi=0.975 leading/lagging (Cat B.) and cosphi=0.95 

leading/lagging (Cat C.) is only required at nominal voltage. 

Figure 4-1 below shows the relationship between the definitions for full load operation and partial load 

operation, especially about voltage dependent limits. 

For grid code compliance studies, the actual reactive power capability of the RPP must be compared 

to the required reactive power capability for different voltages at the POC. For example, the reactive 

power capability requirement for a voltage of 0.9 p.u. (Umin) is depicted in Figure 4-2. 

Corresponding tabular values for RPPs of Cat. B and Cat.C can be found in Annex 1. 
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Figure 4-1: Required Reactive Power Capability under full load and partial load conditions (Cat. C) 

4.2 Clarifications 

4.2.1 Definition of Pn 

In general, Pn is the registered maximum continuous rating of the Power Plant. If one or more units 

are not available for service (e.g. out on maintenance), then the reactive power requirement should be 

reduced accordingly. The following formula should apply: 

Pn = minimum (Pinstavail, MCRplant) 

With Pinstavail = ∑rated capacities of all units that are technically available for operation 
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Units, which are disconnected because of low wind or no solar radiation still have to be considered as 

being available and are thus included in Pinstavail. The shape of the because of the reactive power 

requirement curve takes into consideration that some units could be switched off under low wind 

speeds or low irradiation levels. Units, which are technically unavailable (e.g. on maintenance) do not 

count for Pinstavail. 

4.2.2 Additional comments related to hybrid power plants 

Limiting Pinstavail to the upper limit of plant MCRplant is particularly important in hybrid power plants, 

where the sum of the capacities of all units could be much higher than the plant’s MCR. For example, 

a plant with an MCR of 80MW could have PV units totalling 100MW and BESS-units totalling 40MW. 

Therefore, the available capacity of all units would be 140MW, but the reactive power requirement 

would be determined on the basis of 80MW. 

The reactive power capability must be in accordance with the RPP-code, regardless of the operating 

mode of the plant. In the above example, if the plant is operated with an output of 40MW at night, the 

required reactive power shall still be */- 0.329*80 = +/-26.2Mvar. This could be achieved, for example, 

by using some PV-units for the provision of reactive power, even if they are not delivering any active 

power. 

4.3 Studies for demonstrating compliance with reactive power capability 
requirements 

4.3.1 Introduction 

Basically, there are three factors limiting the reactive power capability of an RPP (especially in case of 

a power park, e.g. wind farm or PV farm): 

• The maximum reactive power capability of the generating units.  

• Maximum and minimum operating voltage (continuous) at the LV-terminals of the generating 

units. 

• Thermal rating of power park internal cables and transformers. 

Besides this, the reactive power capability of an RPP depends on: 

• Reactive losses of branch elements inside a power park (e.g. main transformer) 

• Reactive generation of components inside a power park (e.g. cables or additional reactive 

power compensation equipment). 

• Tap changer range of the main transformer 

For this reason, reactive power capability of an RPP can only be assessed using load flow studies and 

a model of the power plant. 

During the planning phase, when measured data of transformers (and maybe also cables) are not yet 

available, reactive power capability studies should consider parameter tolerances (e.g. according to 

IEC60076-1 for transformers, temperature dependence of cable resistance etc.) to ensure that the 

requirements will ultimately be met. 
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4.3.1.1 Methodology for active power output levels above 5% of Pmax 

The method for demonstrating compliance with reactive power capability requirements according to 

the grid code is based on simulations that assess the actual reactive power capability of an RPP and 

the verification that the actual reactive power capability is larger than the required reactive power 

capability for all active power levels and voltages. 

The following procedure is recommended to consider reactive power and voltage limits of generating 

units simultaneously: 

Maximum reactive power capability: 

• Set the voltage control mode of all units to “V” (voltage controlling) and the voltage setpoint 

equal to the maximum operating voltage of the unit (e.g. 1.1p.u.) 

• Execute a sequence of load flows with varying active power levels. Ensure that the load flow 

algorithm considers the reactive power limits of the units. 

This procedure ensures that the maximum reactive power capability at the POC is calculated under 

simultaneous consideration of reactive power and voltage limits of the generating units. The procedure 

does not consider thermal violations of branch elements. Therefore, thermal loading of all branch 

elements should be monitored. 

The analogous procedure is recommended to determine the minimum reactive power limits: 

• Set the voltage control mode of all units to “V” (voltage controlling) and the voltage setpoint 

equal to the minimum operating voltage of the unit (e.g. 0.9p.u.) 

• Execute a sequence of load flows with varying active power levels. Ensure that the load flow 

algorithm considers the reactive power limits of the units. 

This procedure ensures that the minimum reactive power capability is calculated considering minimum 

reactive power limits and minimum operating voltages of the units. 

4.3.1.2 Operating Conditions  

Reactive power capability studies shall be carried out for the following operating conditions: 

• Minimum and maximum reactive power capabilities are calculated for different voltage levels 

at the PCC (e.g. 0.9 p.u, 1 p.u, 1.05 p.u). 

• All units in operation 

• 80% of the installed units in operation (Su=80%) 

• In the case of wind farms that have redundant elements (e.g. wind farm with two wind farm 

transformers), studies relating to n-1 conditions shall be carried out as well. 

4.3.2 Methodology for low active power output levels (P<5% of Pn) 

Wind turbine generators and some PV inverters disconnect in the case that there is no active power 

production (e.g. no wind or no solar radiation). In this case, it is not possible to control the reactive 

power at the POC using the generating units. It is only required for the reactive power to remain within 

a specified tolerance to avoid any adverse impact on the system voltage. 
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4.4 Success criteria and presentation of results 

4.4.1 Operation at P>5% of Pn 

For each of the five discrete voltages, the actual reactive power capability of the RPP shall be shown 

in a PQ diagram together with the reactive power requirement according to [1]. 

The RPP is compliant if the actual capability diagram encloses the required capability diagram for all 

voltages and all active power levels with P>5% of Pn.  

Figure 4-2 shows an example of a reactive power capability diagram of an RPP of category C being 

connected to a POC with 132kV. The example applies to a voltage of 0.9p.u. at the POC. The red 

curve (actual PQ-capability) fully encloses the black capability curve. The blue curve indicates the 

transformer power limit6 and the green line indicates limits implemented in the power plant controller. 

In the case that the RPP uses switched devices for reactive power compensation (e.g. MSCs), it 

should further be demonstrated that the RPP can operate at any point within its capability diagram. 

 

Figure 4-2 Example for a PQ-diagram for an RPP of category C connected to 132 kV grid for a voltage 
of 0.9 p.u. at the POC 

4.4.2 Operation at P<5% of Pn 

For active power levels of P<5% of Pn, the reactive power exchange of the wind farm with the 

surrounding grid should be presented for different voltages at the POC as shown in Table 9. 

 
6 The transformer limit depends on the design, e.g. full power tapping. 



P13906 – Recommended practice for grid code compliance studies    

 

Page 36 

 

Table 9: Reactive power at POC of RPP, operated at no active power output 

 

In the example according to Table 9, can be observed, that the plant does not exceed the limit of +/- 

5% when it is not producing active power. In order to achieve these results, the shunt capacitance has 

been disconnected and both transformers have been left in operation. 
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5 Reactive power and voltage control – dynamic design limits 

5.1 Summary of reactive power and voltage control requirements according 
to [1] 

According to section 8 of [1] an RPP plant must support the following reactive power and voltage 

control functions 

• Voltage control 

• Power factor control 

• Q control 

The performance requirements apply at the POC. 

Dynamic requirements are stated in section 8.1 (2), section 8.2 (2), section 8.3 (2). In essence, the full 

response to a disturbance must be reached within 30s. 

Additionally, section 8.3 (4) and (5) define the following constraints respect to voltage control: 

(4) The individual RPP shall be able to perform the control within its dynamic range and voltage limit 

with the droop configured as shown in Figure 13. In this context, droop is the voltage change (p.u.) 

corresponding to a change in reactive power (p.u.).  

(5) When the voltage control has reached the RPP’s dynamic design limits, the control function shall 

await possible overall control from the tap changer or other voltage control functions. 

5.2 Clarifications 

The delay of 30 seconds is predominantly a requirement for the controller settling time. This 

requirement shall be demonstrated with a small signal test (e.g. step of +/-5%...10% of Qmax). 

It is assumed that clause (5) of section 8.3 also applies to sections 8.1 and 8.2. If this is relevant to the 

design, the System Operator’s must be asked to confirm this. In this case, the reactive power 

capability requirement according to section 7 of [1] is a steady state requirement. It must be met after 

transformer tap changers and/or shunt switching devices have had time to respond. 

Following sudden large disturbances, the reactive power could be limited “dynamically”, so that the 

final value is reached only after the tap changers of transformers and/or shunts have responded. The 

dynamic limits could be reached, for example, when the voltages at the individual units reach their 

limits. 

Note that no units may trip, even following a very large and sudden deviation between the setpoint and 

the actual value of reactive power, power factor or voltage. Ideally, the units would limit their reactive 

power output to ensure that they do not trip. 

5.3 Studies for demonstrating compliance with dynamic performance 
requirements 

During the planning phase, a power park planner shall demonstrate the “dynamic design limits” of the 

plant. For this purpose the load flow calculations shall be executed with fixed tap positions at the main 

power park transformers to obtain the maximum possible reactive power steps. The maximum 

“dynamic limits” shall be reported. 
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“Dynamic limits” could be due to: 

• Voltage dependent reactive power capability of WTGs or PV-inverters 

• Maximum/minimum voltage of operation at WTG or PV-inverter terminals. 

In order to take the initial voltage change at the POC into consideration, the external grid has to be 

modelled by a voltage source behind the grid impedance (see Figure 5-1). 

The procedure for calculating the dynamic reactive power capability is the following: 

Step up: 

• Calculate a load flow with minimum reactive power according to the grid code (with automatic 

tap adjustment). 

• Save tap positions of the substation transformers 

• Calculate a load flow with maximum reactive power (do not allow tap changing). 

 

 

Figure 5-1: Voltage source model at POC 

The result of such an analysis is depicted in Figure 5-2. The red curve shows the dynamic reactive 

power capability for upwards step changes starting at an operating point with minimum reactive power, 

the blue curve shows the dynamic reactive power capability for downward step changes, starting at an 

operating point with maximum reactive power delivery. 
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Figure 5-2: Dynamic PQ-capability diagram for maximum upwards changes (red) and maximum 
downwards changes (blue) 

 

5.4 Success criteria 

For these studies, there are no success criteria because the requirement is to report the dynamic 

reactive power range. 

During commissioning, the same type of step changes shall be tested. Here, the relevant success 

criteria are: 

• No disconnection of any unit (even if maximum/minimum voltages are reached) 

• Fast response (settling time of 30s) within the dynamic design limits of the plant. 

• Full reactive power capability in steady state (after tap changer control has settled). 

The most important aspect of these tests is that the controller will be able to handle any kind of 

sudden change of a control setpoint without tripping any of the WTGs/PV inverters. 
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6 Power quality studies 

6.1 Rapid voltage changes 

6.1.1 Summary of grid code requirements 

The RPP-Code refers to rapid voltage change limits in Appendix 9. The network operator may provide 

such limits. It is, therefore, recommended to check, by means of calculations, whether the limits are 

expected to be met, prior to testing the plant. 

6.1.2 Clarification 

Rapid voltage changes can result from planned switching actions during normal operation, like 

switching of a capacitor or reactor inside a wind or PV farm, or switching of individual wind turbine 

generators due to very low or very high wind speeds. Secondly, they can also result from unplanned 

switching actions (e.g. as a consequence of a loss of a complete wind or PV farm). Thirdly, they can 

result from transformer energisation. 

Only the first category is considered below. It is assumed that the network operator will not provide 

limits for the other possible reasons of rapid voltage changes. 

In the case of hybrid power plants, the requirements in the RPP-code must be met in all operating 

modes. 

6.1.3 Studies for demonstrating compliance with rapid voltage changes 

6.1.3.1 WTG switching 

When analysing rapid voltage changes resulting from WTG switching, the WTG-type has to be 

considered: 

• IEC-Type 1 and IEC-Type 2: WTGs with uncontrolled current 

• IEC-Type 3 and IEC-Type 4 (DFIG and fully-rated converter): WTGs with controlled current 

6.1.3.1.1 IEC-Type 1 and IEC-Type 2 WTGs 

In the case of WTGs with uncontrolled current, voltage dips can occur during connection and 

disconnection of individual WTGs because of magnetizing effects. For this type of wind turbine 

generator, it is recommended to apply the methodology proposed by IEC61400-21. 

This methodology is based on the Voltage Change Factor ku, which is measured as a function of the 

impedance angle of the grid k. 

Based on the worst case value of ku as a function of the network impedance angle (at minimum fault 

level), the resulting voltage change can be calculated by: 

( )
mink

n
k

S

S
kuu =  

The short circuit level Skmin is the minimum fault level at the POC. 
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6.1.3.1.2 IEC-Type 3 WTGs, IEC Type 4 WTGs and PV inverters 

In case of units with controlled currents, the voltage step factor ku refers to worst-case switching 

conditions. However, because currents are controllable, it is possible to avoid these worst-case 

situations by appropriate unit operation. 

Therefore, a two-step approach is proposed for this type of unit: 

• Calculate maximum voltage changes using the formula according to IEC61400-21 (as 

described in section 6.1.3.1.1) 

• If the worst-case voltage change according to IEC6400-21 exceeds the limit given in the table, 

calculate the maximum value of rapid voltage change by uncontrolled load flow calculations 

(with and without one of the units and by comparison of the voltage at the POC). 

The term “uncontrolled load flow” is used for a load flow calculation with fixed tap settings and a 

representation of the external network by a voltage source with a fixed voltage behind an equivalent 

impedance (see also section 5.3 and Figure 5-1). 

6.1.3.2 Shunt switching 

A second type of “regular switching action” inside a wind or PV farm could be related to capacitive or 

inductive shunt switching. 

For analysing the corresponding rapid voltage change, an Uncontrolled Load Flow Calculation shall be 

carried out for different switching states of a shunt compensator. The difference of the voltage at POC 

between two relevant positions of a shunt compensator shall not exceed the limit specified in Table 3 

of [1]. 

If a wind farm or PV farm cannot comply with the given limit for rapid voltage changes, the size of 

individual shunt reactors or shunt capacitors (or the step in case of tapped shunt reactors) must be 

reduced and adjusted accordingly. 

6.2 Flicker 

6.2.1 Summary of Grid Code Requirements 

There are no generally applicable flicker limits specified in [1]. Therefore, flicker limits will be allocated 

by the network operator and specified for each project individually. The allocation mechanism can be 

in-line with applicable IEC-standards (IEC61000-3-6) or NRS048-4. 

6.2.2 Studies for demonstrating compliance with flicker requirements 

Compliance with flicker requirements can be demonstrated by applying the methodology outlined in 

IEC61400-21, which is based on IEC61000-3-7 and which is supported by corresponding data sheets 

of most wind turbine and PV inverter manufacturers. The parameters characterising flicker impact of 

WTGs and PV inverters are: 

• c(k,va): flicker coefficient of the unit for the given network impedance phase angle, k at the 

PCC. In case of a wind turbine, it depends further on annual average wind speed, va at 

hubheight of the wind turbine at the site; 

• N10m,i and N120m,i: number of switching operations of and individual unit within a 10 min and 2 h 

period respectively; 

• kf,i(k): flicker step factor of the individual unit; 
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The relevant formula for calculating flicker strength resulting from continuous flicker of an individual 

unit is the following: 

k

n
kltst

S

S
cPP == )(  

Flicker resulting from switching actions (especially within a wind farm, where we find regular switching 

actions of units during normal operations) can be calculated according to: 

k

n
kfmst

S

S
kNP = )(18 31,0

10  

k

n
kfmlt

S

S
kNP = )(8 31,0

120  

In addition to the above described, unit-specific parameters, these formulas make reference to: 

• Sn: Nominal apparent power (in MVA) of a WTG or PV inverter 

• Sk: (Minimum) fault level at the POC 

In a farm with several units, flicker strength (Pst and Plt) can be calculated using the flicker strength of 

an individual Psti as follows: 

Continuous operation: 

stlt

i

stst

PP

PP
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Switching operation: 
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These formulae consider the stochastic independence of continuous flicker and switching actions of 

individual units within a wind or PV farm. 

Some power system analysis software packages integrate flicker assessment according to IEC61000-

3-7 and IEC61400-21. 

In this case, it is sufficient to enter the flicker coefficients of each unit and to run the corresponding 

calculations. For the surrounding grid, an operational state that represents minimum short circuit level 

shall be chosen. 
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6.3 Harmonics, inter-harmonics and high-frequency distortions 

6.3.1 Summary of grid code requirements 

Small units (<5MVA) are assessed on the basis of their compliance with IEC-standards. 

For plants >5MVA, the RPP-Code [1] chapter 9 requires “voltage and current quality distortion levels 

emitted by the RPP at the POC” shall not exceed the apportioned limits, as determined by the network 

operator. Allowance is made for individual current emissions to exceed the specified limits by up to 

50%, provided that “group harmonic distortion limits” are not exceeded. 

The power plant may not cause the network impedance at the POC from exceeding three times the 

“base harmonic impedance”, i.e., it may not exceed the following impedance, Z(h): 

h
S

U
hZ

k

N =
2

3)(  

where h is the harmonic order, V is the nominal network voltage in kV, and S is the fault level in MVA. 

The appendix in the RPP-Code provides further clarification of the requirements. For example, the 

compliance studies need not consider the background harmonic levels – it is assumed that these are 

considered by the network operator in the process of setting the limits. Also, the shifting of an existing 

parallel resonance by the connection of the power plant, causing an exceedance of the above 3-times 

rule, is permitted. 

The appendix also clarifies the process. For plants >5MVA, the network operator is required to provide 

the frequency-dependent network impedances, considering reasonable contingencies and possible 

future network modifications. In addition, the network operator provides the voltage of current limits 

The applicant uses this information to calculate the current emission levels at the POC and compares 

these to the limits (if voltage limits are provided, the applicant may convert these to current limits by 

assuming that the impedance is three times as high as the base impedance, as per the above 

formula). The applicant further verifies that the impedance at the POC, resulting from the existing 

network impedance and the impedance of the new plant, does not violate the three-times rule. 

6.3.2 Studies for demonstrating grid code compliance 

The analyses should be done by representing the units using Norton-equivalent models, i.e., current 

sources with parallel frequency-dependent impedances. These models are obtained from the 

manufacturers. The frequency-dependence of the internal equipment (such as the cables) should be 

considered. An example of an inverter impedance is shown in Figure 6-1. An example of a cable 

resistance-dependence on frequency is shown in Figure 6-2. 

It is recommended that the applicant constructs impedance loci from the frequency-dependent 

network impedances provided by the network operator and uses these to calculate the new network 

impedance including the impact of the power plant). The applicant should then verify that the three-

times impedance rule is not violated due to the connection of the plant. 

Figure 6-3 shows an example of the impedance at the POC, before and after connecting a wind farm. 

In this example, the impedance reaches the limit (black line) prior to the connection, but the 

connection of the wind farm shifts the resonance around the 9th order to the right, thereby increasing 

the distance to the limit. 
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In addition, the applicant should calculate the current distortion at the POC due to the new Power 

Plant, and compare these to the limits provided by the network operator. An example is shown in 

Figure 6-4. 

It is also recommended to calculate the harmonic amplification factors, which indicate the degree to 

which background harmonics will be amplified (or attenuated) due to the connection of the new plant. 

The calculation of the amplification factors is not required by the network operator but provided further 

insight into the expected distortion levels and can be referred to at a later stage when measurement 

data is being assessed. 

It is further recommended to derive a Norton-equivalent model of the Power Plant, and to issue this to 

the network operator. This model consists of a harmonic current source and an impedance. The 

current source includes the currents, which would flow a the POC, if the impedance of the POC were 

zero at all frequencies. The impedance of the Norton-equivalent model is the one "seen” at the POC, 

looking into the Power Plant, with the external network disconnected. 

 

 

Figure 6-1: Example of inverter impedance (includes inverter filters) 
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Figure 6-2: Example of cable resistance dependence on frequency (compared to resistance at 
fundamental frequency) 
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Figure 6-3: Example of network impedance before and after connection (for one specific network 
condition) 
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Figure 6-4: Example of Power Plant current emissions at the POC 
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Annex 1: Reactive power capability diagrams 

 

Figure A-1: Example for a PQ-diagram for an RPP of category C connected to 132 kV grid for a 
voltage of 0.9 p.u. at the POC  

 

Figure A-2: Example for a PQ-diagram for an RPP of category C connected to 132 kV grid for a 
voltage of 0.95 p.u. at the POC  
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Figure A-3: Example for a PQ-diagram for an RPP of category C connected to 132 kV grid for a 
voltage of 1 p.u. at the POC  

 

Figure A-4: Example for a PQ-diagram for an RPP of category C connected to 132 kV grid for a 
voltage of 1.05  p.u. at the POC 
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Figure A-5: Example for a PQ-diagram for an RPP of category C connected to 132 kV grid for a 
voltage of 1.0985 p.u. at the POC   
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Annex 2: Fault ride through simulation results 

See separate file. 

 

 

 


