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Abstract: Large synchronous generators are of high importance for the stability of power
systems. They generate the frequency of the system and stabilize it in case of severe
grid faults like trips of large in-feeders or loads. In distributed energy systems, in-feed
via inverters will replace this generation in large parts. Modern inverters are capable of
supporting grid frequency during severe faults by different means on the one hand. On
the other hand, higher Rates of Change of Frequency (RoCoF) after incidents need to be
accustomed by future systems. To be able to analyse the RoCoF withstand capability of
synchronous or induction generators, suitable models need to be developed. Especially the
control and excitation system model need enhancements compared to models proposed in
standards like IEEE Std 421.5. This paper elaborates on the necessary modelling depth and
validates the approach with example results.

Key words: control system, distributed energy systems, frequency support, generator model,
RoCoF, synchronous generators, synchronous machines

1. Introduction

In recent years, it has become increasingly important to carry out electromagnetic transient
studies on generators in electrical networks. One reason is that due to the energy transition
the amount of distributed energy resources increases. The current European Requirements for
Generators [1] place high demands on the generators, such as the ability to stay connected during
events with high RoCoF.

In addition, more and more grid connection rules also require grid support from new generators
for permission to feed into the grid [2]. A good overview on state-of-the-art techniques of wind
farms to support grid frequency is given in [3].
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In some countries, there is no grandfathering for existing generators. This is the case in Ireland,
for example, where studies such as [4] have led to detailed analyses also having to be carried out
for existing system-relevant generators.

This publication evaluates, how synchronous generators including their excitation control
system can be modelled for transient studies like grid failures leading to high RoCoF rates. One
focus is to highlight what information is typically available for existing generators and how to
deal with a lower level of detail.

For this purpose, it is explained in Chapter 2, how RoCoF events occur and why the require-
ments for this in modern power systems have increased in recent years.

Subsequently, it is explained in Section 3 how to set up generator models for transient stability
studies. With regard to the exciter system, it is shown that the required level of detail of the
modelling is crucial.

Because of that, results of several RoCoF studies for nine different synchronous generators
with control systems modelled in different levels of detail are evaluated in Section 4.

The publication closes with a conclusion on the results in Section 5.

2. Origin of severe RoCoF events

2.1. Electromechanical coupling

In conventional power systems, synchronous generators produce the grid frequency f. The
electromechanical coupling as shown in Fig. 1 connects them directly or through a machine
transformer to the power system. For details, see e.g. [5].
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Fig. 1. Electromechanical coupling between electrical system (network/transformer/generator)
and shaft system
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The link between the stator and rotor is represented by the electromechanical torque 7.
Dependencies of T can be seen in the following expression [18]:

Ta = d% Zn: i (Lf,’f(@ SHOR iff(t)), (1)

=0 k=0

where: ¢ is the rotation angle of the rotor, Ljs.’f is the coupling inductance of the rotor winding

k and the stator winding j, iJS. is the current in the stator winding j, if is the current in the rotor
winding k&, n is the number of the stator currents, m is the number of the rotor currents.

There is a strong dependence between the different terms of Eq. (1). Any change in the load or
feed steady state situation of the power system leads directly to changes in the electromechanical
torque 7¢|, rotor and stator currents if , if., rotation angle ¢, angular velocity ¢, and coupling

inductances Lf’]f. The system oscillates until it returns to a stable state.

2.2. RoCoF definition
RoCoF is defined as the rate of change of frequency A f over a given time period At:
Af
RoCoF = —. 2
oCo Ar 2)

It is important to point out, that the RoCoF value measured depends strongly on the location
within the power system, especially for large systems. Interesting study outcomes on this topic
are presented in [7].

To answer the question, how this frequency gradient looks like for realistic events, Fig. 2
depicts results of the simulation of a loss of a large generator within a system dominated by
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Fig. 2. Typical frequency excursion after trip of load
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synchronous generation. The fault occurs at + = 1 s. The RoCoF depicted is measured with
arolling measuring window of At = 100 ms and At = 500 ms, respectively, to show the influence
of the measuring window on the resulting RoCoF value.

Directly after the fault, the system frequency increases and decreases quickly several times
with a high RoCoF. This flickering of the grid frequency is not what is expressed in the time
independent formulation of Eq. (18), but only direct consequences of the fault before the fault
energy is being compensated by a frequency gradient.

It can be seen, that between r = 1.4 s and ¢t = 2.0 s, the frequency gradient is almost linear.
This is the time span, where the turbine governors of the synchronous generators did not have
time to adapt power output to the new load situation. In this situation, the fault energy is being
transferred almost completely from rotational energy of the synchronous generators.

After + = 2.5 s simulation time, frequency starts increasing and the system begins to return
to normal operation.

2.3. RoCoF in power systems with high inertia

When the disturbance is severe enough so that electrical quantities throughout the power
system oscillate for several seconds, it is a transient disturbance of the system. One measure for
the severance of the disturbance is the Rate of Change of Frequency (RoCoF) resulting from the
disturbance at a certain location.

For a power system with mainly synchronous generation directly coupled to the system, it is
possible to derive a simple formula for the initial RoCoF rate directly after the event.

Therefore, the assumption is that the energy of the fault transfers directly to rotational energy
of the synchronized generators [6]:

1
Egaut — AEop = AEJ(wﬁ, 3)

where: w is the angular velocity, is the sum of the inertia of the shaft trains of directly coupled
power plants, Ey is the rotational energy, Ef,yy; is the energy of failure.

This assumption neglects any losses within the system as well as time dependencies. At the
same time, it can be seen directly that loss of generation leads to decreasing rotational energy and
thus decreasing system frequency, and loss of load leads to increasing system frequency.

To define the fault energy Er,yy, the power change due to the fault Py, is defined as a mo-
mentary difference between generation and load:

Prayie = P generation — Pioag = AP. @

The time derivative of the fault energy Er,y consequently results in:

d d (1
Prayy = EErot = a (E-]gridwérid) . 5

In Eq. (4), Jgria is the inertia sum for directly coupled synchronous generators in the system.
The inertia constant of the entire shaft train, which is determined as the sum of the mass moments
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of inertia of the generator and the turbine, Hghaft train, 1 defined as the kinetic energy of the
shaft train Jgpaft train divided by its rated apparent power. For a generator with p pole pairs it is
consequently:

2
Jshaft train@ grid
Hihaft train = S.2¢. . (6)
2]7 S shaft train
In conventional power systems, generators with p = 1 dominate the system:
2
Jshatt train@ erid
Hgpaft train = —5g——— - @)
28 shaft train
The rotational energy of the system can consequently be written as:
Eiot = ngid Sgrid = Z Hihaft trainSshaft train - ¥

Dividing Eq. (4) by rated apparent power of the whole system Sgig leads to the related power
change:

d Z Hhaft trainSshaft train
— 0y 9)
dt S grid g

Py =

In (8), Dﬁrid is the related angular velocity. As the next step, Hyig from Eq. (7) is inserted:

— d .
Praye = Engidwérid . (10)

Only wgrig depends on ¢ in Eq. (9). Consequently, the chain rule of calculus can be used to
derive:

— _ d_
Prayiy = 2}Igrid(l)gridawgrid . (11)

Wgrid equals 1 in steady state conditions and does not significantly change during transient
states. Accordingly, we replace:
Werid ~ 1. (12)

Inserting in Eq. (11) and rearranging leads to:

d_ ﬁfault
il . 13
dt Werid Zngid (13)
In absolute quantities, frequency and angular velocity are proportional.
w=2nf. (14)

The same applies for related quantities. Furthermore, related angular velocity and related
frequency are referred to their rated equivalents:

w

5)

w = s
Wrated
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f= : (16)
frated

This delivers the rated value 1 for the related quantities:

Wrated = ?ratcd =1. a7
This leads to the conclusion:

_ w 2n f -
w=—= ——-=f¢, 18
Wrated 27 frated f 1%

The frequency gradient after a disturbance in a system dominated by directly coupled syn-
chronous generators can consequently be estimated with a simple formula:

d— - ﬁfault

dr - 2ngid '

19)

2.4. RoCoF in power systems with high feed-in by inverters

With Eq. (18) it gets clear, why RoCoF has become an important research topic during
recent years. With less directly coupled synchronous generation in the system, Hgiq decreases
significantly for the generation of the same active power. Hyiq is inverse proportional to the
RoCoF occurring after a fault, which leads to high RoCoF values in such systems.

Several techniques to compensate for this drawback have been developed in recent years.
For wind-dominated systems, a frequency response study can be found in [8]. Other researchers
concentrate on FACTS devices, such as synchronous condensers to stabilize the power system [9].
Also, HVDC lines can be used to significantly support systems with low inertia [10].

At the same time, synchronous generators still provide the grid frequency and play an im-
portant role in stabilizing power systems after incidents with their directly coupled inertia. The
easiest way to keep RoCoF rates after severe grid faults within acceptable ranges is to take care
of avoiding inadvertent losses of generation or load or even cascade trips.

Therefore, it is important to know for all synchronous generators relevant for the stability of
a power system, which RoCoF events they can compensate.

3. Methodology

For the analysis of effects of severe grid faults on generators, a generator model is necessary
that comprises the main components as shown in Fig. 3.

In [20], the model setup for synchronous generators for transient stability studies is described,
but no information on control system modelling is given.

Within this section, it is, therefore, derived how the generator model and the control and
excitation system model for the studies must be structured. Furthermore, it is shown which
possibilities to analyze protection system reactions exist.
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Fig. 3. Main components of generator excitation and control systems
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3.1. Generator model

To evaluate the effect of a severe grid failure on a synchronous generator, the following
electrical quantities have to be analyzed at first [11]:

— electromagnetic torque in the air gap of the generator T¢j;
pole angle j;

— active power P;

— reactive power Q;

— stator currents;

— stator voltages;

— excitation voltage;

— excitation current;

— rotor speed;

— overall damper current.

For many grid faults, including RoCoF events, a dq0 transformed model of the generator is
sufficient. For the theory and expanding of the dq0 — or Park — transformation, see [6]. For limits
of this approach, see e.g. [12].

The parameters for Park models can be determined with tests according to [19]. For existing
generators, utilities often have these parameters at hand.

3.2. Control system modelling approach

For transient stability studies, it is of high importance to implement the control system in the
system model. For existing generators, there is often only a reference available to corresponding
models in the IEEE standard 421.5 [13] together with information, which parameters need to be
implemented for stability studies.

The control system model needs at least the following main structures:

— automated voltage regulator (AVR);

— power system stabilizer (PSS);

— turbine governing control (Governor).
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Furthermore, it is highly recommendable to implement a model of the underexcitation lim-
iter (UEL), if implemented, because detailed analyses show, that during underexcited operation
(leading power factor) and dropping frequency, stability limits can be violated [6].

To implement the turbine governor, models as presented in [14] are often used, if parameters
are available.

The question is, if a model of a turbine, generator, and control system, set up with such data is
capable of realistically simulating severe grid faults with a high RoCoF. This is evaluated within
Section 4.

3.3. Protection system evaluation

With regard to the protection system, three options need to be differentiated.

1. Parametrized protection system model available

2. COMTRADE device installed on the machine

3. Test reports of the protections system available

In the first case, the protection system can be implemented directly in the generator model
and a direct evaluation is possible. Especially for existing generators, this will only seldom be the
case.

In the second case results from dynamic studies can be transferred to the COMTRADE
standard according to IEC 60255-24 [15] and copied directly to the protection system of the
synchronous generator. In this way it is possible to evaluate if, at what time, and due to which
protection function the system disconnects the generator from the system.

The third case is typical for older generators. In test reports, information can be found, which
protection functions are installed and how they are parametrized. How an evaluation of the
protection system actuation can be performed in this case is detailed in [16].

4. Control system models

In this section, at first, some details of a validated control system model are discussed for
an example generator with S = 500 MVA. From this model, a structure in a modelling depth
according to the IEEE Standard [13] is derived. The generator model has the following parameters
(Table 1):

A more detailed approach is shown in Fig. 4 below. Only the main voltage control loop is
depicted. It can be seen that several supplementary controls are implemented in addition to the
PSS to achieve a realistic behaviour of the model. The structure of the PSS and the supplementary
controls are not shown.

The underexcitation limiter (UEL) is a PQ limiter and produces the dynamic negative ceiling
value DNCL. It feeds into a high value gate (HV) that receives the value from the PSS also. The
value that is higher passes the link. That leads to a behaviour that immediately kills the voltage
setpoint value generated by the PSS and replaces it with the value of the UEL as soon as the latter
is higher. Thus, a very quick reaction on violations of the underexcitation limit of the generator is
possible.

Similarly, the overexcitation limiter (OEL) feeds into a low value gate (LV) in addition to the
value that stems from the HV gate mentioned above.
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Table 1. Parameters of synchronous generator model

Parameter name Value Unit
Rated apparent power S, 500 MVA
Rated stator voltage U, 21 kV
Rated frequency f;, 50 Hz
Rated power factor p.f. 0.80 -
Rated speed 3000 rpm
Inertia time constant of whole shaft length H based on 500 MVA 6.34 MWs/MVA
Direct axis synchronous reactance (unsat.) Xd 2.14 p-u.
Direct axis transient reactance (unsat.) Xd’ 0.35 p-u.
Direct axis sub-transient reactance (unsat.) Xd'’ 0.27 p-u.
Quadrature axis synchronous reactance (unsat.) X¢q 2.05 p-u.
Quadrature axis transient reactance (unsat.) X¢q’ 0.57 p-u.
Quadrature axis sub-transient reactance (unsat.) Xq”’ 0.29 p.u.
Saturation factor at 1.0 p.u. stator voltage 0.062 -
Saturation factor at 1.2 p.u. stator voltage 0.208 -
VTR to PSS onfoff VR
logic and AVR contrq\ s‘\gnal
YTLIM — — See PQ-limiter
VT
. 1 S 1+8TC2 1+sTCH
i B e © S O [l
+
VT Ref. [p.u] b n EFD
+ Field voltage
ar 1 ey b
Reactive powe 1+sTR Vs
[pu]
PT 1
Active power [p.u] 1+sTR KIA
PTf
A PSS82A acc
Rator angular tr IEEE 421.5
deviation [p.u.] 1+sTR
VPQ
PG limit [p.u.] . — —
‘.@_’ 1+5TUC2 1+8TUCT KUR
ViGea \ 1+sTUB 2 T+sTUBA
1G cap. limit
[p.u.] f
o T
KUR.TUC1 KUR DNGL
VIFMAX KPSSOEL From PQ limiter
IFMAX limit [p.u.] see PQ limiter
. — —
VIGind limiter s 1+sTOC2 1+sTOCT KOR
1Gind lirniit [p.u ] Lv M +sTOB2 1+sTOB1
VTLIM —7 —7

VTMAX limit [p.u.]

Fig. 4. Detailed excitation system model
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The AVR model corresponding to IEEE 421.5 [13] is shown in Fig. 5. It can be seen that
a PSS is included. The structure of the PSS is not shown here to keep the paper short. No further

supplementary controls are implemented.

VT -~ — = EFD
i 1+sTC2 1+sTC1 1 )
Adtal terminal —, fiaTB2 | ™| 1+sT81 FrsTs [ Fiek vollage
_J _J _7 -
VT Ref. [p.u.]
QT
Reactive power—™
[p.ul
PT
Active power [p.u]
Aw PS82A acc.
Rotor angular freq_s| — 1 Awf IEEE 421 5
deviation [p.u.] 1+sTR

Fig. 5. AVR in a modelling depth corresponding to IEEE 421.5

Consequently, the structure according to IEEE 421.5 [13] can only produce valid results as
long as the underexcitation or overexcitation limits are not violated, respectively.

5. Dynamic performance of generator models

In this chapter, results are presented to investigate the influence that the modelling depth of
the control system has on the dynamic performance of a synchronous generator.

Results from 2 RoCoF studies are presented:

1. Results from a RoCoF study on one synchronous generator with a detailed control system
model are compared with those from the same generator with a control system model
according to [13].

2. The same RoCoF study is conducted for nine different generators, two of which are modelled

in detail and seven with a structure according to [13].
A frequency trace is inserted into the system with a grid model as shown in Fig. 6.

Infinite Grid

Fig. 6. Power system model for RoCoF study
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Gen 1 is the generator under analysis with the parameters as listed in Table 1 above.

The infinite grid helps the software to determine the starting point for the pole angle. It gets
disconnected at + = 0 s. Gen 2 has a high rated apparent power and a low inertia constant H.
Gen 2 impresses the frequency on Gen 1. For that purpose, it has the same impedance as the short
circuit impedance of the original power system at the connection point. For further details on the
modelling of substitute grids for RoCoF studies, see [6].

In Fig. 7, resulting active power, reactive power, and excitation voltage for one frequency
transient are shown.

51 | — T T T

50.5

f [Hz]

50

49,5} . J ‘ ——'

w

—emmmee- Reduced control
Detailed control

o

Exc. voltage [p.u.]

-5 1 | I 1 I 1 1

t[s]

Fig. 7. Comparison of standard and detailed control system model

It can clearly be seen that the detailed structure acts much faster than the controller according
to standard [13].
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Of specific interest is the reactive power output of the standard model, which goes far beyond
the underexcitation limit. The results for the standard controller indicate that the disconnection
of the generator by the underexcitation protection needs to be feared. The results for the detailed
structure show the opposite: The underexcitation limit is obeyed. This is the expected result
according to the structure of the control system implemented, as detailed above.

Anyway, as underexcitation limiters typically measure the impedance instead of the reactive
power [17], it is a question of precise coordination of the underexcitation limiter with the under-
excitation protection, if even the results derived with the detailed model indicate an actuation of
the underexcitation protection. Further details on the analysis of the protection system in such
cases can be found in [16].

Because the reactive power results turn out to be a crucial indicator for the performance of
the different control structures, results for nine different generators are presented in Fig. 6. The

frequency transient is the same as in Fig. 5. The generators have the following basic properties
(Table 2):

Table 2. Basic data of synchronous generators

No. Type Rated apparent power SGen Control system
1 ST 360 MVA Standard
2 ST 320 MVA Standard
3 ST 170 MVA Standard
4 ST 180 MVA Standard
5 ST 120 MVA Standard
6 CCGT 500 MVA Detailed
7 CCGT 500 MVA Detailed
8 OCGT 70 MVA Standard
9 Salient pole hydro turbine 30 MVA Standard

The results in Fig. 8 show that for generators 3, 4, 5, and 9, the underexcitation limit is violated
for a longer time period. All these generators are modelled with standard controllers.

51 T T T . T T

Frequ. [Hz]
3

49 1 1 1 1
0 1 2 3 4 5 6 7 8

Time [s]

Fig. 8. Reactive power output for different generators
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Results from further cases are discussed in [6] undermining that the underexcitation limit is
the weak spot of synchronous generators with regard to severe frequency transients.

The controllers presented in [13] can consequently only be used for transient dynamic studies
with a high RoCoF with limited accuracy. An indication of potential problems is nevertheless
possible.

6. Conclusions

This publication shows how synchronous generators can be modelled for the analysis of severe
frequency transients. The focus lies on a practical approach in cases, where no state-of-the-art
models for the generator including excitation control and protection system are available.

It can be concluded that the modelling depth has a significant influence on results from
dynamic studies like RoCoF studies. Detailed models should be preferred whenever available.
Especially, the implementation of underexcitation and overexcitation limiters with realistic be-
haviour including high-value gates or similar for immediate activation of the limiters is necessary.
If not so, it has to be considered, when problems occur, that these might originate in limited model
accuracy. In this case, further investigations are necessary.

If the underexcitation limit is violated according to simulation results even with detailed,
validated models, this is a question of precisely coordinating the different supplementary controls.
It can be of help in this case to change settings of the power system stabilizer (PSS). Approaches
for this are presented in [22] and in [23].
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