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Abstract
With a growing share of inverter-interfaced generation 
in modern power systems, synchronous inertia is 
declining. This leads to faster frequency drop after large 
generation trip events. During low inertia conditions, 
frequency containment reserves might not be sufficient 
to arrest frequency before it reaches the threshold for 
underfrequency load shedding. It is therefore becoming 
increasingly important for system operators to be able to 
assess frequency response in near real time. In contrast to 
detailed models, simplified models offer short simulation 
times and their parameters can be accurately identified 
and adapted to changing system conditions in near real 
time. In this paper, the parameters of governor response 
models are identified by minimizing the error residuals 
between the simulation models’ and the actual system’s 
measured active power response. This is accomplished 
by using historic event data from two system operators: 
the Electric Reliability Council Of Texas (ERCOT) and 
the Swedish Svenska kraftnät (Svk). Then, the respective 
frequency response models are simulated to assess 
frequency response. The results show that, despite their 
simplicity, the models provide a very good fit compared 
to the actual response. The models of ERCOT and 
Svk are examined; however, a similar approach can be 
employed to represent the frequency response of other 
power systems.

List of symbols
tdist Time of disturbance identified by RoCoF
tgen Time of disturbance identified by disconnected 
 generator

F(s) Transfer function for turbine and governor
DB Deadband
∆Pm Mechanical power change
∆Pm,max Headroom
∆Pm,min Legroom
f(x) Cost function
x Set of parameters
m Total number of samples
r Residual error
g Modeled output
y Measured output
k Total number of events
∆Pdist Size of disturbance
H Inertia constant
D Damping constant
Pgov Governor request
Pcap Unit capacity
∆f Frequency deviation
fnom Nominal frequency
Ep Droop
T Time constant for ERCOT models
Kp Proportional gain
Ki Integral gain
TY Time constant for gate servo
Tw Effective water time constant
Pbase Power base
KR Scaling parameter

List of abbreviations
UFLS Underfrequency Load Shedding
RoCoF Rate of Change of Frequency
FCR Frequency Containment Reserves

 Frequency Response Assessment: 
Parameter Identification of Simplified 
Governor Response Models  
Using Historic Event Data 

D. ZOGRAFOSA*, J. MATEVOSYANB, R. ERIKSSONC, R. BALDICKD, M. GHANDHARIA  
a Department of Electric Power and Energy Systems,  

KTH Royal Institute of Technology, Stockholm, Sweden 
b Transmission Planning Department, ERCOT, Taylor, Texas, USA 

c Power System Department, Svenska kraftnät (Svk), Sundbyberg, Sweden 
d ECE Department, The University of Texas at Austin, Austin, Texas, USA

KEYWORDS
Frequency Response, Governor Response, Parameter Identification, Power System Dynamics, Power System 
Modeling.

* dzo@kth.se (Dimitrios Zografos)



Cigre Science & Engineering • N°17 February 2020

2

the threshold for UFLS. Consequently, monitoring and 
assessment of frequency response constitutes a crucial 
task for the System Operators (SOs) [4]-[7]. To assess 
the frequency response of the system after a disturbance 
and design appropriate control schemes (e.g. UFLS [8], 
[9]), SOs monitor or estimate the inertia of the system 
and they also possess dynamical models that are able to 
represent the system’s behaviour. These models can be 
either detailed or simplified [10]-[12].

Simplified models consist of a low order dynamic 
equivalent of the power system that approximates system 
frequency behaviour. These models disregard potential 
synchronizing oscillations, as well as transmission 
system limitations. Despite the fact that they may lack 
detail, they can be developed particularly fast and with 
the minimum amount of resources, and they can also 
be available to the academic community. Furthermore, 
it has been shown that despite their simplicity, they 
can provide an accurate representation of the average 
frequency of the system [13]. Contrary to the detailed 
models, simplified models offer very short simulation 
times and allow real time assessment, such as real time 
evaluation of frequency response sufficiency. 

Therefore, simplified models are employed in this 
study. The simulation times of the models are of utmost 
importance for frequency response assessment in real 
time. Consequently, the models that are selected are as 
simple as possible and do not follow the exact structure 
of typical simplified models that have been employed in 
the past [14]-[15]. As a result, even shorter simulation 
times can be achieved.

The development of simplified frequency response 
models has been considerably examined in the literature. 
An example is presented in [15], where a low order 
frequency response model is developed. The authors 
assume a system dominated with reheat steam turbine 
generators. Therefore, a typical reheat turbine governor 
model is employed to represent the whole system. 
However, this approach is not suitable for a power 
system with a fleet comprised of different generation 
types. In [16], a frequency response model is proposed 
that incorporates a UFLS scheme. It  is considered that 
different types of generators participate in the generation 
mix. Each of these types is represented separately, by 
employing the same dynamical model but with different 

SO(s) System Operator(s)
ERCOT Electric Reliability Council Of Texas
PMU Phasor Measurement Unit
Svk Svenska kraftna¨t
NPS Nordic Power System
SCADA Supervisory Control And Data Acquisition
SCGT(s) Simple Cycle Gas Turbine(s)
CCGT(s) Combined Cycle Gas Turbine(s)
ST(s) Steam Turbine(s)
WT(s) Wind Turbine(s)
HT(s) Hydro Turbine(s)
HVDC High Voltage Direct Current

1. Introduction
Electric power systems should be reliable and robust, 
so that the service to customers is not interrupted and 
the various components of the system remain intact. 
However, a power system may experience disturbances, 
under which its variables, such as frequency, may exceed 
their predefined steady state limits. Therefore, power 
systems should be able to react in case of a disturbance 
and restore these variables to their nominal values [1].

The ability of a power system to react to sudden 
change in load or generation is called frequency 
response. Frequency response in the first seconds after 
a disturbance consists of inertial response and governor 
response. Inertial response is the inherent release of 
rotational kinetic energy stored in the rotating masses 
of the synchronous machines to the grid, in response 
to sudden loss of a generator or load increase [2]. As 
a result, the synchronous machines are slowing down 
and the system frequency declines. Governor response 
corresponds to the adjustment of the power output of 
the generators right after the disturbance to arrest and 
stabilize the declining system frequency [3]. If governor 
response is insufficient, then the system frequency 
decline continues and may lead to underfrequency load 
shedding (UFLS) and cascading generation outages.

Since inverter-interfaced generation is rising and displacing 
conventional generation, the synchronous inertia is 
also decreasing. Assuming that the size of generation 
contingencies does not change significantly, this entails 
higher absolute values of Rate of Change of Frequency 
(RoCoF), which means faster frequency decline. In this 
case, Frequency Containment Reserves (FCR) might not 
be sufficiently fast to arrest frequency before it reaches 



Cigre Science & Engineering • N°17 February 2020

3

analysis of the dominant generation types of the two 
examined power systems. Section 4 presents the results 
of the case study, while Sections 5 and 6 present the 
discussion and the conclusion respectively. Finally, 
Section 7 describes some lessons that were learned from 
this study along with actions that should be taken in the 
future and Section 8 contains the acknowledgement. 

2. Methodology
The different tasks of the method for identifying the 
parameters of the governor models are summarized in 
Figure 1. The tasks can be separated in three main parts: 
i) data processing, ii) dynamic models and, iii) parameter 
identification. During the implementation of the method, 
each part should be completed before moving to the next 
one. Data processing includes all actions that should be 
taken when data (i.e. measurements) become available. 
After data processing is finalized, the dynamic models 
and their features are selected. Finally, since the models 
and their inputs/outputs have become available, the 
parameter identification algorithm can be applied. It has 
to be mentioned that this method can be used at system 
level to identify the parameters of aggregated models 
of different generation types, but also at bus level to 
identify the parameters of the governor of a single unit.

2.1. Data processing

Initially, the time of the disturbance tdist should be 
identified. This is achieved by setting a RoCoF threshold 
based on event analysis. The tdist is defined as the time 
when RoCoF falls below the set threshold. However, 
if power measurements are available, the time of 
disturbance can also be identified by the measurements 
of the respective disconnected generator (tgen). It is 
possible that tdist and tgen are different due to time delay 
between frequency and power measurements. This time 
delay can be attributed to the time that it takes for the 
event to spread in the system, but also to the time it takes 
for different measuring devices to sense and transmit 
their measurements (i.e. communication delay). Some 
means is necessary to identify this time delay and the 
measurements should be shifted accordingly, so that tdist 
and tgen coincide.

Furthermore, the dominant generation types should be 
identified, so that their governors (and their turbines) can 

parameters for each type. The parameters of each type are 
not identified, and typical values are used. However, as 
will be shown in this study, typical parameter values do 
not always represent accurately the frequency response 
of a system.

In [17], a review of factors that affect the frequency 
response of a power system is presented. The different 
generation types are represented by separate and different 
dynamical models. Once again, the parameters are not 
identified based on historic events, but typical values 
are used. Finally, [18] presents a simplified frequency 
response model for the Electric Reliability Council Of 
Texas (ERCOT), which consists of two submodels: one 
for the steam and one for the gas turbine generators. 
The model parameters are tuned by employing Phasor 
Measurement Unit (PMU) data obtained from ERCOT. 
The submodel for the gas turbine generators represents 
both simple and combined cycle gas turbines. However, 
as will be shown in this study, simple and combined 
cycle gas turbines may have much different response 
and should be represented with different submodels.

In this paper, a bottom-up approach is followed to 
assess frequency response. First, a method to identify 
the parameters of the governor response models of 
the dominant generation types of a power system is 
proposed. The identification is achieved by employing 
measurements from historic events. The measurements 
used in this study are obtained from the power systems of 
Texas and Sweden. After their parameters are identified, 
the governor response models of each system are 
gathered together to form a frequency response model. 
This model can then be simulated to provide frequency 
response assessment for any past or future event for 
the respective power system. An advantage of this 
approach is that the same methodology is applicable to 
any power system. The results from the case study show 
that the models and their parameters can differ between 
different power systems and different generation types. 
The models are implemented in Simulink® and the 
simulations along with the parameter identification are 
implemented in MATLAB®.

After the introduction, Section 2 presents the 
methodology of governor parameter identification. 
Section 3 presents the case study, which includes an 

Figure 1: Overview of the identification method for the parameters of the governor.
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assumed that aggregating headroom/legroom does not 
significantly affect the accuracy of the method.

Moreover, the time frame of interest for the parameter 
identification should be defined. This extends from tdist 
to a selected time point after tdist. The time frame of 
interest should not be too short, in the sense that it should 
include the frequency nadir, as well as a significant or 
even a full amount of governors’ response. However, it 
should not be too long either, since it should not include 
time ranges that are not of interest for this study. More 
discussion about the time frame of interest follows in the 
next section, where the case study is presented.

2.3. Parameter identification

To begin with, the initial values and the limits of the 
parameters to be identified should be selected. This 
can be done based on historic event analysis of the 
corresponding power system. For example, such values 
for the Nordic power system can be obtained from [5]. 
Furthermore, the input and the output of the model 
(and of the identification process) should be defined. 
In this case, since the identification concerns governor 
response models, as depicted in Figure 2, the input is the 
frequency deviation and the output is the change in the 
aggregated power output summed over all generators of 
each type.

Before the application of the optimization algorithm that 
minimizes the residual errors between the models’ and 
the actual system’s measured active power response, the 
algorithm’s stopping criteria should be defined. There 
are three stopping criteria that are considered. These are 
the maximum number of iterations, the step tolerance 
(lower bound on the size of a step between optimization 
iterations), and the termination tolerance on the function 
value (lower bound on the change in the value of the 
objective function during a step). The values that are 
assigned to these stopping criteria should guarantee that 
the algorithm provides accurate results within reasonable 
time.

Finally, the optimization algorithm is applied. In order to 
identify the unknown parameters, the simulated output of 
the model of each generation type is trained to fit the actual 
change in power output for each generation type, which is 
retrieved from the data of each event. For this purpose, 
the sum of the squared residual errors between simulated 

be modeled. For this purpose, the total online capacity 
of the different generation types for the different events 
should be examined. The dominant generation types are 
considered to be the ones that provide governor response 
and also have high total online capacity. In addition, the 
headroom/legroom of these dominant generation types 
should be calculated, since they are used in the modeling 
process to limit the power output.

2.2. Dynamic models

After data are processed, the dynamic models that 
represent the governors and the turbines of the dominant 
generation types should be selected. Each model 
represents an equivalent model for governor response 
for each dominant generation type. A depiction of such 
a model is presented in Figure 2. In this figure, F(s) 
represents the governor and the turbine. The input of the 
model is the frequency deviation, which is limited by 
the deadband (DBmax and DBmin). The deadband is the 
frequency deviation range around nominal frequency 
for which the governor does not react. The output of 
the model is the mechanical power change (∆Pm) and 
it is limited by the headroom (∆Pm,max) and the legroom 
(∆Pm,min).

As depicted in Figure 2, except for the parameters to 
be identified (which are included in F(s)), these models 
have some other parameters that should be defined, 
too. These are the deadband and the headroom/legroom 
limits.

Figure 2: Simplified representation of a governor response model.

The deadband is defined according to the grid code of the 
corresponding power system. The headroom/legroom 
limits have been identified in the data processing task. 
The output of the governor model is limited by the 
aggregated headroom and legroom of all generators of 
respective type. It is recognized that the actual response 
depends on how close each individual generator unit 
is operating to its upper or lower limit. However, it is 
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The optimization can be applied to either each event 
separately - as is the case for Figure 3, where (1) has 
been used - or to all examined events simultaneously. 
If it is applied to all events simultaneously, then the 
aggregated sum of the residual errors is minimized:

 

                                              (2)

where j is the event number, k is the total number of 
events, and rij, gij, and yij are the residual error, the 
modeled output and the measured output of event j at 
time i respectively.

In case that more or less emphasis is required to be added 
on a specific event in a simultaneous optimization, then 
its residual errors can be multiplied by a selected weight 
(i.e. a positive number). Similar approach should be 
followed if more or less weight should be added to a 
certain time period of an event.

If the optimization is applied to each event separately, 
then one set of parameters is obtained for each event. 
This means that this set of parameters can be used only 
for this particular event or only for similar operational 
conditions. On the other hand, it would be more efficient 
and practical to the SOs if one common set of parameters 
is obtained for all events. The accuracy of such a set would 
be compromised, since it would represent all examined 
events simultaneously. However, with one common 
set of parameters obtained, the governor response for 
each - historic or even future - event can be tuned by 
just changing parameters that are available in the control 
room around the clock (e.g. capacity, headroom).

Even if the accuracy of such a set is satisfying, it 
represents the governor - and not the frequency - response 
of the system. Since the main objective is to assess the 
frequency response of the system, a frequency response 
model should be employed. Such a model is depicted 
in Figure 4 and it consists of a closed-loop model 
with negative feedback. In this model, the i dominant 
generation types of a power system are represented with 
their respective governor response model Fi(s), which 
includes the parameters that have been identified by the 
aforementioned process. The power output of each of the 
dominant generation types is then summed to provide 

and actual output is minimized by employing the non-
linear least-square solver from MATLAB lsqnonlin [19]. 
The non-linear solver is selected rather than a linear one, 
because of the existing non-linearity that the headroom/
legroom and the deadband limits introduce. Since the 
parameters to be identified are constrained, the Trust-
Region-Reflective algorithm is employed. This algorithm 
approximates the cost function f(x) with a simpler function 
that reflects its behaviour in a trusted region around the 
current set of parameters x [20]. In this way, the obtained 
parameters are optimized for each event. The equation 
that governs this problem is:

     
where                                               (1) 

and x is the set of parameters to be identified, i stands 
for the samples in the selected time period, m is the total 
number of samples, and ri, gi, and yi are the residual 
error, the modeled output, and the measured output at 
time i, respectively. An example of the residual errors 
before and after the optimization is depicted in Figure 3.

Figure 3: Residual errors before and after the optimization for a historic event 
from ERCOT.

(a) Residual errors before the optimization.

(b) Residual errors after the optimization.
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and a part of the Danish power system to form the Nordic 
Power System (NPS). The nominal frequency of NPS is 
50 Hz and its peak load is 70 GW [22]. ERCOT and NPS 
have very different topology, as well as a different mix 
of load and generation. However, they also have similar 
characteristics that render them ideal for this study. ERCOT 
and NPS are not synchronously connected to any other 
power system. Therefore, they do not receive any external 
support regarding frequency response. Furthermore, both 
systems have a peak load around 70 GW and experience 
a significant amount of inverter-interfaced generation 
in their generation mix. These characteristics increase 
the vulnerability of these systems in terms of frequency 
stability. Therefore, it becomes essential to both SOs to be 
able to simulate frequency events easily in near real-time 
and with sufficient accuracy, by employing appropriate 
frequency response models.

The source for both groups of data is the Supervisory 
Control And Data Acquisition (SCADA) of the two 
operators. However, there are some differences between 
the retrieved data. Data from ERCOT’s SCADA system 
are retrieved every 2 seconds. Data provided for this 
study include power output measurements of each 
generator from six historic underfrequency events. The 
month and time of each event are also available for this 
study. On the other hand, the Swedish data are retrieved 
from SCADA system every 1 second. Data provided 
include frequency and power measurements. However, 
observability is limited, since measurements from only 
15 power plants are available for this study. Data from 
two events are available from Svk. However, their date 
and time are unknown.

For ERCOT, a frequency measurement at a single 
geographical location for the entire system and for each 
event is available. Due to the topology of ERCOT’s 
system there are no significant variations in frequency 
between different locations. For Svk, the frequency 
measurements that are available for each event come 
from 15 power plants, which are located close to each 
other. Hence, no significant variations are observed 
between the frequency measurements of these plants. 
The average of these measurements for each event 
is calculated to constitute the frequency signal for 
this study. In NPS, there can be significant variations 
in frequency measurements from distant locations. 

∆Pm. The deadband and the headroom/legroom limits for 
each generation type are already obtained, as has already 
been discussed. However, the size of disturbance ∆Pdist, 
inertia constant H, and damping constant D are not 
identified. These values - marked with red in the figure 
- should be available to the SO. If this is not the case, 
then the worst case scenario can be considered, which 
includes the highest ∆Pdist and the lowest system values 
for H and D. If for the worst case scenario, frequency 
nadir is above the UFLS threshold, then it will also be 
above the threshold for any other scenario and the secure 
system operation can be guaranteed.

The process of assessing the frequency response of a 
power system with this method can be summarized as 
follows:
	The parameters of the governor and the turbine of 

each of the dominant generation types are identified,
	The values for ∆Pdist, H, and D are selected,
	The frequency response model is simulated by 

having ∆Pdist as input and ∆f as output. By the output 
of the simulation, the frequency response and hence 
the frequency nadir are assessed.

Figure 4: Simplified representation of frequency response dynamic  
equivalent model.

3. Case study
The historic frequency event data that are used in this 
paper are retrieved from the two power systems operated 
by ERCOT and Svenska kraftna¨t (Svk). However, 
the same approach can be followed for data from any 
power system. ERCOT is responsible for 90% of the 
electric load of Texas, with peak load 74.5 GW [21] and 
nominal frequency 60 Hz. Svk is responsible for the 
reliable operation of the Swedish power system, which 
is synchronously connected to the Norwegian, Finnish 
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Figure 5: ERCOT events.

Figure 6: Share of each generation type of the total online capacity - ERCOT.

All generators in ERCOT (except for the nuclear) 
are required to provide governor response in case of 
a disturbance. In order to examine the response of 
the dominant types, SCGT, CCGT, ST, and WT, the 
aggregated power output summed over all generators of 
each type for each event is depicted in Figure 7. The time 
points of the generator disconnection (tgen) are aligned at 
0 seconds on the figure for the purpose of comparison.

Since the share of each generation type differs for each 
event, it is impossible to provide comparable governor 
response plots without normalization. Therefore, 1 pu on 
the figure corresponds to the aggregated power output 

Therefore, a better observability with regard to frequency 
would be beneficial. Unfortunately, however, only these 
measurements were available for this study.

The time resolution of the available measurements is 
quite low, since PMU measurements were not available 
and SCADA measurements are used. However, it 
usually takes from 10-30 seconds for the governors to 
provide full response. Therefore, 1-2 seconds resolution 
is considered sufficient to fit the measurements and 
obtain the model parameters.

In order to identify tdist in the frequency measurements, 
a RoCoF threshold is employed for both ERCOT and 
Svk data. The tdist is defined as the time when RoCoF 
falls below the threshold. The RoCoF is calculated by 
first using the built-in MATLAB function diff, which 
calculates the difference between adjacent frequency 
measurements and then, the result is divided by the time 
step (2 s for ERCOT and 1 s for Svk). The threshold 
for both ERCOT and Svk is defined to be −0.005 Hz/s, 
based on event analysis. The analysis for ERCOT is 
depicted in Figure 5b. Similar behaviour was observed 
for Svk. Since electric power measurements from the 
generators are available, the net effect of both inertial 
and governor response is included. However, these two 
different kinds of response cannot be distinguished using 
the measured data. Furthermore, the power contribution 
from inertial response is quite short with regard to time 
in comparison to governor response. Therefore, in this 
paper, it is assumed that the electrical power measured is 
equal to the mechanical power, which is associated with 
governor response.

3.1. ERCOT: studied frequency events

The frequency and the RoCoF of the studied events 
along with their month and time are depicted in Figure 
5a and Figure 5b. ERCOT has a diverse generation fleet, 
comprised of Simple Cycle Gas Turbines (SCGTs), 
Combined Cycle Gas Turbines (CCGTs), Steam Turbines 
(STs) (gas steam and coal/lignite), Wind Turbines (WTs), 
Solar, Hydro Turbines (HTs), Nuclear, and some other 
power sources (power storage, High Voltage Direct 
Current (HVDC) links, reciprocating engines). The vast 
majority of the generation capacity comes from SCGT, 
CCGT, ST, WT, and Nuclear. This is depicted in Figure 
6, where the share of each generation type of the total 
online capacity is presented for each event.

(a) Frequency of the studied events.

(b) RoCoF of the studied events.
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Figure 8: Svk events.

3.3. Dynamic equivalent models

As has been mentioned, the generation types that are 
modeled are SCGT, CCGT, and ST for ERCOT and HT 
for Svk. Each model represents an equivalent model 
for governor response for each generation type. The 
equivalent governor model includes time constant(s) to 
represent the dynamics of the governor and the turbine. 
The response of the governor is determined by the 
deadband and by the droop. In ERCOT, the generators 
are required to have a deadband of at most ±17 mHz 
[18], [21]. In Svk, the corresponding deadband is of 
at most ±10 mHz [23]. The governor droop defines 
how much additional power will be provided by the 
governor in response to the frequency deviation. Thus, 
when frequency deviation is outside the deadband, the 
governor response request is calculated according to the 
following equation [24]:

                                           (3)

of the specific generation type for the respective event 
at tgen.

Note that for WT more time prior to tgen is shown in the 
figure. WT are supposed to provide frequency response 
in a similar way to SCGT, CCGT, and ST, if there is 
enough headroom available and if the weather conditions 
(e.g. wind speed) allow. It is apparent though that the 
response of the WT does not follow a pattern similar 
to thermal generation for all events. Because of this, it 
has been decided to not train a dynamical model for this 
generation type in this study. Therefore, the ERCOT’s 
dominant generation types that are modeled in this study 
are SCGT, CCGT, and ST.

Figure 7: Aggregated response from dominant generation types - ERCOT.

3.2. Svk: studied frequency events

The frequency of the studied events for Svk is depicted 
in Figure 8a. The main power sources are nuclear and 
HT, however governor response is mostly provided 
by HT and this is the generation type that is modeled 
in this study. As has been mentioned, power output 
measurements from 15 HT power plants are available 
and constitute the response that is modeled. This response 
for the two events is depicted in Figure 8b. As in Figure 
7, the measurements are normalized and the beginnings 
of the events are aligned. The time alignment in Figure 
8b is done based on tdist, since there is no information 
available about the time of the generator disconnection 
tgen in the power measurements. However, it is apparent 
that since there is a time delay between the different 
measurements and events, this alignment is not ideal. 
More information about measurement time delay and 
alignment follows in the next subsections.

(b) Aggregated response from dominant generation type.

(a) Frequency of the studied events.
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3.3.2. CCGT

In CCGT, the ST usually does not provide governor 
response and hence it can be omitted from the model 
[18]. Therefore, the model for CCGT can be the same as 
the one for SCGT and is depicted in Figure 9. The reason 
that these two generation types (SCGT and CCGT) are 
examined separately is that their parameters can differ 
substantially. Since the ST does not provide governor 
response, only the part of capacity corresponding to 
SCGT is taken into account in Pcap for CCGT.

3.3.3. ST

ST generation type contains the gas steam and coal/
lignite turbines. Their modeling has also been examined 
in the past [3], [27]. For the purpose of this study it is 
reasonable to omit the slow dynamics of the boiler for 
ST and just consider the dynamics of the turbine [18]. 
Therefore, the model for the ST is also presented in 
Figure 9, where a single time constant T represents the 
dynamics of both the turbine and the governor.

Figure 9: Simplified model for SCGT, CCGT and ST for ERCOT.

3.3.4. HT

The model for HT is a simplified version of the one 
presented in [11] and it is depicted in Figure 10. In this 
case, the governor includes a PI controller (proportional 
gain Kp and integral gain Ki) and the dynamics of the 
gate servo, with a time constant TY. The time constant Tw 
represents the effective water time constant [11].

It has to be mentioned that the hydro turbines possess the 
non-minimum phase property. This physically means 
that when opening the guide vane after the disturbance to 
increase the inflow (so that the power output increases), 
the water pressure initially drops. Hence, due to that 
water pressure drop, initially the power output slightly 
decreases and then increases. Such a behaviour can be 
observed in Figure 8b for both events, even though there 
seems to be a time delay between the measurements. The 
power starts decreasing at 5 and 3 seconds for Events 1 

where Pgov(t) is the governor request in MW, Pcap is the 
unit capacity in MW, ∆f (t) is the frequency deviation 
in Hz, DB is the deadband in Hz, fnom is the nominal 
frequency in Hz and Ep is the droop in pu, with power 
and frequency base equal to Pcap and fnom respectively. 
DB corresponds to either DBmax or DBmin depending 
on the sign of the frequency deviation.

The response of the unit to this governor request is 
defined by the unit’s dynamic behaviour. This case 
study examines the response of the turbines in the first 
20 seconds after the disturbance. This time region has 
been selected, since the frequency nadir occurred within 
20 seconds in all of the events. Furthermore, by that 
time, the governors for all generation types would have 
provided either a significant or even a full amount of 
their response.

3.3.1. SCGT

The modeling of the dynamics of the gas turbines has 
been thoroughly studied in the past [25], [26]. Gas 
turbines are equipped with acceleration, speed, airflow 
and temperature control. As is discussed in [18], it is 
reasonable to omit these controls from the modeling for 
the studied time frame and the stiffness1 of this specific 
examined power system, except for the speed control. 
Speed control includes the regulation of fuel supply, 
which depends on the frequency. Therefore, in [18] and 
[26], the authors introduce a function that represents 
the decline of power output due to less fuel supplied, in 
case that the frequency is reduced.

However, in this study such a behaviour has not been 
observed in any of the events. In Figure 7, it is apparent 
that the response of the gas turbines is positive directly 
after the moment of the disturbance. The reason that 
the decline of power is not observed could be due to 
2 s resolution of the available measurements, such that 
the power drop due to fuel supply decline happens 
in-between the available data points. Another reason 
could be that the decrease in the rotational speed is 
compensated by adjusting the air inlet vanes. Since this 
behaviour is not observed in any of the events, it has not 
been included in the model. Thus, the dynamics of the 
governor and the turbine are approximated with a first-
order response and are represented with a single time 
constant T, as is depicted in Figure 9.
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output starts to increase only after about 3-5 seconds for 
both events. The frequency and power measurements 
have been aligned similarly to ERCOT. Time zero for 
the power measurements is assumed, when the non-
minimum phase property of the HT is visible. Figure 11b 
depicts the frequency and power measurements for both 
events after the alignment. Since power measurements 
are manually aligned to frequency measurements 
the deadband is omitted from the identification and 
validation stages.

(a) ERCOT: Frequency and power measurements aligned for Event 1.

(b) Svk: Frequency and power measurements aligned. 

Figure 11: Time alignment of measurements.

3.4.3. Parameter identification

The proposed models include various parameters. Some 
of them are available from the measurements and a few 
of them are unknown. In the ERCOT models (Figure 9), 
the unknown parameters are the time constants T and the 
droops Ep for various generation types. On the contrary, 
the capacity of the specific generation type (Pcap) and 
the headroom/legroom are known. In the Svk HT model 
(Figure 10), the same parameters are available. However, 
since the HT model is slightly more complex than the 
model for ERCOT’s generation types, in this case there 
are more unknown parameters: the proportional gain 
Kp, the integral gain Ki, the time constant TY for the gate 

and 2 respectively and then increases after a couple of 
seconds.

Figure 10: Simplified model for HT for Svk.

3.4. Time delay in the measurements

3.4.1. ERCOT

Unfortunately, the power measurements from different 
types of generation have different amounts of time 
delay. For example, in Event 1, a ST is disconnected and 
SCGT and CCGT start increasing their power output a 
couple of seconds before the disturbance is observed in 
the ST power output data. In order to train the models, 
power measurements from different generation types are 
aligned so that the time is zero when the generators start 
responding to the disturbance by increasing their output. 
This can be observed in Figure 7.

Additionally, there is also time delay between historical 
frequency and power measurements. Therefore, after the 
power measurements are aligned between each other, 
they are also aligned to the frequency measurements, so 
that tdist coincides with tgen and both of them coincide with 
time zero. In this way, the response of the generators is 
observed right after the frequency starts decreasing. 
However, this renders impossible the observation of the 
effect of the deadband on governor response. Therefore, 
the deadband is omitted from the model identification 
and validation stages.

The alignment of the frequency and power measurements 
is depicted in Figure 11a. The figure depicts Event 1, but 
the same procedure is followed for the rest of the events.

3.4.2. Svk

The information that is available for the measurements 
from Svk is limited. The tdist is identified based on 
RoCoF, but there is no information regarding the time 
when the generator is disconnected. Therefore, there 
is uncertainty about the amount of time delay between 
frequency and power measurements. Figure 8b shows 
that there is substantial time delay, since the power 
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response time varies between different events due to the 
difference in unit commitment, as depicted in Figure 
7, the limits for T have been defined to be from 0-20 
seconds. It has to be mentioned that the limits can vary 
for different power systems, since the quantity and the 
time of the response significantly vary.

The proposed model for each generation type is validated 
for the 6 events that are available. The results of this 
validation are presented in the next paragraphs. In general, 
it is considered that the modeled response accurately fits 
the measured one if the absolute residual error for each 
point is not substantial (i.e. does not exceed 10 %, when it 
is scaled by the measured response at 20 seconds).

4.1.1. SCGT

The results of the SCGT model validation are presented in 
Figure 12. The model presents a very good fit, especially 
considering its simplicity and the fact that the time step 
between the available measurements is quite long (2 
seconds). The only case where the fit is not very accurate 
is Event 4, due to some oscillations in the measured 
response that were not apparent in the frequency signal 
and hence, could not be captured by the model.

The obtained parameters along with the SCGT capacity 
and headroom are presented in Table III. It has to be 
mentioned that, in Tables III-V, capacity and headroom are 
not identified parameters, but they are instead extracted 
from the available measurements. The obtained values for 
Ep and T are significantly higher than the typical values 
for such parameters. However, these values totally agree 
with the behaviour that is observed in Figure 12.

Figure 12: ERCOT: Fitting results for SCGT -  
Separate optimization for each event. 

servo along with the water time constant Tw and the 
droop Ep. The parameters that need to be identified are 
shown in Table I.

 Table I - Parameters that are identified for each system

For both models, the input (frequency deviation) and 
the output (change in the power output of the respective 
generation type) are available through the measurements. 
Since the input of the models is the frequency deviation 
(∆f), the frequency is subtracted from the nominal 
frequency fnom. The nominal frequency for each event is 
the frequency at tdist. Hence, ∆ f (in per unit) is used as 
input to the model, it passes through the governor and 
the turbine and it is then multiplied with Pcap to provide 
the output in MW. The model output is the sum of the 
change in power output of all generators that belong to 
the respective generation type.

As has been mentioned, there are three stopping criteria 
for the optimization algorithm. All three stopping 
criteria are assigned their default values, since with 
these values the algorithm provides accurate results and 
within reasonable time. The stopping criteria are and 
their assigned values are depicted in Table II.

Table II - Stopping criteria

4. Results
4.1. ERCOT

Before the optimization, the unknown parameters have 
to be initialized and their limits should be specified. The 
initial values for T and Ep are selected to be 2 seconds and 
5% for all ERCOT models. These values are selected as 
they constitute typical used values for time constant and 
droop respectively. Different initial values have been 
also tested, but the final results did not change.

The limits for the droop have been specified based on 
historic performance analysis and are 4-12 %. Since the 
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Figure 14: ERCOT: Fitting results for ST -  
Separate optimization for each event.

Table V - ERCOT: Identified parameters along with capacity  
and headroom for ST.

4.1.4. Obtain a common set of parameters

The previous section shows that it is possible to represent 
the governors and turbines of various generation types 
of ERCOT with a simplified dynamic equivalent model. 
However, the parameters are obtained from each event’s 
measurements separately. It would be more efficient and 
practical to the SO if one common set of parameters 
could be obtained for all events. Then, the governor 
response for each - historic or even future - event could 
be tuned by just changing parameters that are available 
in the control room around the clock (e.g. capacity, 
headroom). In this way, the SOs could estimate the 
frequency response to any future disturbance by only 
using these available parameters.

To obtain a common set of parameters, a simultaneous 
optimization for all six events is implemented. The 
results of this optimization are presented in Figures 
15-17 and in Table VI. Regarding SCGT, the model 
fits well the measured data considering that a common 
set of parameters is employed for all events. However, 
the accuracy is not that high for all events when CCGT 
and ST are examined, especially for Event 4. Event 4 
is the one with the greatest share of WT, however WT 

Table III - ERCOT: Identified parameters along with capacity  
and headroom for SCGT.

4.1.2. CCGT 

The same procedure is followed for CCGT and the 
results are presented in Figure 13 and Table IV. The 
parameters vary significantly between each event. 
Regarding T, a part of this variation could be attributed to 
the alignment of the power measurements. Furthermore, 
the obtained parameters between SCGT and CCGT have 
substantially different values, a fact that justifies the 
separate examination of these two generation types. It 
has to be noted that the capacity in Table IV corresponds 
to the SCGT part of the total CCGT capacity, as has been 
previously discussed.

Figure 13: ERCOT: Fitting results for CCGT -  
Separate optimization for each event.

TABLE IV

ERCOT: Identified parameters along with capacity and headroom for CCGT.

Table IV - ERCOT: identified parameters along with capacity  
and headroom for CCGT.

4.1.3. ST

The obtained results for ST are depicted in Figure 14 and 
Table V. Similarly to SCGT and CCGT, the model fits 
well the measured response.
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Figure 17: ERCOT: Fitting results for ST - Simultaneous optimization.

Table VI - ERCOT: Identified parameters for SCGT, CCGT and ST - 
Simultaneous optimization.

4.1.5. Frequency response assessment

So far, this part of the case study has focused on 
accurately identifying the governor parameters. Despite 
the fact that this information can be valuable for the 
SOs, it only serves as the first step in creating a model 
to assess the system’s frequency response, which is the 
main goal of this study. Towards this goal, a closed-loop 
simulation of the system should be implemented. The 
simulation model for ERCOT is presented in Figure 18a. 
Each of the blocks SCGT, CCGT, and ST contains the 
model from Figure 9 along with the identified parameters 
from Table VI. The Power Storage and the WT blocks 
contain the time series of the measured power response 
of ERCOT’s power storage and WT respectively for 
each event. Since a model for power storage has already 
been available from ERCOT, this has not been a part 
of this study. Simulations with and without WT have 
been performed to reveal the importance of modeling 
this type of generation in the future. Finally, H (inertia 
constant), D (estimated load damping) and ∆Pdist (size of 
disturbance) are provided from ERCOT for each event.

Each of the SCGT, CCGT, and ST blocks contains 
the parameters that have been obtained from the 
simultaneous optimization that has been implemented 
in the previous subsection. The input of the blocks is 
the frequency deviation in pu and their output is the 
power response in MW, due to the multiplication with 

do not provide any governor response for this particular 
event according to Figure 7. Hence, the other generation 
types provide more response to cover for WT. In the 
simultaneous optimization, the response from CCGT 
and ST is underestimated (Figure 16 and Figure 17). 
Since the accuracy for the other events is better, it means 
that for a particular value of frequency deviation, the 
response for this event was greater, compared to the 
others. This can be verified in Table IV and Table V, 
where the value of Ep is significantly smaller for Event 4.

The previous result is significant, since it drives towards 
the development of a universal model that can express 
any event. However, it should be noted that the results 
are based on only six events and could possibly vary if 
more events were examined.

Figure 15: ERCOT: Fitting results for SCGT - Simultaneous optimization.

Figure 16: ERCOT: Fitting results for CCGT - Simultaneous optimization.
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still considered to be satisfactory. Finally, in case that the 
model response deviates, since SOs have to plan for the 
worst case scenario, it is important for the simulation to 
provide pessimistic results, i.e. lower frequency nadir, 
than in reality, which is the case for all examined events.

In Events 3 and 4, the modeled frequency nadir with WT 
is lower than the one without WT. This is explained by 
the fact that, for these two events, the power output from 
WT decreases after the disturbance instead of increasing. 
It has also to be mentioned that the values of H and D 
affect the result substantially. A small error in these 
values can cause a significant error in the estimation of 
the frequency nadir. Since there is no further information 
about the accuracy of H and D, no comments can be made 
regarding the correlation between identified parameters 
and error of the estimated frequency nadir.

4.2. Svk

4.2.1. Separate and simultaneous optimization

Several parameters of the units, from which the 
measurements are provided, are not available in this 
study. These include headroom/legroom, as well as the 
capacity of the units. Hence, the headroom/legroom limit 
is removed from the model in Figure 10. Furthermore, 
the total power output of the units at tdist stands for Pcap 
in the model, since no information about the capacity is 
available.

Regarding the initialization and the limits of the unknown 
parameters for the optimization, information from [10] 
and [11] is used. The initial values and the limits of the 
parameters are presented in Table VII. The proposed 
model is validated for the 2 events that are available. A 
separate optimization is realized for these events and its 
results are presented in Figure 19a and Table VIII.

Table VII - Svk: Initial values and limits for the parameters for HT.

Pcap. The time series of Power Storage and WT blocks, 
as well as the ∆Pdist are also in MW. The sum of all these 
power signals provides the total power change, which 
is transformed in pu by being divided with the power 
base (Pbase). Pbase is the total generated power at the 
moment of disturbance tgen. Then, H and D are also in pu. 

(a) Closed-loop simulation model for ERCOT

(b) Results for ERCOT’s closed-loop simulation.

Figure 18: Model and results of closed-loop simulation for ERCOT.

Closed-loop simulations have been performed for all 
ERCOT’s events and they are presented in Figure 
18b. In order to assess the importance of WT’s 
contribution, the results have been plotted with and 
without the addition of the time series of the measured 
WT response. The inclusion of the WT measurements 
does not affect the result significantly.  Even without 
the WT measurements, the absolute error of frequency 
nadir is quite low. It has to be highlighted that the 
parameters for SCGT, CCGT, and ST models are the 
ones obtained from a simultaneous optimization for all 
events. Therefore, the worst estimation result, which is 
a 0.017 Hz difference in frequency nadir for Event 1, is 



Cigre Science & Engineering • N°17 February 2020

15

and, hence, one common set of parameters is obtained.

The results of this optimization are depicted in Figure 
19b and Table IX. As expected, the model fits well the 
measured data. Since one common set of parameters is 
obtained, it can be used along with different Pcap and ∆f 
to represent any event. It should be noted that the results 
are based on only two events and could possibly vary if 
more events were examined.

Table IX - Svk: Identified parameters for ht - Simultaneous optimization

4.2.2. Frequency response assessment

Similar to ERCOT, a closed-loop simulation with the 
obtained parameters from the simultaneous optimization 
- presented in Table ΙΧ - is also implemented for Svk. 
In this way, the frequency response and nadir can be 
assessed. A challenging issue for this kind of simulation 
for Svk is that power measurements from only 15 power 
plants are available. There is no additional information 
regarding how many other responsive power plants 
are in the system and how much they respond for each 
event. This means that the response from the 15 power 
plants cannot be scaled according to some available 
measurement, so that the total power response for each 
event is obtained.

To solve this issue, a scaling parameter (KR) is added in 
the closed-loop simulation model. KR can be interpreted 
as the amount of total responsive generation over the 
amount of the available responsive generation. In this 
study, this parameter is tuned by trial and error, so that 
the modeled frequency response follows the measured 
one. It is acknowledged that this approach cannot be 
employed for the prediction of the frequency nadir 
in the control room of a SO. However, it is expected 

(a) Svk: Fitting results for HT - Separate optimization for each event.

(b) Svk: Fitting results for HT - Simultaneous optimization.

Figure 19: Svk: Fitting results for separate and simultaneous optimization.

Table VIII - Svk: Identified parameters for ht -  
Separate optimization for each event.

Similarly to the results for ERCOT, the proposed model 
provides a good fit and the obtained parameters do not 
vary substantially. Therefore, it is interesting to examine 
how the model fits the measured data, when the model 
parameters for both events are optimized simultaneously 

Figure 20: Closed-loop simulation model for Svk.
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the values of H, ∆Pdist as well as D - which are not 
included in the parameter identification process - affect 
substantially the frequency nadir estimation.

5. Discussion
This paper proposes the identification of governor 
models’ parameters by employing actual historic event 
data from ERCOT and Svk. Open-loop models are 
used to identify the parameters of the governors, while 
closed-loop models are employed to assess the frequency 
response. Separate optimization for each event is used to 
examine the quality of the model selection. Furthermore, 
simultaneous optimization is employed to identify one 
set of parameters that can represent all examined events.

 Several challenges have been identified along this study. 
Time delay between the several measurements renders 
the identification of the parameters a challenging task. 
In this work, the time delay is removed by shifting 
and aligning the measurements. Another option would 
be to add the time delay as an unknown parameter to 
be identified. However, this approach provides greatly 
different values for time delay between the events, which 
is unrealistic. Furthermore, the addition of time delay as 
a parameter to be identified increases the uncertainty of 
the obtained value for the time constant, since these two 
parameters are correlated.

The obtained values for the time constant parameters 
for ERCOT are much larger than typical values that 
are proposed in the past [26], [27]. This is attributed to 
the fact that the time constant in this study contains the 
dynamics of the whole generator and does not represent 
solely the turbine. Additionally, the rather slow response 
that is observed strengthens the validity of the obtained 
time constants. Similarly, the obtained values for droop 
for ERCOT are higher than the requirement (i.e. 5 %). 
The reason is that, in this study, the droop value is 
aggregated, so it does not depict the requirement for every 
single generator. Furthermore, despite the requirement, 
as generator headroom decreases, response capability 
also worsens. This behaviour has been observed in 
actual events in ERCOT in the past.

It has to be mentioned that Ep can be also calculated 
directly based on the steady-state values (i.e. at 20 s 
after tdist) of frequency deviation and power change. This 
approach has been followed for each event and generation 

that SOs will have adequate information regarding the 
total responsive generation and therefore, it will not be 
necessary to estimate it.

The closed-loop simulation is performed for both events. 
In the closed-loop simulation model, all variables and 
parameters are in pu. The values of H and ∆Pdist are 
provided by Svk for each event. No information about 
D has been made available, so it was set to 2%, based 
on past event analysis. The results from the closed-
loop simulation are presented in Figure 21. Initially, the 
simulations are performed with the H values that are 
provided by the SO and with the disturbance considered 
to be a step. As is shown in the figure, the results are 
not satisfactory. However, from the figure, it seems 
that the disturbance should be treated as a ramp, rather 
than as a step. This conclusion is deduced by the curved 
behaviour that the frequency deviation presents in the 
first moments after time is equal to 0. Furthermore, the 
value of H that is provided seems to be smaller than 
the one that would accurately fit the measurements. 
Therefore, the simulations are performed again, with 
the disturbance treated as a ramp and with the value of 
H tuned so that the modeled and measured frequency 
response coincide in the first couple of seconds.

Figure 21: Results for Svk’s closed-loop simulation.

If ramp disturbance and adjusted value of H are 
considered, the error between measured and modeled 
frequency nadir is negligible. On the other hand, if step 
disturbance is considered and the H value is not adjusted 
the absolute error for the frequency nadir is 0.058 Hz 
and 0.127 Hz for Event 1 and 2 respectively. This result 
exposes one of the main disadvantages of this method: 
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the system, the predicted frequency signal can deviate 
significantly from the actual one.

This paper creates the path towards the development of 
generic models with one common set of parameters, that 
are able to represent the system under various conditions 
(i.e. different disturbance, different participation in 
the generation mix, different loading) based on some 
available metrics (e.g. capacity and available headroom). 
A common set of parameters was retrieved for both sets 
of data (ERCOT and Svk) by employing simultaneous 
optimization. However, more event data are required 
to achieve higher fidelity regarding the accuracy of the 
common parameter set.

7. Lessons learned – Future 
actions
A lot of challenges have been encountered during this 
study. First, the measurements were not synchronized. 
This led to a manual alignment, which might be 
affecting the accuracy of the results. Moreover, the 
temporal sampling resolution was quite coarse, since 
the measurements have been retrieved from the SCADA 
system. This resulted in valuable information not being 
observable in between the samples. Furthermore, only 
one frequency signal has been available for ERCOT 
and measurements from only 15 generators have been 
available for Svk. Higher observability is needed, 
especially for Svk, where significant frequency variations 
can be observed between distant generators. Finally, all 
15 measurements for Svk come from HTs that are of the 
same type. However, there are different types of HTs in 
NPS. Hence, more measurements should be available to 
achieve higher fidelity concerning the accuracy of the 
HT parameters and the appropriate representation of all 
HT types at a system level.

The results would be much more accurate if PMU 
measurements were available from all generators of 
the system. In this way, plant performance monitoring 
would be improved and system awareness would vastly 
increase. SOs are aware of these challenges and solutions 
and have started taking actions. An example of such an 
action is that ERCOT requires new generators to be 
equipped with a PMU. Similar actions are also planned 
to be taken from Svk, which include the deployment of 
additional PMUs in the grid to increase the observability.

type separately and the results that have been obtained 
are very similar to the ones presented in Tables III-V. 
However, it would be impossible to use this approach to 
find a single value of Ep for all events. This is possible 
with the proposed methodology, since the optimization 
process can be applied to all events simultaneously.

It has to be noted that the differences in obtained 
parameters of the SCGT, CCGT, and ST from the 
simultaneous optimization of the ERCOT system 
models are small (Table VI). This implies the possibility 
to actually simplify even further with only one data 
set representing all these three types for the examined 
events. It should be mentioned though that the more 
the optimization gets simplified, the less accurate the 
frequency response assessment becomes.

6. Conclusion
The results of this study - and specifically of the separate 
optimization - showed that the governor response 
of the examined generation types can be accurately 
represented with the proposed open-loop simplified 
models. Furthermore, the paper proposed a methodology 
that can be employed in order to identify the unknown 
parameters. The same methodology can be successfully 
used for any generation type in any power system. 
However, the paper also showed that certain typical 
characteristics of the generation types cannot always be 
identified in the measured governor response. Therefore, 
every set of measurements from any generation type 
and power system should be treated separately. Such an 
example is the dependency of the power output of the 
SCGT and CCGT on frequency, which is not visible in 
the measurements that were available for this study.

The results also showed that simplified dynamic models 
can be employed instead of detailed ones, to save 
valuable time and resources, without compromising 
substantial accuracy. For example, simplified models, 
such as the ones presented in this study, can carry out 
many real time simulations to predict frequency, for given 
system conditions and several contingency scenarios. 
Furthermore, the importance of having accurate estimate 
of inertia for frequency response assessment was 
indicated in the closed-loop simulations. Since inertia is 
a parameter in the closed-loop model, if the value of the 
model parameter does not represent the actual inertia of 
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