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Abstract—Today’s power grid infrastructure is evolving faster
than ever, as is its complexity. To effectively address the challenges
of grid modernization, upcoming power engineers need more
first-hand, practical experience operating these power systems.
Several interactive operational scenarios have been developed
in order to allow the users to get hands-on experience with a
simulated power grid. This paper develops several metrics to
evaluate the trainees’ performance during an operational scenario. Operating reserve should be quickly available to maintain
system reliability. Voltage schedules also play an important role in
keeping equipment within system operating limits. Transmission
line loading constraints prevent the system from exceeding
thermal and stability limits after credible contingency events.
In this work, these three metrics are monitored throughout the
interactive simulation and used to guage user performance. To
give general insight on how well a trainee performs, an overall
Performance Score (PS) combing these three metrics is calculated
at the end of assessment.
Index Terms—Grid modernization, synthetic power grids, operational scenario, reliability, voltage stability, evaluation metrics

I. I NTRODUCTION
Students and engineers who (will) work in the power
industry must be ready to analyze and operate large-scale
power grids. To that end, prior training or experience in such
systems can be quite valuable. Though several small cases
are available to the public and can be used for teaching and
training purposes, access to actual power grid data sets can be
hard to obtain. There is an acute need to expose students to
large-scale scenarios where they can get hands-on experience
operating synthetic grids in a variety of conditions.
Power system models that allow interactive simulations are
critical in developing operational scenarios. Previous works
[1–4] describe the development of large-scale synthetic electric
grids and their applications in university power system courses.
They bridge the gap between publicly available test cases and
complexity of actual power grids. Various scenarios utilizing
a 2000-bus synthetic case are assigned to the lab portion of a
undergraduate class throughout the semester. Starting in Fall
2018 undergrad students in the Power System Control and
Operation course work collaboratively in their final lab to
operate this 2000-bus synthetic Texas grid [4].
Human factors play an important role in electric grid operations [5–8]. This paper builds upon the operational scenarios
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from [1–4] to provide students with the opportunity to operate
large scale synthetic grids, while also gaining insight into
the students’ decision making process. The interactive power
system simulation package of [9], which models dynamics
using a ½ cycle time step, was used for the simulation, in
which numerous communication and interactive control action
capabilities are included. Participants are provided with the
data and information needed to support precise and timely
decision-making throughout the real-time simulation scenarios. These custom designed scenarios can be used to give
people hands on operational experience, as well as test new
control interface designs, algorithms and scenarios to measure
their impact on human factors.
Performance evaluation is not only valuable to the researcher, but also acts as quantitative performance feedback to
the user and is hence provided to the student/engineer in the
process of teaching/training. The motivation of this paper is to
present the evaluation metrics that can assess the performance
of a participant with a rating score. Analyses and visualization
tools have been developed to enhance participants’ situational
awareness and decision-making in normal and abnormal power
system conditions [10]. Work [11] developed and described
grid resilience metrics and analysis methods, which allows for
historical data to serve as the basis for creating grid resilience
metrics. Reference [12] presented a project to enhance operator training programs by evaluating operator performance
relative to a reference operator model obtained using optimal control theory. In [13], the authors defined a training
evaluation methodology aiming to reduce the gap between
required knowledge and knowledge of operators. Under certain
situations, power imbalance may cause a rapid deterioration in
power system security and stability, including large voltage
deviations [14]. Line overloads and voltage violations [10]
have impacts on power system security and limit effective
and timely system operation. As a result, line flows and
voltage magnitude are used as evaluation metrics. Real power
reserves are calculated throughout the testing period, and used
as another metric. These metrics are then combined and an
overall Performance Score (PS) is given to the participant.
The following three sections are as follows: In section II, a
set of metrics are adopted for performance evaluation. Section
III presents evaluation of two users simulating the same system
and scenario, independently, and comparing their performance.
Section IV presents conclusions and directions for future work.
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II. E VALUATION M ETRICS
This section provides some background on the definition
and importance of operating reserve, voltage schedules and
line congestion management. Evaluation metrics are developed
correspondingly. At the end, a percentage score, Performance
Score, is defined to give an overall score of the user’s
simulated grid operation.
A. Operating Reserve
Many of the properties of the power systems, including
generation output, load fluctuations, and transmission component availability are variable. To maintain power system
reliability, additional capacity above what is needed to meet
current demands should be available either on-line or onstandby so that it can be called on to respond if load increases
or generation decreases. This capacity is referred to as the
operating reserve and is used to maintain the real power
balance of the system. In most research and practice, the
amount of operating reserve is greater than the capacity of
the largest generator and a proportion of the peak load [15].
The operating reserve is equal to total operating capacity
minus the electric load. Electricity capacity is the maximum
electric output a generator can produce under certain conditions, and the total operating capacity is the net electricity
capacity from all generators in the system [16]. Both dispatchable power sources (1) and renewable power sources (2)
provide operating capacity when they are online.
Pcapacity = Pmax

(1)

Pcapacity = Pcurrent

(2)

Due to renewable energy’s variable and uncontrollable nature,
its maximum capacity is irrelevant and not used in (2).
When the difference between operating capacity and system
demand (MWOC - MWSD ) is less than the minimum reserve
requirement (min R), an energy emergency situation is defined
in light of N-1 reliability. Otherwise, the system is operating
in the nominal energy adequate condition. A similar approach
is used in real-world agencies like ERCOT.
B. Voltage Schedules
The system voltage schedule is part of the system operating plan to keep equipment within system operating limits.
Different resources are operated to provide voltage control to
maintain safe system voltage levels for the reliable transfer of
real power to serve load [17]. Generators connected with the
bulk electric system are issued a voltage magnitude (Vmag )
schedule to be maintained. Though both generator internal
voltages and network properties affects bus voltages, the
voltage level of each bus is more dependent on the generator
which is electrically nearest to that bus [18]. Thus generator
bus voltages are monitored and used for evaluation without
sacrificing accuracy. Vmag of other buses (i.e. buses not
connected with a generator) are also important, so they are
monitored as well. Considering the dynamic nature of the
power system, the voltage schedule target value and a tolerance
band for Vmag is monitored throughout the simulation.

• Target Set Point: Vmag under normal conditions. It is
defined as slightly above nominal voltage (i.e., 1.02 p.u.)
• Tolerance Band: a range of Vmag which provides the
max/min value under normal conditions. Excursions outside
of a normal schedule are not precluded during abnormal
conditions but they are limited in extent. Outside a bandwidth
of say ±0.05 around the target value (i.e., Vmag outside
range(0.97, 1.07)) is defined as “Warning” and outside a
bandwidth of say ±0.08 (i.e., Vmag outside range (0.94, 1.10))
is defined as “Violation”.
C. Transmission Line Loading
Transmission system constraints are set as a specific level
or finite amount of power that can be transferred between
two elements on the electric power grid to ensure that grid is
operated in a secure manner [19, 20]. Congestion would arise
when there is a need to increase flow across a transmission
line, but such higher transmission throughput is thwarted by
constraints. Transmission congestion may result in potential
reliability problems when these constraints limit access to
operating reserves required for secure operations. Different
strategies can be used to relieve transmission congestion (i.e.,
changing the operation of the transmission system).
Transmission line loading is constantly monitored throughout the dynamic simulation. A transmission element loading
of 75% is often considered very high in practice and a
“Warning” is given under this situation. Full utilization (100%
of transmission capacity) is rarely achievable due to reliability
considerations, so a “Violation” is defined when a transmission
line approaches its practical maximum utilization (i.e., exceeds
90% of its capacity).
D. Performance Score (PS)
Finally, we compute a novel metric to quantify the participant’s operation of the scenario using the variables calculated
in previous steps II-A - II-C:
p
100
×(αe−0.05a +βe−0.05b +γ 1 − c2 )e1 (3)
RI = b
α+β+γ
where a denotes as the count of buses that have voltage
magnitude violations, b is the count of transmission lines that
have line loading violations and c equals to the ratio of energy
emergency duration to total simulation duration; α is the
weight coefficient of the Vmag term, β is the weight coefficient
of the line loading term and γ is the weight coefficient of the
operating reserve term.
In (3), the weight coefficient needs careful consideration to
describe and express the physical meaning of assigned score
weights meaningfully and accurately. Initially, all three terms
are assigned with the same weights (α = β = γ = 1). But the
authors will discuss the impact of different weights in III and
might put different scalings on them in future work.
A natural exponential decay function (e−0.05x , x > 0) is
used for the score calculation of Vmag and the transmission
lines to give a bigger penalty for the first several limiting elements. The mathematical model e−0.05x , x > 0 first decreases
1 The

symbol bxe represents rounding x to the nearest integer.
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Fig. 1: Decay rate of exponential function and circular sector

rapidly with a small 0.05x (0 < x < 30, as shown in Fig.1
(a) Decay Rate 1) and then decays much slower with a larger
0.05x value (x ≥ 30, Fig.1 (a) Decay Rate 2). The coefficient
0.05 is used in this function since each evaluation term with
10 violations is considered a passing score with a percentage
score of e−0.05×10 = 60%. √
A circular sector function ( 1 − x2 , 0 < x < 1) is used in
calculating the score of operating reserve. This function has a
rather slow decay rate with x near the origin (0 < x < 0.5, as
shown in Fig.1 (b) Decay Rate 3) and the function declines fast
after x > 0.5 (Fig.1 (b) Decay Rate 4). We don’t give a big
penalty to a small x (which is the ratio of energy emergency
period to total simulation duration) since energy emergency
condition is more like an alert than an actual violation.

Fig. 3: Participant A: Operating Reserve

III. E VALUATION R ESULTS
In this section, the performance metrics are demonstrated by
comparing the dynamic simulation results of two participants
each having run a single-user voltage control scenario utilizing
the 2000-bus system - ACTIVSg2000 [21] (Fig. 2). During
the scenario, which lasted 1800 seconds (30 minutes), the
entire system load was first decreased for 900 seconds from
100% to 93% and in the last 900 seconds increased back
to 100%. During the evaluation process, a software package
that was developed in the Python programming language is
used to collect case information such as Bus Nominal Voltage,
Generator’s maximum MW limit, etc. This software package,
named EasySimAuto (ESA), greatly simplifies interfacing with
Simulator’s application programming interface (API) [22].

Fig. 2: One-line diagram of the 2000-bus case [23]

Fig. 4: Participant B: Operating Reserve

A. Operating Reserve
Although generation should meet demand, operating capacity always includes real power reserve to help maintain
reliability in case of contingency events. The display in Fig. 3
shows MWOC , MWSD , and the min R for the simulation
results from Participant A. Fig. 3 provides a snapshot of
operating reserve evaluation results collected from Participant
A after one of the interactive scenario tests. In this example, we
can see that (MWOC -MWSD ) > min R when the simulation
starts, which is a sign of N-1 reliability. (MWOC -MWSD )
varies continuously when Participant A adjusts generator voltage set-point. System demand also changes greatly through
the simulation as defined in the scenario, and forms a big
“V” shape in Fig. 3. (MWOC -MWSD ) drops below min R at
around 1620s, which triggers the energy emergency condition.
The total amount of time when the system is under energy
emergency condition is counted and used for the calculation
of Performance
Score. c = 0.1 with a corresponding score
√
2 = 33.16. Fig. 4 shows the operating
×
1
−
0.1
of 100
3
reserve from Participant B operating the same interactive
scenario. With Participant B changing generator voltage setpoint and the load variation defined in the scenario, the difference between (MWOC -MWSD ) and min R varies through
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Fig. 5: Participant A: Voltage Magnitude
Number of Violation(s): 14

Fig. 6: Participant B: Voltage Magnitude
Number of Violation(s): 1

the simulation period, and (MWOC -MWSD ) > min R all
the time.
√ As a result, B has a good score in this part (
100
×
1 − 02 = 33.33).
3
Though Participant A and B are exposed to the same
scenario, they take different control actions, which leads to
different results (A ends with an energy emergency situation,
whereas B is still under energy adequate condition). Hence,
this is effectively a human factors testing experiment, where
the effectiveness of various user interfaces, scenarios, etc. can
be evaluated based on user response and simulation impacts.
B. Voltage Schedule
Voltage magnitude for all buses are constantly monitored
throughout the simulation. Only buses for which the Nominal
Bus Voltage is above 115kV are selected in Performance Score
calculation since in actual system operations, it is more critical
to maintain the voltages of the higher voltage network, which
is why they also have narrower limits than the lower voltage
network. The dynamic simulation results from Participant A

Fig. 7: Participant A: Transmission Line loading
Number of Violation(s): 0

Fig. 8: Participant B: Transmission Line loading
Number of Violation(s): 0

are plotted in Fig. 5 with two different colored lines. All the
buses with a Vmag “Violation” are plotted and marked red in
the figure. Several representative buses (i.e., two buses that
have the minimum/maximum Vmag value, and and two buses
chosen at random) with a “Warning” are plotted and marked
orange. The buses well within Vmag ±0.05 tolerance band
around the target value are not plotted in this figure for the
sake of simplification. Around 1150s and 1620s, Participant
A closed a large generator and opened it immediately when
A noticed that this generator consumes a large amount of
reactive power and these actions caused the voltage spikes
and dips seen in the figure. For Participant A, a = 14. As
mentioned in II-D, this work initialized the performance score
calculation with α = β = γ = 1 so Participant A has a
−0.05×14
= 16.55. As depicted
corresponding score of 100
3 ×e
in Fig. 6, Participant B has fewer Vmag violations and the
voltage magnitude curves have lower envelope fluctuation than
Participant A. For Participant B, a = 1 and the score equals
−0.0.5×1
to 100
= 31.70.
3 ×e
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C. Transmission Line Loading
Fig. 7 shows line flows on selected abnormal transmission
lines from Participant A’s dynamic results. The transmission system has many lines that have line loading warnings
throughout this operation test, but there’s no line violating
limits defined in II-C. Selected four lines with “Warning” (i.e.,
two buses that have the minimum/maximum transmission line
flow value, and other two random lines) are plotted and marked
orange in Fig. 7. As discussed in III-B, the close and open
generator actions caused the rapid increase in transmission
line flow around 1150s and 1620s. For Participant A, no
transmission line has a Violation, which means b = 0 and
−0.05×0
= 33.33. As shown in Fig. 8,
the score is 100
3 × e
Participant B did as good as A in controlling line flows and
−0.05×0
got b = 0 with a score of 100
= 33.33 for this part
3 ×e
of evaluation.
D. Performance Score
The final step of the evaluation process is to calculate
the Performance Score using (3). Table I provides details on
Performance Score calculations for Participant A and B given
that α = β = γ = 1. Participant B did a better job than A
in maintaining operating reserve, Vmag , and transmission line
flows and B got a total score of b98.36e = 98. Participant A
had more violations than B in two sections and got a total
performance score of b83.04e = 83. Note that Participant
A got some peak values in Vmag and line flow dynamics
results, which may bring stability issues to the equipment if
this happens in a real world control room. Participant A and B
have taken quite different control actions during the scenario
tests and these actions affect the simulated grid differently.
These metrics help reveal the impacts of participants’ decisionmaking process.
TABLE I: Performance Score Calculation Details
(α = β = γ = 1)
Participant
A
B

Operating Reserve
33.16
33.33

Vmag
16.55
31.70

Line Loading
33.33
33.33

PS
83
98

TABLE II: Performance Score Calculation Details
(α = 0.4, β = 1.3, γ = 1.3)
Participant
A
B

Operating Reserve
13.27
13.33

Vmag
21.52
41.21

Line Loading
43.33
43.33

PS
78
98

As a comparison, Table II shows how weight coefficients
impact Performance Score calculation. With new coefficients
α = 0.4, β = 1.3, γ = 1.3, more penalties are given to
the actual violations (i.e., Vmag and line flow violations) and
less penalties are given to the system condition alerts (i.e.,
Operating Reserve). For Participant A, the total Performance
Score has dropped since more weight has been put on the
Vmag term, on which A got many violations. For Participant
B, the total Performance Score doesn’t change since they got

almost perfect scores on all three terms and the sum of three
weighted terms doesn’t vary as the weights change. As such,
the impact of weight coefficients on total Performance Score
has been revealed.
IV. C ONCLUSIONS
In this paper, several evaluation metrics were applied to
measure a participant’s performance during an interactive simulation. A single-user voltage control case was utilized to show
that the adapted metrics are able to indicate level of voltage
stability, level of reliability in light of real power reserves, and
transmission system loading conditions. A Performance Score
was calculated at the final step of dynamics results evaluation.
The participant could benefit from the real-time grid operation
training and this performance evaluation report.
An ongoing work is to investigate each metric and develop
more case-specific details. Different reasonable actions will be
defined under different energy emergency situations and corresponding grades will be given. Suitable weight coefficients
will be considered for the metrics in (3) towards updating the
Performance Score. It is of interest to combine current metrics
with economics effects, such as economic unit commitment.
We plan to report those works in near future.
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