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Abstract—The rapid development of power system necessitates
increasingly critical fault and stability analysis. However,
performing such analysis on actual systems is highly challenging,
making detailed transient analysis of fault processes using power
system simulation software essential. Two established simulation
methods are employed: electromechanical transient simulation,
focusing on electromechanical dynamics, and electromagnetic
transient (EMT) simulation, emphasizing detailed transients.
Electromechanical simulation utilizes power flow solutions for
rapid initialization. Achieving a consistent steady-state operating
point in EMT simulation matching this power flow solution is
crucial for precise subsequent fault and stability studies, but is
often hindered by complex model structures and parameters
within EMT tools. This study uses power flow solutions from the
BPA software as the target operating point, rebuilding the model
in PSCAD/EMTDC. Based on improved trajectory sensitivity, it
investigates factors influencing generator steady-state operation
and establishes parameter tuning principles for generator
controllers to achieve the target point.

Keywords—Target Operating Point, Generator, Controller,
Trajectory sensitivity

I. INTRODUCTION

With the rapid development of power system, the application
scenarios of electromechanical transient simulations for quick
power flow solutions and electromagnetic transient simulations
for precise transient process modeling have expanded
significantly!!2l. PSD-BPA, a mature EMT simulation software,
excels in solving system power flows, while PSCAD, an

This work was supported by the National Natural Science Foundation of
China under Grant U23B6008 and the Science and Technology Project of
State Grid Corporation of China under Grant 5100-202455012A-1-1-ZN.
(Research and development of an automatic construction platform for
electromagnetic transient steady-state operating points in large power grids)

979-8-3315-4859-9/25/$31.00 ©2025 IEEE,

Hao Guo
State Key Laboratory of Alternate
Electrical Power System with
Renewable Energy Sources
North China Electric Power

Yiming Tang
State Key Laboratory of Alternate
Electrical Power System with
Renewable Energy Sources
North China Electric Power

University University
Beijing, China Beijing, China
1245378131@qq.com tangym 0910@163.com

established electromagnetic transient software, demonstrates
superiority in analyzing transient processes caused by various
faults.

In current electromagnetic transient simulations, when the
case topology is complex, component types are diverse, or the
research focus is not on generator terminals, the generator is
often equivalent to a voltage source with impedance!®!. Detailed
modeling is only adopted when generators are the research
object, typically connected to an equivalent infinite bus!*l. This
approach is unreasonable for actual system modeling—using a
complete generator model can make experimental results closer
to reality when studying the transient characteristics of a
complete system under faults. Reference [5] investigates the
mechanism of commutation failure at the receiving end caused
by sending end system oscillations based on the CIGRE-HVDC
system in PSCAD, where the AC side uses a power source
model. Reference [6] proposes a fast initialization method for
new energy units and control structures, but the AC side
employs an equivalent power source rather than a generator
model with control structures.

It is now common to use software like BPA to quickly obtain
power flow solutions as target operating points, then establish
electromagnetic transient models or use -electromagnetic
transient software like PSCAD to build identical models for
accelerated initialization or transient analysist’”), facilitating
subsequent transient studies. Reference [10-11] study the
conversion of generator models from BPA to PSCAD, but they
do not analyze the difference parameters between generator
models or the impact of these parameters on operating points.

Therefore, this paper first selects a 9-bus case in BPA as the
research background in Section II, setting its power flow
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solution as the target operating point. To avoid the influence of
network topology and transformers, the line and transformer
models in the selected case are converted and verified. In
Section III, a complete generator model including a speed
governor and exciter is constructed. Difference parameters
between the two modeling approaches (BPA and PSCAD) are
investigated and sorted, and the impact of multiple parameters
on the operating point of the PSCAD generator model is
analyzed based on the trajectory sensitivity concept. In Section
IV, based on the previous research, a mathematical model of the
generator's steady-state active power output considering
regulators is established. Simultaneously, a parameter tuning
method for generators and controllers oriented to target
operating points is proposed and verified through case studies.

II. MODEL TRANSFORMATION

To establish a case study on the influence of research
parameters on steady-state operating points, it is first necessary
to conduct model transformation analysis on the main elements
of the power grid topology under two methods: transmission
lines and transformers.

A. Line Model Transformation and Verification

In BPA, transmission lines usually exist in the form of L
card, while in PSCAD, lumped parameter lines can be built
through RLC components. The following starts from the L card
in BPA and goes to the PSCAD lumped parameter lines to
establish the transformation principles of line parameters. The
equivalent line transformation is shown in the Fig. 1.

R+X
Card—L o - o
Ve R J_ J_
Xou > G+iB/2
G2 I
B,./2 = =

Fig. 1. Transformation from BPA-L Card to PSCAD-RLC Equivalent Line.

BPA usually provides the base capacity, taking Spase as the
capacity reference and V. as the base voltage, which are given
by BPA. The base impedance Zz of the RLC lumped parameter
line in PSCAD can be calculated by (1).

ZB = Vlee /Sbase (1)

The per-unit values of the RLC lumped parameter lines are
also provided by BPA, which are the per-unit value of
resistance Ry, the per-unit value of reactance X, and the per-
unit value of shunt susceptance B,./2 respectively. The per-unit
values can be converted into the actual values of resistance,
inductance and shunt capacitance in the RLC circuit through the
conversion principle given by (2).

R:Rpu 'ZB
L=X, -Z,/Qxf) @)
C=2xf-(B,/2)/Z,

[is the base frequency of the RLC lumped parameter lines
and is usually set at S0Hz.

To verify the correctness of the transformation principle,
simulation model as shown in Fig. 2 is built in BPA and
PSCAD respectively.

Busl
® | |
| |

Fig. 2. Single-machine connected load model

Bus2

» Load

Then a series of simulation data are compared, including
power flow data of the generator bus and the load bus, as shown
in TABLEI. , and TABLEI. . In all the tables mentioned below,
P represents active power, Q represents reactive power, &
represents phase angle, and ¥ represents voltage.

TABLE L COMPARISON OF GENERATOR BUS POWER FLOW DATA

V (kV) 3() P(MW) | Q(Mvar)
BPA 230.0 1.5 24.06 0.770
PSCAD 230.1 1.5 24.08 0.778
Difference(%) 0.043 0.0 0.083 1.028

TABLEII. COMPARISON OF LOAD BUS POWER FLOW DATA

V (kV) 3(°) P(MW) | Q(Mvar)
BPA 228.48 0.35 24.00 9.000
PSCAD 228.60 0.35 24.01 9.004
Difference(%) 0.052 0.00 0.041 0.044

According to the data above, it can be verified that after
correct parameter transformation, the L card and RLC
components are equivalent in solving steady-state power flow.

B. Transformer Model Transformation and Verification

In BPA, transformers exist in the form of T card, which can
be equivalent to the three-phase two-winding transformer in
PSCAD. The “Positive sequence leakage reactance” of the
transformer in PSCAD corresponds to the “Leakage reactance
parameter” in T card, and the “Copper losses” parameter of the
PSCAD transformer corresponds to the “Copper loss equivalent
resistance” option in T card. Both parameters are per-unit
values in the two systems, and the transformation principle is
equivalent substitution, which has been verified through
multiple simulation experiments.

Using the same way as before, a single-machine connected
to load via transformer model as shown in Fig. 3 is built. After
simulation, the power flow data of the generator bus and the
load bus are compared.

Bus1 Bus2
T
® I QD I > Lou

Fig. 3. Single machine connected to load via transformer
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The comparison results of bus voltage and bus outlet power
flow are shown in TABLE III. and TABLE IV.

From the tables above, it is clear that without research on
how to set the parameters in the model of Synchronous Machine
and controllers, the steady-state point of the system in two ways

TABLE IIL BUS VOLTAGE COMPARISON demonstrates great difference.
Bus1-V(kV Bus2- V(kV
4 &V) " &) III. MULTI-PARAMETER SENSITIVITY ANALYSIS
BPA 16.50 227.24 . . .
In this section, the difference parameters of generators
PSCAD 16.51 227.30 under the two methods are studied for the complete generator
Difference(%) 0.006 0.0026 system. Then, bgsed on the idea of trajectory sensitivity, Fhe
influence of various parameters on the steady-state operating
TABLEIV.  BUS OUTLET POWER COMPARISON point of the generator is investigated.
Busl-P Bus1-Q Bus2-P Bus2-Q A. Generator Differential Parameters and Controller
MW) (Mvar) (MW) (Mvar) Parameters Summary
BPA 24.07 24.00 9.67 9.00 First, the difference parameters of generators under the two
PSCAD 24.08 24.02 9.678 9.004 methods are sorted out in TABLE VI.
Difference(%) 0.04 0.08 0.08 0.0044 TABLE VI GENERATOR DIFFERENTIAL PARAMETERS
. . . Difference L.
From above, difference of the operating points under two Parameters | Full Name Description Value(pu)
methods is so small that the T card in BPA and the three-phase Mechanical ) ]
CT : : N Mechanical Damping
two-winding transformer in PSCAD have equivalent MFW friction and Constant 0-0.05
substitutability through the above transformation principles. All windage :
the work conducted in the following context maintains the Neutral . Real part °fb35w
equivalence of the model under the two methods. eutra requency Ipedance |- A round 10°
NSresist series connected between
o Bus? BusC Bus3 resistance neutral point of motor
“ load? gy o | 75 gend and ground.
J_ _— J_ J_ _— J_ Neutral
4 G4jBI2 | NSreact series The imaginary part Around 0
l i: L 1 i reactance
I ILR Irqn loss Shunt Res1stapce at 66.7-300
resistance Motor Terminals

loadl

Fig. 4. The topology diagram of 3-machine 9-node system

According to the data provided in BPA, a 3-machine 9-bus
model identical to that in BPA is established in PSCAD. The
topology of the 3-machine 9-node system is shown in Fig. 4.

In BPA, generators are represented by Bus Card, while in
PSCAD, model of “Synchronous Machine” with regulators is
built. After completing the model transformation, simulations
are conducted to compare the steady-state power flows of
generator between BPA and PSCAD. The comparison results
are shown in TABLE V.

TABLE V. GENERATOR OUTLET POWER FLOW DIFFERENCES
Line P(MW) Q(Mvar)
Bpa Pscad Differe Bpa Pscad Differe
nce nce
genl-busl 105.4 107.7 2.18% 43.7 44.1 0.89%
gen2-bus2 163.0 159.4 2.18% 38.6 38.0 1.50%
gen3-bus3 85.0 87.7 3.19% 17.2 17.6 2.27%

In BPA, the excitation control can be represented by the EA
card. Its inputs are the generator terminal voltage V7 and the
reference voltage Vs, and the output is the excitation voltage
E;. The control structure is shown in Fig. 5.

Ka 1
1+STy 1+STay

Vier

SK;
1+STg

Fig. 5. Excitation Control Structure

In BPA, the speed governing control can be represented by
the GH card. Through mathematical adjustment, this model can
be converted into the domestic classic speed governing control
model, whose control block diagram is shown in Fig. 6. It can
be seen that under this control structure, the inputs are the
angular velocity unbalance and uy, and the output is Pr.

T-TwS | Pr
1+0.5TwS

KgpRTsS
1+T,S

Fig. 6. Typical Speed Governing Control Structure
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From the above control block diagram, it can be concluded
that in the steady-state, the controller output Pr should be equal
to the input uo.

B. Parameter Analysis Based on Trajectory Sensitivity

Trajectory sensitivity refers to the sensitivity of the system
state trajectory to parameter changes. In this section, using the
idea of trajectory sensitivity, the influence of changes in the
values of various parameters on the steady-state operating point
of the generator is studied respectively. The data for sensitivity
analysis are all steady-state curve data.

The expression of trajectory sensitivity is shown in (3). The
trajectory sensitivity of parameter x; refers to the ratio between
the change of system output variables and that of x;.

ov(x;,k) ..
o —am Do

i

Axi’k)_y(xi’k)] (€)

Through studying the trajectory sensitivity of the difference
parameters, as well as the internal control parameters and input
parameters of the regulator, to the steady-state operating point
of the generator, this paper summarizes the strongly and weakly
correlated parameters that cause the offset of the generator's
target operating point. Subsequent studies will focus on the
strongly correlated parameters. The research is carried out in
the 3-machine 9-bus system.

The parameter classification steps are as follows:

1) Set the parameters under study as the lower limit
according to the upper and lower limits of parameter floating,
and set the remaining parameters as their original values.
Sample the steady-state simulation values of voltage, phase
angle, active power, and reactive power, and calculate various
difference. Equation (4) shows the calculation method for
various difference and sensitivity of each parameter.

il 2 M-1
EV - ;(I/l’i B V;’{ ) = |EV i, m+l V Ji,m
m=l1
N M-1
E; = \’Z(é‘e,i _5e,i' )2 S&,i = |E6',i,m+l _E§,i,m|
- >0 )
EP = Z(P P ) SP,[ = |EP,I',m+1 _EP,I',m
i=1 m=1
M-1
N Sy =Y |Eymi—Eo,
-(Ze-e 2 |Eoinn = Eoual

In the right equation, £ is the difference, V; is the voltage
sampling data under the original parameter values and V;is the
voltage sampling data after changing the parameter x; In the
left equation, Sy;is the voltage sensitivity index of the
parameter, and other parameters follow the same notation,
while Ey;nis the voltage error of parameter x; at the m-th
variation step of parameter and M is the total number of
parameter variation steps.

2) Perform simulations for the next step increment
according to the parameter variation step size, calculate various

errors in Step 1), save the errors, and repeat Step 2) until the
parameter reaches its upper limit.

3) The sensitivity of each parameter is measured by the sum
of absolute values of numerical changes within a unit step, as
shown in the right equation of (4).

After determining the value range of each type of parameter
and the corresponding step size H for each parameter, the
sensitivity of each type of parameter to the operating point was
calculated, and the results are shown in TABLE VII. To
facilitate data presentation, the table is divided into four parts
by parameter type, which are, from top to bottom, difference
parameters, excitation control internal parameters, speed
regulation control internal parameters, and controller input
parameters.

TABLE VII.  SENSITIVITY ANALYSIS OF MULTIPLE PARAMETERS TO
STEADY-STATE OPERATING POINT
Range H \4 d P Q
MFW 0-0.05 0.005 0.001 0.82 7.66 1.01
NSresist 0-10° 10" 0 0 0 0
NSreact 0-10° 10" 0 0 0 0
ILR 0-300 20 0 0.246 2.28 0.3
TR 0-0.06 0.004 0 0 0 0
KA 25-400 25 0 0.001 0 0.03
TA 0.02-0.2 0.02 0 0 0 0.01
KF 0.01-0.1 0.01 0.003 0.032 0 0.29
TF 0.1-1 0.1 0.002 0.005 0 0.06
TE 0.1-0.5 0.1 0 0.004 0 0.01
/TG 1.0-10.0 1 0 0 0 0
Td 2.5-27.5 2.5 0 0 0 0
Tw 0.5-5 0.5 0 0 0 0
Dd 0.1-1 0.1 0 0 0 0
R 0.03-0.06 0.003 0 0 0 0
Vref 1.0-1.1 0.01 0.01 0.099 | 153 | 0.76
no 0.8-0.9 0.01 0.01 0.001 1.65 15.3

The results show that the sensitivities of the aforementioned
parameters to the steady-state voltage basically remain around
0, indicating that their impact on the steady-state voltage of the

generator is negligible within a reasonable range. With respect
to the phase angle, MFW and ILR exhibit the highest and
second-highest sensitivities, respectively, while the sensitivities
of other parameters hover around 0 and can be neglected.

For the active power P, MFW, ILR, uy, and Vi exhibit
relatively high sensitivities in descending order. The
sensitivities of other parameters remain exactly at 0, which
means that variations in these parameters do not affect the
active power output of the generator under steady-state
conditions. Regarding the reactive power Q, uo exhibits an
extremely high sensitivity, followed by V.. Additionally, ILR
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and KF also exhibit higher sensitivities compared to other
parameters. It can conclude that:

1) Within the value ranges of difference parameters,
changes in MFW and ILR can cause shifts in the operating point
of Generator, while NSgesist and NSgreaet have negligible
influence on the operating point.

2) Changes in internal controller parameters have nearly no
impact on the steady-state operating point.

3) Inputs to the excitation control play a dominant role in
causing voltage, phase angle, and reactive power shifts.

4) Inputs to the speed governing control play a dominant
role in causing phase angle and active power shifts.

IV. STEADY-STATE ACTIVE POWER OUTPUT MODEL OF
GENERATOR CONSIDERING REGULATORS

Based on the findings from previous section that identified
the main influencing factors of the generator’s steady-state
operating point, this section establishes a steady-state active
power output model of the generator considering regulators
according to the definitions provided in PSCAD. Meanwhile,
the tuning principle of controller parameters is proposed and
verified through case studies.

A. Theoretical Loss Models

As indicated by the trajectory sensitivity analysis in Section
11, without changing the network topology or load, the primary
factor affecting the generator’s steady-state terminal voltage is
the input of the excitation control. Therefore, for the voltage
component in the target operating point, the excitation control
input reference voltage can be set according to the power flow
calculation results. The following analysis focuses on the
generator’s steady-state active power output.

Under ideal conditions, the input torque 7,, of generator,
input of speed control upand active power of generator P, have
a relationship expressed by (5) when w=wy in steady-state.

]—;n:/’lO_>Pm:T;n'a)0_)Pg:Rn (5)

However, in practical scenarios, parameters that may
introduce losses in the considered generator model include the
stator resistance R,, as well as the parameters MFW and ILR
analyzed in the preceding text. The loss models for these three
parameters are provided in TABLE VIII. according to their
definitions.

TABLE VIII.  THEORETICAL LOSS MODELS FOR THE PARAMETERS
Parameter Loss Model theory Loss Model
Ra Related to the square of Pela’ . Ra
the current
MFW Fixed value Pvrw=K - MFW
ILR RelaFed to the square of Pur=VY/ILR
terminal voltage

Based on the loss models provided above, the theoretical
steady-state active power output model of the generator can be
derived, as expressed by (6).

P =P, P

g m MFW P, Ra P1LR
2
14

ILR (6)

=T, -w,—~K-MFW—-1}-R, —

2

2 Vref
=u,—K-MFW ~1I*-R, ~
ILR

B. Validation of Loss Model and Active Power Output Model
of Generator

The value of MFW was changed in equal steps within the
range from 0 to 1 with a step size of 0.05. Multiple simulations
were conducted, and relationship between P, and MFW was
fitted using linear and polynomial methods. The regression
analysis results yielded the regression curves as shown in Fig.

Fitting analysis of MFW and Pout
T T T T T

Raw data
Linear Fitting (R* = 1.0000) i
Cubic Polynomial Fitting (R? = 1.0000)

«10* Residual Analysis of Fitting |

LT.‘I.-m-...Wi :

Linear fitting residuals
——® Polynomial fitting residuals

)

o,

Residuals

0.5+

o

IS

0.2 0.4 0.6 0.8 1
MFW (pu)

Pout(pu)
o
=
T
o

e o o
— o w
T T T

o
T

-0.1

| I | . . | | . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
MFW (pu)

Fig. 7. Fitting Results

As shown above, both the linear and polynomial regression
curves closely match the original data, yielding the linear
relationship of Pg=0.852-0.999MFW. It confirms that MFW
introduces active power losses equivalent to the value itself in
the generator’s steady-state active power output, and K in the
MFW loss model is determined to be 1.

For the parameter ILR, since it is defined as the terminal
shunt resistance and its loss model is related to the square of the
voltage, the difference relationship of generator active power
output for any two ILR values is shown in (7).

utU
== By~ Py = AP )
ILR, ILR, ** ¢

Difference on the left side can be obtained by measuring the
terminal voltage and combining it with ILR, serving as
theoretical value. Difference on the right side can be obtained
by measuring the active power of generator, which is simulation
value. The correctness of the ILR loss model can be verified by
comparing the curves of the theoretical and simulation values.
Similarly, simulations are conducted by changing ILR values in
equal steps. The result is shown in Fig. 8. Meanwhile, the
difference between two curves is also displayed.
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5 X 107 Comparison of AP Simulation and Theoretical Values
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Fig. 8. Comparison Between Simulation Curve and Theoretical Curve of AP

As shown in Fig. 8, there is a slight difference between
simulation curve and theoretical curve of AP. Meanwhile, the
absolute value of the difference between the two curves in the
inset is within the range of 10 to 10-, which is acceptable. The
above experiments verify the loss model of ILR.

To validate the generator steady-state active power output
model corresponding to (6), the stator resistance R, and
parameter MFW are first excluded by setting 0 value,
transforming (6) into the form of (8).

V2
ILR

Hy — Pg ®)

The left side of (8) is processed in the same way as before,
obtained by measuring the terminal voltage and combining it
with the ILR setting value, serving as the theoretical value of
the power difference. The right-side difference can be obtained
by measuring the controller input iy and the generator outlet
active power Pg, serving as the simulation value of the power
difference. Similarly, simulations are conducted by changing
the ILR values in equal steps within the value range. The
comparison curves are shown in Fig. 9.

3

% 10™ Comparison of AP Simulation and Theoretical Values
T T T

Simulation
—FHE— Theoretical
« 105 Difference Analysis

:“‘ oo Sl TM
;2

T

100 150 200 250 300
ILR(pu)

AP(pu)

100 150 200 250 300
ILR(pu)

Fig. 9. Comparison Between Simulation Curve and Theoretical Curve of AP

The two curves in Fig. 9 basically coincide, and the curve
difference displayed in the inset is within the range of 10 to
1073, which is acceptable. Therefore, the generator steady-state
active power output model without considering the stator
resistance R, is verified.

To validate the loss model of stator resistance R,, the MFW
parameter is first excluded, transforming (6) into (9).

I}R =T,-P,—— ©)

Following the previous approach, after measuring the
current and combining it with the set stator resistance R,, the
theoretical power difference is calculated, while the right side
of the formula represents the simulation power difference. The
result of curve comparison is shown in Fig. 10.

%107 Comparison of TM-Pg-V>/ILR and Ia>*Ra
T T

2 R .
TM-Pg-V“/ILR » 107 Difference Analysis
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Fig. 10. Comparison Between Simulation Curve and Theoretical Curve of AP

As shown in Fig. 10, the two curves basically coincide, and
the curve difference is also within the range of 107°, which is
acceptable, verifying the loss model of R,.

Through the above research, the steady-state active power
output model of the generator under the determined controller
input and difference parameter setting is given, and the specific
model is shown in Fig. 11.

vz o
T I / Po=TPyrw-Pra-Prir |
R, 1§ > Q)
Pyupw=MFW  Pp~I>R, | Pux=UPlILR | Grid
=
=~

Fig. 11. Steady-State Active Power Output Model of Generator

C. Measurement Difference Analysis and Controller
Parameter Tuning

Based on the previous research, when R, is not considered,
the steady-state active power output of the generator can be
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determined according to the controller input under system
stability. The following research focuses on how to set the
controller input to make generator reach target operating point.

First, attempt to use Py as the input to the speed governor
and V) as the input to the excitation control. The data derived
from the BPA power flow solution provides the target operating
point, yielding the operating point comparison shown in
TABLE IX.

TABLE IX. OPERATING POINT COMPARISON
V(pu) Delta(®) P(Mw) Q(Mvar)
BPA 1.01 5.09 163.00 38.60
PSCAD 1.01 4.63 162.15,159.25 38.05

In the table, there are two sets of data for the active power
item corresponding to PSCAD. It is found that this is caused by
inconsistent sources of active power measurement and different
active power data under the two measurement methods. The left
data is measured by the built-in active power output signal of
the synchronous machine model, and the right data is measured
by the active power signal of the Multimeter component
connected in parallel with the generator outlet line. In fact, the
active power measured by the Multimeter component should be
consistent with the target operating point active power.

To verify whether this measurement difference exists as a
constant value in a specific system, parameters are also changed
in equal steps to obtain active power data under the two
measurement methods for analysis. The comparison of active
power data between the two methods is shown in Fig. 12,
where P, is measured by the built-in active power output signal
of the synchronous machine model, and P, is measured by the
active power signal of the Multimeter component connected in
parallel with the generator outlet line.

Comparison of Pg and Pout
0.87 T T T
—®—Pp
0.865 out .

0.86 1
0.855 1

0.85 -

Difference Analysis

Power(pu)
S
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0.01585

o

%
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T
I

& d

0.835 - = random |
2 00158 point

083 5_0 1

0.01575 L °.
0.825 - 100 200 300 1
ILR(pu)
0.82 : : : :
50 100 150 200 250 300

ILR(pu)

Fig. 12. Active Power Comparison from Divergent Measurement Sources

As shown in Fig. 12, this measurement difference

approximately exists in the system as a constant value of 0.0158.

To further verify its correctness, random difference parameters
and stator resistances are assigned to the generator to obtain
measurement errors under specific working conditions (i.e., the
random point in Fig. 12), which also falls within the difference
interval.

According to the above analysis, it can be concluded that
this difference exists as a constant value in the steady state. If
the active power measured between the generator outlet and the
connected bus is taken as the operating point, a parameter
tuning method for the target operating point without
considering the stator resistance can be proposed based on
previous research. The process is shown in Fig. 13, and this
parameter tuning method is a linearization method.

First, the steady-state operating points of
generators are obtained based on the results
of BPA power flow calculation.Py,V,

Py, is directly used as u, and input to the
governor, while the per-unit value of V,,
is directly used as the reference value and
input to the excitation controller.

Simulation

The measured active power P, of the
generator and the measured power P, of’
outlet line are obtained, and measurement
error AP=P,-P,, is calculated.

With the goal of making P, reach P, the
controller input p, is calculated backward
according to (6) and AP, and then reinput
into the system.

<

Verify whether the error between P, and
Py is less than the expected value.

Fig. 13. Parameter Tuning Method without Considering Stator Resistance

According to the above tuning method, the controller inputs
are redetermined, and the generator operation results under this
condition are compared with the target operating point. The
results are shown in TABLE X.

TABLE X. COMPARISON OF OPERATING POINTS AFTER TUNING
V(pu) () P(Mw) Q(Mvar)
BPA 1.01 5.09 163.0 38.60
PSCAD 1.01 5.04 162.9 38.57

When R, is considered, different controller inputs will lead
to inconsistent steady-state currents of the generator, and the
controller input and the active power of the operating point
show a nonlinear correlation. In this case, using the above
global linearization parameter tuning method to back-calculate
the controller input will cause a large difference between the
generator steady-state operating point and the target operating
point. Therefore, a parameter tuning method based on local
linearization can be used for controller parameter tuning.

The specific steps are as follows: taking the target operating
point as the center of parameter tuning, dividing the boundary
of 0.05pu on both sides, carrying out simulation in equal steps,
determining the step interval to which the target operating point
belongs based on the simulation results, linearizing the
corresponding interval, obtaining the linearized equation
between the controller input and the active operating point, and
substituting the target operating point to back-calculate the
controller input.
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In the verifying case, R, is set to 0.002pu, and the steady-
state operating points under the target operating point, the
controller input obtained by the global linearization parameter
tuning method, and the controller input obtained by the
linearization of the simulation interval considering nonlinearity
are compared. The comparison results are shown in TABLE XI.

TABLE XI. COMPARISON OF OPERATING POINTS OF DIFFERENT WAYS
V(pu) 8(°) P(MW) | Q(Mvar)
BPA 1.01 5.09 163.0 38.60
Global Linearization 1.01 5.01 162.7 38.52
Interval Linearization 1.01 5.04 162.9 38.57

It can be seen that when R, is very small, there is a large
deviation between the operating point after global linearization
parameter tuning and the target operating point, while the
operating point after interval linearization parameter tuning is
very close to the target operating point. This proves the
rationality of the interval linearization parameter tuning method
after considering the nonlinear relationship between the
controller input and the operating point caused by the presence
of R,.

V. CONCLUSION

This study conducts research based on electromechanical
transient simulation software BPA and electromagnetic
transient simulation software PSCAD. Taking the BPA power
flow calculation results as the generator’s target operating point,
the research investigates how to achieve this target operating
point for a complete generator system with regulators in the
PSCAD environment.

The methodology involves three main phases:

1) First, equivalent transformation of network topology is
implemented. Second, parameters of typical generator
controllers and the difference parameters of generator models
under two operational modes are systematically examined.

2) Subsequently, employing the concept of trajectory
sensitivity, the influence of internal controller parameters, input
parameters, and generator model difference parameters on
steady-state operating points in PSCAD is analyzed, identifying
strongly correlated parameters that dominantly affect operating
points. Based on these parameters, corresponding loss models
and active power output models under steady-state conditions
are developed and validated through case studies.

3) Finally, leveraging preceding findings, this paper
proposes two parameter tuning principles: one considering
stator resistance and another disregarding it. Case verification
demonstrates the effectiveness of both tuning strategies.

This comprehensive study on the steady-state output
characteristics of generators in PSCAD provides guidance for
electromagnetic transient modeling based on actual power
system.
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