IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

IEEE POWER & ENERGY SOCIETY SECTION

Received April 30, 2022, accepted May 13, 2022, date of publication May 17, 2022, date of current version May 23, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3175891

A Novel Electromagnetic Transient Simulation
Method of Large-Scale AC Power System With
High Penetrations of DFIG-Based Wind Farms

YIFENG DONG ", JIANBO GUO?, (Senior Member, IEEE), SHITHONG MIAO", (Member, IEEE),
JUNXIAN HOUS3, JI HAN"1, (Student Member, IEEE), SHICONG MA2, AND TIEZHU WANG?

!School of Electrical and Electronic Engineering, Huazhong University of Science and Technology, Wuhan 430074, China

2China Electric Power Research Institute, Beijing 100192, China
3Wanliyang Energy Technology Company Ltd., Hangzhou 310059, China

Corresponding author: Yifeng Dong (yifengdong @163.com)

This work was supported in part by the National Key Research and Development Program of China under Grant 2016 YFB0900600.

ABSTRACT With the ever-expanding deployment of renewable energy sources (RESs), the short-time
transients have more significant impacts on shaping the characteristics of large power grids. However, the
electro-mechanic transient simulation cannot reflect the short-time transients, while the current electromag-
netic transient simulation cannot tackle large power systems due to the huge computational burden. This
paper presents a novel simplified electromagnetic transient simulation method for large-scale power systems
with high penetrations of doubly fed induction generator (DFIG)-based wind farms. Firstly, a DFIG-based
wind generator (WG) model is built to simplify the detailed switching process of power electronic devices
as well as reproduce external characteristics of the power system. Secondly, an initialization technique is
further adopted using the power flow results, aiming to avoid the long and unnecessary computation process
for starting the simulation with traditional methods. Finally, a simulation tool is developed based on the
proposed method, and a real power system with 9889 buses and 898 wind farms is simulated. Results show
that the simulation can start smoothly with good accuracy. Therefore, the proposed method can be employed
in electromagnetic transient simulation of large-scale AC power systems with high penetrations of RESs.

INDEX TERMS Electromagnetic transient simulation, DFIG-based wind farm, initialization, and

electro-mechanic transient simulation.

I. INTRODUCTION

Power systems are one of the largest manmade complex sys-
tems and support most activities in modern society. The simu-
lation techniques are compulsory for analyzing today’s power
systems as direct analytical methods are nearly infeasible.
For conventional power systems dominated by synchronous
machines, electro-mechanic transient simulations have been
used.

With the economical constraints, intermittent renewable
energy sources (RESs), such as wind power and photovoltaic
power, have been widely deployed in the power system.
Differing from traditional power plants that use synchronous
generators to interact with the grid, RESs use power elec-
tronic converters [1], [2]. As a result, the specific dynamics
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of RESs and their interactions with the AC power grid are
playing more important roles in shaping the characteristics
of large-scale power grids [3], [4].

Differing from the traditional AC devices, power electron-
ics converters have more complicated control strategies that
can switch quickly. Besides, they have nearly zero inertia that
induces faster oscillations in the face of the same disturbance
and much lower overload capacity that triggers protection
actions in a short time. For example, when a fault occurs in
the power system, the converters can switch to the low volt-
age ride-through (LVRT), thus having a significant influence
on the voltage and frequency of the power system [S]-[7].
In some special cases, the interaction between the convertor
and AC system may cause low-frequency or high-frequency
oscillations [8], [9]. Usually, the above new dynamical char-
acteristics cannot be described with electro-mechanic tran-
sient simulation, as it is not suitable for the simulation
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of short-time transient processes. In particular, when large
amounts of electronic converters are connected to the AC
power system, it is difficult to simulate the system precisely
because the short-time electromagnetic transient process may
influence the long-time electro-mechanic transient process of
the whole power system.

Instead, electromagnetic transient simulation tools have
been applied, such as PSCAD [10], RTLAB [11], etc. Cur-
rently, the electromagnetic transient simulation [12] can
model power electronics devices with high precision and
simulate the short-time transient processes. However, the
detailed modeling and the small time-step greatly increase the
computation burden and heavily limit the simulation range
of the power system. Therefore, the current electromagnetic
transient simulation is usually applied to the device-level sim-
ulation while cannot simulate the large-scale power system
with a longer time range [13].

To make the electromagnetic transient simulation method
be able to simulate the electro-mechanic processes of large-
scale power systems, a series of problems should be solved,
such as the simplified modeling, the efficient initialization,
etc. In the conventional modeling of wind power plants in
electromagnetic transient simulation [14]-[21], the switch-
ing processes of power electronics circuits are described in
detail, which significantly increases the computation costs as
well as reduces the efficiency. Meanwhile, these switching
processes have little effect on the external characteristics of
the converter to the AC power grid. So it is feasible to simplify
the switching processes in the modeling to balance efficiency
and accuracy. The initialization is another important issue.
The initialization process in the conventional electromagnetic
transient simulation usually starts from zero. When applied
to the large-scale power system, this kind of initialization is
laborious and time-consuming, and even can fail. By referring
to the initialization technique applied in electro-mechanic
transient simulation that is extremely fast and steady, the
result of power flow can be used in the initialization of the
electromagnetic transient simulation.

The paper proposes a novel electromagnetic transient sim-
ulation method for large-scale AC power systems with high
penetrations of doubly fed induction generator (DFIG)-based
wind farms. Specifically, the modeling of DFIG-based wind
generator (WQG) is presented in Section II; the considerations
of its interfaces to the AC power grid are introduced in
Section III; the initialization technique is given in Section I'V;
the transient simulation process is presented in Section V;
the simulation results are proposed in Section VI. Results
show that the proposed method can seek a balance between
computational cost and simulation accuracy by simplifying
the switching process and initializing based on the result of
power flow.

Il. MODELING OF DFIG-BASED WIND GENERATORS

Modeling of DFIG-based WG is the basis for the elec-
tromagnetic transient simulation of large-scale power sys-
tems with high penetrations of DFIG-based wind farms.
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FIGURE 1. Structure diagram of DFIG-based WG.

To achieve a good balance between efficiency and accuracy,
the model considers the application purpose and limitations
of large-scale power system simulation.

A. BASIC MODELING PHILOSOPHY

The model should be suitable for the electromagnetic tran-
sient simulation of a large-scale power system. How detailed
the model needs to be built is determined by the application
purpose and scenario. It needs to select a proper model to
balance the efficiency and accuracy.

The usual model of electromagnetic transient simulation
deals with the electronic switching process in detail. It can be
used to simulate the internal and external transient process of
microsecond-level. Therefore, it is suitable for detailed sim-
ulation of equipment. However, it needs heavy computation.

In the electromagnetic transient simulation of a large-scale
AC power system with wind power, the external transient
characteristic of wind power is the main consideration while
the internal transient process can be simplified. Thus, the
modeling ignores the electronic switching process of the wind
power and the convertor can be equivalent to a voltage source
that considers the limit of modulation and the relationship
between AC and DC voltage. As the convertor of DFIG-based
WG is composed of full control devices and has an ideal
external characteristic, the equivalent of the convertor is
suitable and the error is small. Moreover, the simplification
of the electromagnetic transient model greatly reduces the
computation.

Although the simplified electromagnetic transient model
is similar to the electromechanical transient model, com-
pared with the electro-mechanic transient model, it adds some
quickly responsive parts and the ones that cannot be simu-
lated by the electro-mechanic transient model, which makes
short-time transient simulation more accurate.

In brief, the simplified model is between the detailed elec-
tromagnetic transient simulation model and electromechan-
ical simulation model, which mainly models the external
characteristics from microsecond-level to minute-level that
have a significant impact on a power system.

B. MODEL STRUCTURE

The structure diagram of DFIG-based WG is shown in Fig-
ure 1. The stator of the generator is directly connected to the
power grid, and the rotor is fed by self-commutated convert-
ers. The converters include the rotor side and grid side. The
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FIGURE 2. Model structure of DFIG-based WG.

rotor side converter controls the rotor voltage in magnitude
and phase angle. Therefore, it can be used for active and
reactive power control. The control system of the convertor
is the most important part of the model.

The electromagnetic transient model includes the physical
devices, control system, and protection. The model structure
is shown in Figure 2.

The direction of stator flux is selected as the d-axis for
DFIG and rotor side converter. The direction of AC voltage is
selected as the d-axis for the grid-side convertor. The g-axis
is ahead 90 degrees of the d-axis.

The model includes the following several parts:

1) The physical parts include a wind turbine, shaft, DFIG,
rotor side convertor, DC capacitor, grid side convertor, and
AC filter. The model of the converter should be simplified and
mainly considers the external characteristic. AC filter can be
equivalent to an inductance.

2) The control system models include pitch angle control,
rotor side convertor control, and grid side converter control.
The rotor side converter controls the rotor voltage and further
controls the active and reactive power. The grid side converter
keeps the DC voltage constant. The control of the rotor side
converter has the greatest influence on the transient process of
the power system, especially in the low voltage ride-though
(LVRT) status.

3) The protections include crowbar and chopper to limit the
DC voltage and rotor current.

The above models have been studied and applied before.
However, when used in the electromagnetic transient simula-
tion of AC power systems with large-scale DFIG-based wind
farms, it is necessary to select suitable models. The paper
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FIGURE 3. Basic structure of Convertor.

mainly elaborates on the convertor model and the control
model of the rotor side converter, as is shown in Figure?2.

C. CONVERTOR MODEL
The basic structure of the converter is shown in Figure 3.
Converter models usually include detailed model, average-
value model, etc. The simplified model in this paper is based
on the average-value model. According to the average-value
model of converter, the converter can be equivalent to three
controlled voltage sources (v4, vp, and v.) on the AC side
and a controlled current source on the DC side. As shown
in Figure 4(a). Taking the two-level converter as an example,
the equivalent controlled voltage source is as follows [32]:

Vg = =Vae xmy
vp = = Ve xmyp )

Ve = Evdc * Me
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FIGURE 4. Equivalent model diagram of converter.

mg = Ppg cos (ot + 6)

_p 5 21
mp = Pypcos | ot + 6 — ? )

2

m, = Py, cos a)t+8+?

where m,, mp, m. are the modulation functions generated by
the pulse width modulation (PWM) control system respec-
tively; Vg, is the voltage of the DC capacitor; Py, Pimbs Pie
are the modulation ratios of phase a, b and c respectively,
which are defined as the ratio of the maximum value of the
modulating wave to the maximum value of the carrier wave.
In a two-level converter, its value is the ratio between the
maximum fundamental peak phase voltages to half of DC
voltage.

The equivalent model in phase-abc can be converted into
the equivalent model in dg-axis, as shown in Figure 4(b),
in which the equivalent voltage source is:

vd = KoPmaVac
vg = KoPmgVac

3

where, v4 and v, are d-axis voltage and g-axis voltage respec-
tively; Py and Py, are the modulation ratio of d-axis and
g-axis, corresponding to the output signal of “current con-
trol” module in Figure 2; Ky is a constant related to the
modulation mode. When sinusoidal pulse width modulation
(SPWM) mode is adopted, Ko = 1/2.

Based on the power balance between AC and DC sides,
ignoring the loss of the converter, the controlled current
source on DC side can be expressed as

Iye = pac/Vdc 4

where, p,. is the total active power on the AC side of the
converter.
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Equation (3) express the external characteristic. The AC
voltage has a linear relationship with DC voltage when the
modulation ratio is below 1.0. The model considers the fun-
damental frequency component, ignores the power loss and
has ideal external characteristics. In terms of AC dynamic
performance, the proposed model has satisfactory effect, and
the simulation speed is fast [33]. Therefore, it is suitable for
large power grid simulation.

D. CONTROL MODEL OF ROTOR SIDE CONVERTOR

The rotor side converter controls the rotor voltage and further
controls the active and reactive power. The control of the rotor
side has the greatest influence on the external characteristic
of DFIG-based WG, especially LVRT control which must be
modeled in the transient simulation.

The model of DFIG includes voltage equations and flux-
linkage equations, the positive direction of stator and rotor
current is selected to flow into the generator, the equations
are listed as (5) and (6).

. dAg
Vds = T'slds + —= - wskqs
Vgs = Tslgs + —£ + wshds
3 5)
. r
Vdr = I'rigr + — (w5 — ) Agr
. )hqr
Vgr = Frigr + dt + (w5 — wr) Agr
Ads = Lgigs + Lyigy
)‘qs = si({s + Lmi.qr (6)
Adr = Liplgs + Lyigr
)\qr = Lmiqs + Lriqr
Ly = I+ In
Ly, = lm (7)
L =1 +1,

where vgs and vy are stator voltage; igg and iy are stator
current; Ags and Ay are stator flux; vy, and vy, are rotor
voltage; ig- and iy are rotor current; Ag and A4 are rotor
flux; the above variables are expressed by the dg-axis. r; and
l¢ are stator resistance and stator inductance; r, and [, are
rotor resistance and inductance; /,, is magnetic inductance;
ws and w, are rotate speed of system and rotor; Ly, L, and L,
are defined as self-inductance of the stator, self-inductance
of the rotor and mutual inductance between stator and rotor

respectively.
The active and reactive power can be expressed as
{ps = Vdsl‘ds + Vqsl‘qs (8)

qs = Vdslgs — Vgslds

where, p; and g, are stator active and reactive power.

The direction of stator flux is selected as d-axis, and the
g-axis is ahead of d-axis for 90 degrees. Then, the stator flux
of g-axis will be zero.

hgs =0 ©)
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FIGURE 5. Schematic diagram of PQ control model.

According to the equation (5)-(9), the following equation can
be derived:

vas = 0 (10)
Ps = Vqsiqs (11
qs = _Vqsids
. 1 N Ls .
ldr = 7—Ads — 7 Uds

L, L,
— s . (12)
lqr = —mlqs
: (Lw)* | dig
Var = Trigr + | L — Z dtr + Avy, 03
Vgr = Frigr + | Ly — (Lm)2 diqr+Av
qr = Trigr r L. dr qr
(L) | .
Avgr = — (w5 — wy) |:Lr - = lgr
L
Ly,
AVqr = (ws — wy) L_)\ds (14
s
L 2
+ (w5 — wr) |:Lr - (En) :| idr
L

According to (11), the control of py and g can be realized
by the control of iy and iz, which is shown in Figure 5. It is
corresponding to the “PQ control” of Figure 2.

Then, the rotor current is computed by equation (12) and
the rotor voltage is controlled using equations (13) and (14),
which are shown in Figure 6. It is corresponding to the
“Current control” of Figure 2.

Figures 5 and 6 realize the normal control of the rotor
side converter. When the AC voltage is below the limit, for
example, 0.9 p.u., the LVRT control replaces the normal PQ
control to control the active and reactive current. The general
active and reactive power curve of LVRT is shown in Figure 7.

During LVRT, the active current may be kept at a fixed
value, and the reactive current usually increases according to
the AC voltage, as in (15).

Ids,ref = kq (Vref - Vac) (15)

where v,,r is the voltage constant usually is 0.9 p.u., v, is
the AC voltage, k, is constant usually great than 1.5, iy . is
the reactive current. The reactive current is usually prior, and
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FIGURE 7. The general active and reactive power curve of LVRT.

the limit of active current is computed by equation (16).

N
lgs,lim = W (16)

where iy jip, is the total current limit, iy jir, is the active current
limit. Because the reactive current is usually high, the active
current is limited to a small value.

After the LVRT, reactive current returns to normal control,
and active current increases at a certain rate until reaching the
value of normal control.

Ill. INTERFACE WITH THE AC POWER GRID
The interface between the DFIG-based WG and the AC power
system is an important part of the model. The DFIG-based
WG can be equivalent to the parallel of conductance and cur-
rent source. The stator of DFIG-based WG and the convertor
of the grid side are connected to the power grid separately,
so the interfaces need to be processed separately.

Based on the implicit trapezoidal integral method [22],
[23], the equation (17) - (23) can be derived from (5) and (6).

Vds = Requl:ds + Vdseq (17)
Vgs = Requ’qs + Vyseq
2l 21,
R p 2 A (r, i E) (18)
seq = I's T —— — 5 5
At g 2y 2
Vdseq = Vdseql + Vdseq, At (19)
Vgseq = Vgseql T Vgseq, At
Vdseql = V' Vdr — ws)\qs + (w5 — wy) V)‘qr (20)
Vgseql = VVgr + @shgs — (05 — @y) Y Aar
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Vdseq, At = A Fds Art+ V Fdr At
2 2 21)
Vgseq, At = _A_ths,At + VA_thr,At
At
Fas,ar = Aas,ar + >
(Vds,At - rsids,At + ws,Atkqs,Al)
At

Fqs,At = Aqs,At + 7

(Vqs,At - rsiq‘v,At - ws,At)\ds,At)

; (22)
Fdr,At = )\dr,At + — [Va'r,At — I'rldr, At
+ (a)s,At - wr,At) )Vqr,At]
qu,At = )\qr,At + 7 [Vqr,At - rriqr,At
- (ws,At - wr,At) )Ldr,At]
2
At
Y =—— (23)

4 21r + 21m

where At is the time-step; Ry, is equivalent resistor; vyseq
and vy, are two parts of the equivalent voltage source; Vyseq1
and Vgseq1 are the first parts and computed by the value of
current time-step; Viseq, Ar and Vgseq, A¢ are the second parts
and computed by the value of the previous time-step.

Equation (17) is converted to three phases, then changed
to the parallel of conductance and current source, as in (24) -
(26).

ias
ips | = seq Vbs + Iseq (24
iCS
0
Rseq |
Gseq = 0 Roeq 0 (25)
1
0 0
Rxeq
_vdseqcose — vqseqsinG_
2
VdseqCos | 0 — —
lieg = L | —vyseqsin (0 — —)

VdseqCOS (9 +

Nw|§l’

—VgseqSin (9 + >

(26)

where 6 is delta angle of d-axis to x-axis; a, b and ¢ denote
three phases;/,, is the equivalent current source; Gy, is the
equivalent conductance matrix.

The AC filter connected with the power grid and grid-side
convertor is usually modeled as a reactance. The relationship
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between voltage and current is:

di,
Av, =L—
a é%f
Avp = j_f 27)
ic
Av, = L=¢
Ve dt

where L is the reactance; Av,, Avp, and Av, are voltage
difference; i,, ip, and ij are current.

Based on the implicit trapezoidal integral method, equa-
tion (28) - (30) can be derived from (27).

iq Av,
ip | = Ggeq Avp +1geq,At (28)
ic Av,
At 0 0
2L At
Ggeq = 0 i 0 (29)
At
0 0 5
At AVa,At ia,At
Lgeq.nr = Z Avp Ar | + | bt (30
AVC,A[ ic,At

where Gy, is equivalent conductance matrix, Igeq A; i the
equivalent current source computed by the value of the pre-
vious step.

The total equivalent conductance matrix and current source
are

Geq = Gseq + Ggeq (3D
qu = Iseq + Igeq,At (32)

where G, is the total equivalent conductance matrix which
is added to the conductance matrix of the power grid; I, is
the total equivalent current resource which is added to the
injection current vector of the power grid.

IV. INITIALIZATION TECHNIQUE

At the beginning of the transient simulation, the initial state
must be established, then the simulation can be carried out
with this initial state.

When the electromagnetic transient simulation is applied
to the large-scale AC power system with high penetrations
of wind power, there exist many variables and complex rela-
tionships among the variables. It is almost impossible to use
the common zero-start method to initialize all the variables.
Therefore, it is necessary to study a new method.

The electromechanical transient simulation of large-scale
power systems is widely used. Before the simulation, power
flow is computed and a system state is obtained. Then the
initialization values of all variables are computed based on the
result of power flow. If this initialization method is applied to
electromagnetic transient simulation, it can effectively solve
the difficulty of initialization from zero. However, there are
two problems to be solved.
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The first problem is to build the relationship between the
instantaneous value, RMS value, and dg-axis value. The volt-
age of power flow is expressed as an RMS value including
the real part and imaginary part. The voltage and current
of electromagnetic transient simulation are expressed as the
instantaneous values of a, b, and ¢ phases. The data of
the DFIG-based WG model is expressed as the value of
the dg-axis.

As shown in Figure 8, there are three types of axes includ-
ing abc, xy, dgq, which are corresponding to the instantaneous
value, RMS value, and dg-axis value.

The bus voltage v, can be obtained from the result of power
flow including the real and imaginary parts, as in (33).

Vs =V + jvi (33)

where v, and v; are the real and imaginary parts of bus voltage.

The y-axis is 90 degrees ahead of the x-axis, and corre-
sponds to the real and imaginary parts of the bus voltage. The
difference among the a, b, and ¢ phases is 120 degrees, and a
phase corresponds with x-axis. The g-axis is 90 degrees ahead
of d-axis, and g-axis corresponds with the direction of bus
voltage.

The angle of v to the x-axis is computed by:

1 Vi

o =tan | =~ (34)
Vr

The angle of d-axis to x-axis is computed by:

9 T 35
=0-- (35)

The transformation matrices from three-phase abc to dq0-
axis and from dqg0-axis to three-phase abc are as in (36)
and (37). Usually, the DFIG modelling and control use the
Park transformation in the dg-axis, and the transformation
matrices are the P with its third row removed and the P!
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with its third column removed respectively.

2 2
cosf® cos|O — — cos| 6+ —
o) 3 3
P = - . . 2 . 2
3 | —sinf —sin 9—? —sin 9—{—?

1/2 1/2 1/2
(36)
cos6 —sinf 1
2 . 2
p-1 — | cos(® — ?) —sin(6 — ?) 1 (37)

2 . 2
cos(0 + ?) —sin(@ + ?) 1

Another problem is the selection of reference values for per
unit computation. The reference values of voltage, current,
and frequency are usually the peak value of rated phase volt-
age, the peak value of rated line current, and rated frequency
of the power system respectively. Other reference values are
computed based on these three values.

Then, the initialization can be executed. The initialization
includes 3 steps, as follows:

1) Compute voltage of dg-axis and three-phase abc com-
ponent based on the value of power flow

The bus voltage of power flow is expressed as (33). The
dg-axis and three-phase abc component can be computed by
equations (38) and (39).

vg =0

vg = V2 +v? G8)
Vg = —V4sin0

Vp = —Vy sin( — %”) (39)
Ve = —Vg48in (9 + %”)

where, v4 and v, are the values of d-axis and g-axis; v4, vp
and v, are the values of phases a, b, and c.

2) Compute the initial value of all variables

As shown in Figure 2, the total model includes many
parts, and all the variables of every part should be computed
based on the initial voltage, initial power, and some other
rated value. The initialization is complex and requires heavy
computation. Take the initialization of the generator as an
example.

The initial active and reactive power can be obtained from
the result of power flow. The active power of stator and
rotor is distributed basically according to the slip of DFIG.
The reactive power of stator is the initial value of generator
because the reactive power of the grid-side convertor is usu-
ally zero. The initial value of stator power can be computed
by equation (40).

ps=pg/ (1—5)
qs = qg
where p, and g, are active and reactive power of DFIG from

the result of power flow; ps and g, are the active and reactive
power of stator; s is slip of DFIG.

(40)
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All the variables of the generator can be computed as
in (41) - (46).

Vds = Vd (41)
Vgs = Vq
DPsVds + qsVgs
= ==t
Vds + vqs (42)
. PgVqs — qgVds
qu = —2 >
Vs T Vs
Ads = Vgs — rsiqs. (43)
Ags = —Vds + Fsids
. Ads — Lsigs
far = =
1. s — Lyigs @4
s T
m
)\dr = ml:ds + Lrl:dr (45)
Aqr = Lmlgs + Lrlqr
Vdr = rrl:dr — (w5 — wy) )\-qr (46)
Vgr = Trigr + (ws — wr) Aar

Then, the active power of the rotor can be computed. The
sum of stator and rotor active power should be equal to the
total active power from the result of power flow. If not,
it needs to adjust the active power of the stator and then
compute the variable of the generator using equation (41) -
(46) until the error of active power is within a small limit.
During the above iterative computation, the power loss of the
resistor should be considered.

3) Add the equivalent conductance matrix to the matrix of
the system

The equivalent conductance matrix of equation (31) is not
changed during the whole transient simulation unless the
generator is cut down. The matrix needs to be added to the
conductance matrix of the system during initialization, and
only the equivalent current of equation (32) is computed
during the transient simulation.

V. TRANSIENT SIMULATION PROCESS

The process of electromagnetic transient simulation is shown
in Figure 8. It includes the input of power flow data, initial-
ization, solution of the differential equation, solution of the
system matrix, etc. The DFIG-based WG is one part of the
whole simulation. The computation of DFIG-based WG is
described below.

Before the transient simulation, the bus voltage of equa-
tion (33) and generator power of DFIG-based WGs is
obtained from the result of power flow. The initial value is
computed, including the angle related to different axes, the
initial value of all variables, and the equivalent conductance
matrix, which has been explained in section IV.

The transient simulation begins from 0 to 7.,y with the
time-step At. For each time step, the computation includes
the following 5 steps:
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Initialization from result of
power flow

Solution of difterential
equalon

Compute equivalent current

Solution of system matrix

Compute new variables

FIGURE 9. The basic flow chart of electromagnetic transient simulation.

1) Compute the variable only related to the previous step

In the computation of differential equation and current
source, some parts are only related to the value of the previous
step that is usually computed and saved firstly, as shown in
equations (21), (22), and (30).

The step is computed only once for each time-step.

2) Solve the differential equation

The differential equation is solved to acquire the discrete
value of state variables, and the numerical computation uses
the implicit trapezoidal integral method.

For DFIG, equation (5) is solved to get the new value of
stator and rotor flux. Using the implicit trapezoidal integral
method, equation (47) - (50) can be derived from (5).

At
Dys + _wqus
Ay ——2
ds 2
At
(5
At “n
——wsDys + Dqs
hgs = —2 -
At
1 + 70)5
At
Dy + — (w5 — wy) qu
Aar = 2
dr 2
At
1+ (7 (w5 — wr))
At (48)
—— (ws — ;) Dgr + qu
Agr = —2
ar 3
At
1+ (7 (w5 — a)r))
At .
Dys = — (vgs — rsigs) + Fds,At
I )
Dys = 7 (Vqs - rslqs) + Fys, At
At .
Dgr = — [var — rriar] + Far, A
2 (50
qu = 7 [Vqr - rriqr] +qu,At
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Sub-system 3

Sub-system 4

FIGURE 10. The basic structure of the power system.

where Fys ar, Fys, at» Far, ar and Fg, a, is referred to equation
(22) which is computed based on the value of the previous
step.

The model of all control systems should be computed in
the first step in general.

3) Compute the equivalent current

According to section III, the DFIG-based WG is equivalent
to the parallel connection of conductance matrix and current
source. The conductance matrix is computed only once in the
initialization, and the current source needs to be computed
in each time-step using equation (26), in which the newly
computed state variables of step 2 are used.

The equivalent current is expressed in the form of three
phases and is added to the injection current vector of the
power grid.

4) Solve system matrix

The matrix of the power system is usually formed during
initialization and is kept constant during the whole transient
simulation. After the injection current vector of the power
grid is computed, the bus voltage of three phases is solved.

5) Compute new variables

After solving the system matrix, the new bus voltages of
three phases are computed, and then some variables need to
be computed based on these new bus voltages including the
voltage, current of dg-axis, etc., as shown in (51) - (53).

2 2w
Vis = 3 vacos8 + vpcos | 6 — 3

2m
+v, cos (9 + ?>i|
2 G

2
Vgs = =3 |Va sinf + v, sin <9 - —)

3
. 2
+v. sin <9 + ?)i|

ids = (Vds - Vdseq) / Rseq

iqs = (qu - Vqseq) / Rseq

igr = [Aas — (b + Is) ias] /lm

iqr = [Aqs - (lm + lv) iqs] /lm
Each time-step is computed iteratively. After the above

5 steps are finished, go back to step 1 to start a new round

of computation until the maximum error is within a small
limit. The above iterative method can increase accuracy and

(52)

(53)
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FIGURE 11. The voltage of some buses.

make the program easier, but the expense is the increased
computation. It can also only compute once and does not use
the iterative method.

After the computation of each step is finished, the time is
changed to the next step and then the subsequent computation
is carried out until the time is greater than the end.

VI. SIMULATION OF REAL POWER SYSTEM

A real power system is simulated and analyzed using the
above-proposed simulation method. The basic structure is
shown in Figure 10. The power system includes 9889 buses,
569 synchronous generators, and 898 wind farms. It includes
five sub-systems connected with 750 kV AC lines. The distri-
bution of wind farms is listed in TABLE 1, in which the total
active power of wind farms accounts for 18.7% of the total
power of all generators.

Before the transient simulation starts, the power flows are
computed and obtained by using the power flow program
such as PSD [24] and PSASP [25] which are used widely in
China. Based on the result of power flow, the initialization is
executed to compute the initial value of all variables. Then
the electromagnetic transient simulation begins with a time
step of 50 micro-second.
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TABLE 1. The number list of wind farms.

Sub- Number of wind Active power of wind farms
system farms (MW)
1 193 3722.6
2 141 4618.7
3 184 3686.3
4 113 2560.0
5 267 5856.5
total 898 20444.1
3.0
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(c) DC voltage
FIGURE 12. Some variables of a DFIG-based WG.

The first simulation is executed without any disturbances,
and the simulation time is 2 seconds.

The voltage of some buses is shown in Figure 11 including
a 750 kV bus and a 330 kV bus. The left figure is the RMS
value and the right figure is the instantaneous value of three-
phase abc. The curve of instantaneous value only shows the
curve from 0 to 0.2 s in order to see it more clearly.

Some variables of a DFIG-based WG are shown in Fig-
ure 11 including the active power, reactive power, and DC
voltage.

As shown in Figure 11 and Figure 12, the curve is smooth
during the whole process, with just a small fluctuation only
at the beginning. These results show that the initialization
method is successful.

Then, a three-phase short circuit fault is simulated, and
some of the results are shown in Figure 13, which include
the voltage of two buses and the power of two DFIG-based
WGs in different wind farms. The electromechanical transient
simulation is usually used for large-scale power systems, and
should have comparability with the result. Thus, the result is
also shown in Figure 13, which is simulated by PSD software.

VOLUME 10, 2022

1.4

Lo —— PSD—— LEMTP

1.0
0.8
0.6
0.4+
0.2
0.0

-0.2 T T T

0.0 0.5 1.0 1.5 2.0
Time (s)

(a) voltage of bus 1

Bus voltage (kV)

1.4
PSD—— LEMTP
1.2
-~ L0
2
E’; 0.8
£ 0.6
S,
2 0.4
“ 0.2
0.0
0.2
0.0 0.5 1.0 1.5 2.0
Time (s)
(b) voltage of bus 2
2.5
PSD—— LEMTP
2.0
2
S 15
5
2 Lo
g
@
2 0.5
g
<
0.0
-0.5
0.0 0.5 1.0 1.5 2.0
Time (s)
(c) active power of WG 1
2.5
PSD—— LEMTP
= 2.0
B
g
2 15
7]
g 1.0
2
S
s 0.5
®
g #\J ‘
“ 0.0 A\
-0.5 T T T
0.0 0.5 1.0 1.5 2.0
Time (s)
(d) reactive nower of WG 1
2.5
—— PSD— LEMTP
2.0
3
S 1.5
g
3 1.0+
g
2 0.5
z 0
2
0.0
-0.5 T T T
0.0 0.5 10 1.5 2.0
Time (s)
(e) active power of WG 2
2.5
PSD—— LEMTP
= 2.0
5
g
2 15
g
Z 10
g
2
£ 0.5
E A
0.0 V va
-0.5 T T T
0.0 0.5 1.0 L5 2.0

Time (s)
(f) reactive power of WG 2
FIGURE 13. Simulation result compared to PSD result.

From the result of Figure 13, all the results are reasonable
and consistent with the curve of electromechanical transient
simulation according to the theoretical analysis. Therefore,
the whole simulation process proves correct and smooth.

The electromagnetic transient model of DFIG-based
WG is similar to the model of the traditional model of
electromagnetic software, so it can be verified easily. But for
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large scale power system, it is almost impossible to use the
current electromagnetic transient simulation software, and
only the electromechanical transient simulation is usually
used. So, the result of electromagnetic transient simulation
can only be compared with the existing electromechanical
transient simulation software. However, there always exist
some differences between electromagnetic and electrome-
chanical transient simulation. The verification should con-
sider the correctness of theory and consistency of trend. The
specific comparison methods may need in-depth study in the
future.

VIl. CONCLUSION

In order to enhance the capability of the simulation tools in
the face of increasing deployment of RESs, a novel elec-
tromagnetic simulation method for large-scale AC power
systems with high penetrations of DFIG-based wind farms
is proposed and evaluated. The paper elaborates the method
from the following aspects: modeling, interface, initializa-
tion, and simulation process.

1) The modeling mainly considers the external character-
istics related to AC power system and ignores the detailed
switching processes. So, the convertor of DFIG-based WG
is simplified to a controlled voltage source with some limits.
The model can greatly improve simulation efficiency.

2) The interface, which is equivalent to the NORTON
circuit, joins the DFIG-based WG and the AC power grid.
The interfaces of the stator of the generator and the converter
of the grid-side need to be processed separately.

3) The initialization, by taking a reference from the electro-
mechanic transient simulation, is based on the result of power
flow. The first step of initialization is to establish the relation-
ships among the instantaneous value, RMS value, and dg-axis
value. Then the initial values of all variables can be computed.

4) The transient simulation process is similar to the electro-
mechanic transient simulation program. After reading data
from the power flow result, all the variables are initialized,
and then the transient simulation begins. The simulation
of every time step includes solving differential equations,
computing injected currents, solving network equations, and
computing variables.

Simulation results for a real power system with 9889 buses
and 898 wind farms with the above method show that the
simulation can start smoothly and has great accuracy. The
study establishes the foundation and provides reference for
developing powerful simulation tools that can address the
electromagnetic transient processes of future power systems.
On this foundation, there are still many problems to be
explored, such as the simulation method of HVDC [26]-[28],
multi-rate simulation [29]-[31], verification method of cor-
rectness, parallel computation, etc.
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